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ABSTRACT

RECOVERY AND BIOGEOGRAPHY OF PSEUDOMONAS AND BURKHOLDERIA

SPECIES FROM THE HUMAN HOME

Megan E. Purdy

August 5™ 2013

15 households in the Louisville Metro area were sampled, 7 had a patient with
cystic fibrosis (CF), and 8 did not. Houses were sampled between 3 and 8 times each,
and samples were collected from 123 different sites within and around the homes. These
sites were categorized into the variable environment type based on ecological similarity
of sites. Between 75 and 168 samples were collected from each home per visit.

Recovery was examined for biogeographical patterns by environment type and
season at multiple taxonomic levels. Approximately 10% of samples taken yielded
Pseudomonas, and of these 61% were P. putida group, 23% P. fluorescens group, and
15% P. aeruginosa group. Environment type and season influenced patterns of
Pseudomonas species recovery at all taxonomic levels (genus, species groups, and
species), and house of recovery influenced recovery for all species groups but P.
aeruginosa. Soils and drains were the environment types with the highest recovery.
Soils had the highest recovery rates for P. fluorescens group and P. putida group, while

drains had the highest recovery rates for P. aeruginosa group. This indicates that



household Pseudomonas distribution is influenced by dispersal limitation as well as
adaption to the environment.

Recovery from the opportunistic pathogen, P. aeruginosa, was examined in
greater detail with the aim of determining hotspots of recovery in the home. Drains were
identified as hotspots for P. aeruginosa recovery were identified and no differences in
recovery from drains were found in houses with CF patients compared to those without
CF patients. No P. aeruginosa was recovered from animals, and only a single isolate was
recovered from each soils and equipment used to treat CF. Indicating that P. aeruginosa
is a drain specialist regardless of patient presence.

The human home was investigated as a potential source of Burkholderia spp. by
looking at recovery from various types of environments. Overall, the recovery rate of
Burkholderia sp. was very low (0.22%). Isolates that were recovered were primarily
from soil environments and drains. Isolates evenly clustered within two phylogenetic
clades: the plant-associated beneficial environmental group described by Suarez-Moreno

et al. (2012) and the B. cepacia complex.
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CHAPTER 1

INTRODUCTION

Human Home as an Ecosystem of Study

In this dissertation I examined the recovery and biogeography of the bacterial
genera Pseudomonas (Chapters 2 and 3) and Burkholderia (Chapter 4) from the human
home. Homes have characteristics making them interesting and important sites to study.
First, houses are an ecosystem for which we have a priori knowledge. We already have a
basic understanding regarding possible dispersal mechanisms through the home; we
understand how people, animals and objects move throughout the home. This knowledge
allows us to evaluate and generate hypotheses about known patterns of use and
movement as they relate to recovery of microbes.

Second, the human home provides a study site that is directly relevant to human
exposure and interaction with microorganisms. We are in constant contact with our home
environments, including the animal and human residents and objects both in and around
the home, all of which are sources of microorganisms. Opportunistic pathogens, such as
Pseudomonas aeruginosa and Burkholderia cepacia complex, present in the home

environment, are of special concern to individuals with immune-compromising diseases.



Understanding the distribution of opportunistic pathogens throughout the home will
provide information necessary for decisions regarding the removal of pets or objects from
the home, or avoidance of areas where opportunistic pathogens are frequently recovered.
Last, and perhaps most important, is that the human home provides many habitat
types within a small geographical space. Homes also have a replication structure that
allows for examining the effect that different types of environments and location have on
the distribution of organisms. Rooms within a house can be thought of as one level of
geographical location; while, houses themselves are an additional level. Sites within the
house can be categorized by ecological similarity or type of environment; for example,
drains may be located within different rooms of the house (kitchen, bathroom, etc.) but
are more likely to be ecologically similar to each other than they are to a child’s toy. It is
possible for each home to have replication of both room (i.e., multiple bathrooms in a
house) and environment type (i.e., multiple drains in a house). Figure 1 provides a
schematic of environments and rooms within a single home. Studying multiple houses

allows for replication at an additional geographic scale, the level of the house.
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Figure 1. Different environment types with replication (brown lines for soils, blue lines for
drains) and different rooms within a single house. Sampling multiple houses add an
additional layer of replication (that of house) beyond what is pictured in this schematic.

Microbiology of the Built Environment

Humans spend, on average, nearly 90% of the day indoors (Klepeis, et al. 2001).
This time is split between residential spaces, offices/work places, vehicles, shopping
centers, etc. These indoor spaces are important ecosystems to study, as they are the
ecosystems we interact with most. Traditionally, the public health concern with built
environments has focused around broad topics of sanitation, fire and damage prevention,
and safety (Jackson 2003). However, the air we breathe and the surfaces we touch, etc.
are all environments for microorganisms, but only recently have researchers started to
investigate the microbiome of indoor spaces and its potential effects on human health
(Corsi et al. 2012).

Several studies have been conducted examining the microbiome of various indoor
sites including: airplanes (Osman, et al. 2008), daycares/schools (Andersson, et al. 1999;
Liu, et al. 2000), kitchens (Flores, et al. 2012), office spaces (Hewitt, et al. 2012),

restrooms (Flores, et al. 2011), and homes (Tédubel, et al. 2009). As a results of these



studies and others, we now know that human skin appears to be the main source of
bacterial contamination of frequently touched surfaces, such as computer keyboards and
computer mice (Fierer, et al. 2010). Bacteria associated with humans, particularly skin
(i.e., Propionibacteriacaae), were also most abundantly recovered from surfaces inside
office buildings (Hewitt, et al. 2012). Human skin, gut, and vagina-associated bacteria
were found on varying surfaces of public restrooms (Flores, et al. 2011). Bacteria
commonly associated with soils were also recovered from office buildings and public
restrooms (particular samples from the floor). A study by Flores and colleagues (2012)
of kitchens also found an abundance of human-associated bacteria on kitchen surfaces;
interestingly, the abundance of bacteria commonly associated with food was widespread
but recovered at much lower frequency. In addition to humans, pets are also sources for
microbial communities in built environments (Fujimura, et al. 2010). In a study
examining microbial communities in dust, Fujimura and colleagues found that homes
with pets, particularly dogs, had significantly more diverse microbial dust communities,
and hypothesize that this could be due to dogs being permitted indoors and outdoors.

By connecting bacteria found indoors to sites whose those taxa are typically
isolated from other locations (i.e., outdoors) or sources (i.e., humans), these studies
demonstrate potential sources of bacteria found in indoor environments, and also indicate
the importance of humans as both sources for built environment microbial communities,
and as possible vectors of microbes into the built environment. A source is defined by
where bacteria in the home were originated, while a vector is defined as the method of
transport for that organism. In the home there are a diversity of sources and vectors, and

some things play both roles (Figure 2). Figure 2 is a schematic of possible sources and



vectors of microbial contamination of built environment sites, showing how humans,

animals, etc. can influence microbial communities (adapted from Kelley and Gilbert

2013).
/ Soil
Shoes \
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/ Indoor Built Environment Sites
Outdoor Air T
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Figure 2. Possible sources and vectors of different microbial community members of the
built environment. Yellow colored boxes represent possible external sources of microbial
community members; blue colored boxes represent possible vectors for microbial dispersal to
built environment; and, green colored boxes present possible vectors and sources of
microbial community members (figure adapted from Kelley and Gilbert 2013).

Environmental conditions can also play a role in the microbiome of the built
environment. Studies of indoor air and dust have shown variation in microbial
communities across seasons (Moschandreas, et al. 2003; Rintala et al. 2008). In addition
to seasonal variability, Moschandreas and colleagues (2003) examined indoor air of
Chicago-area homes for differences by room of the home, and found no differences at
this spatial scale. Microbial communities differ between different office buildings of the
same city (Rinatala, et al. 2008) and between office buildings in different cities (Hewitt,
et al. 2012), indicating that environmental factors, such as climate, may be important in

influencing microbial community composition of indoor sites. In addition, differences



seen between buildings suggest founder effects and/or dispersal limitation may play a
role in shaping indoor microbial communities. By studying the human home ecosystem
in this dissertation I am able to examine the distribution of two organisms of interest
(Pseudomonas and Burkholderia species), and explore seasonal variability, spatial
variability by examining house-to-house variability in recovery, and variation in recovery

by type of environment.

Culture-Based Methods of Recovery

The technique of culturing microbial organisms has existed for well over a
century. Culture media is defined as “a solid or liquid preparation used to grow, transport
and store microorganisms” (Willey et al. 2008, p. 110). Culture-based techniques are
considered the standard for determining cell viability (Kelley and Gilbert 2013).
Additionally, culture-based techniques used for the recovery of microbial organisms
allow for archival of isolates collected for further study. However, there are a number of
limitations of culture-based studies. Many organisms are not culturable or a have non-
culturable state, or organisms for which there are no known media or conditions under
which they can be cultured, and are thus missed by culture-based studies of diversity
(DeLong and Pace 2001).

Culture-independent studies, or studies that use molecular techniques (e.g., 16s
rDNA), for examining diversity can capture more organisms that culture-based studies
miss, several orders of magnitude more diversity are found from these types of studies
(Woese et al. 1990; Kelley and Gilbert 2013). However, there are also limitations to

culture-independent studies. Culture-independent methods are biased by the efficacy of



the DNA extraction methods and the primers used (Kelley and Gilbert 2013).
Additionally, culture-independent methods address only if the DNA of an organism is
present, rather than if the organisms is viable under the sampled conditions.

The studies described in this dissertation use culture-based techniques to address
distribution patterns of bacteria in the genera Pseudomonas and Burkholderia. Samples
were plated on to Pseudomonas Isolation Agar (PIA). Pseudomonas Isolation Agar is a
solid media that selects for the isolation of Pseudomonas spp. PIA contains glycerol as a
carbon source, peptone for sustaining growth, and Irgasan as a selective agent (Hardy
Diagnostics: PIA 1996). Irgasan works by preventing fatty-acid synthesis and causes
membrane damage (Russell 2004). In addition to distribution information, the use of
culture-based techniques allows for downstream studies and phenotypic and genotypic

characterization of isolated strains.

Microbial Biogeography

Biogeography addresses one of the most intriguing biological questions: what
factors explain the distribution of organisms in space and in time. The answer(s) to this
fundamental biological question would provide a body of knowledge impacting a variety
of additional topics, including: colonization, dispersal, extinction, inter- and intra-species
interactions, speciation, and succession (Martiny et al. 2006). Biogeography has long
been a topic of interest for “macro” ecology; however, only recently have these questions
been applied to microorganisms. Ramette and colleagues (2009) propose that a
combination of molecular advances and improvements in the fields of multivariate
analyses, phylogenetics, and time-scale analyses have allowed the study of microbial

biogeography and microbial ecology to increase at a dramatic rate.



Hutchinson (1959) introduced the idea of a fundamental niche and a realized
niche. Generally speaking, the fundamental niche consists of everywhere the
environmental conditions are suitable for an organism to grow and reproduce, and the
realized niche can be defined as where, or under what conditions, an organism is actually
found. There is some debate about what defines the fundamental niche and what
determines the realized niche. Hutchinson’s fundamental niche was defined by the
abiotic environmental factors, such as temperature or disturbance, an organism can
withstand, and the realized niche is further constrained by biotic factors, such as
competition or disease (Hutchinson 1959; Kylafis and Loreau 2011). Opposing this is the
biogeographical viewpoint of the realized niche discussed by Colwell and Rangel (2009).
Colwell and Rangel (2009) discuss how the Hutchinson’s fundamental niche is defined
by a biotype, or geographical area and abiotic environmental conditions, but that the
modern fundamental niche cannot be defined this way. They state that no geographical
distribution of organisms should be assumed and that relying a biotype would require
careful demonstration that the said factors are unaffected by the interactions of species.
Colwell and Rangel (2009) propose that limitations of the fundamental niche be
determined based on experiments and models of organism physiology, and that the
realized niche is constrained not only by biotic interactions, but also by dispersal
capabilities and abiotic environmental conditions. Regardless of whether abiotic
environmental conditions define the fundamental niche of an organism or whether these
conditions determine the size of the realized niche, abiotic environmental conditions are

clearly important for determining the distribution of organisms.



Microbial species are inherently more difficult to define than those of macro-
organisms. Classical species concepts of interbreeding cannot be easily applied to
organisms with the free exchange of genetic material through plasmids, transposons, etc.
The difficultly in defining species has lead to an ongoing debate about whether it is better
to use a more traditional phylogenetic or taxonomic approach to studying biogeography
of microorganisms, or whether using a phenotype or trait based approach would be more
appropriate (Fenchel and Finlay 2006; Green et al. 2008; Qvreas 2000). In this
dissertation, I examined recovery at multiple taxonomic scales, including genus, species
groups (as defined by Anzai et al. 2000), and species. Species assignments were made
based on 16s rDNA sequences.

Biogeography has traditionally been studied by looking at the influence of past
historical events on the current distribution of species alongside the role that current
environmental conditions play on these species distributions (Martiny et al 2006). The
study of microorganisms is no different. Martiny and colleagues (2006) outline four
hypotheses, regarding the distribution of organisms in space. The first hypothesis, the
null hypothesis, is that nothing explains the distribution of organisms, because their
distribution is random. The second hypothesis is that organisms are dispersed
everywhere and that the environmental conditions determine the distribution; this
hypothesis is also known as the Bass-Becking (1934) hypothesis ‘everything is
everywhere — the environment selects’. The third is that distribution of organisms states
a result of historical events, such as dispersal capabilities and historical environmental

conditions. The last hypothesis, is a combination of the second and third, and is that both



environmental conditions and historical event shape the distributions of organisms
(Martiny et al. 2006).

The two hypotheses that have generated the most interest and debate in microbial
biogeography are the ‘everything is everywhere — the environment selects’ or that there is
no dispersal limitation and the hypothesis that both past historical events and current
environmental conditions are important in explaining species distribution (Bass-Becking
1934; Whitfield 2005; Martiny et al. 2006). The focus on these two hypotheses is
because many studies have demonstrated some effect of environmental conditions or
adaption to local environment types for microbial biogeography (Martiny et al. 2006).
Studies that include both spatial and temporal variability are used to address
biogeographical questions. In addition, taxonomic scale is important when evaluating
distribution of organisms, what is considered globally distributed at one taxonomic level
could be endemic to certain regions at a finer taxonomic resolution. At the taxonomic
level of domain Bacteria, distribution is global; while, at finer taxonomic resolutions
global distribution may not be the case (Ramette and Tiedje 2007). At a genus level
some organisms are considered pandemic, or global in nature; fluorescent Pseudomonas
from soils are an example of this (Chao and Tiedje 2000; Ramette and Tiedje 2007). At
finer taxonomic levels this is not the case. In the case of fluorescent Pseudomonas
studied by Chao and Tiedje (2000), genetic fingerprinting techniques showed endemic
patterns of distribution.

Studies of spatial variation are able to identify possible ‘hotspots’ of diversity,
correlate recovery and distribution with environmental conditions, and evaluate

hypotheses regarding dispersal limitation (Gonzalez et al. 2012). Studies of temporal
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variation can address many of the same questions as studies of spatial variation, but can
also address questions of cyclical or static patterns of recovery and distribution (Gonzalez
et al. 2012). This dissertation includes a study addressing both spatial and temporal
variation, with replicate households sampled repeatedly across seasons. By analyzing
recovery from different environment types (i.e., soils, drains) and houses, I evaluated
biogeographical hypotheses at multiple taxonomic and spatial scales using household

Pseudomonas species.

Cystic Fibrosis and Microbiology of the CF Lung

The incidence of cystic fibrosis in the United States is approximately 1 in every
3,500 live births, and is more common in Caucasian individuals than other demographic
groups (Davis et al. 1996; CF Foundation Patient Registry 2011; Weiler and Drumm
2013). There are approximately 30,000 individuals living with CF in the United States,
and it is estimated one-half of those are children under the age of 18 (CF Foundation
Patient Registry 2011). Great strides have been made in the last few decades at
increasing the length and quality of life for CF patients. According to the CF Foundation
Patient Registry (2011), the median life expectancy of a patient 25 years ago was
approximately 28 years old. Now it is nearly 37 years old.

Cystic fibrosis is an autosomal recessive disease caused by a mutation in the
cystic fibrosis transmembrane conductance regulator (CFTR) gene, which was identified
in 1989 (Kerem, et al. 1989; Riordan et al. 1989; Rommens et al. 1989). Currently there
are over 1900 known mutations to the CFTR (Cystic fibrosis mutation database

http://www.genet.sickkids.on.ca/StatisticsPage.html). However, one mutation (A508) is
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much more common than any of the others, with over 85% of patients possessing at least
one copy (CF Foundation Patient Registry 2011). It has become clear that both the type
and position of the mutation(s) to the CFTR gene affect the severity and presentation of
the disease (Zielenski 2000). These mutations alter the main function of the CFTR
protein, which is to transport chloride ions across epithelial cells (responsible for
producing sweat, mucous, digestive enzyme, etc.) and regulate sodium transport
(Zielenski 2000; Rowe et al. 2005; Weiler and Drumm 2013). Mutations causing a loss
or decrease of function of the CFTR gene often manifest clinically as a thickening of the
mucosal linings of the lungs, creating an environment very susceptible to infection
(Weiler and Drumm 2013). These infections are associated with further decline in lung
function, inflammation, and ultimately early mortality (Koch 2002; Weiler and Drumm
2013).

The CF lung is a complex ecosystem for establishing microbial communities,
conditions and resources vary with disturbance events that include antibiotic treatment,
immune system invasion and attack, and inputs from the external environment (Yang et
al. 2011). Therefore microbial community composition is expected to vary with
changing conditions. There are a handful of bacteria well-documented and classically
associated with lung infections of the CF patient: Staphylococcus aureus, Haemophilus
influenzae; Pseudomonas aeruginosa, Burkholderia cepacia. Of these organisms, S.
aureus and H. influenzae are found more commonly in children with CF, while P.
aeruginosa and B. cepacia are more commonly associated with adult patients (Yang et al.
2011). Traditionally, these organisms have been considered the normal infections in the

CF lung environment, but in the last decade or so there has been an increased awareness
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of the complex nature of the human microbiome and its interaction with the human body
(Lynch and Bruce 2013).

Because of this awareness and advances in culture-independent techniques and
sequencing technology, the entire microbiome of the CF lung is now being explored. The
CF airways contain microbial communities including organisms traditionally associated
with CF and anaerobes (Zemanick et al. 2011). In addition, the bacteria
Stenotrophomonas maltophila, Achromobacter xylosoxidans, other non-cepacia
Burkholderia species, and the fungus Aspergillus fumigatus are increasingly causing
infections in CF patients and can cause a decline in lung function (Hauser et al. 2011;
Zemanick et al. 2011). There is debate regarding the increased prevalence of these
organisms and whether they are truly increasing in frequency or are products of changing
patient care guidelines, differences in sample processing techniques between laboratories,
and better identification techniques (LiPuma 2010).

Blainey and colleagues’ (2012) culture-independent study comparing sputum of
healthy people to sputum of CF patients found significant differences in the micriobiota
of the two groups, with healthy people having more diverse microbiota than the CF
patients. They also found a unique signature of microorganisms for the sputum samples
of the CF patients, which included a much greater presence of the phylum Bacteroidetes
in CF sputum. Cox and colleagues (2010) examined the bacterial diversity of the CF
lung and found that diversity increases for the first decade of life, and then decreases as
patients age, presumably as organisms establish dominance in the community. In this
study they found that only Stenotrophomonas maltophilia, Haemophilus influenza, and P.

aeruginosa were significantly correlated with an increased patient age. Other studies
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have indicated that the incidence of P. aeruginosa infection is as high as 80% by the age
of 20 (FitzZSimmons 1993; Koch 2002). In this dissertation I address the recovery of P.
aeruginosa from homes with and without a CF patient (see Chapter 3). Burkholderia
infections, while less common, can rapidly lead to a decline in lung function, and the

recovery of Burkholderia species from the home is addressed in Chapter 4.

The Genus Pseudomonas

Pseudomonas species are gram-negative, motile rods. They are isolated from a
wide variety of environments, causing the genus to often be described as ubiquitous or
global (Golderberg 2000; Stover et al. 2000). Pseudomonas species have diverse
metabolic profiles and large genomes (~6Mb), allowing them to use a large number of
compounds. Pseudomonas species tend to grow preferentially on amino acids or organic
acids compared to glucose or other sugars (Rojo 2010). This versatility contributes to
Pseudomonas’ ability to inhabit such diverse environments. Pseudomonas species have
been described as human pathogens (predominantly P. aeruginosa, and occasionally
other species), plant pathogens (P. syringae), insect pathogens (P. entomophilia), plant
growth promoters (P. fluorescens), nitrogen-fixers (P. stutzeri), and bioremediators (P.
putida) (Silby et al. 2011).

Pseudomonas species can produce bacteriocins, called pyocins, which are
proteinaceous antimicrobial compounds, evolved from phage tails, that target closely
related species (Parret and DeMot 2002). Pyocin production by Pseudomonas species
alters the composition of mixed-culture biofilms (Waite and Curtis 2009). In addition,

pyocins can provide a competitive advantage between P. aeruginosa strains (Heo et al.
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2007). These studies indicate that pyocins could influence Pseudomonas’ ability to
compete with each other and other organisms. In addition, Pseudomonas species
(especially the opportunistic pathogen P. aeruginosa) are often described as being
resistant to antibiotics. P. aeruginosa infect susceptible patients, including burn victims,
diabetics, and patients with cystic fibrosis. P. aeruginosa strains have been described as
having an intrinsic resistance to antibiotics such as aminoglycosides, quinolones,
carbapenems, and penicillins (Gellatly and Hancock 2013). P. putida has also been
reported to have antibiotic resistance, but may also serve as an environmental reservoir
for resistance genes, particularly to B-lactam antibiotics (Meireles et al. 2013).

In addition to their antibiotic resistance capacities, Pseudomonas species can also
form biofilms. Biofilms are an aggregate of microbial organisms, usually consisting of
multiple species, contained within a sticky, extracellular matrix of polysaccharides,
proteins, and DNA, facilitating adherence to surfaces (Hoiby et al 2010). Bacteria in
biofilms are up to 1,000 times more resistant to antibiotics than planktonic, or free-living,
bacteria (Wagner and Iglewski 2008). Not only have Pseudomonas biofilms been
recovered from sites of clinical relevance, such as the lungs of CF patients (Wagner and
Iglewski 2008), but also from environmental sites, such as plumbing (Eboigbidin et al.
2008).

Pseudomonas species have many characteristics that would be consistent with
having a broad fundamental niche: relatively large genomes, strong competitive abilities,
versatility in resource use, and tolerance to varied habitat conditions. In Chapter 2 and 3

of this dissertation Pseudomonas recovery from the human home is investigated. Chapter
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2 focuses on all species of Pseudomonas and their biogeography, while Chapter 3 focuses

on the opportunistic pathogen, P. aeruginosa.

The Genus Burkholderia

The genus Burkholderia was formally named in 1992 and was then comprised of a
small number of species previously described as Pseudomonas (Y abuuchi, et al. 1992).
Today, the number of species in the genus is much larger and more diverse. Much of this
diversity is attributed to their large (4-9Mb) multireplicon genomes. Burkholderia
species are versatile and commonly isolated from soils. There are Burkholderia species
that are capable of fixing nitrogen, associating with plant roots to promote plant growth,
protecting plants from fungal and other infections (Parke and Gurian-Sherman 2001),
degrading a variety of pollutants, including trichloroethylene (TCE), polychlorinated
biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs). (O’Sullivan and
Mahenthiralingam 2005), and causing disease in plants, animals and humans (Coenye
and Vandamme 2003; Mahenthiralingam et al. 2005; Baldwin et al. 2007). Most
Burkholderia found in association with plants are considered beneficial
(Mahenthiralingam et al. 2005; Suarez-Moreno et al. 2012). Burkholderia species have
been used in agriculture, as well as for bioremediation; however, because some species
are also considered opportunistic pathogens, this has caused concern that immune-
compromised patients may be exposed to these species because of their use in agriculture
and for bioremediation (Chiarini et al. 2006). It is because of this concern that the United

States Environmental Protection Agency restricted use of B. cepacia, a species
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commonly associated with human infection, for bioremediation and agricultural uses
(Federal Register 2003).

One of the most studied groups of the Burkholderia genus is the Burkholderia
cepacia (formerly Pseudomonas cepacia) complex. The B. cepacia complex consists of
17 formally named, phenotypically different species (LiPuma 2005; Nerskov-Lauritsen,
et al. 2010; Suarez-Moreno et al. 2012). Many of the members of the B. cepacia complex
are capable of the abilities listed previously and have been isolated from both
environmental and clinical environments. B. cepacia complex species are considered
opportunistic pathogens of particular interest to the cystic fibrosis (CF) community, as
infection with these species can lead to a rapid decline in lung function and prognosis
(Mahenthiralingam et al. 2008). The first reports of B. cepacia complex species
infections in CF patients were in the 1970’s and 1980’s (LiPuma 2010). Causing
additional concern to the CF community is the fact that B. cepacia complex species are
transmissible from person-to-person (LiPuma 1990; Baldwin et al. 2008). Clinical efforts
such as generating patient cohorts, where patients with B. cepacia complex infections are
seen on different days than uninfected patients, and other infection control measures have
greatly reduced the incidence of infection (LiPuma 2010). Clinical measures have not
eliminated the incidence of B. cepacia complex infections, indicating that there could be
an environmental source of infection. In Chapter 4, recovery of Burkholderia species

from the human home is examined.
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Research Interests and Hypotheses
What influences the biogeography of household Pseudomonas species?

I examined the biogeographical patterns and seasonal variation for Pseudomonas
species collected from the human home environment, using 15 homes to provide
replication at the spatial scale, and sampling each repeatedly over different seasons
provide temporal variability. I hypothesized that both spatial and temporal factors affect
the distribution of Pseudomonas species. Recovery was examined at multiple taxonomic
levels, and varied significantly by within home environment types at all levels, indicating
the ability of Pseudomonas species to adapt to varied conditions. Recovery varied
significantly by season at the level of genus, and for two of the species groups (P.
fluorescens group and P. putida group), indicating temporal variability in recovery for
Pseudomonas species. Interestingly, the patterns of recovery by both environment and
season were different between the species groups. Both season and environment type
influenced distribution patterns of species within the genus Pseudomonas, suggesting
niche partitioning within the genus. Overall, I found that Pseudomonas species exhibited
both spatial and temporal variability, indicating that both adaption and dispersal

limitation drive biogeographical patterns.

Which environments in the human home are most likely to harbor Pseudomonas
aeruginosa, and are there differences in P. acruginosa recovery between homes with and
without a cystic fibrosis (CF) patient?

I identified environments in the human home that harbored Pseudomonas

aeruginosa, examined recovery seasonally, and compared recovery rates from homes
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with P. aeruginosa culture-positive CF patients to those without. I hypothesized that P.
aeruginosa recovery does not vary between home with and without a CF patient, when
recovery from patient-associated sites is excluded. P. aeruginosa recovery patterns from
homes were examined by comparing 10 different environment types (drains, soils,
surfaces, etc.), and drains were identified as the environment type with the greatest P.
aeruginosa recovery. This indicates that drains could pose a risk to CF patients. Season
of isolation significantly influenced the recovery of P. aeruginosa, but season did not
significantly influence recovery from drains. P. aeruginosa recovery did not differ from
drains in CF vs. non-CF homes, indicating that high recovery from drains is not explained

by spread from patients to drains.

How common are Burkholderia species in the human home, and are there patterns of
recovery by location or by environment type?

I investigated the human home as a potential source of Burkholderia sp. for CF
patients by looking at the recovery rate from various environment types, hypothesizing a
low recovery rate. Overall, the recovery rate of Burkholderia sp. was very low, and
isolates were recovered primarily from soil and soil-like environments and drains.
However, even with low recovery, sites within the house cannot be eliminated as

potential sources of new infection because of their recovery from within the home.
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CHAPTER 2
BIOGEOGRAPHY PATTERNS AND SEASONAL VARIATION IN RECOVERY OF

HOUSEHOLD PSEUDOMONAS

Summary

Pseudomonas species are often described as “ubiquitous” (Stover et al. 2000) and
have been isolated from many different environments. In this study, [ examined the
biogeographical patterns and seasonal variation of Pseudomonas species collected from
different environments in the human home; 15 homes were sampled 3-8 times each, with
samplings being approximately 3 months apart. Recovery was examined at multiple
taxonomic levels: genus, species groups (as described in Anzai et al. 2000), and species.
The majority of Pseudomonas recovered was from the P. putida group (60.8%), followed
by the P. fluorescens group (22.9%), and P. aeruginosa group (15.2%). Recovery varied
by environment type (Appendix I) at the level of genus, with soils being most likely to
yield Pseudomonas. Recovery for each of the three species groups varied, with drains
being most likely to yield P. aeruginosa group, and soils being most likely to yield P.
fluorescens and P. putida group. Seasonal variation was found at the level of genus, with
winter having the lowest recovery. At the level of species group, recovery also varied
seasonally for the P. fluorescens group and P. putida group. Distribution patterns of
species within the genus Pseudomonas were found to vary by environment type and

season. Soils and drains were the environment types with the highest recovery at the
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taxonomic level of genus and at the level of species groups, so they were examined in
greater detail by comparing different types soils and drains. Recovery patterns at the
level of species group for indoor soils (houseplants) were significantly higher from
outdoor soils. Overall, this study shows that variability between environment types and
seasons can be seen at multiple taxonomic scales, that season influences recovery for
household sites, that dispersal may be limited between houses, and that within the genus

Pseudomonas species exhibit patterns of niche partitioning.

Introduction

Interactions with other organisms including competitive abilities, predation and
disease, as well as resource use, abiotic conditions, and an organism’s ability to disperse
can all influence the distribution of organisms in space and time. As a genus
Pseudomonas is highly versatile and capable of using a wide range of resources and
conditions (Goldberg 2000; Madigan et al. 2000). In addition, Pseudomonas species are
known to have advantages such as resistance to a wide array of antibiotics (Heuer et al
2002; Johansen et al. 2008; Ratjen et al. 2009; Meireles et al. 2013). These
characteristics would indicate that as a genus Pseudomonas has a broad fundamental
niche as defined by Hutchinson (1959). Consistent with this, Pseudomonas species have
been isolated from a variety of habitats such as: soils and rhizospheres (Green et al 1974;
Berg et al. 2005), drains (Regnath et al. 2004; Remold et al. 2011), fresh water rivers
(Pirnay et al. 2005), open oceans (Kahn et al. 2008), “petroleum sludge” (Bharali and

Konwar 2011), insects (Saitou et al. 2009), medical equipment (Srinivasan et al. 2003),
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and the human body (Bodey et al. 1983), and Pseudomonas species have been described
as “ubiquitous” (Stover et al. 2000).

However, an organism’s realized niche is often smaller than that of its
fundamental niches (Hutchinson 1959). Pseudomonas species, including P. aeruginosa
(Knezevic et al. 2011), P. fluorescens (Sillankora et al. 2008), and P. putida group
(Shaburova et al. 2009) are subject to disease, in the form of infection by phage.
Presence of phage in an environment could affect the distribution of Pseudomonas.
Pseudomonas can be prey for protozoan in the environment (Mazzola et al. 2009), which
could also affect the distribution of Pseudomonas. Lastly, production of bacteriocins,
which are antimicrobial compounds produced by a bacterium to kill other closely related
bacteria (Parret and De Mot 2002), could also alter the distribution of Pseudomonas. It is
because of these biotic factors that we expect not to find ubiquitous distribution of
household Pseudomonas. Depending on the way the realized niche is defined, abiotic
factors (i.e., temperature, pH) could also influences its size (Colwell and Rangel 2009).

Season of recovery, which encompasses a variety of environmental characteristics
(i.e., temperature, humidity), has been shown to be important in soil microbiology (Smit
et al. 2001; Lipson and Schmidt 2004; Fierer and Jackson 2006), and microbial
communities of lakes (Jasser et al. 2013) and microbial communities of the oceans
(Giovannoni and Vergin 2012). However, little is known about seasonal variability for
Pseudomonas species or indoor microorganisms. A study by Rodriguez and colleagues
(2012) found significant seasonal variability in the recovery of Pseudomonas species in
the Cautro Ciengas Basin in Chihuahuan desert of Mexico, which consists of a small

valley and multiple water systems. Rintala and colleagues (2008) found recovery of
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microbial communities from indoor dust, mainly composed of gram-positive organisms,
did vary by season. In this study I examined the distribution of species by environment
type and seasonal variation of the genus Pseudomonas from sites in and around the
human home in order to contribute to knowledge about the realized niche of
Pseudomonas species.

Competing hypotheses in microbial biogeography examine whether dispersal
limitation is what dictates an organism’s distribution, or whether an organism’s ability to
adapt to a particular environment dictates its distribution, or if it is a combination of both
(Martiny et al. 2006). The human home provides a place to study these questions with
multiple microhabitats within and around a single building that are replicated within and
between homes (i.e., bathroom sink drains). Analyzing isolate recovery from samples
taken using culture-based methods in a longitudinal study of 15 households over 4.5
years, I describe variability of Pseudomonas recovery from 8 environment types within
and around the home (Appendix I) to address biogeographical patterns of adaptation at
multiple taxonomic scales: genus, species groups (as describe in Anzai et al. 2000), and
species. Variability in Pseudomonas recovery between different houses, which are
spatially distant, was analyzed to address biogeographical patterns of dispersal limitation.
Seasonal variability is also examined at multiple taxonomic scales (genus, species group,
and species). Lastly, I examined the distribution of Pseudomonas species across both
seasons and environment types to determine if patterns of temporal and spatial niche

partitioning occurred within this genus.
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Materials and Methods
Sample Collection

I collected samples from 15 households in the Louisville, KY (USA) metropolitan
area. Two types of households were sampled: houses with a young cystic fibrosis (CF)
patient in residence and houses without CF patients. Each household was sampled
between October 2007 and March 2012 at intervals of approximately three months.
Houses were each sampled between 3 and 8 times, with over half (n=8) being sampled 8
times; the average number of samplings per household was 6. A total of 11,726 samples
were taken. Within each household, between 75 and 168 samples were collected
(depending on the number of bathrooms, people, pets, etc.) from 123 types of sites in and
around the home (Appendix I). Choice of sites was not biased toward environments
previously reported to harbor Pseudomonas; rather sites that might be important for
human contact and the dispersal of microbial organisms were chosen. Subjects enrolled
in the study were instructed not to clean the home the week before the sampling date. To
minimize the risk of cross-contamination, no two households were sampled on the same
day. Federal and institutional guidelines and policies regarding the use of human and
animal subjects were followed including signed informed consent forms (and assent
forms, where applicable).

Samples were collected with sterile swabs pre-moistened with phosphate-buffered
saline. Surfaces were sampled at locations most likely to have frequent contact with
human skin (i.e., knobs, buttons, etc.). Soils were sampled by inserting a swab 1-2 inches

from the surface, collecting soil on the swab. All drains were swabbed within the first 1-
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2 inches from the top of the opening. The subjects or their parents/guardians collected
human fecal and genital samples. Swabs were streaked onto Pseudomonas isolation agar
(PIA) at the homes. Plates were transported on ice and incubated for 48 hours at 28°C
immediately upon return to the laboratory. Where growth occurred, a single colony from
each plate was picked randomly, re-streaked onto PIA, grown, and frozen for further
analysis. Where multiple colony morphologies grew from a single sample, one of each
was frozen (194 instances total) for further analysis. On twenty-eight instances,
morphologically different isolates from the same sample were identified to be the same
species; for these only one isolate was used in the analyses presented.
Sample Identification

Isolates were first identified as belonging to the genus Pseudomonas using
previously described primers that selectively amplify members of the genus
Pseudomonas (Spilker et al. 2004). Pseudomonas isolates were identified to a finer
taxonomic level by using >500bp sequences of the isolates' 16s rDNA (8f and 1492r
universal bacterial primer pair for PCR and the 1401r primer for sequencing (Weisburg et
al. 1991). Assignments were made to the level of species using three separate databases:
Bioinfo 1200 neucleotide, Bioinfo 2 sequences, and EzTaxon (Chun et al. 2007; Croce et
al. 2010). Where the databases were not in agreement, Bioinfo 1200 nucleotide database
was used for species assignment. Species were then classified into species groups, as
defined by Anzai and colleagues (2000). While identification to the level of species was
not always consistent for members of the P. fluorescens group and P. putida group,
identification at the group level was.

Statistical Analysis
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Preliminary analyses of data excluding CF-associated sites, human upper
respiratory sites and equipment used to treat CF, show that there are no differences
between homes with and without a CF patient. In order to increase the power of the
analyses we therefore combined the two types of houses and continued analyses with this
reduced dataset. For analysis, the 123 types of sites considered in this study were
categorized to create a summary variable: “environment type” which describes ecological
similarity (Appendix I). Using a mixed linear model with presence/absence of
Pseudomonas sp. as the response variable, season and environment type as the fixed
predictor variables. The interaction between season and environment type was not tested
because of imbalance in the dataset. House and the interaction of house and environment
type were random factors, and sampling as repeated measure nested with season of
recovery (PROC GLIMMIX, SAS 9.3). It is important to note that absence of recovery
does not preclude these species being present, and sampling techniques could have biased
recovery from sites. For this, and all analyses involving seasons, the season of recovery
was determined based on the meteorological seasons rather than astronomical seasons.
The meteorological season considers factors such as average high and low temperatures
for the area, Louisville Metro (Climatology — Louisville). Winter was classified as
December through February, spring as March through May, summer as June through
August, and fall as September through November.

In all analyses, for significant predictor variables, differences in least squares
means among levels were calculated, and adjusted for multiple comparisons using
Bonferroni corrections (PROC GLIMMIX, SAS 9.3). Wald Z tests were used to

calculate p-values for the covariance parameters of house and house by environment type
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interaction. In graphing these data and all other data presented in this chapter, odds ratios
and least square means were calculated from the relevant mixed linear model and used to
estimate probability of recovery for each season and environment type with 95%
confidence intervals. This is a maximum likelihood approach to estimate the variance for
multiple variables (i.e., environment type and house) simultaneously, and is used because
of the intrinsic imbalance and multivariate nature of the dataset. For example, raw
probabilities would not be able to account for factors such as having three times as many
samples collected during a certain season compared to other seasons, while this approach
accounts for such variation. Least square means are generated from parameter estimates
of the model and are estimates of fixed effects.

Seasonal and environmental variability of recovery was examined for the three
major species groups recovered in this study: P. aeruginosa group, P. fluorescens group,
and P. putida group (Table 1; Anzai, et al. 2000) were tested. Mixed linear models with
presence/absence of each species group were the response variables, season and
environment type as the predictor variables, house and the interaction of house and
environment type as random factors, and sampling as repeated measure nested with
season of recovery were used to address these questions. (PROC GLIMMIX, SAS 9.3).
Contrasts and graphical display of the data are as previously described for overall
Pseudomonas spp. recovery.

Data were then analyzed for potential patterns of niche partitioning within the
genus Pseudomonas by season and environment type. The relative rate of recovery was
generated for each species across environment types for each season (number of isolates

of a particular species divided by the total number of Pseudomonas isolates). Species for
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which fewer than 8 isolates were recovered were pooled together by species group (i.e.,
Other P. putida group). A Bray-Curtis dissimilarity matrix was calculated for the relative
recovery rates by species across environment type for each season using PRIMER (2006).
A permutational ANOVA was used to evaluate the effect of environment type and season
(as fixed factors) on the dissimilarity matrix generated from proportion data (Anderson
2005; PRIMER).

Since recovery was greatest from soils and drains they were examined further.
Soils were further classified as indoor soils (including only houseplants) and outdoor
soils (including only yard and garden soils). Drains were further classified into three
types: kitchen sink drains (including garbage disposals), bathroom sink drains, and
bathtub/shower drains. Recovery was then examined by species group for soil type and
drain type using mixed linear models with presence/absence of each species group were
the response variables, season and drain (or soil) type as the predictor variables, and
sampling as repeated measure nested with season of recovery were used to address these
questions. (PROC GLIMMIX, SAS 9.3). In addition, recovery from soils and drains
were examined for patterns of niche partitioning within the genus Pseudomonas.
Analyses preformed as previously described with soil types and drain types rather than

environment types.

Results
Pseudomonas species were recovered from every season, every house, and every
environment type sampled. A total of 1,152 Pseudomonas isolates were recovered from

11,726 samples taken for an overall recovery rate of 9.8%. Of the isolates collected,
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60.8% were from the P. putida group, 22.9% were from the P. fluorescens group, 15.2%
were from the P. aeruginosa group, and 1.1% were from other Pseudomonas species

(Table 1).

Table 1. Species recovered in this study, as categorized into species groups. Species groups
were defined by Anzai et al. (2000).

P. aeruginosa group P. fluorescens group  P. putida group Other
Pseudomonas sp.
P. aeruginosa P. cedrina P. cremoricolorata P. abietaniphila
P. alcaligenes P. extremaustralis P. fulva P. chlororaphis
P. citronellolis P. fluorescens P. monteilii P. cichorii
P. multiresinivorans P. libanensis P. mosseliiss P. rhizosphaerae
P. nitroreducens P. lurida P. oryzihabitans P. stutzeri
P. otitidis P. orientalis P. plecoglossicida P. syringae
P. poae P. putida

P. proteolytica
P. rhodesiae
P. tolaasii
P. trivialis
P. veronii

Environment type and season were examined at the level of genus to determine
their influence on the recovery of Pseudomonas. Household Pseudomonas recovery
varied significantly by environment type (p<0.0001), and was significantly higher from
soil sites compared to all other types of environments (Figure 3A). Recovery from drains
was also higher than all other types of environments excluding soils. Human skin sites
had the lowest recovery of Pseudomonas species, followed by animal and surface sites.
Pseudomonas recovery varied significantly by season (p<0.0001), with winter having
significantly lower recovery than other seasons. The interaction between season and
environment type was unable to be tested due to imbalance in the dataset. Recovery rates
of Pseudomonas differed significantly among houses (p=0.047); additionally, there was a

significant interaction between house and environment type (p=0.0002).
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Figure 3. Predicted probability of Pseudomonas recovery as calculated from mixed general
linear model with Pseudomonas sp. recovery as the response variable, environment type and
season as predictor variables, house and the interaction of house and environment type as
random factors, and sampling as a repeated measure nested within season of recovery by A)
environment type B) season. 95% confidence intervals of the probability are shown. The
letters over data-points indicate the results of differences of least square means comparisons
of seasons. Each letter that appears multiple times designates pairs of seasons did not differ
significantly; seasons that differed significantly (p<0.05) do not share letters. Contrasts were
adjusted for multiple comparisons using a Bonferroni correction. Overall significance
designated by: ***p<0.0001.

Next, variability in recovery by environment type was explored at the level of
species group (P. aeruginosa group, P. fluorescens group, and P. putida group). For all
three species groups recovery rates varied among the environment types, and
interestingly, the species groups did not exhibit the same patterns of recovery (Figure 4).
P. aeruginosa group recovery differed from the pattern of recovery at the genus level,
with drain sites as the environment type with the highest recovery. Recovery for drains
was significantly different from all other environment types including soils (Figure 4A).
Due to small sample size animals were unable to be included in analyses examining

recovery of P. aeruginosa group by environment type. For P. fluorescens groups, soil
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sites were the environment type with the highest recovery. Due to high variation in
recovery from P. fluorescens group differences were not statistically significantly
different, from recovery from drain sites, trash/compost sites, water sites, or
miscellaneous moist sites, which include items that are frequently wet or in contact with
water but have opportunities to dry (i.e., dish scrubbing tools, bath toys, etc.) (Figure 4B).
For P. putida group, recovery was significantly higher for soil sites than any of the other
environment types (Figure 4C). Recovery from drain sites was also significantly higher
than most other environment sites for P. putida group. Although results of pairwise tests
differ, the recovery trends for P. fluorescens group and P. putida group are similar. All
three groups had very low recovery from vertebrates (animal and human skin

environment types).
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Figure 4. Predicted probability of recovery from environment types from mixed general
linear model analygous to that described in Figure 3, expect that response variables are
recovery from: A) PAG - P. aeruginosa group B) PFG - P. fluorescens group C) PUG - P.
putida group 95% confidence intervals of the probability are shown. The letters over data-
points indicate the results of differences of least square means comparisons of environment
type. Each letter that appears multiple times designates pairs of seasons did not differ
significantly; seasons that differed significantly (p<0.05) do not share letters. Contrasts were
adjusted for multiple comparisons using a Bonferroni correction. Overall significance
designated by: ***p<0.0001.
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Recovery at the level of species groups was also examined for variability across
season. P. aeruginosa group recovery did not differ by season (data not shown). P.
putida group and P. fluorescens group show significant seasonal differences (Figure 5)
and interestingly have different seasonal patterns from each other. P. putida group had a
higher probability of recovery in the summer and fall (Figure 5B), and while not the same
as exhibited at the level of genus, the pattern is similar. P. fluorescens group had
significantly more recovery in the spring, followed by summer, and the lowest recovery
in winter and fall (Figure 5A). This pattern of recovery, with spring having greatest
recovery compared to all other seasons appears to differ from that of the genus as a
whole. The effect of house on recovery variability was also examined for each of the
three Pseudomonas species groups. Variability in recovery was not significantly
explained by house-to-house variability for the P. aeruginosa group (p=0.3626); however
the interaction between house and environment type was significant (p=0.001).
Variability in recovery was significantly explained by house-to-house variability for both
P. fluorescens group and P. putida group (p=0.022 and p=0.035 respectively);
additionally, the interaction between house and environment type was significant for both

P. fluorescens group and P. putida group (p=0.0002 and p=0.001 respectively).
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Figure 5. Predicted probability of recovery from seasons by Pseudomonas species groups: A)
P. fluorescens group B) P. putida group from mixed general linear models as described in
Figure 4. 95% confidence intervals of the probability are shown. The letters over data-points
indicate the results of differences of least square means comparisons of seasons. Each letter
that appears multiple times designates pairs of seasons did not differ significantly; seasons
that differed significantly (p<0.05) do not share letters. Contrasts were adjusted for multiple
comparisons using a Bonferroni correction. Overall significance designated by:
**%p<0.0001.

The relative rates of recovery for Pseudomonas species across seasons and
environment types was examined for patterns of niche partitioning within the genus by
comparing proportions for each species by season/environment type. The relative
recovery rate of species in the genus Pseudomonas differs significantly by season
(p=0.017), with spring differing from winter and fall (Figure 6A). Members of the P.
fluorescens group make up a greater proportion of the Pseudomonas collected in the
spring compared to other seasons, which is consistent with what is found examining
recovery at the level of species group (Figure 4A). Figures depicting the seasonal
relative rates of recovery for Pseudomonas species by environment are contained in
Appendix III, and show that in the spring P. fluorescens group members dominate
recovery from surfaces, while P. putida group is most prevalent for other seasons. For

the summer season it appears that P. fluorescens group recovery is high for human skin
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sites. While fall had nearly twice as many Pseudomonas collected as winter, the

distribution of species present did not significantly differ
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Figure 6. Proportion of recovered strains by species for all Pseudomonas by A) seasons B)
environment types. Coloring represents species (see legend) and group: reds - P. aeruginosa
group, greens - P. fluorescens group; blues — P. putida group. Numbers on the tops of bars
indicate sample size (# Pseudomonas collected) for each category. A permutational ANOVA
was used to evaluate the effect of environment type and season (as fixed factors) and for
pairwise comparison between environment type and season. The letters over bars indicate
the results of pairwise comparisons. Each letter that appears multiple times designates pairs
of seasons or environments that did not differ significantly; seasons that differed significantly
(p<0.05) do not share letters. Contrasts were not adjusted for multiple comparisons and are
shown to explore trends. Overall significance designated by: *p<0.05, **p<.0.01.
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The relative rate of recovery of Pseudomonas species also differed significantly
by environment type (p=0.001; Figure 6B). Drain sites exhibited a different distribution
of Pseudomonas than most of the other environment types, as drains had a greater
proportion of P. aeruginosa and other P. aeruginosa group members present compared to
other environment types. Additionally, the proportion of P. aeruginosa group was low in
other environment types, consistent with the finding at the level of species group that P.
aeruginosa group members are primarily found in drains (Figure 4A). The distribution of
Pseudomonas species from soil sites differ significantly compared to drain sites and
miscellaneous moist sites (i.e., dish scrubbing tools, bath toys, etc.). Soils did not differ
from the rest of the environment types (with the exception of trash/compost sites), but are
dominated by P. putida group members. Approximately 75% of Pseudomonas recovered
from soils fall within the P. putida group.

Soil and drain sites had the highest recovery of Pseudomonas species; it was for
this reason they were sub-categorized for further examination. Drains were sub-divided
into kitchen sink drains, bathroom sink drains, and tub/shower drains, while soils were
sub-divided into indoor soils (houseplants) and outdoor soils. I compared recovery from
the drain subtypes at the level of species group, and found no significant differences for
any of the three species groups (data not shown). The relative rates of recovery for all
Pseudomonas species was also compared for drain sub-types and between seasons for
drain recovery, and there were no significant differences between subtypes or season
(data not shown). Indoor soils were compared to outdoor soils at the level of species
group. No differences were found between indoor and outdoor soils for P. aeruginosa

group (data not shown), perhaps because of small sample size (only 9 P. aeruginosa
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group isolates total were collected from soils). There were significant differences in
recovery between indoor and outdoor soils for both P. fluorescens group and P. putida
group (p=0.009 and p=0.011, respectively; Figure 7A-B). Both P. fluorescens group and

P. putida group had higher recovery from outdoor soils compared to indoor soils.
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Figure 7. Recovery of Pseudomonas from soils. Comparisons of indoor soils to outdoor soils
at the level of species group: A) P. fluorescens group B) P. putida group. C) Seasonal
variation in probability of recovery of P. fluorescens group isolated from soils. For panels A-
C: predicted probability of recovery as calculated from mixed general linear model with P.
fluorescens group or P. putida group recovery as the response variable, soil type and season
as predictor variables, house and the interaction of house and environment type as random
factors, and sampling as a repeated measure nested within season of recovery. 95%
confidence intervals of the probability are shown. The letters over data-points indicate the
results of differences of least square means comparisons. Each letter that appears multiple
times designates pairs of seasons did not differ significantly. Contrasts were adjusted for
multiple comparisons using a Bonferroni correction. D) Distribution of Pseudomonas
species from indoor and outdoor soils, numbers on the tops of bars indicate sample size (#
Pseudomonas collected) for each category. Overall significance designated by: *p<0.05.
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For each species group, seasonal variability in recovery from soils was examined.
There was not any significant seasonal variability for P. aeruginosa group or P. putida
group soils (data not shown). P. fluorescens group was found to have significant
seasonal variability (p=0.023; Figure 7C). This difference was driven by slightly higher
P. fluorescens group recovery in winter and spring, but pairwise comparisons were not
significant after adjustment for multiple comparisons. The relative rates of recovery of
all Pseudomonas species recovered was compared between indoor and outdoor soils;
additionally, the distribution for soil sites was examined for seasonal trends in recovery.
The relative rates of recovery for Pseudomonas species from soils differed marginally
significantly by season (p=0.06; data not shown), but were found to differ significantly
by soil type (p=0.05; Figure 7D). However, P. putida group dominates both indoor and

outdoor soils.

Discussion

While Pseudomonas recovery from the home is not common (9.8%) of samples
taken), species were recovered from every season, every house sampled, and every
environment type. Patterns of recovery indicate that recovery from soils and drains are
significantly more likely. Both at the level of genus, and within each species group,
recovery from soil sites and drain sites were high, indicating their importance for
household Pseudomonas. Classical accounts of Pseudomonas species describe them as
being common in soil and aquatic sites, and these results are consistent with those
observations (Ringen and Drake 1952). Additionally, patterns of recovery vary between

species groups, with patterns of recovery from P. aeruginosa group differing from those
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of P. fluorescens group and P. putida group. The patterns of recovery for Pseudomonas
as a genus are very similar to those of the P. putida group. This is driven by the
numerical dominance of P. putida group (60.8%) and species group was not corrected for
when analyzing recovery at the genus level. Season also influenced recovery for all
taxonomic levels and is important in determining the distribution of Pseudomonas in the
home. The finding of differences among environment types and in the relative recovery

of Pseudomonas species provides evidence for niche partitioning within the genus.

Fundamental vs. Realized Niche

Generally, the fundamental niche consists of everywhere the environmental
conditions are suitable for an organism to grow and reproduce, and the realized niche can
be defined as where, or under what conditions, an organism is actually found. We
expected that the fundamental niche be broad and larger than the realized niche for
Pseudomonas, as Pseudomonas have diverse metabolic capabilities and have previously
been isolated in numerous varying environments. Consistent with that, Pseudomonas
was recovered from every season, home, and environment type.

The realized niche is usually smaller than the fundamental niche because of
interactions with other species, such as competition, predation, or disease. We found
there is also evidence to support that the realized niche could be smaller than the
fundamental niche for household Pseudomonas. Significant variation in recovery
patterns by environment type was found, even at the level of genus. Recovery at the level
of genus was highest for soils and followed by drains, while other environment types had

much lower recovery. When using finer taxonomic resolutions, and examining recovery
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at the level of species group and species, variability between environment types persist.
Furthermore, patterns of recovery differ between species groups. It is clear that members
of the P. aeruginosa group do not necessarily occupy the same types of sites as other
Pseudomonas species groups (i.e., soils), or at least are not found nearly as frequently in
these sites. It is important to note that absence of recovery does not preclude these
species being present, and sampling techniques could have biased recovery from sites.
However, these data do suggest that while Pseudomonas species have a broad
fundamental niche, P. fluorescens group and P. putida group use multiple types of sites,
but only a few really well. P. aeruginosa group is found at least occasionally in most
types of sites, but frequently only in drains. This indicates that all species groups within
the genus may have smaller realized niches, which is consistent with other reports of the
genus Pseudomonas (Remold et al. 2011).

It is unclear from this study what specific factors are influencing the size of the
realized niche; however, it is quite possible that biotic factors, such as competition at the
local environment, or disease in the form of phage could be decreasing the size of the
realized niche. All three Pseudomonas species groups discussed in this paper have been
shown to be vulnerable to phage (Sillankora et al. 2008; Shaburova et al. 2009; Knezevic
etal. 2011). If these phage are present in the home environment, this could contribute to
the distributions found. Depending on the way the realized niche is defined, abiotic
factors could also influences its size (see Chapter 1; Colwell and Rangel 2009). If one
uses this definition for the realized niche it is possible that abiotic environmental
conditions such as temperature, pH, humidity, and so on could also be contributing to

varied distributions found. Lastly, it is also possible that the realized niche of household
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Pseudomonas is constrained by the dispersal limitations or abilities of Pseudomonas spp

(which are discussed below).

Seasonal Variability

The results of this study demonstrate that season is important for the recovery
patterns and distribution of Pseudomonas species at all taxonomic levels examined. At
the level of genus, recovery is found to be the lowest during the winter months and nearly
equal for the other three seasons. At the level of species group, P. putida group recovery
was higher in the fall and summer and nearly equal for winter and spring. P. fluorescens
group had a different pattern, where recovery was highest during the spring. The average
high temperature in the spring in Louisville is 67.9°F, compared to 45.5°F for winter,
87.5°F for summer, and 69.7°F for fall; while, the average low temperature in the spring
in Louisville is 47.4°F, compared to 28.9°F for winter, 68.1°F for summer, and 49.6°F
for fall (Climatology — Louisville). P. fluorescens group and P. putida group differ
particularly with respect to recovery in the spring and fall (see Figure 5), where the
temperature differential is minimal. This indicates the seasonal differences are driven by
something other than temperature.

Season is a broad term that encompasses a variety of environmental and climactic
changes including temperature, humidity, precipitation, etc. Therefore it is possible
changes in another environmental factor associated with season are driving the difference
seen between P. fluorescens group recovery and P. putida group recovery. Additionally,
most of the samples collected in this study were from sites inside the home, where

temperature is generally more constant throughout the year. It is also possible that
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behavioral patterns of human and animal inhabitants including increased movement from
inside to outside, or vice versa, or closed ventilation verses open windows during certain
seasons could also potential explain patterns. Further research needs to be done to
investigate more precise causes of these differences.

Rintala and colleagues (2008) found that the diversity of microbial communities
from indoor air dust in Finland (mostly Gram-positive organisms) was highest in the
spring and lowest in the winter. Moschandreas and colleagues (2003) found that
recovery of cultivable organisms from Chicago-area homes (focusing on Gram-positive
organisms) was highest in the summer, but also resident dependent. At the genus level,
the results of this study do not differ from these accounts, where Pseudomonas recovery
is lowest in the winter. However geographic differences, in addition to technical
differences, make comparing these studies difficult. It is established that external inputs
to indoor environments, such as open windows, food, and soil can influence the diversity
of microbial communities (Kelley et al. 2013), and it is possible these factors are
influencing differences in seasonal recovery of Pseudomonas species as well. Seasonal
variability in Pseudomonas recovery indicates that microbial longitudinal studies must be

carefully designed and consider climatic or environmental variables for greatest accuracy.

Dispersal vs. Adaption

At all taxonomic levels Pseudomonas recovery significantly varied by
environment type, with the environment type varying between different species groups.
These results indicate that the distribution of Pseudomonas species is influenced by their

ability to adapt to certain types of environments. However, at both the level of genus and
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the level of species group Pseudomonas recovery varied significantly among houses, with
the exception of P. aeruginosa group, which showed no significant house-to-house
variability.

Competing hypotheses in microbial biogeography question whether dispersal
limitation is what dictates an organism’s distribution, ability to adapt to its environment
dictates an organism’s distribution or if both dictates its distribution (Martiny et al. 2006).
Unfortunately these things are difficult to detangle based on frequency data alone.
Evidence for dispersal limitation could include absence or by changes in frequency of
recovery (e.g., founder effects, legacy effects); however, differences in frequency of

recovery could also be due to adaptation to local environment.

Relative Distributions and Patterns of Niche Partitioning

The relative distribution of species within the genus Pseudomonas was found to
be variable by both environment type and season (Figure 6), which is indicative of niche
partitioning within the genus. Interestingly, the two types of environments with the
greatest amount of Pseudomonas recovery, soils and drains, showed significant
differences in patterns of species distribution. Drains were significantly different
compared to most other environment types in their pattern of Pseudomonas distribution,
with the exceptions of trash/compost sites and water sites. Relative recovery rates of all
Pseudomonas species from indoor soils compared to outdoor soils differed. This
difference could be due to the difference in soil nutrient and characteristic from indoor
houseplant soil, which is likely potting soil, compared to yard or garden soil, from

differences in water sources and regularity of watering, or from differences in exposure to
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larger organisms (i.e., earthworms). The increased recovery of Pseudomonas from
outdoor soils compared to indoor soils is consistent with Remold and colleagues (2011),
also consistent with this study in the increased recovery of P. fulva from outdoor soils
compared to indoor soils (Figure 7D).

Classically niche partitioning is a result of competition over some sort of limiting
resource so that competing organisms do not co-exist in the same niche-space. The
patterns of niche partitioning examined in this study are relative only to other
Pseudomonas and could be indicative of species interactions, such as competition,
occurring within household environments. However, this study did not assess whether
Pseudomonas species were competing with each other, or species of other genera, for a
limited resource, so it is possible that the patterns of niche partitioning seen could be
caused by other biotic factors. Alternatively the distributions seen could be driven by
dispersal limitation and driven by founder effects.

Overall, this study demonstrates that while household Pseudomonas have broad
fundamental niches, indicated by occasional recovery from most environments, at the
level of genus, species group, and species there is evidence for a smaller realized niche
for household Pseudomonas species. Evidence supporting Pseudomonas species
adaptation to local environments as well as limited ability to disperse between houses are
also shown. Seasonal variability in recovery of Pseudomonas species, demonstrates that
indoor environments and microbial inhabitants are affected by seasonal changes.
Seasonal variability also points to the importance of carefully designed longitudinal

studies, so as to not miss or mask variability. Patterns of recovery consistent with niche
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partitioning indicate that the factors influencing the distribution of the different species

groups may differ, including both species interactions and dispersal limitation.
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CHAPTER 3
IDENTIFICATION OF SITES HARBORING PSEUDOMONAS AERUGINOSA IN

HOMES WITH CF PATIENTS AND HOMES WITHOUT CF PATIENTS

Summary

Pseudomonas aeruginosa infection occurs at an early age in many cystic fibrosis
(CF) patients. While most colonizing strains are thought to be environmental, little work
has been done to identify source environments important in lung colonization. My goals
were to identify environments in the human home that harbor P. aeruginosa from which
infections could be acquired, examine recovery patterns for seasonal trends, and to
compare recovery rates from homes with P. aeruginosa culture-positive CF patients to
those without. I characterized P. aeruginosa recovery patterns from human homes with
(n=7) and without (n=8) young CF patients. In all, 75-168 sites representing a broad
range of types of environments were sampled at each of 3-8 visits to each home. These
included both host-associated (e.g. nose, mouth, eyes of humans and pets), and non-host
associated sites (e.g. drains, counters, soils). In all, 11,726 samples were taken.
Excluding isolates collected from CF patients, isolates from drains represent 67.3% of P.
aeruginosa collected. Whereas 28.6% of drains yielded P. aeruginosa, recovery from all

other types of environments except upper respiratory sites of CF patients was low. The
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season of isolation significantly influenced the overall recovery of P. aeruginosa, but
season did not significantly influence recovery from drains. Recovery from bathroom
sink drains was significantly higher than recovery from kitchen sink drains or
bathtub/shower drains. P. aeruginosa recovery did not differ from drains in CF vs non-
CF homes, indicating that high recovery from drains is not explained by spread from
patients to drains. These data indicate that household P. aeruginosa are mainly found in
drains, and suggest that if successful cleaning regimes targeting drains could be identified,

they could substantially reduce exposure to environmental P. aeruginosa in the home.

Introduction

A majority (90%) of cystic fibrosis patients tested positive for whole-cell
antibodies to Pseudomonas aeruginosa and nearly 80% of patients’ oropharynx cultures
were positive for P. aeruginosa by 3 years of age (Burns et al. 2001). The prevalence of
P. aeruginosa infections in CF patients increases with age, with approximately 80% of
patients being infected by the age of 20 (FitzSimmons 1993; Koch 2002). As infections
establish in the lungs they become more difficult to eradicate. It is well documented that
P. aeruginosa can be transmitted between siblings (Renders et al. 1997; Tubbs et al.
2001), and cross-infection can occur from patient-to-patient in clinical settings (Cheng et
al. 1996; Denton et al. 2002; McCallum 2002; Jones et al. 2003; Scott and Pitt 2004).
However, initial infections are frequently found to be genetically more similar to isolates
collected from environmental sources compared to those from chronically infected CF

patients (Burns et al. 2001; Rau et al. 2010; Jelsbak et al. 2007; Workentine and Surette
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2011). This indicates that the source of these initial infections is likely to be somewhere
in the patients’ everyday environments.

P. aeruginosa is often referred to as “global” or “ubiquitous” (Goldberg 2000;
Stover et al. 2000). Even though P. aeruginosa has been isolated from many highly
variable environments, only a few studies have examined it in environments or at a scale
relevant to objects that young CF patients might contact on a daily basis (Mortensen et al.
1995; Ojima et al. 2002; Regnath et al. 2004; Schelstraete et al. 2008; Remold et al.
2011). Four of these five studies (Mortensen et al. 1995; Ojima et al. 2002; Regnath et al.
2004; Schelstraete et al. 2008) focused on the interior of the homes (primarily
bathrooms/washrooms and kitchens), and all previous studies consisted of a single
sampling of each household. Both the number and types of sites sampled varied between
the studies. Remold et al. (2011) examined the many sites spanning inside and outside of
the home from 20 homes; however, neither this study nor Ojima and colleagues’ study
(2002), included any CF patients or their homes. None of these studies addressed
variation in recovery across seasons.

This study looks extensively at the human home environment (both interior and
exterior), paying particular attention to sites that young children might come into contact
with regularly, over multiple time-points and seasons. Additionally, I compare recovery
of P. aeruginosa in homes with a CF and those without a CF patient. Analyzing isolate
recovery from 11,726 samples taken in a longitudinal study of 15 households over 4.5
years, I describe the types of household sites harboring P. aeruginosa and other
Pseudomonas species. Sites from which P. aeruginosa are most frequently recovered are

potential environmental sources of P. aeruginosa infection. Identification of these sites
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would also identify parts of the home for which effective cleaning strategies should be
implemented in order to minimize patient exposure to household P. aeruginosa. 1
examine recovery of P. aeruginosa for seasonal trends in recovery, which would indicate
cleaning regimes could be further targeted towards seasons where P. aeruginosa is most
prevalent. Lastly, I compare recovery from homes with and without a P. aeruginosa
culture-positive CF patient. Whereas increased recovery in homes with a culture-positive
CF patient could occur if droplet contamination from coughing, spitting, etc. affected
colonization of non-patient sites, similar recovery patterns across homes with and without
a CF patient would indicate that patient dispersal of P. aeruginosa is not the primary

explanation for recovery and that isolates can be considered environmental in origin.

Materials and Methods
Sample Collection

I collected samples from 15 households in the Louisville, KY (USA) metropolitan
area; 7 households had a child with cystic fibrosis (CF) ranging in age from 6 months to
14 years old and 8 did not. All households with a CF patient were recruited through the
Pediatric CF Center at the University of Louisville, and each had only one CF patient per
house. Most patients had positive P. aeruginosa cultures from upper respiratory sites

during the course of the study (Table 2).
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Table 2. P. aeruginosa and other pathogen recovery from upper respiratory sites of
enrolled CF patients during the course of their participation in the study. Houses 3-5, 7,
8,10, 11, 13 did not have a CF patient.

House P.aeruginosa P.aeruginosa Other pathogens Age (in
# isolated at isolates from isolated at clinic years) at
clinic visit(s) this study visit(s) start of study
1 X X 3
2 Staphylococcus auerus 6
6 X X 14
9 X X Staphylococcus aureus 11
12 X X Staphylococcus aureus, 8
Stenotrophomonas sp.
14 Aspergillus fumigatus; 0.5
Cryptococcus sp.
15 X X Staphylococcus aureus; 10

Alcaligenes sp.; Candida
albicans; Achromobacter
xylosoxidans

Each household was sampled between October 2007 and March 2012 at intervals
of approximately three months. Houses were each sampled at least 3-8 times, with over
half (n=8) being sampled 8 times; the average number of sampling events per household
was 6. A total of 11,726 samples were taken. Within each household for each visit, I
collected between 75 and 168 samples (depending on the number of bathrooms, people,
pets, etc.) from 123 types of sites in and around the home (Appendix I). Choice of sites
did not bias sampling toward environments previously reported to harbor Pseudomonas;
rather [ sampled broadly to include those sites with which young children with CF might
have contact or exposure. Subjects were instructed not to clean the home the week before
the sampling date. To minimize the risk of cross-contamination, no two households were

sampled on the same day. Federal and institutional guidelines and policies regarding use
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of human and animal subjects were followed, including signed informed consent forms
and assent forms, where applicable.

Samples were collected with sterile swabs pre-moistened with phosphate-buffered
saline; the subjects or their parents/guardians collected human fecal and genital samples.
All drains were swabbed within the first 1-2 inches from the top of the opening. Surfaces
were sampled at locations most likely to have frequent contact with human skin (i.e.,
knobs, buttons, etc.). Soils were sampled by inserting swab 1-2 inches from the surface,
collecting soil on the swab. Swabs were streaked onto Pseudomonas isolation agar (PIA)
at the homes. Plates were transported on ice and incubated for 48 hours at 28°C
immediately upon return to the laboratory. Where growth occurred, a single colony was
picked, re-streaked onto PIA, and frozen for further analysis; where multiple colony
morphologies were found for a single sample one of each were frozen for further analysis.
On eight instances morphologically different isolates from the same sample were
identified to be the same species; for these only one was used in the analyses.

Sample Identification

Isolates were first identified as belonging to the genus Pseudomonas using
previously described primers that selectively amplify members of the genus
Pseudomonas (Spilker et al. 2004). Further identification of those isolates identified as
Pseudomonas was performed using >500bp sequences of the isolates 16s rDNA (8f and
1492r) universal bacterial primer pair for PCR and the 1401r primer for sequencing
(Weisburg et al. 1991). Assignments were made to the level of species using two separate
BLAST databases: Bioinfo 1200 neucleotide and EzTaxon (Chun et al. 2007; Croce et al.

2010). The two databases agreed on the species assignment for all P. aeruginosa isolates.
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Isolates classified by 16s sequence as P. aeruginosa were confirmed using previously
described primers designed to selectively amplify P. aeruginosa (Spilker et al. 2004).
Statistical Analysis

For analysis, the 123 types of sites were categorized to create a summary variable:
“environment type”” which describes ecological similarity (Appendix I). I compared
overall recovery of P. aeruginosa to other Pseudomonas species by looking at presence
or absence across all samplings for each site sampled using McNemar’s Test (PROC
FREQ, SAS 9.3). I also compared recovery of P. aeruginosa to other Pseudomonas
species within each environment type (PROC FREQ, SAS 9.3).

I tested hypotheses regarding seasonal variability in P. aeruginosa recovery for
overall recovery and for recovery from sites inside the home, humans, and
bathroom/kitchen drains (the environment with the highest P. aeruginosa recovery) using
mixed linear models with presence/absence of P. aeruginosa as the response variable,
season and house type (whether a CF patient resides in the home or not) as the predictor
variables, and sampling as repeated measure nested with season of recovery (PROC
GLIMMIX, SAS 9.3). For this and all other analyses odds ratios and least square means
were used to generate probability of recovery for each season with 95% confidence
intervals (PROC GLIMMIX, SAS 9.3). This is a maximum likelihood approach to
estimate the variance for multiple variables (i.e., environment type and house)
simultaneously, and is used because of the intrinsic imbalance and multivariate nature of
the dataset. For example, raw probabilities would not be able to account for factors such
as having three times as many samples collected during a certain season compared to

other seasons, while this approach accounts for such variation. Least square means are
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generated from parameter estimates of the model and are estimates of fixed effects.
Additionally, differences in least squares means were calculated, and adjusted for
multiple comparisons using Bonferroni corrections (PROC GLIMMIX, SAS 9.3). P.
aeruginosa isolated from sites outside of the home were unable to be tested for seasonal
trends due to low recovery. Season of recovery was determined based on the
meteorological seasons rather than astronomical seasons. The meteorological season
considers factors such as average high and low temperatures for the area (Climatology —
Louisville).

Then I further examined recovery from the environment with the highest recovery
(bathroom/kitchen drains). First, I examined whether drains in homes with a culture-
positive CF patient (n=5) were different from drains in homes without a CF patient (n=8).
Culture positivity was defined as collection of P. aeruginosa in an upper respiratory
(sputum, oropharynx, etc.) site either through our study or clinical collection during
course of the study. If drains in homes with a culture-positive CF patient have higher
recovery rates of P. aeruginosa a possible explanation of this would be that patients are
dispersing P. aeruginosa to their local environment. This was examined using a mixed
linear model with presence/absence of P. aeruginosa as the response variable and house
type (CF or non-CF house) as the predictor variable, and sampling as repeated measure
nested with season of recovery (PROC GLIMMIX, SAS 9.3). Second, I also compared P.
aeruginosa recovery from the three types of drains: kitchen sink drains (including
garbage disposal), bathroom sink drains, and bathtub or shower drains. This was done

using a mixed linear model with presence/absence of P. aeruginosa as the response
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variable and type of drain as the predictor variable, and sampling as repeated measure
nested with season of recovery (PROC GLIMMIX, SAS 9.3).
Results

Although species from the genus Pseudomonas were isolated from all 10
environment types sampled (Figure 8, Appendix I), recovery rates varied greatly between
P. aeruginosa and other Pseudomonas species environment types (Figure 8). The overall
recovery rates of P. aeruginosa and other Pseudomonas were significantly different
(p<0.0001). Soils had the highest proportion (78.0%) of sites with Pseudomonas sp.
growth, followed by drains (38.5%). Pseudomonas sp. recovery was also high in a
number of other environment types, such as water sites (33.6%), trash/compost sites
(29.6%), miscellaneous moist sites (26.4%), surfaces (21.4%) and human upper
respiratory sites (9.5%).

Sample Size

drains 130

human upper airways 222

trash/compost 52

human fecal/genital 61

miscellaneous-moist 508

water 146

human skin 464

P, aeruginosa surfaces 561

only

.P. aeruginosa and other‘ soil 132

Pseudomonas spp. animal 197
e e 0%  25%  50%  75%  100%

Figure 8. Pseudomonas recovery by environment type. Percentage of 2,473 sites from 15
homes ever yielding Pseudomonas aeruginosa (red), yielding both Pseduomonas aeruginosa
and other Pseuodmonas species (purple) and yielding only non-aeruginosa Pseudomonas
(blue). Overall recovery (combination of all environment types) was signigicantly different
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between P. aeruginosa and other Pseudomonas species (p<0.0001). Results of tests of
differences within each environment are shown (not corrected for multiple comparisons):
**%p<0.0001; **p<.001; ns not significant; ~ unable to be tested because no P. aeruginosa.

Drains were the environment type that had the greatest of recovery of P. aeruginosa in
the home. In fact, over one-half of all P. aeruginosa isolates recovered during the study
were from drains (51.5%). When host-associated sites of CF patients were excluded,
drains represented 67.3% of the P. aeruginosa collected. Of the drains sampled, 28.6%
harbored P. aeruginosa at least once over the course of the study.

As expected, recovery from upper respiratory sites differed between CF patients
and non-CF patients; 46.2% of upper respiratory sites of CF patients yielded P.
aeruginosa over the course of the study, while only 1.55% of upper respiratory sites of
non-CF patients yielded P. aeruginosa over the course of the study. Interestingly,
recovery of non-aeruginosa Pseudomonas from upper respiratory sites over the course of
the study was approximately equal for CF patients (10.7% of sites over the course of the
study) compared to non-CF patients (10.3% of sites over the course of the study), and
was substantially higher than P. aeruginosa recovery from non-CF patients. Furthermore,
P. aeruginosa recovery was extremely low for all other types of environments. Extensive
sampling of household surfaces (2,424 samples taken) yielded only 5 P. aeruginosa
isolates from surfaces: a kitchen countertop, a spill on a kitchen counter, 2 bathroom
counters, and one from a patient’s inhaler (all 5 from different homes). This inhaler was
the only sample from patient equipment (PEP masks, compression vests, nebulizers, etc.)
to yield P. aeruginosa. Even with extensive sampling, only 1 P. aeruginosa was
recovered from soils (626 samples taken), and no P. aeruginosa was recovered from pets
(864 samples taken) using our collection method. A full list of all P. aeruginosa

recovery can be found in Appendix II.
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I then examined seasonal variability in recovery of P. aeruginosa. Overall,
found that recovery differed significantly across seasons (p= 0.0077; Figure 9A). The
probability of recovering P. aeruginosa was higher in the fall than any of the other
seasons. I then examined seasonal variability within sites inside the home, humans
(including CF patients), and bathroom and kitchen drains. Season significantly
influenced recovery for sites inside the home (p=0.0405). I also found that, while not
statistically different, the probability of recovering P. aeruginosa in the fall was higher
than the other seasons. Recovery from humans and bathroom and kitchen drain
environments were not significantly influenced by season (Figure 9C and 9D
respectively). Consistent with trends for overall recovery and indoor sites, there appears
to be a slight, but not statistically significant, increased probability of recovery of P.
aeruginosa during the fall for both humans and drains. I did not examine recovery for
sites outside of the home for seasonal trends due to low sample size, only 5 P. aeruginosa
were from outside of the home. Patient status of the home, whether a CF patient resides

there or not, did not significantly influence recovery (p=0.55).
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Figure 9. Probability of P. aeruginosa recovery by season as calculated from mixed general
linear model with P.aeruginosa recovery as the response variable, season and house type as
predictor variables, and sampling as a repeated measure nested within season of recovery: A)
overall B) indoor sites C) humans D) bathroom and kitchen drains. 95% confidence intervals
of the probability are shown. The letters over data-points indicate the results of differences
of least square means comparisons of seasons. Each letter that appears multiple times
designates pairs of seasons did not differ significantly; seasons that differed marginally
significantly (p<0.10) do not share letters. Contrasts in panels A and B were adjusted for
multiple comparisons using a Bonferroni correction. Overall significance designated by:
**p<0.01; *p<0.05.

I then examined patterns of recovery from drains in greater detail. I compared
recovery from bathroom and kitchen drains of homes with a P. aeruginosa culture-
positive CF patient (n=5; see Table 1) to homes without a CF patient (n=8). I found that
the probability of recovery from drains of homes without a CF patient was higher than

from a home with a culture positive CF patient (0.1146 and 0.07 respectively), but not

significantly so (Figure 10A). I compared recovery of kitchen sink drains (including
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garbage disposals), bathroom sink drains, and bathtub/shower drains, combining data
from all houses in light of the absence of a significant difference in drain recovery
between houses with and without a CF patient. I found that the probability of P.
aeruginosa recovery differed significantly overall, and was driven by higher recovery
from bathroom sink drains (Figure 10B). The difference between bathroom sinks and
kitchen sinks and the difference between bathroom sinks and bathtubs or showers are

only marginally significant after adjusting for multiple comparisons (Figure 10B).
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Figure 10. Probability of P. aeruginosa recovery in bathroom and kitchen drains as
calculated from mixed general linear model with P.aeruginosa recovery as the response
variable, drain type and house type as predictor variables, and sampling as a repeated
measure nested within season of recovery by: A) house type (CF houses with a P. aeruginosa
culture-positive patient (n=5) compared to non-CF houses) B) drain types (bathroom sink,
kitchen sink, and tub/shower). 95% confidence intervals of the probability are shown. The
letters over data-points indicate the results of differences of least square means comparisons.
Each letter that appears multiple times designates pairs of seasons did not differ significantly;
seasons that differed marginally significantly (p<0.10) do not share letters. Contrasts were
adjusted for multiple comparisons using a Bonferroni correction. *p<0.05

Discussion

Species from the genus Pseudomonas were collected from every home sampled,
and from locations and environments both inside and outside of the homes. My data
suggest that, as a genus, Pseudomonas is very versatile. This is consistent with other

studies (Stainer et al. 1966; Nelson et al. 2002; Ozen et al. 2011). In contrast, although P.
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aeruginosa was recovered from every home sampled (regardless of patient status), the
patterns of recovery from these homes were not consistent with this species being
ubiquitous in nature with respect to environment type. Rather, P. aeruginosa was
primarily found in drains, consistent with Ojima, et al. 2002, Regnath et al. 2004, and
Remold et al. 2011.

Potential sources of P. aeruginosa to which exposure could be controlled are of
particular interest. While I recovered some Pseudomonas species from household pets
(primarily cats and dogs were sampled), I did not recover any P. aeruginosa. This
suggests that pets do not commonly act as a reservoir for P. aeruginosa, and that their
presence is likely not a primary source of risk to CF patients regarding acquisition of P.
aeruginosa. Similarly, I only recovered a single P. aeruginosa isolate from all 626 yard,
garden, or houseplant soil samples taken; this isolate was from an indoor houseplant. P.
aeruginosa is often reported as a soil organism, and other studies have isolated P.
aeruginosa from the soil (Green et al. 1974; Mukherjee et al. 2011). These studies
collected much larger soil samples and suspended soil samples in water before
inoculating media, so it is possible that differences in sampling methods contributed to
the differences in observed recovery. The low recovery of P. aeruginosa from soils in
this study is consistent with the results reported by Remold and colleagues (2011), which
sampled more houses than this study, but used a similar technique. Failure to detect P.
aeruginosa in these studies is not due to a failure to detect Pseudomonas (Figure 8);
however, it is possible different Pseudomonas species could use different components of
soil and may then vary in their ability to be recovered. Food sources, particularly fresh

produce, have been cited as potential sources for P. aeruginosa. Studies have isolated P.
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aeruginosa at varying levels on supermarket fruits and vegetables (Schwaiger et al. 2011;
Allydice-Francis and Brown 2012). When present, [ sampled vegetables grown in the
ground (potatoes, carrots, etc) and sampled the vegetable drawer of the refrigerator but I
recovered no P. aeruginosa from these sites. However, my sample sizes of 67 vegetables
and 92 vegetable drawers (totals reflect multiple sampling events) are small compared to
other studies.

Recovery from neither humans nor drains differed significantly across seasons,
but the trends are consistent with pattern of recovery across all sites, in that the
probability of P. aeruginosa is higher in the fall for both. The increased recovery in fall
could be due to the change in weather, or due to the change in behavioral patterns, such
as going back to school or increased movement in and out of the home, that are
associated with the fall. The average high temperature for fall in the Louisville area is
69.8°F, the average low temperature for the fall in the Louisville area is 49.6°F, and the
average precipitation in the fall for the Louisville area is 9.86” (Climatology — Louisville).

Johansen and colleagues’ (1992) examination of seasonal variability of CF
patients’ initial acquisition of P. aeruginosa found that there is an increase in the winter
months. This study was conducted in Denmark and defined winter as October through
March. Our study demonstrates that there is seasonal variability in recovery from the
home environment and that patients could possibly have an increased risk of P.
aeruginosa exposure from the home during certain times of the year (in this case fall).
However, the increase in recovery for fall demonstrated in this study is indicative only of
the Ohio River Valley and may not be able to be extrapolated to other climates and

geographies.
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If drains in homes with a culture-positive CF patient had higher recovery rates of
P. aeruginosa a possible explanation of this would be that culture-positive CF patients
were disseminating P. aeruginosa to the drains in their homes. The probability of P.
aeruginosa was not significantly different for drains in homes without a CF patient,
indicating that P. aeruginosa is not being distributed to drains from P. aeruginosa
positive patients at a rate significantly higher than the dispersal rates P. aeruginosa in
homes without a patient. This result is consistent with those of Panagea and colleagues
(2005), who report colonized patients disseminating P. aeruginosa to their surroundings
at detectable levels and indicate this dissemination is only to areas in the patients’ direct
vicinity (i.e., clothing) and contamination appeared to be transient. I also looked at
differences in types of drains: kitchen sink, bathroom sink, and bathtub or shower drains.
There is some evidence to suggest that recovery of P. aeruginosa is higher for some types
of drains (bathroom sinks), and the higher recovery from bathroom sink drains is
consistent with other comparisons of P. aeruginosa in household drains (Remold et al.
2011). However, most important is that P. aeruginosa recovery is highest for household
drains. While the outcome of the statistical analysis for drain type is different here than
in Chapter 2, the trends are consistent. This difference is likely due to analysis at the
level of species group (P. aeruginosa group) in Chapter 2 compared to analysis of just P.
aeruginosa proper here, and slight differences in the model. While the exact source of
the P. aeruginosa in household drains is unknown, it is possible that tap water, a regular
input to both bathroom and kitchen drains could be a potential source. P. aeruginosa has

been recovered from tap water in both home and hospital environments (Anaissie et al.
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2002; von Baum et al. 2010). One study of household tap water in Germany found P.
aeruginosa in the tap water of nearly 11% households sampled (von Baum et al. 2010).

Biofilms, found both in the drain environment and the lung environment, may
help explain the increased recovery of P. aeruginosa from these sites. Biofilms are an
aggregate of microbial organisms, usually consisting of multiple species, contained
within a sticky, extracellular matrix of polysaccharides, proteins, and DNA, facilitating
adherence to surfaces (Hoiby et al 2010). P. aeruginosa has a number of characteristics
that cause them to be successful in biofilm environments. First, they can be facultative
anaerobes allowing them to continue to grow and reproduce in anaerobic regions of
biofilms which other organisms may not be able to survive (Wagner and Iglewski).
Second, P. aeruginosa species in biofilms are capable of adhering to surfaces (i.e.,
piping) and this could give them an advantage in biofilms that are subject to shear force,
as in drains. Third, in biofilms P. aeruginosa species are in close contact with
neighboring organisms, and could be at an advantage due to their diverse metabolic
capabilities. Last, biofilm formation has been shown to greatly increase antibiotic
resistance of P. aeruginosa, increasing its ability to withstand the disturbance event of
antibiotic exposure (Wagner and Iglewski 2008).

My data show that within the human home environment P. aeruginosa is
primarily found in bathroom and kitchen drains and that P. aeruginosa is primarily a
drain specialist regardless of patient status of the home. It is known that P. aeruginosa
isolated from initial infections of CF patients are more genetically similar to isolates
collected from the environment than those isolates collected from chronically infected

patients (Burns et al. 2001; Jelsbak et al. 2007; Rau et al. 2010; Workentine and Surette
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2011). It is possible the environmental source(s) of initial infections are drains from
patients’ homes; this is consistent with the findings of Schelstraete, et al. 2008, where
nearly 20% of isolates from newly infected CF patients where identical to isolates from
patients’ homes.

One should be cautious about interpreting presence/absence data for particular
sites or environments because detection of P. aeruginosa does not address the relative
ability of strains to establish infection. Nevertheless, my results suggest that identifying
and implementing effective cleaning strategies for drains in patients’ homes could be
effective in minimizing exposure to P. aeruginosa. Identifying the most effective
cleaning strategies is key, as household drains are likely to contain difficult to eradicate
biofilm communities. Future research focusing on correlations between cleaning regimes,
cleaning agent, drain materials and P. aeruginosa recovery and infection rates would be a

beneficial addition to the body of knowledge about P. aeruginosa.
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CHAPTER 4
RECOVERY OF BURKHOLDERIA SPECIES FROM THE HUMAN HOME

ENVIRONMENT

Summary

Burkholderia cepacia complex species can cause life-threatening illness in cystic
fibrosis patients. While clinical efforts to minimize transmission (particularly patient-to-
patient) of B. cepacia complex species have been very successful, new cases still arise
with unknown sources. I investigated the human home as a potential source of
Burkholderia sp. by looking at the recovery rate of various types of environments.
Overall, the recovery rate of Burkholderia sp. was very low (0.22%) with only 14 isolates
being recovered out of 6,495 samples taken. These 14 isolates were recovered primarily
from soil and soil-like environments (62.3%) and drains (28.6%). Isolates evenly
clustered within two phylogenetic clades: a plant-associated beneficial environmental
group described by Suarez-Moreno et al. (2012) and B. cepacia complex. Because of the
culture-based nature of the study, the data represent a conservative estimate of
Burkholderia in the household environment; however, even with low recovery, sites

within the house cannot be eliminated as potential sources of new infection.
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Introduction

Burkholderia cepacia complex members are considered opportunistic pathogens
and are of particular interest to the cystic fibrosis (CF) community. B. cepacia complex
infections in the CF lungs of some individuals can lead to cepacia syndrome, a rapid
decline in lung function, overall prognosis, and ultimately death (Mahenthiralingam et al.
2008). B. cepacia complex has been shown to be transmissible from person-to-person,
and efforts to minimize this transmission have proven greatly effective (LiPuma 1990,
Baldwin et al. 2008). However, these measures have not completely eliminated the
occurrence of new infections among patients who have not come into contact with an
infected patient. Therefore, it is possible that the source of some patients’ infections are
non-clinical or environmental (LiPuma 2010).

Other Burkholderia species, including some of those in the B. cepacia complex,
have been found in close association with plant roots and have been found to promote
plant growth. Some strains have been reported to be capable of N,-fixation, making them
of particular interest to the agriculture community (Parke and Gurian-Sherman 2001).
Much work has been done on the use of Burkholderia species for purposes of
bioremediation, due to their diverse metabolic capabilities (reviewed in O’Sullivan and
Mahenthiralingam 2005). The use of Burkholderia species, specifically B. cepacia, for
biocontrol and bioremediation purposes has been concerning for the CF community
because the introduction of these organisms to places where vulnerable people might
come into contact with them could result in infections (Chiarini et al. 2006).

It was once believed that the beneficial environmental and clinical strains could

be differentiated from each other; however, LiPuma and colleagues (2002) identified an
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epidemic clinical isolate of B. cepacia complex in soil samples. Additionally, another
study (Baldwin et al. 2007) found that over 20% of tested clinical isolates could not be
distinguished from isolates from the environment. This points to the environment as a
potentially important reservoir for infectious strains. A study by Fisher and colleagues
(1993) examined a small number of sites in patient homes and control homes (refrigerator
bins, refrigerator drain pans, sink drains, and soil samples), salad bars, and food stores for
B. cepacia. Their recovery rate for B. cepacia in homes was approximately 1% with
isolates being recovered from a refrigerator bin, two refrigerator drain pans, a bathroom
sink drain and a kitchen sink drain. Recovery from food stores and salad bars was
approximately 4.5%. We now know that in addition to B. cepacia many additional
members of the B. cepacia complex can cause infections in CF patients. In this study we
aim to examine many more sites within each home (75-168 per home) as well as sample

each home repeatedly (3-8 times each) for all members of the genus Burkholderia.

Materials and Methods
Sample collection

Samples were collected from 15 households in the Louisville, KY (USA)
metropolitan area. Each household was sampled between October 2007 and March 2012
at intervals of approximately three months. Houses were each sampled between 3 and 8
times, with the average household being sampled 6.5 times. Within each household, we
collected between 53 and 85 samples (depending on the number of bathrooms, toys etc.)
from 97 types of sites in and around the home (Appendix I). A total of 6,495 samples

were taken. Subjects were instructed not to clean the home the week before the sampling
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date. To minimize the risk of cross-contamination of households, no two households were
sampled on the same day. Federal and institutional guidelines and policies regarding use
of human and animal subjects were followed, including signed informed consent forms
(and assent forms, where applicable).

Samples were collected with sterile swabs pre-moistened with phosphate-buffered
saline. All drains were swabbed within the first 1-2 inches from the top of the opening.
Surfaces were sampled at locations most likely to have frequent contact with human skin
(i.e., knobs, buttons, etc.). Soils were sampled by inserting swab 1-2 inches from the
surface, collecting soil on swab. Swabs were streaked onto Pseudomonas isolation agar
(PIA) at the homes. While selective media has been developed specifically for
Burkholderia, PIA does not inhibit the growth of Burkholderia, and is used for growth of
Burkholderia species in other studies (Hardy Diagnostics: PIA 1996; Sokol et al. 1999;
Lagatolla et al. 2002; Ferreira et al. 2007). Plates were transported on ice and incubated
for 48 hours at 28°C immediately upon return to the laboratory. Where growth occurred,
a single colony was picked, restreaked onto PIA, and frozen for further analysis; where
multiple colony morphologies were found for a single sample one of each were frozen for
further analysis.

Sample Identification

763 isolates not previously identified (as described in Chapters 2 and 3) were
extracted using a technique described by Spilker and colleagues (2009). Successful DNA
extracts were confirmed using 16s rDNA universal bacterial primers 8f and 1492
(Weisburg et al. 1991) and amplified with the Rec4 primers designed as part of a multi-

locus sequencing type (MLST) set for Burkholeria species (Spilker et al. 2009). Of the
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814 1solates 5 were unable to be examined further. Because at least three extraction and
amplifications with the universal bacterial primers had failed, these were concluded to be
non-bacterial. Potential Burkholderia isolates (samples amplified by Burkholderia RecA
primers) were identified using >500bp sequences of the isolates 16s rDNA (1401t primer
for sequencing) (Weisburg et al. 1991), as well RecA as using sequences (Spilker et al.
2009). I assigned each isolate to the level of species based on 16s sequences, using three
BLAST databases (EzTaxon, Bioinfo 1200 nucleotide, Bioinfo 2 sequences) (Chun et al.
2007; Croce et al. 2010). Where the databases disagreed a species assignment was made
using the designation from the Bioinfo 1200 nucleotide database (Croce et al. 2010). The
Burkholderia RecA primers were designed as part of an MLST set, and the amplicon for
these primers was 704 base pairs (Spilker et al. 2009). Due to this, Rec4 sequences were
used to confirm the assignment to the genus Burkholderia.
Data Analysis

16s rDNA sequences of the 14 collected isolates plus 7 Burkholderia type strains
were used to construct a maximum likelihood tree. In order to contrast the tree,
sequences were aligned using MUSCLE (v3.7; Edgar 2004). Ambiguous regions of
sequences after alignment were removed using Gblocks (v0.91b; Castresana 2000). The
maximum likelihood phylogenetic tree was constructed and bootstrap values calculated
(100 replicates) in the PhyML program (v3.0; Anisiova and Gascuel 2006; Dereeper et al.
2008; Guindon et al. 2010). The tree was then graphically represented using TreeDyn

(v198.3; Chevenet et al. 2006).
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Results

Burkholderia species were very rarely found in the human home, with only 14
isolates being recovered (Table 3). The overall recovery was 0.22%. The Burkholderia
isolates recovered came almost exclusively from two types of environments: soil samples
or soil-like environments (9/14) and drain samples (4/14). On two occasions
Burkholderia isolates were recovered from the same physical site at different sampling
events (Table 3), and in neither case were they consecutive sampling events.
Interestingly, for both sites it was the same species that was recovered twice. Both of
these cases indicate that the reported recovery rate should be considered a lower limit, as
there is a potential for a high false negative rate.
Table 3. Recovery of Burkholderia sp. from 15 households. * indicates recovered from

the same floor drain at different sampling events; * indicates recovered from the same
houseplant at different sampling events.

Site 16S Identification House  Sampling Sample ID# \
Floor Drain” B. cepacia 1 3 1281
Floor Drain” B. cepacia 1 5 1625

Sandbox B. cepacia 14 5 2129
Stovetop B. cepacia 4 8 2518
Floor Drain B. fungorum 10 5 3176
Houseplant B. mimosarum 4 7 2350
Houseplant B. multivorans 1 5 1627
Houseplant B. multivorans 7 3 1547
Houseplant B. tropica 5 4 3080
Houseplant* B. tuberum 4 5 1926
Houseplant* B. tuberum 4 7 2349
Garbage Disposal B. vietnamiensis 10 2 2889
Yard Soil B. vietnamiensis 15 7 2610
Houseplant B. xenovorans 4 7 2355

I was interested in examining the distribution of the isolates collected across the

15 houses sampled. Of the 15 houses sampled, 7 harbored Burkholderia. Recovery from
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each home varied from 0 to 5 isolates per house. Since most of the Burkholderia
recovered was isolated from soil environments, it is possible that the variability in
recovery from house to house could be explained by variability in the number of
houseplants in each house. The number of houseplants sampled (pooled across all
samplings per house) varied from 0 to 131 per house. Over one-third of the Burkholderia
isolates came from the house that had the greatest number of houseplants (house 4). A
total of 275 strains were collected from houseplants with 7 of those isolates identified as
Burkholderia species (2.5%).

A maximum likelihood tree was constructed from 16s rDNA sequences to
examine relatedness of samples collected from households to recognized Burkholderia
type strains (Figure 11). The type strains clustered into two distinct groups previously
described by Sudrez-Moreno and collaborators (2012). Suéarez-Moreno et al. (2012)
characterize these clades as comprising plant-associated beneficial and environmental
group (PBE) species, and the Burkholderia cepacia complex (BCC group) species. Of
the isolates collected from household environments, one half (7/14) cluster within the
PBE group, while the other half (7/14) cluster within the BCC group.

I did not see strong habitat of isolation differences when examining in which
clade an isolate. Isolates collected from drain sites mainly cluster within the BCC group
(3/4 of drain isolates), while soil and soil-like isolates are evenly split between the two
groups (PBE: 5/9; BCC group: 4/9). Of the isolates collected from houseplants
specifically most (5/7) cluster in the PBE clade; however, most of those (4/5) were
isolated from a single house (house 4). Interestingly, there is clade-specificity in the

location of isolation at the level of house. All 5 Burkholderia isolates from house 4
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cluster within the PBE clade of the tree. All 3 Burkholderia isolates from house 1 cluster
within the BCC clade of the tree, including the isolate collected from a houseplant.

When I compare the species assignments of our isolates to the location of those
species in the clades of the Suarez-Moreno et al. (2012) tree, I see concordance, except in
one case. The isolate collected from the stovetop of house 4 (ID# 2518) was classified as
a Burkholderia cepacia; however, the 16s rDNA tree constructed (Figure 11) shows that
this isolate does not cluster with the rest of the B. cepacia complex, but rather clusters
within the PBE. The three databases used for species assignment to species disagreed
regarding this isolate. The Bioinfo 1200 nucleotide database was used for identification
(Croce et al. 2010) and identified this isolate as B. cepacia. Interestingly, the other two
databases used classified this isolate as B. phenoliruptrix, which is more consistent with

the tree constructed from sequence data.
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Figure 11. Maximum likelihood tree of isolates and selected Burkholderia type strains.
House number are represented by “H#” and are followed by the location of isolation.
The * indicates isolates recovered from the same houseplant at different sampling
events; " indicates isolates recovered from the same floor drain at different sampling
events. The branch lengths (bar=0.06) are proportional to the number of nucleotide
substitutions per site (Dereeper et al 2008). Bootstrap values are giving for branch
nodes. Green shading — plant-associated beneficial and environmental group (PBE);
blue shading — Burkholderia cepacia complex group (Suarez-Moreno et al. 2012).
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Discussion

Overall I found very little Burkholderia in the human home environment, a
finding consistent with Fisher and colleagues’ (1993) examination of home environments.
Consistent with this study Fisher and colleagues recovered Burkholderia cepacia from
household drains (refrigerator, bathroom, and kitchen), but interestingly only recovered
one isolate from the soil. The majority of their isolates were collected from food sources,
and ground vegetables were the only food items sampled in our study (Appendix I).
Even though recovery was low, caution should be taken in concluding that lack of
isolation indicates absence; additionally, for sites where isolation of Burkholderia did
occur it could be more frequent than our recovery indicate. Culture-based techniques,
including this study provide an indication of the organism(s) present, but can miss
organisms not present at high frequencies or not culturable. Of the Burkholderia isolates
recovered approximately one-half fall into the B. cepacia complex clade that is typically
associated with infections in CF patients.

Nosocomial outbreaks of Burkholderia cepacia complex have been linked to
mouthwash (Kutty et al. 2007), washcloths (Martin et al. 2011), multi-use solutions (De
Smet et al. 2012), and other contaminated products including water (Mann et al. 2010).
A 2010 study (Lucero et al.) implicated hospital sinks and drains as the source of an
outbreak of Burkholderia cepacia complex. This study demonstrated recovery of
members of the B. cepacia complex from household drains. Without further study it is
impossible to say if the household drain strains described here share phenotypic
characteristics with clinical isolates or are as virulent as those recovered from hospital

drains, but we have shown that they are present in some household drains, in absence of
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an infected patient. This indicates that respiratory secretions of infected patients were not
the source of these isolates.

I have demonstrated that Burkholderia species, including members of the plant-
associated beneficial and environmental group (PBE) as described by Sudrez-Moreno et
al. (2012), as well as the B. cepacia complex are recoverable from environments at a
scale relevant to patient contact. Soil and soil-like samples are the source of
approximately two-thirds of isolates collected in this study, and are split evenly between
the two clades of the tree (Figure 11). While recovery rates of Burkholderia are very low,
we cannot eliminate the possibility that sites in the home (particularly soils and drains)
could be an environmental source of infection. In particular, a reevaluation of the risk

associated with patient-soil contact could be beneficial.

73



REFERENCES

Allydice-Francis, K., & Brown, P. D. (2012). Diversity of Antimicrobial Resistance and
Virulence Determinants in Pseudomonas aeruginosa Associated with Fresh
Vegetables. International Journal of Microbiology, 426241.

Anaissie, E. J., Penzak, S. R., & Dignani, M. C. (2002). The hospital water supply as a
source of nosocomial infections: a plea for action. Archives of internal medicine,
162(13), 1483-1492.

Anderson, M. J. (2005). PERMANOVA: a FORTRAN computer program for
permutational multivariate analysis of variance. Department of Statistics, University
of Auckland, New Zealand.

Andersson, A. M., Weiss, N., Rainey, F., & Salkinoja-Salonen, M. S. (1999). Dust-borne
bacteria in animal sheds, schools and children's day care centres. Journal of applied
microbiology, 86(4), 622—634.

Anisimova M., Gascuel O. (2006). Approximate likelihood ratio test for branchs: A fast,
accurate and powerful alternative. Syst Biol, 55(4), 539-552.

Anzai, Y., Kim, H., Park, J. Y., Wakabayashi, H., & Oyaizu, H. (2000). Phylogenetic
affiliation of the pseudomonads based on 16S rRNA sequence. International Journal
of Systematic and Evolutionary Microbiology, 50, 1563—1589.

Baldwin, A., Mahenthiralingam, E., Drevinek, P., Vandamme, P., Govan, J.R., Waine,

D.J., ... Dowson, C.G. (2007). Environmental Burkholderia cepacia Complex

74



Isolates from Human Infections. Emerging Infectious Diseases, 13(3), 458-461.

Baldwin, A., Mahenthiralingam, E., Drevinek, P., Pope, C., Waine, D. J., Henry, D. A.,
... Dowson, C.G. (2008). Elucidating Global Epidemiology of Burkholderia
multivorans in Cases of Cystic Fibrosis by Multilocus Sequence Typing. Journal of
Clinical Microbiology, 46(1), 290-295.

Bass-Becking L. G. M. (1934) Geobiologie of inleiding tot de milieu- kunde. Van

Stockum & Zoon, The Hague, the Netherlands.

Baum, von, H., Bommer, M., Forke, A., Holz, J., Frenz, P., & Wellinghausen, N. (2010).
Is domestic tap water a risk for infections in neutropenic patients? Infection, 38(3),
181-186.

Berg, G., Eberl, L., & Hartmann, A. (2005). The rhizosphere as a reservoir for

opportunistic human pathogenic bacteria. Environmental Microbiology, 7(11),

1673-1685.

Bharali, P., & Konwar, B. K. (2011). Production and Physico-chemical Characterization
of a Biosurfactant Produced by Pseudomonas aeruginosa OBP1 Isolated from
Petroleum Sludge. Applied Biochemistry and Biotechnology, 164(8), 1444—1460.

Blainey, P. C., Milla, C. E., Cornfield, D. N., & Quake, S. R. (2012). Quantitative
Analysis of the Human Airway Microbial Ecology Reveals a Pervasive Signature for
Cystic Fibrosis. Science Translational Medicine, 4(153).

Bodey, G. P., Bolivar, R., Fainstein, V., & Jadeja, L. (1983). Infectious Caused by
Pseudomonas aeruginosa. Reviews of Infectious Disease, 5(2), 279-313.

Burns, J. L., Gibson, R. L., McNamara, S., Yim, D., Emerson, J., Rosenfeld, M., ...

Ramsey, B.W. (2001). Longitudinal Assessment of Pseudomonas aeruginosa in

75



Young Children with Cystic Fibrosis. Journal of Infectious Disease, 183(February),
444-452.

Castresana J. (2000). Selection of conserved blocks from multiple alignments for their
use in phylogenetic analysis. Mol Biol Evol, 17(4):540-552.

CF Foundation. (2011). Patient registry. Annual data report. Bethesda MD: Cystic
Fibrosis Foundation.

Cheng, K., Smyth, R. L., Govan, J. R., Doherty, C., Winstanley, C., Denning, N., ... Hart,
C.A. (1996). Spread of B-lactam-resistant Pseudomonas aeruginosa in a cystic
fibrosis clinic. The Lancet, 348(9028), 639—-642.

Chiarini, L., Bevivino, A., Dalmastri, C., Tabacchioni, S., & Visca, P. (2006).
Burkholderia cepacia complex species: health hazards and biotechnological potential.
Trends in Microbiology, 14(6), 277-286.

Cho, J.-C., & Tiedje, J. M. (2000). Biogeography and degree of endemicity of fluorescent
Pseudomonas strains in soil. Applied and Environmental Microbiology, 66(12),
5448-5456.

Chun, J. J., Lee, J.-H., Jung, Y., Kim, M., Kim, S., Kim, B. K., & Lim, Y.-W. (2007).
EzTaxon: a web-based tool for the identification of prokaryotes based on 16S
ribosomal RNA gene sequences. International Journal of Systematic and
Evolutionary Microbiology, 57, 2259-2261.

Clarke, K. R. & Gorley, R. N. (2006). PRIMER v6: User Manual/Tutorial. PRIMER-E,
Plymouth.

Climatology — Louisville, KY NOAA. National weather service: Louisville, ky weather

forcecast office. Retrieved from http://www.crh.noaa.gov/lmk/?n=clisdf.

76



Coenye, T., & Vandamme, P. (2003). Diversity and significance of Burkholderia species
occupying diverse ecological niches. Environmental Microbiology, 5(9), 719-729.

Colwell, R. K., & Rangel, T. F. (2009). Hutchinson's duality: the once and future niche.
PNAS, 106 Suppl 2, 19651-19658.

Corsi, R. L., Kinney, K. A., & Levin, H. (2012). Microbiomes of built environments:
2011 symposium highlights and workgroup recommendations. /ndoor air, 22(3),
171-172.

Cox, M. J., Allgaier, M., Taylor, B., Back, M. S., Huang, Y. J., Daly, R. A., ... Lynch,
S.V. (2010). Airway microbiota and pathogen abundance in age-stratified cystic
fibrosis patients. PLoS ONE, 5(6).

Croce, O., Chevenet, F., & Christen, R. (2010). A New Web Server for the Rapid
Identification of Microorganisms. Journal of Microbial & Biochemical Technology,
02(03), 084—088.

Davis, P. B., Drumm, M. L., & Konstan, M. W. (1996). Cystic Fibrosis. American
Journal of Respiratory and Critical Care Medicine, 154(5), 1229—1256.

De Smet, B., Veng, C., Kruy, L., Kham, C., van Griensven, J., Peeters, C., ... Jacobs, J.
(2012). Outbreak of Burkholderia cepacia bloodstream infections traced to the use of
Ringer lactate solution as multiple-dose vial for catheter flushing, Phnom Penh,
Cambodia. Clinical microbiology and infection. Oct. 3.

DeLong, E. F., & Pace, N. R. (2001). Environmental diversity of bacteria and archaea.
Systematic biology, 50(4), 470—478.

Denton, M., Kerr, K., Mooney, L., Keer, V., Rajgopal, A., Brownlee, K., Arundel, P., &

Conway, S. (2002). Transmission of colistin-resistant Pseudomonas aeruginosa

77



between patients attending a pediatric cystic fibrosis center. Pediatric Pulmonology,
34(4), 257-261.

Dereeper A., Guignon V., Blanc G., Audic S., Buffet S., Chevenet F., ... Gascuel O.

(2008) Phylogeny.fr: robust phylogenetic analysis for the non-specialist. Nucleic

Acids Res. Epub Apr 19.

Eboigbodin, K. E., Seth, A., & Biggs, C. A. (2008). A review of biofilms in domestic
plumbing. American Water Works Association, 100(10), 131-138.

Edgar R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res, 32(5):1792-1797.

Federal Register (2003) Burkholderia cepacia complex; significant new use rule. Section
5(a) (2) of the Toxic Substances Control Act (TSCA), (Vol. 68; N.114), pp. 35315—
35320. http://www.epa.gov/ fedrgstr/EPA-TOX/2003/June/Day-13/t15010.htm

Fenchel, T., & Finlay, B. J. (2006). The diversity of microbes: resurgence of the
phenotype. Philosophical transactions of the Royal Society of London. Series B,
Biological sciences, 361(1475), 1965-1973.

Ferreira, A. S., Leitdo, J. H., Sousa, S. A., Cosme, A. M., Sa -Correia, 1., & Moreira, L.
M. (2006). Functional Analysis of Burkholderia cepacia gene bceD and bceF,
encoding a phosphotyrosine phosphatase and a tryosine autokinase, respectively:
Role in exopolysaccharide biosynthesis and biofilm formation. Applied and

Environmental Microbiology, 73(2), 524-534.

Fierer, N. (2008). Microbial biogeography: patterns in microbial diversity across space

and time. Accessing Uncultivated Microorganisms: from the Environment to

78



Organisms and Genomes and Back. K. Zengler (editor). ASM Press, Washington DC
pgs. 95-115.

Fierer, N. (2010). Forensic idenitification using skin bacterial communities. PNAS,
107(14), 6125-6126.

Fisher, M. C., LiPuma, J. J., Dasen, S. E., Caputo, G. C., Mortensen, J. E., McGowan, K.
L., & Stull, T. L. (1993). Source of Pseudomonas cepacia - Ribotyping of Isolates
From Patients and From the Environment. Journal of Pediatrics, 123(5), 745-747.

FitzSimmons, S. C. 1993. The changing epidemiology of cystic fibrosis. Journal of
Pediatrics, 122(1), 1-9.

Flores, G. E., Bates, S. T., Caporaso, J. G., Lauber, C. L., Leff, J. W., Knight, R., &
Fierer, N. (2012). Diversity, distribution and sources of bacteria in residential
kitchens. Environmental Microbiology, 15(2), 588-596.

Flores, G. E., Bates, S. T., Knights, D., Lauber, C. L., Stombaugh, J., Knight, R., &
Fierer, N. (2011). Microbial biogeography of public restroom surfaces. PLoS ONE,
6(11), e28132.

Fujimura, K. E., Johnson, C. C., Ownby, D. R., Cox, M. J., Brodie, E. L., Havstad, ...
Lynch, S.V. (2010). Man's best friend? The effect of pet ownership on house dust
microbial communities. The Journal of Allergy and Clinical Immunology, 126(2),
410-412. 6.

Gellatly, S. L., & Hancock, R. E. W. (2013). Pseudomonas aeruginosa: new insights into

pathogenesis and host defenses. Pathogens and disease, 67(3), 159-173.

Giovannoni, S. J., & Vergin, K. L. (2012). Seasonality in ocean microbial communities.

Science, 335(6069), 671-676.

79



Goldberg, J.B. (2000). Pseudomonas: the global bacteria. Trends Microbiology, 8, 55-57.

Gonzalez, A., King, A., Robeson, M. S., Song, S., Shade, A., Metcalf, J. L., & Knight, R.
(2012). Characterizing microbial communities through space and time. Current
opinion in biotechnology, 23(3), 431-436.

Green, J. L., Bohannan, B. J. M., & Whitaker, R. J. (2008). Microbial Biogeography:
From Taxonomy to Traits. Science, 320(5879), 1039—-1043.

Green, S. K., Schroth, M. N., Cho, J. J., Kominos, S. K., & Vitanza-Jack, V. B. (1974).
Agricultural plants and soil as a reservoir for Pseudomonas aeruginosa. Applied
microbiology, 28(6), 987-991.

Guindon S., Dufayard J.F., Lefort V., Anisimova M., Hordijk W., & Gascuel O. (2010)
New Algorithms and Methods to Estimate Maximum-Likelihood Phylogenies:

Assessing the Performance of PhyML 3.0. Syst Biol, 59(3), 307-321.

Hardy Diagnostics: Pseudomonas Isolation Agar. Hardy Diagnostics: Pseudomonas
Isolation Agar. mb-labs.com. Retrieved July 1, 2013, from http://mb-
labs.com/docs/spoilage/Pseudomonas%?20Isolation%20Agar.pdf

Hauser, A. R., Jain, M., Bar-Meir, M., & McColley, S. A. (2011). Clinical significance of
microbial infection and adaptation in cystic fibrosis. Clinical Microbiology Reviews,
24(1), 29-70.

Heo, Y.-J., Chung, I.-Y., Choi, K. B., & Cho, Y.-H. (2007). R-type pyocin is required for
competitive growth advantage between Pseudomonas aeruginosa strains. Journal of
microbiology and biotechnology, 17(1), 180—185.

Heuer, H., Krogerrecklenfort, E., Wellington, E. M. H., Egan, S., van Elsas, J. D., van

Overbeek, L., Collard, J.-M. ... Smalla, K. (2002). Gentamicin resistance genes in

80



environmental bacteria: prevalence and transfer. FEMS microbiology ecology, 42(2),
289-302.

Hewitt, K. M., Gerba, C. P., Maxwell, S. L., & Kelley, S. T. (2012). Office space
bacterial abundance and diversity in three metropolitan areas. PLoS ONE, 7(5),
e37849.

Heiby, N., Bjarnsholt, T., Givskov, M., Molin, S., & Ciofu, O. (2010). Antibiotic
resistance of bacterial biofilms. International Journal of Antimicrobial Agents, 35(4),
322-332.

Hutchinson, G.E. (1959). Homage to Santa Rosalia or why are there so many kinds of
animals? American Naturalist, 93, 145-159.

Jackson, R. J. (2003). The Impact of the Built Environment on Health: An Emerging
Field. American Journal of Public Health, 93(9), 1382-1384.

Jasser, 1., Krolicka, A., Jakubiec, K., & Chroést, R. J. (2013). Seasonal and Spatial
Diversity of Picocyanobacteria Community in the Great Mazurian Lakes Derived
from DGGE Analyses of 16S rDNA and cpcBA-1GS Markers. Journal of
microbiology and biotechnology, 23(6), 739—749.

Jelsbak, L., Johansen, H. K., Frost, A. L., Thogersen, R., Thomsen, L. E., Ciofu, O., ...
Molin, S. (2007). Molecular Epidemiology and Dynamics of Pseudomonas
aeruginosa Populations in Lungs of Cystic Fibrosis Patients. Infection and Immunity,
75(5), 2214-2224.

Johansen, H. K., & Hoiby, N. (1992). Seasonal onset of initial colonisation and chronic
infection with Pseudomonas aeruginosa in patients with cystic fibrosis in Denmark.

Thorax, 47(2), 109-111.

81



Johansen, H. K., Moskowitz, S. M., Ciofu, O., Pressler, T., & Hoiby, N. (2008). Spread
of colistin resistant non-mucoid Pseudomonas aeruginosa among chronically
infected Danish cystic fibrosis patients. Journal of Cystic Fibrosis, 7(5), 391-397.

Jones, A. M. (2003). Identification of airborne dissemination of epidemic multiresistant
strains of Pseudomonas aeruginosa at a CF centre during a cross infection outbreak.
Thorax, 58(6), 525-527.

Kahn, N., Ahsan, M., Yoshzawa, S., Hosoya, S., Yokota, A., & Kogure, K. (2008).
Multilocus sequence typing and phylogenetic analyses of Pseudomonas aeruginosa
isolates from the ocean. Applied and Environmental Microbiology, 74, 6194-6205.

Kelley, S. T., & Gilbert, J. A. (2013). Studying the microbiology of the indoor
environment. Genome Biology, 14(2), 202.

Kerem, B.-S., Rommens, J. M., Buchanan, J. A., Markiewicz, D., Cox, T. K., Chakravarti,
A., Buchwald, M., & Tsui, L.-C. (1989). Identification of the cystic fibrosis gene:
genetic analysis. Science, 245(4922), 1073—1080.

Klepeis, N. E., Nelson, W. C., Ott, W. R., Robinson, J. P., Tsang, A. M., Switzer, P., ...
Englemann, W.H. (2001). The National Human Activity Pattern Survey (NHAPS): a
resource for assessing exposure to environmental pollutants. Journal of exposure
analysis and environmental epidemiology, 11(3), 231-252.

Knezevic, P., Obreht, D., Curcin, S., Petrusic, M., Aleksic, V., Kostanjsek, R., & Petrovic,
O. (2011). Phages of Pseudomonas aeruginosa: response to environmental factors
and in vitro ability to inhibit bacterial growth and biofilm formation. Journal of
applied microbiology, 111(1), 245-254.

Koch, C. (2002). Early infection and progression of cystic fibrosis lung disease. Pediatric

82



Pulmonology, 34(3), 232-236.

Kutty, P. K., Moody, B., Gullion, J. S., Zervos, M., Ajluni, M., Washburn, R., ...
McDonald, L.C. (2007). Multistate outbreak of Burkholderia cenocepacia
colonization and infection associated with the use of intrinsically contaminated
alcohol-free mouthwash. CHEST Journal, 132(6), 1825—-1831.

Kylafis, G., & Loreau, M. (2011). Niche construction in the light of niche theory.
Ecology Letters, 14(2), 82-90.

Lagatolla, C., Skerlavaj, S., Dolzani, L., Tonin, E. A., Monti Bragadin, C., Bosco, M., ...
Cescutti, P. (2002). Microbiological characterisation of Burkholderia cepacia isolates
from cystic fibrosis patients: investigation of the exopolysaccharides produced.
FEMS Microbiology Letters, 209(1), 99—106.

Lipson, D. A., & Schmidt, S. K. (2004). Seasonal Changes in an Alpine Soil Bacterial
Community in the Colorado Rocky Mountains. Applied and Environmental
Microbiology, 70(5), 2867-2879.

LiPuma, J. J. (2010). The Changing Microbial Epidemiology in Cystic Fibrosis. Clinical
Microbiology Reviews, 23(2), 299-323.

Lipuma, J. J. (2005). Update on the Burkholderia cepacia complex. Current Opinion in
Pulmonary Medicine, 11(6), 528-533.

LiPuma, J.J. (1990). Person-to-person transmission of Pseudomonas cepacia between
patients with cystic fibrosis. Lancet, 336(8723), 1094-1096.

LiPuma, J. J., Spilker, T., Coenye, T., & Gonzalez, C. F. (2002). An epidemic
Burkholderia cepacia complex strain identified in soil. The Lancet, 359(9322), 2002—

2003.

83



Liu, L., Krahmer, M., Fox, A., Feigley, C. E., Featherstone, A., Saraf, A., & Larsson, L.
(2000). Investigation of the Concentration of Bacteria and Their Cell Envelope
Components in Indoor Air in Two Elementary Schools. Journal of the Air & Waste
Management Association, 50(11). 1957-1967.

Lucero, C. A., Cohen, A. L., Trevino, 1., Rupp, A. H., Harris, M., Forkan-Kelly, S., ...
Srinivasan, A. (2011). Outbreak of Burkholderia cepacia complex among ventilated
pediatric patients linked to hospital sinks. American Journal of Infection Control,
39(09), 775-778.

Lynch, S. V., & Bruce, K. D. (2013). The cystic fibrosis airway microbiome. Cold Spring
Harbor perspectives in medicine, 3(3), a009738.

Madigan, M.T. Martinko, J.M, & Parker, J. (2000). Brock Biology of microorganisms.
Pearson Higher Education, New York.

Mahenthiralingam, E., Baldwin, A., & Dowson, C. G. (2008). Burkholderia cepacia
complex bacteria: opportunistic pathogens with important natural biology. Journal of
applied microbiology, 104(6), 1539—1551.

Mahenthiralingam, E., Urban, T. A., & Goldberg, J. B. (2005). The multifarious,
multireplicon Burkholderia cepacia complex. Nature Reviews Microbiology, 3(2),
144-156.

Mann, T., Ben-David, D., Zlotkin, A., Shachar, D., Keller, N., Toren, A., ... Rahav, G.
(2010). An outbreak of Burkholderia cenocepacia bacteremia in
immunocompromised oncology patients. Infection, 38(3), 187—194.

Martin, M., Christiansen, B., Caspari, G., Hogardt, M., Thomsen, von, A. J., Ott, E., &

Mattner, F. (2011). Hospital-wide outbreak of Burkholderia contaminans caused by

84



prefabricated moist washcloths. Journal of Hospital Infection, 77(3), 267-270.

Martiny, J. B. H., Bohannan, B. J. M., Brown, J. H., Colwell, R. K., Fuhrman, J. A.,
Green, J. L., ... Staley, J. T. (2006). Microbial biogeography: putting
microorganisms on the map. Nature Reviews Microbiology, 4(2), 102—112.

Mazzola, M., de Bruijn, 1., Cohen, M. F., & Raaijmakers, J. M. (2009). Protozoan-
induced regulation of cyclic lipopeptide biosynthesis is an effective predation defense
mechanism for Pseudomonas fluorescens. Applied and Environmental Microbiology,
75(21), 6804—6811.

McCallum, S. J. (2002). Spread of an epidemic Pseudomonas aeruginosa strain from a
patient with cystic fibrosis (CF) to non-CF relatives. Thorax, 57(6), 559-560.

Meireles, C., Costa, G., Guinote, 1., Albuquerque, T., Botelho, A., Cordeiro, C., & Freire,
P. (2013). Pseudomonas putida are environmental reservoirs of antimicrobial
resistance to B-lactamic antibiotics. World journal of microbiology & biotechnology,
29(7), 1317-1325.

Mortensen, J., Fisher, M., & LiPuma, J. (1995). Recovery of Pseudomonas cepacia and
Other Pseudomonas Species from the Environment. Infection Control and Hospital
Epidemiology, 16(1), 30-32.

Moschandreas, D. J., Pagilla, K. R., & Storino, L. V. (2003). Time and Space Uniformity
of Indoor Bacteria Concentrations in Chicago Area Residences. Aerosol Science and
Technology, 37(11), 899-906.

Mukherjee, K., Tribedi, P., Chowdhury, A., Ray, T., Joardar, A., Giri, S., & Sil, A. K.
(2011). Isolation of a Pseudomonas aeruginosa strain from soil that can degrade

polyurethane diol. Biodegradation, 22(2), 377-388.

85



Nelson, K. E., Weinel, C., Paulsen, I. T., Dodson, R. J., Hilbert, H., Santos, dos, V. A. P.
M., ... Fraser, C. M. (2002). Complete genome sequence and comparative analysis of
the metabolically versatile Pseudomonas putida KT2440. Environmental
Microbiology, 4(12), 799-808.

Norskov-Lauritsen, N., Johansen, H. K., Fenger, M. G., Nielsen, X. C., Pressler, T.,
Olesen, H. V., & Hoiby, N. (2010). Unusual distribution of Burkholderia cepacia
complex species in Danish cystic fibrosis clinics may stem from restricted
transmission between patients. Journal of Clinical Microbiology, 48(8), 2981-2983.

O'Sullivan, L. A., & Mahenthiralingam, E. (2005). Biotechnological potential within the
genus Burkholderia. Letters in Applied Microbiology, 41(1), 8—11.

Ojima, M., Toshima, Y., Koya, E., Ara, K., Kawai, S., & Ueda, N. (2002). Bacterial
contamination of Japanese households and related concern about sanitation.
International Journal of Environmental Health Research, 12(1), 41-52.

Osman, S., La Duc, M. T., Dekas, A., Newcombe, D., & Venkateswaran, K. (2008).
Microbial burden and diversity of commercial airline cabin air during short and long
durations of travel. The ISME Journal, 2(5), 482—497.

@vreas, L. (2000). Population and community level approaches for analysing microbial
diversity in natural environments. Ecology Letters, 3(3), 236-251.

Ozen, A. 1., & Ussery, D. W. (2011). Defining the Pseudomonas Genus: Where Do We
Draw the Line with Azotobacter? Microbial Ecology, 63(2), 239-248.

Panagea, S., Winstanley, C., Walshaw, M. J., Ledson, M. J., & Hart, C. A. (2005).
Environmental contamination with an epidemic strain of Pseudomonas aeruginosa in

a Liverpool cystic fibrosis centre, and study of its survival on dry surfaces. Journal of

86



Hospital Infection, 59(2), 102—107.

Parke, J. L., & Gurian-Sherman, D. (2001). Diversity of the Burkholderia cepacia
complex and implication for risk assessment of biological control strains. Nucleic
Acids Research, 39(1), 225-258.

Parret, A. H. A., & De Mot, R. (2002. Bacteria killing their own kind: novel bacteriocins
of Pseudomonas and other gamma-proteobacteria. Trends in Microbiology, 10(3),
107-112.

Pirnay, J.-P., Matthijs, S., Colak, H., Chablain, P., Bilocq, F., Van Eldere, J., ... Cornelis,
P. (2005). Global Pseudomonas aeruginosa biodiversity as reflected in a Belgian
river. Environmental Microbiology, 7(7), 969—980.

Pulliam, H. R. (2000). On the relationship between niche and distribution. Ecology
Letters, 3(4), 349-361.

Ramette, A., & Tiedje, J. M. (2007). Biogeography: an emerging cornerstone for
understanding prokaryotic diversity, ecology, and evolution. Microbial Ecology,
53(2), 197-207.

Ramette, A., Tiedje, J. M., & Boetius, A. (2009). Impact of space, time and complex
environments on microbial communities. Clinical Microbiology and Infection, 15,
60-62.

Ratjen, F., Brockhaus, F., & Angyalosi, G. (2009). Aminoglycoside therapy against
Pseudomonas aeruginosa in cystic fibrosis: A review. Journal of Cystic Fibrosis,
8(6), 361-369.

Rau, M. H., Hansen, S. K., Johansen, H. K., Thomsen, L. E., Workman, C. T., Nielsen, K.

F., ... Molin, S. (2010). Early adaptive developments of Pseudomonas aeruginosa

87



after the transition from life in the environment to persistent colonization in the
airways of human cystic fibrosis hosts. Environmental Microbiology, 12(6), 1643-
1658.

Regnath, T., Kreutzberger, M., Illing, S., Oechme, R., & Liesenfeld, O. (2004). Prevalence
of Pseudomonas aeruginosa in households of patients with cystic fibrosis.
International Journal of Hygiene and Environmental Health, 207(6), 585-588.

Remold, S. K., Brown, C. K., Farris, J. E., Hundley, T. C., Perpich, J. A., & Purdy, M. E.
(2011). Differential Habitat Use and Niche Partitioning by Pseudomonas Species in
Human Homes. Microbial Ecology, 62(3), 505-517.

Renders, N. H., Sijmons, M. A., van Belkum, A., Overbeek, S. E., Mouton, J. W., &
Verbrugh, H. A. (1997). Exchange of Pseudomonas aeruginosa strains among cystic
fibrosis siblings. Research in microbiology, 148(5), 447-454.

Rintala, H., Pitkaranta, M., Toivola, M., Paulin, L., & Nevalainen, A. (2008). Diversity
and seasonal dynamics of bacterial community in indoor environment. BMC
Microbiology, 8(1), 56.

Ringen, L. M., & Drake, C. H. (1952). A study of the incidence of Pseudomonas
aeruginosa from various natural sources. Journal of Bacteriology, 64(6), 841-845.

Riordan, J. R., Rommens, J. M., Kerem, B.-S., Alon, N., Rozmahel, R., Grzelczak, Z., ...
Tsui, L.-C. (1989). Identification of the cystic fibrosis gene: cloning and
characterization of complementary DNA. Science, 245(4922), 1066—1073.

Rodriguez-Verdugo, A., Souza, V., Eguiarte, L. E., & Escalante, A. E. (2012). Diversity
across Seasons of Culturable Pseudomonas from a Desiccation Lagoon in Cuatro

Cienegas, Mexico. International Journal of Microbiology, 2012(2), 1-10.

88



Rojo, F. (2010). Carbon catabolite repression in Pseudomonas: optimizing metabolic
versatility and interactions with the environment. FEMS Microbiology Reviews, 34,
658-684.

Rommens, J. M., Iannuzzi, M. C., Kerem, B., Drumm, M. L., Melmer, G., Dean, M., ...
Collins, F. S. (1989). Identification of the cystic fibrosis gene: chromosome walking
and jumping. Science, 245(4922), 1059-1065.

Rowe, S. M., Miller, S., & Sorscher, E. J. (2005). Cystic fibrosis. New England Journal
of Medicine, 352(19), 1992-2001.

Russell, A. D. (2004). Whither triclosan? The Journal of antimicrobial chemotherapy,
53(5), 693-695.

Saitou, K. Furuhata, K. Kawakami, Y., & Fukuyama, M. (2009) Isolation of
Pseudomonas aeruginosa from cockroaches captured in hospitals in Japan and their
antibiotic susceptibility. Biocontrol Science, 14(4), 155-159.

SAS Institute Inc. (2012) SAS/STAT 9.3 User's Guide. SAS Institute Inc, Cary, NC.

Schelstraete, P., Van daele, S., De Boeck, K., Proesmans, M., Lebecque, P., Leclercq-
Foucart, J., ... De Baets, F. (2008). Pseudomonas aeruginosa in the home
environment of newly infected cystic fibrosis patients. European Respiratory Journal,
31(4), 822-829.

Schwaiger, K., Helmke, K., Holzel, C. S., & Bauer, J. (2011). Antibiotic resistance in
bacteria isolated from vegetables with regards to the marketing stage (farm vs.
supermarket). International journal of food microbiology, 148(3), 191-196.

Scott, F. W., & Pitt, T. L. (2004). Identification and characterization of transmissible

Pseudomonas aeruginosa strains in cystic fibrosis patients in England and Wales.

89



Journal of Medical Microbiology, 53(7), 609—-615.

Shaburova, O. V., Krylov, S. V., Veiko, V. P., Pleteneva, E. A., Burkal’tseva, M. V.,
Miroshnikov, K. A., et al. (2009). Search for destruction factors of bacterial biofilms:
Comparison of phage properties in a group of Pseudomonas putida bacteriophages
and specificity of their halo-formation products. Russian Journal of Genetics, 45(2),
161-170.

Silby, M. W., Winstanley, C., Godfrey, S. A. C., Levy, S. B., & Jackson, R. W. (2011).
Pseudomonas genomes: diverse and adaptable. FEMS Microbiology Reviews, 35(4),
652—-680.

Sillankora, S., Neubauer, P., & Azeredo, J. (n.d.). Pseudomonas fluorescens biofilms
subject to phage philBB-PF7A. BMC Biotechnology, 8(79).

Smit, E., Leeflang, P., Gommans, S., van den Broek, J., van Mil, S., & Wernars, K.
(2001). Diversity and Seasonal Fluctuations of the Dominant Members of the
Bacterial Soil Community in a Wheat Field as Determined by Cultivation and
Molecular Methods. Applied and Environmental Microbiology, 67(5), 2284-2291.

Soberon, J. & Peterson, A. T. (2005). Interpretation of models of fundamental ecological
niches and species' distributional areas. Biodiversity Informatics, 2, 1-10.

Sokol, P. A., Darling, P., Woods, D. E., Mahenthiralingam, E., & Kooi, C. (1999). Role
of Ornibactin Biosynthesis in the Virulence of Burkholderia cepacia:
Characterization of pvdA, the Gene Encoding 1-OrnithineN 5-Oxygenase. Infection
and Immunity, 67(9), 4443—4455.

Spilker, T., Coenye, T., Vandamme, P., & Lipuma, J. J. (2004). PCR-based assay for

differentiation of Pseudomonas aeruginosa from other Pseudomonas species

90



recovered from cystic fibrosis patients. Journal of Clinical Microbiology, 42(5),
2074-2079.

Spilker, T., Baldwin, A., Bumford, A., Dowson, C. G., Mahenthiralingam, E., & LiPuma,
J. J. (2009). Expanded Multilocus Sequence Typing for Burkholderia Species.
Journal of Clinical Microbiology, 47(8), 2607-2610.

Srinivasan, A., Wolfenden, L. L., Song, X., Mackie, K., Hartsell, T. L., Jones, H. D., ...
Perl, T.M. (2003). An outbreak of Pseudomonas aeruginosa infections associated
with flexible bronchoscopes. New England Journal of Medicine, 348(3), 221-227.

Stainer R. Y., Palleroni N. J., & Doudoroff M. (1966), The aerobic Pseudomonads: a

taxonomic study. J Gen Microbiol, 43,159-271.

Stover, C. K., Pham, X. Q., Erwin, A. L., Mizoguchi, S. D., Warrener, P., Hickey, M. J.,
... Olson, M. V. (2000). Complete genome sequence of Pseudomonas aeruginosa
PAO1, an opportunistic pathogen. Nature, 406(6799), 959-964.

Suarez-Moreno, Z. R., Caballero-Mellado, J., Coutinho, B. G., Mendonga-Previato, L.,
James, E. K., & Venturi, V. (2012). Common Features of Environmental and
Potentially Beneficial Plant-Associated Burkholderia. Microbial Ecology, 63(2),
249-266.

Tédubel, M., Rintala, H., Pitkaranta, M., Paulin, L., Laitinen, S., Pekkanen, J., ...
Nevalainen, A. (2009). The occupant as a source of house dust bacteria. The Journal
of allergy and clinical immunology, 124(4), 834-840.

Tubbs, D., Lenney, W., Alcock, P., Campbell, C. A., Gray, J., & Pantin, C. (2001).
Pseudomonas aeruginosa in cystic fibrosis: cross-infection and the need for

segregation. Respiratory Medicine, 95(2), 147-152.

91



Wagner, V. E., & Iglewski, B. H. (2008). P. aeruginosa Biofilms in CF Infection.
Clinical Reviews in Allergy & Immunology, 35(3), 124—134.

Waite, R. D., & Curtis, M. A. (2009). Pseudomonas aeruginosa PAO1 Pyocin Production
Affects Population Dynamics within Mixed-Culture Biofilms. Journal of
Bacteriology, 191(4), 1349—1354.

Weiler, C. A., & Drumm, M. L. (2013). Genetic influences on cystic fibrosis lung disease
severity. Frontiers in pharmacology, 4(40), 1-19.

Weisburg, W. G., Barns, S. M., Pelletier, D. A., & Lane, D. J. (1991). 16S ribosomal
DNA amplification for phylogenetic study. Journal of Bacteriology, 173(2), 697-703.

Whitfield, J. (2005, November 11). Biogeography. Is everything everywhere? Science, pp.
960-961.

Willey, J.M, Sherwood, L.M., & Woolverton C.J. (2008). Prescott, Harley, and Klein’s
Microbiology. Boston. McGraw Hill Higher Education.

Woese, C. R., Kandler, O., & Wheelis, M. L. (1990). Towards a natural system of
organisms: proposal for the domains Archaea, Bacteria, and Eucarya. Proceedings of
the National Academy of Sciences, 87(12), 4576—4579.

Workentine, M., & Surette, M. G. (2011). Complex Pseudomonas population structure in
cystic fibrosis airway infections. American Journal of Respiratory and Critical Care
Medicine, 183(12), 1581-1583.

Yang, L., Jelsbak, L., & Molin, S. (2011). Microbial ecology and adaptation in cystic
fibrosis airways. Environmental Microbiology, 13(7), 1682—1689.

Yabuuchi, E., Kosako, Y., Oyaizu, H., Yano, 1., Hotta, H., Hashimoto, T., Ezaki, T. &

Arakawa, M. (1992). Proposal of Burkholderia gen. nov. and transfer of seven

92



species of the genus Pseudomonas homology group II to the new genus, with the type
species Burkholderia cepacia (Palleroni and Holmes 1981) comb. nov.. Microbiol
Immunol, 36(10), 1251-1275.
Zemanick, E. T., Sagel, S. D., & Harris, J. K. (2011). The airway microbiome in cystic
fibrosis and implications in treatment. Current Opinion in Pediatrics, 23, 319-324.
Zielenski, J. (2000). Genotype and phenotype in cystic fibrosis. Respiration;

international review of thoracic diseases, 67(2), 117-133.

93



APPENDIX I

* Were eliminated from analyses in Chapter 2.
~ For analyses in Chapter 3 CF Equipment sites were included in surfaces.
' Were eliminated from analyses in Chapter 4

SITES SAMPLED IN THE HUMAN HOME

Upper Respiratory** Human Skin' Animal' CF Equipment*"'
human mouth armpits skin compression vest
human nose between toes eyes inhaler

human throat eyes foot pads nebulizer

human sputum navel outer ear canal PEP mask

human outer ear canal
piercings

scalp

under fingernails
wounds

fecal

genital

wounds

rectum

suction device

Drains

Soils

Trash

garbage disposal
refrigerator drain
kitchen sink drain
bathroom sink drain
bathtub/shower drain

floor drain

house plant soil

garden soil

yard soil

sand box
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kitchen compost
kitchen trash can
pet litter box

diaper disposal bin
outside compost bin

outside trash can



Miscellaneous Moist Surfaces Water

dish drying rack coffee maker tap water

dish rag kitchen counter toilet

dish scrubber brush kitchen counter spills decorative fountain

dish sponge

ice/water dispenser
moisture in undersink cabinet
refrigerator spills

water filter

bath toy

loofah

poof

shower head

bathroom soap dish
spigot in tub

washcloth
denture/retainer storage
moist/mildewed areas
pet chew toy

baby bathtub

children’s bathing suits
bottle drying rack
bottle warmer

bottles

ground vegetables
microwave
vegetable drawer
stove top

bathroom counter
tubs cream/lotion
computer keyboard
contact lens storage
pet bedding

pet toy (non-chew)
baby carrier

baby swing

car seat

changing table

crib

electronic toy controls

frequently worn clothes

high chair tray
stroller

toy boxes
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dehumidifier
fish tank
flower vase
humidifier

pet water bowl
bird bath
outdoor bucket
outdoor fountain
garden pond
pool/hot tub
standing water

watering can



breast pump
food spoons
pacifier
spit-up clothes
teething rings
training toilet
garden hose

outdoor water toys

toys

wipes

A/C unit
outdoor grill

outdoor play area
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APPENDIX II
PSEUDOMONAS AERUGINOSA ISOLATE LIST

Houses 1, 2, 6,9, 12, 14, ad 15 had CF patients residing in them

House  Season Specific Isolation Site Environment Type  SRP#
1 Fall Kitchen Counter surfaces 1062
1 Fall Human Throat upper respiratory 1054
1 Fall Bath Tub/shower drain drains 1068
1 Spring Human Mouth upper respiratory 1266
1 Spring Human Throat upper respiratory 1267
1 Spring Kitchen Sink drain drains 1274
1 Spring Bath Bath toy miscellaneous-moist 1276
1 Summer Human Mouth upper respiratory 1426
1 Summer Human Sputum upper respiratory 1431
1 Summer Human Nose upper respiratory 1427
1 Summer Human Throat upper respiratory 1428
1 Summer Kitchen Sink drain drains 1435
1 Summer Bath Bath toy miscellaneous-moist 1439
1 Fall Kitchen Trash container trash/compost 1618
1 Fall Inside-other House plants soils 1632
1 Summer Kitchen Garbage disposal drains 1952
2 Fall Outside Trash cans trash/compost 2004
3 Fall Bath Bath toy miscellaneous-moist 2048
3 Winter Bath Sink drain drains 2230
3 Winter Kitchen Sink drain drains 2684
3 Winter Bath Bath toy miscellaneous-moist 2704
3 Fall Children's areas Food spoons  miscellaneous-moist 3091
4 Fall Human Between toes human skin 1004
4 Fall Human Sputum upper respiratory 1005
4 Fall Bath Tub/shower drain drains 1027
4 Fall Bath Sink drain drains 1031
4 Summer Outside Garden hose miscellaneous-moist 1421
4 Spring Human Sputum upper respiratory 1906
4 Spring Human Throat upper respiratory 1904
4 Spring Outside Bird bath water 1943
4 Spring Outside Bird bath water 2361
4 Summer Bath Sink drain drains 2521
5 Fall Kitchen Counter spills surfaces 2620
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House  Season Specific Isolation Site Environment Type  SRP#
5 Fall Bath Tub/shower drain drains 2629
5 Fall Bath Tub/shower drain drains 2630
5 Fall Bath Sink drain drains 2633
5 Spring Bath Sink drain drains 2909
5 Summer Bath Soapdish miscellaneous-moist 2933
5 Fall Bath Sink drain drains 3061
5 Winter Bath Sink drain drains 3151
6 Fall Human Mouth upper respiratory 1565
6 Fall Human Sputum upper respiratory 1571
6 Fall Human Throat upper respiratory 1568
6 Fall Bath Counter surfaces 1582
6 Spring Human Mouth upper respiratory 1810
6 Spring Human Sputum upper respiratory 1814
6 Spring Human Throat upper respiratory 1811
6 Spring ~ Bath Moist or mildewed areas  miscellaneous-moist 1831
7 Winter Bath Sink drain drains 1162
7 Winter Bath Sink drain drains 1150
7 Summer Bath Sink drain drains 1320
7 Summer Bath Sink drain drains 1321
7 Fall Bath Sink drain drains 1535
7 Fall Bath Sink drain drains 1537
8 Fall Kitchen Sink drain drains 1607
8 Fall Bath Sink drain drains 1609
8 Winter Bath Sink drain drains 1772
8 Fall Kitchen Trash container trash/compost 2146
8 Fall Bath Sink drain drains 2151
8 Winter Bath Sink drain drains 2253
8 Summer Bath Tub/shower drain drains 2544
8 Summer Bath Sink drain drains 2545
8 Spring Bath Sink drain drains 2836
8 Fall Bath Sink drain drains 3132
8 Spring Bath Sink drain drains 3209
9 Spring Human Mouth upper respiratory 1790
9 Spring Human Sputum upper respiratory 1794
9 Spring Human Throat upper respiratory 1792
9 Fall Human Mouth upper respiratory 2087
9 Fall CF Inhaler surfaces 2115
9 Fall Human Sputum upper respiratory 2091
9 Fall Human Throat upper respiratory 2089
9 Fall Human Under fingernails human skin 2088
9 Spring Human Sputum upper respiratory 2306
9 Summer Human Mouth upper respiratory 2407
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House

13
13
13
13
14

14
14
14
14
14
14
14
14
14

14

Season
Summer
Summer
Winter
Winter
Spring
Fall
Fall
Fall
Fall
Spring
Spring
Summer
Summer
Fall
Fall
Winter
Fall
Fall
Winter
Fall
Fall
Winter
Winter
Winter

Winter

Winter

Winter
Fall
Fall

Fall
Fall
Fall
Fall
Summer
Winter
Spring
Spring
Spring

Summer

Specific Isolation Site
Human Throat
Bath Sink drain

Bath Shower head
Bath Sink drain
Bath Sink drain

Bath Tub/shower drain

Bath Counter
Bath Sink drain

Bath Moist or mildewed areas

Bath Tub/shower drain
Bath Sink drain
Bath Tub/shower drain
Bath Sink drain
Bath Tub/shower drain
Bath Sink drain
Bath Tub/shower drain
Bath Tub/shower drain
Bath Sink drain
Bath Tub/shower drain
Human Sputum
Bath Sink drain
Bath Sink drain
Human Nose

Kitchen Dishwash
scrubber/brush

Kitchen Garbage disposal

Kitchen Sink drain
Bath Tub/shower drain
Bath Tub/shower drain

Kitchen Dishwash
scrubber/brush

Kitchen Garbage disposal

Kitchen Sink drain
Bath Tub/shower drain
Outside Standing water

Kitchen Garbage disposal

Human Fecal

Kitchen Garbage disposal

Kitchen Trash container

Children's areas Bottle drying

rack
Human Fecal

Environment Type
upper respiratory
drains
miscellaneous-moist
drains
drains
drains
surfaces
drains
miscellaneous-moist
drains
drains
drains
drains
drains
drains
drains
drains
drains
drains
upper respiratory
drains
drains
upper respiratory
miscellaneous-moist

drains

drains

drains

drains
miscellaneous-moist

drains
drains
drains
water
drains
human skin
drains
trash/compost
miscellaneous-moist

human skin

SRP#
2408
2415
2670
2674
2877
2594
2597
2598
2599
2892
2894
2964
2967
3100
3101
3173
2562
2563
2696
3110
3122
3199
1169
1172

1173
1175
1177
2578
1078

1082
1086
1091
1105
1458
1642
1858
2299
2304

2499
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House
14
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Season
Summer
Spring
Spring
Spring
Summer
Fall
Fall
Spring
Summer
Summer
Summer
Fall
Fall
Fall
Fall
Winter
Winter
Winter

Specific Isolation Site
Kitchen Garbage disposal
Kitchen Garbage disposal

Kitchen Sink drain
Bath Tub/shower drain
Human Sputum
Bath Tub/shower drain
Bath Tub/shower drain
Bath Sink drain
Human Sputum
Human Throat
Bath Tub/shower drain
Human Sputum
Human Throat
Bath Tub/shower drain
Bath Sink drain
Human Sputum
Human Throat
Bath Sink drain

Environment Type

drains
drains
drains
drains
upper respiratory
drains
drains
drains
upper respiratory
upper respiratory
drains
upper respiratory
upper respiratory
drains
drains
upper respiratory
upper respiratory
drains

SRP#
2500
1256
1258
1260
1348
1505
1507
1845
2433
2431
2438
2554
2552
2604
2605
2769
2768
2785
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Appendix 11

Distribution of Pseudomonas Species by Season
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Figure 1. Recovery by species for all Pseudomonas by seasons A) winter B) spring C)
summer D) fall. Coloring represents species (see legend) and group: reds - P. aeruginosa
group, greens - P. fluorescens group; blues — P. putida group. Numebrs on the tops of bars
indicate sample size (# Pseudomonas collected) for each category.
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