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Didier Philippe Mena-Aguilar
ABSTRACT

Legionella pneumophila is a pathogen that can proliferate in premise (i.e., building)
plumbing and, when aerosolized during water use, infect the lungs of exposed individuals
and cause a deadly form of pneumonia known as Legionnaires’ disease. Given that it is
one of the primary sources of tap-water associated disease throughout much of the world,
this organism has been the subject of intense research, ranging from aiming to
understand key aspects of its physiology that allow it to proliferate in premise plumbing,
to the specific virulence factors that make it so infectious to humans. The work presented
here starts with a comprehensive review of published studies related to the L.
pneumophila proteome, i.e., the set of expressed proteins associated with a given strain
under a given set of environmental conditions, showing how the field has progressed in
parallel to improvements in mass spectrometry technologies and how proteomics can be
used as a tool to understand this unique and important organism.

Copper is a natural antimicrobial that can be present in drinking water due to passive
release from copper pipes or intentionally dosed (e.g., copper-silver ionization systems)
for microbial control. However, some L. pneumophila strains have recently been found to
exhibit copper resistance, an adaptive process that is not fully understood at the
physiological level. Chapter Two describes the copper survivability of three outbreak-
associated strains of L. pneumophila and examines the copper-induced proteome of
QC1, a strain found to display high resistance to copper. Pairwise comparisons of the
proteomes of copper-resistant and copper sensitive strains indicated that L. pneumophila
QC1 adapts to copper exposure via the induction of redox and metal homeostasis
proteins, while concomitantly inducing motility and pathogenesis related proteins,

suggestive that copper induces a search for a host protozoan strain for protection.



In 2014 and 2015, Flint, Michigan experienced the largest per capita community-wide
Legionnaires’ Disease outbreak in US history. The outbreak was associated with a
change in the source of the municipal drinking water supply from Detroit water, which was
sourced from the Great Lakes and subject to appropriate corrosion control, to the Flint
River, which was not appropriately controlled for corrosivity. The underlying drivers of this
outbreak have been debated and include: elevated iron in the water serving as a nutrient
for L. pneumophila, diminished chlorine in the water due to reactions with iron, reduced
copper in the water due to shifts in pH influencing release from copper pipes, and shifts
in potentially key components of the microbial community. In Chapter Three of this
dissertation, we employ controlled microcosm studies to establish a fundamental
understanding of interactive effects of pipe material and water of varying iron
bioavailability (ferric chloride, ferrous chloride and ferric pyrophosphate) on the microbial
community and its relationship with L. pneumophila numbers. The combination of copper
pipes and Flint River water decreased the diversity of the microbial community to a larger
degree than copper pipes with Detroit water, implying greater copper bioavailability in the
former condition. Several Order were found to be significantly associated with high or low
numbers of culturable L. pneumophila recovered from the microcosms. Most notably, the
Order Pseudomonadales was significantly associated to the reactors with low culturable
L. pneumophila. This order contains Pseudomonas species known to inhibit the growth
of L. pneumophila. The findings reported in this dissertation can be used to develop more
informed management practices for drinking water systems to reduce the risk of
Legionnaires’ Disease outbreaks associated with premise plumbing. Specifically, 1)
copper might be inducing a more pathogenic form of copper resistant L. pneumophila, 2)
the use of corrosive control in municipal water systems goes beyond the influence on lead
and copper pipes, but also on the microbial community, which in part influences L.
pneumophila, and 3) there are organisms, such as Pseudomonadales species,
associated with environments with low culturable L. pneumophila which might be

introduced to the drinking water systems as probiotics.
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GENERAL AUDIENCE ABSTRACT

Legionella pneumophila is a microbe found in drinking water plumbing systems. This
organism causes Legionnaires’ Disease, a severe form of pneumonia that particularly
affects immunocompromised individuals. Due to its health and economic impact, there
are worldwide efforts to understand the biology of this organism, from the conditions that
allows it to grow in the drinking water plumbing, to the specific components that allows it
to infect humans. In this dissertation, we first review the published studies related to the
L. pneumophila proteome, a powerful tool used to functionally describe biological
organisms. This first chapter showed how proteomics can be used to understand this
unique and important organism. In the next chapter we studied how copper metals may
influence the proteome of L. pneumophila. Copper pipes have been extensively used to
control the growth of microorganisms in drinking water systems, however some studies
have reported that copper may promote the growth of L. pneumophila. In this chapter, we
showed that a copper resistant strain of L. pneumophila adapts to copper exposure by
inducing motility and pathogenesis related proteins, suggesting that it might be more
infectious. In the last chapter of this dissertation, we investigated the combined effect of
pipe material and water chemistry, on the microbial community and its relationship with
L. pneumophila. The combination of copper pipes and a more corrosive water decreased
the diversity to a larger degree, in comparison to the other evaluated conditions. Several
organisms were also identified to be significantly associated with the high or low
culturable L. pneumophila. This is of particular interest because they might be used as
potential probiotics to control the growth of L. pneumophila. The findings reported in this
dissertation can help to better understand the significance of water chemistry and pipe
material, particularly copper pipes, for the purpose of reducing risk of Legionnaires’

Disease outbreaks associated with drinking water systems.
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CHAPTER ONE. Introduction

Legionella pneumophila is the causative agent of Legionnaires’ Disease, a severe form
of pneumonia that tends to disproportionately affect individuals who are
immunocompromised or have other risk factors (Steinert et al., 2002; Winn, 1988).
Legionnaire’s Disease cases are on the rise worldwide, which is translated into a
significant health and economic impact (Collier et al., 2012; Falkinham et al., 2015; Han,
2021). L. pneumophila is an opportunistic pathogen that is sometimes found among
microbial communities inhabiting premise (i.e., building) plumbing, including hot and cold-
water lines, water heaters, shower heads, and faucets (Falkinham et al., 2015; Steinert
et al., 2002). The pipes and fixtures provide ample surface area, low disinfectant residual,
stagnation periods and warm temperature that facilitate biofilm formation and microbial
replication (Bédard et al., 2018; Serrano-Suérez et al., 2013). Consequently, there have
been worldwide efforts to understand the biology of this organism, from the conditions
that allows it to proliferate in the premise plumbing (Carlson et al., 2020; Falkinham et al.,
2015; United States Environmental Protection Agency, 2016), to the specific components

that allows it to infect humans (Newton et al., 2010; Xu & Luo, 2013).

In the low nutrient potable water environment, Legionella are known to be dependent on
a host-parasite relationship with fee-living amoebae and other protozoans for their
replication (Fields, 1996). Due to the biological similarity between the protozoan hosts
and human macrophages, L. pneumophila is capable of infecting humans and causing
Legionnaires’ disease (Steinert et al., 2002). Transmission occurs when individuals inhale
contaminated aqueous aerosols, which facilitates entry into the lungs and infection of

monocytes and alveolar macrophages (Borella et al., 2004; Mampel et al., 2006).



Copper is commonly dosed to building water systems for the purpose of microbial control,
often as part of a copper-silver ionization system (Cullom et al., 2020). While the
antimicrobial properties of copper have been known since ancient times (Cullom et al.,
2020), it is not clear why it does not appear to be consistently effective for the control of
L. pneumophila. Copper has also been intimated as a preferable pipe material due to
release of antimicrobial Cu?* into solution (Song et al., 2021; Vargas et al., 2017).
However, there are conflicting reports on the efficacy of copper for Legionella control, with
some studies indicating that copper inhibits (Leoni et al., 2005; Lin et al., 1996; Mathys et
al., 2014; Proctor et al., 2017; van der Kooij et al., 2005; Zeybek & Cotuk, 2014) and
others indicating that it promotes (Borella et al., 2004; Buse et al., 2014; Mathys et al.,
2008; C. Nguyen et al., 2012; C. K. Nguyen et al., 2011) Legionella growth in premise
plumbing. Furthermore, strains of L. pneumophila have been reported to exhibit different
levels of copper resistance (Bédard et al., 2021). The potential for L. pneumophila to
flourish in premise plumbing has also been proposed to be dependent, in part, on the
composition of the broader microbial community (Ma et al., 2020; Wang et al., 2013).
Such discrepancies in the literature call for deeper mechanistic insight into the effects of

copper on L. pneumophila in environmental and laboratory-controlled conditions.

Mass spectrometry-based proteomics is a powerful tool that may be used to study the
effects of copper on L. pneumophila. This technology allows for the measurement of
levels of proteins of an organism when exposed to different conditions, providing a
snapshot of the overall function induced by the evaluated conditions. Additionally, the
modulations on levels of specific proteins of interest may also be explored from the same

datasets. These investigations often times complement genomic and transcriptional



studies, allowing scientist to define the overall proteome of an organism in relation to the

other datasets.

Chapter Two provides a comprehensive review of published studies related to the L.
pneumophila proteome, showing how the field has progressed in parallel to better mass
spectrometry technologies, and how proteomics can be used as a tool to understand this
unique and important organism. Chapter Three summarizes the results on the study of
the copper survivability of three outbreak-associated strains of L. pneumophila, while also
defining the copper-induced proteome of QC1, a strain that was demonstrated to be
highly resistant to copper. Chapter Four provides a fundamental understanding of
interactive effects of pipe material and water chemistry, i.e., varying iron bioavailability
(ferric chloride, ferrous chloride and ferric pyrophosphate), on the microbial community L.
pneumophila proliferation, and potential relationships between the two. Finally, in Chapter
Five, we summarize the principal findings of the dissertation and discuss the future

directions that may build upon the work presented here.

As Chapters 2-4 were collaborative efforts, the contributions for each member of the team

is listed below:

Chapter 2: Proteomics of Legionella pneumophila: current status and future directions.

Authors are Didier Mena-Aguilar and Richard F. Helm.

Author contributions: Didier Mena-Aguilar performed the literature review and prepared
the first draft of the manuscript. Richard F. Helm provided feedback on the writing

of the manuscript.



Chapter 3: Proteomic profiling of outbreak-associated strain of Legionella pneumophila

reveals that copper induces virulence-associated proteins.

Authors are: Didier Mena-Aguilar, Yang Song, Connor L. Brown, Amy Pruden, and

Richard F. Helm.

Author contributions: Didier Mena-Aguilar conducted the experiments and prepared the
first draft of the manuscript. Yang Song assisted on the experimental design and
provided the samples for proteomic analysis. Connor Brown assisted in the
experimental design, performed the whole genome sequencing and provided
feedback on the writing of the manuscript. Richard F. Helm and Amy Pruden
provided feedback on the experimental design, data interpretation and the writing

of the manuscript.

Chapter 4: Interactive effects of pipe material, iron bioavailability and corrosive water on
the microbial composition of hot water plumbing systems and propensity to support

Legionella pneumophila growth

Authors are: Didier Mena-Aguilar, Rebekah L. Martin, Matthew F. Blair, Marc A.

Edwards, Amy Pruden and Richard F. Helm.

Author contributions: Didier Mena-Aguilar conducted the experiments and
prepared the first draft of the manuscript. Rebekah L. Martin designed and
established the simulated glass water heaters, assisted in the sample collection
and performed the determination of culturable L. pneumophila. Matthew Blair
assisted on the analysis of the 16S rRNA gene amplicon sequencing and provided
the R scripts used on the analysis. Marc Edwards provided feedback on

4



experimental design. Richard F. Helm and Amy Pruden provided feedback on the

experimental design, data interpretation and the writing of the manuscript.
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CHAPTER TWO. Proteomics of Legionella pneumophila: current status

and future directions

Didier Mena-Aguilar?, and Richard F. Helm?2.
aDepartment of Biochemistry, Virginia Tech, Blacksburg, Virginia, USA.

Abstract

Legionella pneumophila is an opportunistic pathogen naturally found in premise plumbing.
Due to its health and economic impacts, there are worldwide efforts to understand the
biology of this organism, from the conditions that allow it to proliferate in the premise
plumbing, to the specific components that allow it to infect humans. Mass spectrometry-
based proteomics is a powerful tool used to study L. pneumophila biology and
pathogenesis. Here we report a comprehensive review of published studies related to the
L. pneumophila proteome, showing how the field has progressed in parallel to improved
mass spectrometry technologies, and how proteomics can be used as a tool to
understand this unique and important organism. Studies in media showed the similarity
of exponential and post exponential L. pneumophila to the replicative and transmissive
stages, respectively. Proteomic experiments during infection revealed differences
between intracellular subpopulations. Host proteomes in the Legionella Containing
Vacuoles (LCVs) revealed proteins that L. pneumophila recruits and modify, with
ubiquitination for example, to be able to successfully replicate. Finally, there has only
been one proteomic report published to date on the L. pneumophila in water, and there
is still room for studies that describe the proteome of L. pneumophila in relevant

environmental conditions.
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Introduction

Legionella pneumophila is an opportunistic pathogen found as part of the premise
plumbing microbial community (Falkinham et al., 2015; Steinert et al., 2002). L.
pneumophila is well-suited to anthropogenic built environments, such as premise (i.e.,
building) plumbing (Steinert et al., 2002). The pipes provide ample surface area, low
disinfectant residuals, stagnation periods and warm temperature that facilitate biofilm
formation and replication (Bédard et al., 2018; Serrano-Suarez et al., 2013). Due to the
biological similarity between the protozoan hosts and human macrophages, L.
pneumophila is capable of infecting humans and causing Legionnaires’ disease (Steinert
et al., 2002). Transmission occurs when individuals inhale contaminated water aerosols,
which facilitates entry into the lungs and infection of monocytes and alveolar
macrophages (Borella et al., 2004; Mampel et al., 2006). L. pneumophila is the causative
agent of Legionnaires’ Disease, a severe form of pneumonia that affects
immunocompromised individuals (Steinert et al., 2002; Winn, 1988) Legionnaire’s
disease cases are on the rise worldwide, which is translated into a significant health and
economic impact (Collier et al., 2012; Falkinham et al., 2015; Han, 2021). Consequently,
there have been worldwide efforts to understand the biology of this organism, from the
conditions that allows it to proliferate in the premise plumbing (Carlson et al., 2020;
Falkinham et al., 2015; United States Environmental Protection Agency, 2016), to the
specific components that allows it to infect humans (Newton et al., 2010; L. Xu & Luo,

2013).
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Mass spectrometry-based proteomics is a powerful tool to measure levels of bacterial
proteins when the organism is exposed to different conditions. These investigations often
times complement genomic and transcriptional studies, allowing scientist to define the
overall proteome of an organism in relation to the other datasets. Proteomic studies can
also be used to quantify specific proteins, identify organisms in complex microbial
communities, as well as determine organism-organism interactions (Dworzanski &
Snyder, 2014; Saleh et al.,, 2019). Here we summarize studies related to the L.
pneumophila proteome, showing how the field has progressed in parallel to improved
mass spectrometry technologies, and how proteomics can be used in the future as a tool

to understand this unique and important organism.

L. pneumophila life cycle in the environment

L. pneumophila lives naturally in freshwater environments as part of the multispecies
biofilm or as free-living planktonic cells (Hilbi et al., 2011; Steinert et al., 2002). This
organism needs a protozoan host, such as free-living amoeba, for replication (Fields,
1996). The bacteria grazing amoeba, will find and engulf L. pneumophila through
phagocytosis (Horwitz, 1984), however the L. pneumophila is capable avoiding
phagosome maturation (Jacob et al., 1994), and instead forms a unique intracellular
compartment, called the Legionella Containing Vacuole (LCV) (Horwitz, 1983). In the
LCV, L. pneumophila successfully replicates and, upon finishing the infection cycle, are

released to the environment (Escoll et al., 2013).

L. pneumophila exhibits dramatic morphological changes throughout its extracellular and

intracellular life cycle (Oliva et al., 2018) (
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Figure 2-1). In its extracellular form, L. pneumophila lives as planktonic free-living cells,
favoring a motile and invasive morphology (Escoll et al., 2013; Molofsky & Swanson,
2004). Intracellular L. pneumophila is found in nutrient-rich microenvironments that lead
to a replicative morphology, utilizing nutrients inside the host to grow, divide, and deposit
energy reserves (Molofsky & Swanson, 2004; Oliva et al., 2018). L. pneumophila is also
found as part of naturally occuring biofilms. When harbored in such environments the
organism exhibits increased prevalence and resistance to biocides (Abdel-Nour et al.,
2013). The microbe can also be induced to form a viable but not culturable morphology
(VBNC), in which L. pneumophila loses the ability to be cultivated in media, but can be
successfully infect amoeba (Dietersdorfer et al., 2018). These morphological adaptations
are in direct response to environmental cues sensed by L. pneumophila, effectively
changing the expressed genome and subsequently protein and metabolite levels

(Eisenreich & Heuner, 2016; Molofsky & Swanson, 2004; Trigui et al., 2015).

Water chemistry
G
> Competition and
s antagonism with
/ ‘/;*, microorganisms
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/ \ Intracellular replication in

protozoa hosts
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material

Multlspemes
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Figure 2-1. Legionella pneumophila in the environment cycles through a motile free-living
stage, an intracellular replicative phenotype and as part of the microbial community in the
biofilm. Environmental cures, such as water chemistry and interactions with other
microorganisms will influence the transition between life stages.
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L. pneumophila proteomics in culture media

Most proteomic studies have revolved around determining the basal biology of L.
pneumophila, thus they have been performed on media grown bacteria (Table 2-1). Initial
studies utilized two-dimensional gel electrophoresis (2D gels) coupled with the selection
and identification of specific spots through MALDI and/ or LC-MS/MS (Hayashi T et al.,
2010; Lebeau et al., 2005). The first attempt at identifying the proteome of L. pneumophila
by Lebeau and collaborators yielded up to 1429 spots, in which 150 were randomly
selected and 100 proteins were successfully identified. Among these 100 proteins, they
identified chaperons, Dot/lcm proteins and effectors (IcmX, RalF, SdcA, SidC), redox
homeostasis proteins (FeSOD and CuzZnSOD) and flagellin (Lebeau et al., 2005). The
identified chaperons, such as Hsp60, GroES, GspA and DnaK, correspond to some of
the most abundant proteins in Legionella pneumophila (Aurass et al., 2016). This first
attempt at describing the L. pneumophila proteome by Lebeau showed that pathogenesis
related proteins are found in non-infectious conditions, such as the colonies grown in

media.

Advances in mass spectrometry capabilities allowed for more broad determination of
proteome, covering up to 56.5% proteome coverage (Aurass et al., 2016). In general, the
most represented functional group in the proteome of L. pneumophila is proteins related
to genetic information processing (Aurass et al., 2016) and to primary metabolism (Aurass

et al., 2016; Hayashi T et al., 2010; Lebeau et al., 2005).
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Table 2-1. Proteomic studies of Legionella pneumophila grown in media.

Proteome

Strain Sample Type Cell stage Method Search engine coverage (%) Reference
2D gel MALDI
. . . Post (Lebeau et
Philadelphia 1 Colonies exponential® al\;‘gnl\_/lcs Mascot 4.4 al., 2005)
. . Secreted and Outer Early 2D gel MALDI (Galka et al.,
Philadelphia 1 membrane vesicles stationary TOF-MS Mascot 6.1 2008)
; q Stationary 2D gel LC- Mascot (Khemiri et
Philadelphia CIP Outer membrane phase MS/MS 2.2 al., 2008)
Exponential .
. . 2D gel MALDI (Hayashi T et
Philadelphia 1 Whole Cell and Pos_t TOE-MS Mascot 2.4 al., 2010)
exponential
. . Biofilm 2D gel LC- (Khemiri et
Philadelphia CIP Colonies Planktonic Not reported MS/MS Mascot 0.8 al., 2014)
Exponential .
Philadelphia 1 Whole cell and Post LC-MS/MS Andromeda/ 50.9 (Quaile etal.,
. MaxQuant 2015)
exponential
Whole Cell Exponential ST (Aurass et
Philadelphia 1 Outer membrane and Post LC-MS/MS 56.5
. Sequest al., 2016)
Extracellular exponential
Paris Whole cell Exponential LC-MS/MS MaxQuant 46 (Sazh(;le7t)al.,

lPaper does not report cell growth stage but reports that the cells grew for 3 days which

is post exponential phase for Philadelphia 1 (Galka et al., 2008).

The media grown L. pneumophila is said to mimic the biphasic life cycle found in the
environment, where the exponential growth phase is similar to the replicative stage and
the post-exponential growth phase is similar to the transmissive stage (Oliva et al., 2018).
At least three studies compared the proteome of L. pneumophila at exponential and post-
exponential phases (Aurass et al., 2016; Hayashi T et al., 2010; Quaile et al., 2015).
Between 3.5% and 11% of the proteome has been identified to significantly change upon
transition from exponential to post exponential phase (Aurass et al., 2016; Hayashi T et
al., 2010). Among these proteins, the majority falls under primary metabolism,
pathogenesis, motility (Aurass et al., 2016; Hayashi T et al., 2010) and stress (Aurass et

al., 2016).

For exponential phase, which is similar to the replicative stage, significantly enriched

proteins are reported to be related to protein synthesis, protein modifications, and cell
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envelope biogenesis (Aurass et al., 2016; Hayashi T et al., 2010). In contrast, for post-
exponential phase, which is similar to the transmissive stage, significantly enriched
proteins are reported to be related to carbon and energy metabolism (Aurass et al., 2016;
Hayashi T et al.,, 2010). The differential functional enrichment in each culture-based
growth phase matches the life cycle stage. For example, in the replicative stage there will
be need to synthesize new proteins and cell envelop for cell division, whereas in the

transmissive state, L. pneumophila needs to be matile to find its protozoan hosts.

Interestingly, some pathogenesis related proteins, including Dot/lcm proteins and
effectors, are found at different levels in the exponential or post exponential phases
(Aurass et al., 2016; Hayashi T et al., 2010; Quaile et al., 2015). The only effector found
significantly associated with the post exponential stage in all three studies were SdeA
and SdeC (Aurass et al., 2016; Hayashi T et al., 2010; Quaile et al., 2015). Based on the
untargeted proteomics studies (Aurass et al., 2016; Quaile et al., 2015), there are 65
proteins found in both exponential and post exponential phases, 46 only detected in
exponential phase and 56 only detected in post exponential phase. This data suggests
that effectors are important in all life stages of L. pneumophila, and are known to be

regulated throughout infection (Bhogaraju et al., 2019; Jeong et al., 2015).

L. pneumophila biofilms also have distinct proteomes when forming a monospecies
biofilm in media, compared to the exponential and post-exponential phases (Khemiri et
al., 2014). Even though monospecies L. pneumophila biofilms are not found in the natural
or built environment, this study revealed specific proteomic modulations by L.
pneumophila. In the monospecies biofilm, there was a decrease of virulence factors and

secreted proteins such as the macrophage infectivity potentiator (MIP) (Ipg0791), two zinc
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metalloproteases (Ipg0467 and Ipg0187) and protease DO (Ipg1331) (Khemiri et al.,
2014). In this study, the biofilms were grown in stainless steel coupons, in which the
interaction with metal ions might have induced oxidative stress. L. pneumophila in these
biofilms upregulated the expression of alkyl hydroperoxide reductase family proteins,

which play a role on redox homeostasis and stress survival (Khemiri et al., 2014).

Fractionation experiments have been used to determine the localized proteome of L.
pneumophila, specifically on the outer membrane proteins (Aurass et al., 2016; Khemiri
et al., 2008) and the extracellular proteome (Aurass et al., 2016), including secreted
proteins (Galka et al., 2008) and the outer membrane vesicle proteome (Galka et al.,
2008). The outer membrane contains at least 300 proteins, which include proteins related
to pathogenesis, communication, environmental sensing, and signal transduction (Aurass
et al., 2016; Khemiri et al., 2008). From the outer membrane proteins, those that are
surface exposed have been identified by either biotinylation (Aurass et al., 2016) and
CyDye DIGE Fluor minimal dying (Khemiri et al., 2008). OmpH and MIP where the two

most abundant surface proteins (Aurass et al., 2016; Khemiri et al., 2008).

Extracellular proteome which include secreted and OMV proteins, is mainly dominated by
pathogenesis related proteins, including Type2SS and Dot/lcm effectors (Aurass et al.,
2016; Galka et al., 2008). Type2SS are mainly found in the secreted fraction (Galka et
al., 2008), and almost the entirety of the T2SS secretome has been detected through
proteomics experiments (Aurass et al., 2016). MIP was found in OMVs, but not in the
secreted fraction (Galka et al., 2008). Periplasmic and cytosolic predicted proteins are
found in OMVs (Galka et al., 2008). These results suggest that L. pneumophila is capable

of releasing pathogenic proteins both through secretion and through OMVs (Galka et al.,
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2008). Interestingly, flagella and motility related proteins were also found in the

supernatant (Aurass et al., 2016).

L. pneumophila proteomics during infection

In an effort to understand the proteome of L. pneumophila in more biologically relevant
scenarios, several studies have concentrated in isolating intracellular bacteria from
macrophages and amoeba (Table 2-2) (Hoffmann et al., 2014; Manske et al., 2018;
Naujoks et al., 2016; Personnic et al., 2019; Striednig et al., 2021). Throughout infection,
L. pneumophila undergoes time dependent transition from transmissive phase, to
replicative phase and back to the transmissive phase, with proteome modulations
accompanying each step of this process (Personnic et al., 2019). Early transmissive
proteome, includes the presence of pili and flagellum constituents, as well as many
proteins involved in metabolism and bioenergetics, metal ion transporters, ABC
transporters, and regulatory elements (Hoffmann et al., 2014). The intracellular replicative
proteome is enriched in ribosomal subunits, aminoacyl-tRNA synthases, cell division
proteins, DNA replication proteins and DNA mismatch repair enzymes (Personnic et al.,
2019). The late intracellular transmissive proteome is characterized by higher levels of
pathogenesis related proteins, the 3-hydroxybutyrate dehydrogenase known to be
involved in the use of poly-3-hydroxybutyrate as energy storage, and SodC, a redox

homeostasis protein (Personnic et al., 2019).
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Table 2-2. Proteomic studies of Legionella pneumophila during infection. All studies used
LC/MS-MS.

Strain Sample Type Eukaryotic host Search engine copvre(z)rt:(_(:])gn(%/o ) Reference
o e w7 el
Dpyoseln e a  Coimeme
Philadelphia 1 Lcv o MaxQuant 18.6 (Nanz%lfa;et o

macrophages
Philadelphia 1 Intracellular AC?Q;T;?;zﬁba Mascot Not reported (Paeliszrcl)riig)et
Philadelphia 1 Intracellular Acz‘ggt‘;mﬁba Mascot 28.2 (S”ieg(;‘;gl)et 2

The non-replicative transmissive phase found in late stages of infection, exhibits two
distinct morphologies (Striednig et al., 2021). There is a motile morphology, that exhibits
higher expression of proteins related to the production and assembly of flagellum,
including FIliA, FIgD, FIgE, FliA, FliS, FleQ, and replication inhibitors such as MinD and
MinC (Striednig et al., 2021). In contrast, there is a non-motile morphology, which does
not express flagella related proteins, however, they express proteins that promote cell
division, such as FtsZ, FtsA and MinE (Striednig et al., 2021). The proteomic studies of
intracellular L. pneumophila led to the hypothesis of two transmissive subpopulations that
exit the infected amoeba: a non-motile subpopulation that will infect local amoeba or find
itself in the biofilm, and a motile bacterium which will colonize other environments
(Striednig et al., 2021). Interestingly, Dot/lcm proteins and effectors are found in all stages
and morphologies of intracellular L. pneumophila, further showing that these are
important all through infection (Hoffmann et al., 2014; Personnic et al., 2019; Striednig et

al., 2021).

During infection in the LCVs, L. pneumophila is capable of recruiting and modifying the
host’s proteins to allow for replication. The host proteome in the LCVs have been

determined in amoeba and macrophages (Table 2-3). In general, the LCVs contain
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proteins are mainly related to ER—Golgi compartment, ribosomes, phagocytic vesicles,
and mitochondria (Bruckert & Kwaik, 2014; Hoffmann et al., 2014; Naujoks et al., 2016;
Schmdlders et al., 2017; Urwyler et al., 2009). This proteome composition matches the
known association of the LCV with the ER and the mitochondria (Briggemann et al.,
2006; Horwitz, 1983; Ragaz et al., 2008; Swanson & Isberg, 1995). Functionally, most of
the LCV proteins have been identified to be related to metabolism, including lipid
metabolism, amino acid metabolism, and central metabolic pathways, followed by protein
biosynthesis and degradation, structural proteins, and transporters (Bruckert & Kwaik,
2014; Hoffmann et al., 2014; Schmolders et al., 2017; Urwyler et al., 2009). Numerous
small GTPases have been identified as part of the host proteome in the LCVs (Bruckert
& Kwaik, 2014; Hoffmann et al., 2014; Schmdlders et al., 2017; Urwyler et al., 2009),
which are known to interfere or promote L. pneumophila intracellular growth (Hoffmann
et al., 2014). Specific to the murine and human derived macrophages, several immune
response factors were also identified (Bruckert & Kwaik, 2014; Hoffmann et al., 2014,

Schmolders et al., 2017).

Table 2-3. Proteomic studies of the host proteome of the Legionella Containing Vacuoles.
All studies used LC/MS-MS.

Eukaryotic host Legionella pneumophila strain Search engine Reference
. . (Urwyler et al.,
Philadelphia 1 Comet 2009)
Dictyostelium . . : (Hoffmann et al.,
discoideum Philadelphia 1 Sorcerer-Sequest 2014)
Lp02 (WT and Apentuple) Sorcerer-Sequest (SChmggjf;f sk,
) . : (Hoffmann et al.,
RAW 264.7 Philadelphia 1 Sorcerer-Sequest 2014)
macrophages Lp02 (WT and Apentuple) Sorcerer-Sequest (Schmcz)lgle7r)3 sl
U937 macrophages 130b (WT and ankB mutant) Sequest (Bruckgglzi)Kwalk,
Bone marrow derived n n (Naujoks et al.,
murine macrophages Philadelphia 1 MaxQuant 2016)
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In amoeba and macrophages, ubiquitinated proteins are degraded, generating free
cellular amino acids that may be used as a source of carbon for Legionella (Price et al.,
2011). Isolation and identification of the host ubiquitinated proteome in the LCVs revealed
24 ubiquitinated proteins related to amino acid transport and immune response (Bruckert
& Kwaik, 2014). Ubiquitin, and proteins that work to remove ubiquitin were also found in
the ubiquitinated proteome (Bruckert & Kwaik, 2014). This unique ability of L.
pneumophila of hijacking the host proteome through the action of Dot/lcm effectors,
including the ubiquitination of host proteins (Berglund et al., 2020), allows it to

successfully perform intracellular replication.

Proteomics approaches also have been used to determine targets for Dot/Ilcm effectors.
The physiological targets of LidA, SidM (So et al., 2016) and PieE (Mousnier et al., 2014)
modified with a BirA-specific biotinylation site and a hexahistidine tag were isolated using
a A549 cell line stably expressing the Escherichia coli biotin ligase BirA. The isolated
targets were identified by mass spectrometry, revealing that this effector interacts in vivo
with a subset of mammalian Rab GTPases (Mousnier et al., 2014; So et al., 2016). The
modulation of the host Rab GTPases by L. pneumophila allows it to not only survive but
also perform intracellular replication, however the mechanisms associated with the

process are largely understudied (Y. Chen & Machner, 2013; Hoffmann et al., 2014).

The physiological targets of SidJ, another L. pneumophila effector, were determined by
expressing SidJ tagged with green fluorescent protein in HEK293T cells (Bhogaraju et
al., 2019). GFP tagged SidJ and its targets were immunoprecipitated and identified by
mass spectrometry, revealing calmodulin as the strongest interactor (Bhogaraju et al.,

2019).  Further analysis revealed that the SidJ-calmodulin complex performs
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glutamylation reactions to glutamate residues of Dot/lcm effectors SdeA, SidE, and
several host proteins, also identified through quantitative mass spectrometry analysis
(Bhogaraju et al., 2019). Similarly, SidH, a L. pneumophila effector, was confirmed
through mass spectrometry to be the only target of LubX, another L. pneumophila effector
(Quaile et al., 2015). This was done by combining the streptavidin-binding peptide tagged
LubX with the combined extract of exponential and post exponential phase L.
pneumophila (Quaile et al., 2015). The tandem use of technologies to fractionate and
identify proteins based on function demonstrate the powerful capabilities of mass

spectrometry and proteomics while testing specific hypothesis.

L. pneumophila proteomics in environmental conditions

There is only one study in which the proteome of L. pneumophila in drinking water was
explored. Proteomic analysis of unculturable cells generated through water starvation
identified only a fraction of the protein coding genome of L. pneumophila (~12%) (Aurass
etal., 2016). Among the detected proteins, several Dot/lcm proteins and up to 18 effectors
were detected. Several stress proteins were also identified, including superoxide
dismutase, catalase/(hydro)peroxidase KatG and AhpC/Tsa family peroxynitrite
reductase (Aurass et al., 2016). Unculturable L. pneumophila only had 9 identified
exclusive proteins, in comparison to the proteome of exponential and post exponential
media grown L. pneumophila: a central intermediary metabolism protein (Lpg0619), a
major facilitator transporter (Lpg0652) and a pilus assembly protein (PilA/PIlE) (Aurass et
al., 2016). The L. pneumophila from this study was confirmed to be alive through
Live/Dead and esterase activity assays, however the ability to infect amoeba was not

reported (Aurass et al., 2016). Consequently, the proteome of VBNC in water remains
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unexplored. To be able to understand why certain conditions may promote or inhibit the
growth of L. pneumophila in the premise plumbing, research efforts should concentrate
on studying this organism under relevant environmental conditions. For example, to
explore the biological mechanisms of L. pneumophila that allows it to survive, flourish or
be inactivated by copper in drinking water (Borella et al., 2004; Buse et al., 2014; Leoni
et al., 2005; Y. S. E. Lin et al., 1996; Mathys et al., 2008, 2014, C. Nguyen et al., 2012;
C. K. Nguyen et al., 2011; Proctor et al., 2017; van der Kooij et al., 2005; Zeybek & Cotuk,

2014).

Concluding remarks

Mass spectrometry-based proteomics have been used to study L. pneumophila biology
and infection. This review described some of the main findings of the study of L.
pneumophila using mass spectrometry-based proteomics. Studies in media showed the
similarity of exponential and post exponential L. pneumophila to the replicative and
transmissive stages, respectively. Proteomic experiments during infection revealed
differences between intracellular subpopulations. Proteomic studies on the LCVs also
identified specific host proteins that are modified by L. pneumophila for successful
intracellular replication. Finally, there has only been one proteomic report currently

published on the L. pneumophila in water.

Proteomics experiments not only allow to investigate the overall physiological state of an
organism, but proteomic changes lead to the generation of testable hypotheses. This was
evidenced in the functional description of L. pneumophila effectors, in which the targets

were discovered through untargeted proteomics experiments. The powerful capabilities
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of proteomics approaches should be harnessed to keep studying L. pneumophila and to
generate more hypothesis to uncover the secrets of this unique organism. Furthermore,
this review revealed the lack of proteomic studies on relevant environmental conditions.
The power of proteomics to capture the functional biology of L. pneumophila might assist
on exploring gaps in the literature, such as such as the induction of VBNC in drinking

water or the effect of copper on L. pneumophila.
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Abstract

Copper can be applied to control the growth and prevalence of pathogens in drinking
water, including L. pneumophila, through release from pipes or direct dosing. However,
some L. pneumophila strains exhibit copper resistance, an adaptive process that is not
fully understood at the physiological level. Post-exponential phase L. pneumophila
environmental isolates (QC1, HHO1 and RHO8) and laboratory strain 130b were exposed
to 5 mg/L CuSO4 as Cu dosed to drinking water media and compared to copper-free
controls. The environmental isolates exhibited enhanced survivability when exposed to
copper relative to the laboratory strain. Whole cell protein lysates of the copper-
susceptible 130b and the copper-resistant outbreak-associated QC1 were subsequently

obtained and evaluated using mass spectrometry-based proteomics. Pairwise
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comparisons of the proteomes indicated that L. pneumophila QC1 adapts to copper
exposure via the induction of redox and metal homeostasis proteins while concomitantly
inducing motility and pathogenesis related proteins, suggestive of search for a host

protozoan strain for protection.

Importance

This study provides a comprehensive proteomic assessment of how an outbreak-
associated strain of Legionella pneumophila adapts to copper-based disinfection of
drinking water. The findings can inform improved strategies for the safety of drinking water

and reveal that L. pneumophila that survive copper treatments may be more virulent.

KEYWORDS: L. pneumophila, redox stress, motility, drinking water, opportunistic

pathogen, proteomics

Introduction

Legionella pneumophila is a Gram-negative bacterium found naturally in freshwater
environments (Steinert et al., 2002) and is an opportunistic human pathogen that causes
a severe form of pneumonia known as Legionnaires’ Disease (Borella et al., 2004;
Mampel et al., 2006) The organism is noteworthy for its need of a protozoan host, such
as free-living amoeba, for replication (Steinert et al., 2002). Transmission occurs when
individuals inhale contaminated water aerosols, which facilitate entry into the lungs and
infection of monocytes and alveolar macrophages (Borella et al., 2004; Mampel et al.,
2006). In fact, the same mechanisms have been found to be involved in the infection of
both protozoan hosts and macrophages (Best & Kwaik, 2018). L. pneumophila is well-

suited to anthropogenic built environments, such as premise (i.e., building) plumbing, as
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these systems provide ample surface area for formation of biofilms, which host protozoa

typically graze upon and temperatures that facilitate replication (Steinert et al., 2002).

Given that Legionnaires’ Disease is the most common source of tap water-associated
disease and death in many parts of the world (“Management of Legionella in Water
Systems,” 2019), it is crucial to find effective mitigation strategies. This is especially
challenging given that L. pneumophila can establish as part of the native microbial
ecology of drinking water environments and disinfectants added by water utilities tend to
be absent by the time the water reaches the point of use (Steinert et al., 2002).
Substantial effort has been devoted towards determining how various physiochemical
conditions characteristic of building water systems can modulate the growth and
prevalence of L. pneumophila (Carlson et al., 2020; Falkinham et al., 2015; United States
Environmental Protection Agency, 2016). Worldwide efforts to develop and validate
engineering control strategies (Falkinham et al.,, 2015; Rhoads et al., 2014) have
identified several key factors, including pipe material (Ji et al., 2015; Rogers et al., 1994)

and various aspects of water chemistry (Ji et al., 2015; Rhoads et al., 2017).

The antimicrobial properties of copper have been known since ancient times (Cullom et
al., 2020). In modern times, copper is commonly dosed to building water systems for the
purpose of L. pneumophila control, often as part of a copper-silver ionization system
(Cullom et al., 2020). Copper has also been intimated as a preferable pipe material due
to release of antimicrobial Cu?* into solution (Song et al., 2021; Vargas et al., 2017).
However, there are conflicting reports on the efficacy of copper for Legionella control, with
studies indicating that copper both inhibits (Leoni et al., 2005; Y. S. E. Lin et al., 1996;
Mathys et al., 2014, Proctor et al., 2017; van der Kooij et al., 2005; Zeybek & Cotuk, 2014)
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and promotes (Borella et al., 2004; Buse et al., 2014; Mathys et al., 2008; C. Nguyen et
al., 2012; C. K. Nguyen et al., 2011) Legionella growth in premise plumbing. Furthermore,
strains of L. pneumophila have been reported to exhibit different levels of copper
resistance (Bédard et al., 2021). Such discrepancies in the literature call for deeper
mechanistic insight into the effects of copper on L. pneumophila and how response varies
among strains as a function of phenotypically-observed copper resistance. Proteomic
profiling, which has been spurred by recent advances in mass spectrometry, presents a

promising and holistic avenue for addressing these research needs.

Previous proteomic analyses of L. pneumophila have focused on the organism in media
(Aurass et al., 2016; Galka et al., 2008; Hayashi T et al., 2010; Khemiri et al., 2008, 2014;
Lebeau et al., 2005), or the analysis of the Legionella-containing vacuoles (Bruckert &
Kwaik, 2014; Manske et al., 2018; Schmdélders et al., 2017; Urwyler et al., 2009), mainly
in the context of human pathogenesis. Few studies have applied proteomics to
characterize L. pneumophila physiology in representative drinking water environments.
A couple studies applied transcriptomics to examine response of media grown L.
pneumophila to synthetic drinking water (Li et al., 2015; Mendis et al., 2018). Another
study applied proteomics to better understand how starvation can trigger a unculturable
state among L. pneumophila in tap water (Aurass et al., 2016). To our knowledge, the
effect of copper on the proteome of L. pneumophila in drinking water has not previously
been reported. The objective of this study was to advance understanding of how
phenotypically copper resistant strains of L. pneumophila vary in terms of their genomic
composition and proteomic response to copper stress. First, whole genome sequencing

was applied to a cross section of five strains of L. pneumophila, including environmental
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strains associated with recent outbreaks (Flint, Ml and Quincy, IL) and a common lab
strain that is known to be copper sensitive (130b). Four strains were further selected
based on genotypic diversity and subject to a copper resistance assay conducted in
drinking water medium. Finally, a representative copper resistant strain associated with
the Quincy, IL outbreak (2015) was compared head-to-head with the copper-sensitive
strain 130b in order to identify key distinctions in proteomic expression as a result of
copper exposure. These findings can help to better optimize application of copper as a
disinfectant for the purpose of reducing risk of Legionnaires’ Disease outbreak associated

with drinking water systems.

Results

Nanopore sequencing and assembly produced complete and circular genomes for four
out of the five strains of L. pneumophila, with genome sizes ranging from 3.44-3.56 Mbp
(Table 3-1). Whole genome phylogenies inferred using predicted core genes of L.
pneumophila were consistent with previously inferred phylogenies, sequence-based
typing assignments, and monoclonal antibody (MAbs)-based typing (Figure S3-1) (Garner
et al., 2019). The QC1/QC2 strains associated with the Quincy, IL outbreak were found
to be monophyletic with L. pneumophila Philadelphia 1 (sequence type 36). Isolate HHO1,
derived from a hospital hot water tap in Flint, MI, was previously determined to belong to
serogroup 6 using MAbs (Garner et al., 2019), and was confirmed in silico to not possess
the Sgl strain-specific wzm gene. Isolate RHO8 was derived from a hot water tap in a
Flint, MI residence near the hospital and was previously confirmed as serogroup 1 using
MADbs and confirmed here in silico through the detection of the wzm gene (Garner et al.,

2019).
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Table 3-4. Strains analyzed.!

. Genome Size . . Sequence Resistant to
?
Strain (Mbp) Contigs Circular~ Serogroup Type? copper
HHO1 3.46 1 Yes 6 2518 Yes
3 1 (in silico, and using
RHO08 3.5, 0.107 2 No MAbs) 1 Yes
QC1 3.44 1 Yes 1, in silico 36 Yes
QC2 3.44 1 Yes 1, in silico 36 Yes
130b 3.56 1 Yes 1 (in silico, and using No

MADbs)

1HHO1, RHO8 and 130b were also sequenced previously (Garner et al., 2019).

2Sequence Type is based on the seven following genes: flaA, pilE, mip, mompS, proA, asd, and neuA (Gaia et al.,
2005).

30ne 3.5 Mbp contig (not circular) and a 107 kbp circular plasmid

To determine the influence of copper on environmental strains, loss of culturability due to
copper exposure was determined for three genotypically distinct environmental strains
(QC1, RHO8 and HHO1) as well as the laboratory strain 130b (Figure 3-1A). QC2 was
excluded from the analysis due to the genetic similarity with QC1. Post-exponential phase
L. pneumophila environmental isolates (QC1, HHO1 and RHO08) and laboratory strain
130b were exposed to 5 mg/L CuSOasas Cu dosed to drinking water media and compared
to copper-free controls. Loss of culturability was determined by the quantification of CFU
per mL for 24 hours. All strains exhibited significant reduction in culturability when
exposed to copper in comparison to copper-free controls (p-values < 0.0002, Figure 3-
1B). However, the environmental strains were markedly more resistant to copper relative
to strain 130b (p-values < 0.0002, Figure 3-1B). It was noted that, although the three
environmental strains were distributed across multiple sequence types, serogroups, and
clades (Figure S3-1, Table 3-1), all three strains exhibited remarkably similar copper

disinfection curves (Figure 3-1A).
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Figure 3-2. (A) Survival of three environmental L. pneumophila strains (HHO1, RHOS,
QC1) and a laboratory L. pneumophila strains (130b) in treated drinking water with and
without 5 mg/L CuSOasas Cu. (B) Log reduction in CFU counts after 24 hours of
incubation with copper. Log reduction was calculated relative to the time zero point for
each strain and treatment. Since 130b was completely unculturable after 24hours of
incubation, the limit of detection was used to calculate the log reduction. Log reduction
in CFU counts calculated relative to the time zero point for each strain and treatment.
Error bars indicate 95% confidence intervals. Significant differences were determined
using ANOVA tests with post hoc Tukey test (p-values < 0.0002).

To further elucidate the physiological influence of copper on L. pneumophila, including
the unique features that allow the environmental strain QC1 to resist the biocidal effects
of copper, the proteomes of the strains QC1 and 130b were determined and compared
after 30 minutes of copper exposure using a standard “bottom-up” peptide-based LCMS
approach. The time of exposure was selected so that both strains experienced less than
one logarithmic reduction in cell counts (Figure 3-1a). This was intended to minimize
proteins extracted from dead cells, which would occur with longer exposure times. Flow
cytometry confirmed that the live/dead ratios were similar across all samples at this time
point (copper 130b: 4.98+0.36; control 130b: 4.09£0.74; copper QC1: 13.29+0.68; control
QC1: 16.02+0.33; Figure S3-2, Figure S3-3).
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A total of 1,768 proteins were identified that contained at least two unique peptides, which
corresponds to ~59% of the predicted protein-encoding genes found in L. pneumophila
(Gomez-Valero & Buchrieser, 2013). Principal component analysis (PCA) of the
proteomic data (Figure 3-2a) showed that biological replicates clearly clustered based on
strain and copper treatment. Interestingly, copper induced a much milder shift in the
proteome of the QC1 strain relative to strain 130b. The proteome of strain 130b was much

more strongly separated on the PCA plot as a function of copper treatment.
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Figure 3-3. Copper influences the proteome of 130b more drastically than QC1. Principal
component analysis based on protein relative abundance (A). Volcano plot depicting the
pairwise comparison between the copper exposed samples and the controls for QC1 (B)
and 130b (C). Proteins with p-value<0.05 and >1.5 fold-change were highlighted with
color and represent those that increased or decreased in relative abundance when
exposed to copper, in comparison to the control.

The next step for ascertaining the effects of copper was pairwise comparisons of the
copper-exposed L. pneumophila and corresponding controls using a simple t-test of the
relative abundances for each identified protein. For strain QC1, 297 proteins were
significantly different (p-value < 0.05 and >1.5 fold-change; Figure 3-2b), with 141

proteins significantly more abundant in the copper condition and 156 proteins that were
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significantly less abundant. AlImost twice as many proteins with significant changes (594
total proteins) in response to copper were identified for strain 130b, with 394 proteins
significantly more abundant in the copper condition and 200 proteins that were
significantly less abundant (Figure 3-2c). These results are in agreement with the PCA
plots, supporting the conclusion that copper has a stronger effect on strain 130b than

strain QC1 at the protein level.

We next assigned Clusters of Ortholog Groups (COGs; 38) to all proteins identified, with
the percentage of significantly different proteins calculated for each COG (Figure 3-3).
The QC1 strain, upon exposure to copper, exhibited a general decrease in protein
abundances related to amino acid transport and metabolism; carbohydrate transport and
metabolism; replication, recombination and repair; signal transduction mechanisms; and
coenzyme transport and metabolism; among other COGs. On the other hand, exposure
to copper increased expression of proteins related to cell wall/membrane/envelope

biogenesis; inorganic ion transport and metabolism; and cell motility.
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Proteins -Cu -Cu Proteins
(1881 total) Qc1 5 +Cu Cluster of Ortholog Groups 130b . +Cu (1851 total)

107 Amino Acid transport and metabolism 106
91 8_ Nucleotide transport and metabolism 91
Translation, ribosomal structure and
156 biogenesis 156
51 Carbohydrate transport and 52
metabolism
100 Lipid transport and metabolism 100
685 Transcription 64
82 Posttranslational modification, protein
turnover, chaperones 80
47 Cell cycle control, cell division, 47
chromosome partitioning
68 = Replication, recombination and repair 60
136 Cell wallfngie:)n;ggr;?;envelnpe 136
62 Secondary metabolites biosynlhesis, 61
transport and catabolism
127 3 Energy production and conversion 127
Inorganic ion transport and
59 metabolism 60
51 Signal transduction mechanisms 50
86 Coenzyme transport and metabolism 86
18 Defense mechanisms 18
46 I Cell motility 44
Intracellular trafficking, secretion, and
76 vesicular transport 76
280 Function unknown 277
153 Not assigned to a COG 151

20 15 10 5 0 Percentage of proteins (%) 0 5§ 10 15 20 25 30

Figure 3-4. Changes in Cluster of Ortholog groups induces by copper exposure.
Annotation was performed using Eggnog mapper. The percentage of proteins that were
significantly different in terms of relative abundance was calculated for each COG.

In the case of strain 130b, the presence of copper resulted in a general increase in relative
protein abundances of almost all COGs (Figure 3-3; 18 of 20 COGSs). The most dramatic
changes were observed in the number of proteins associated with nucleotide, amino acid,
lipid, and coenzyme transport and metabolism; replication, transcription, translation; and

posttranslational modification, protein turnover, chaperones. The effect of copper on
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protein abundances in L. pneumophila was more widespread in strain 130b relative to

strain QC1.

Further analyses were performed to identify proteins associated with QC1 copper

resistance. Although there were 1,768 identified proteins, only 14 were exclusively

detected in the QC1 strain (Figure 3-4). These included proteins related to redox

homeostasis, pathogenesis (including T4SS effectors) motility, cell wall biosynthesis and

metabolism (Table 3-2).

130b Copper

(0.1%)

130b Control

(95.2%)

1683

QC1 Control

QC1 Copper

Figure 3-5. Venn diagram of L. pneumophila proteins identified through untargeted

proteomics for each strain and condition.
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Table 3-5. Proteins exclusively detected in the copper resistant strain. Function was
assigned based on known or predicted function.

Accession

Gene

Description

COG!

Function

Relative Abundance

change®
Q5zU82 Ipg1925 Uncharacterized protein Hypotheég:;l effector n.s.
Q5ZXT6 Ipg0645 Uncharacterized protein Q Effector (67) n.s.
Q52ZYJ7 Ipg0375 Uncharacterized protein - Effector (67) n.s.
Q5ZVT4 Ipg1356 TPR repeat protein Effector (67) n.s.
Q5ZWNO  Ipgl055 Uncharacterized protein Hypothezg:(?)l effector n.s.
Q5Z2YX0 glsA Glutaminase E Metabolism n.s.
Q5ZUN7 flid Flagellar FliJ protein N Motility n.s.
Q52YZ6 Ipg0215  Transcriptional regulator, LysR family K Transcription n.s.
Q5zUV4 Ipg1688 Possible flagells:or;g%k-length control N Motility ns.
Q5ZWGO  Ipglizs  Cystine/ 9'”tam'gf;’é'i‘rf'”g PRPEEE Pathogenesis (68) Higher in Cu
Q5ZX70 dsbE Thiol:disulfide glégg:hange protein (0] Redox homeostasis? n.s.
Q5ZX72 ccmE ChipEE c-tyg(t:an?E S S O Redox homeostasis? n.s.
Q52ZV58 Ipg1582 YkuD domain-containing protein S Unknown Higher in Cu
Q5ZXR4 Ipg0667 Uncharacterized protein S Unknown Lower in Cu

1COG assigned using Eggnog Mapper (Cantalapiedra et al., 2021; Huerta-Cepas et al., 2017, 2018). COG Key: Q, Secondary
metabolite synthesis, transport and catabolism; E, Amino acid transport and metabolism; N, Cell motility; K, Transcription; T, Signal
transduction mechanisms; O, Post-translational modification, protein turnover, chaperones; S, Function unknown.

’Based on Gene Ontology.

3n.s.: not significant.

Proteins found in higher abundance in the QC1 strain due to copper exposure (p-value <
0.05 and > 1.5 fold-change), relative to strain 130b, were also functionally assigned to
COGs (88 proteins, Table S3-1). Several T4SS effectors, environmental stress proteins,
and metal/redox homeostasis proteins were identified manually. STRING (Snel B et al.,
2000; Szklarczyk D et al., 2021) analysis and functional characterization (Figure 3-5)
found proteins related to redox and environmental stress, as well as metal homeostasis.
Additionally, several proteins related to motility and pathogenesis, including lcm/Dot
proteins and T4SS effectors were identified as components of the 88 proteins unique to

QC1 copper response.
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Figure 3-6. Functional annotation and protein interaction networks inferred by STRING of
proteins exclusively induced by copper on QC1. Proteins are colored by known or
predicted function.
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Discussion

This study provides new insight into the physiological response of L. pneumophila to
antimicrobial copper under drinking water relevant conditions. Notably, the three
environmental strains were all isolated from locales recently experiencing Legionnaires’
Disease outbreaks (QC1, HHO1 and RHO08) and all were found to be more resistant to
copper than the laboratory strain 130b (Figure 3-1B). The copper disinfection curves of
the three environmental strains were remarkably similar, despite diverse genotypic make-
up and phylogenetic lineage (Figure S3-1, Table 3-1). Proteomic profiling provided deeper
insight into the precise manner in which one of the representative copper resistant
outbreak-associated strains, QC1, differed in its physiological response to copper relative

to a copper sensitive control strain, 130b.

In strain 130b, copper induced an increase in the relative abundances for proteins
pertaining to most COG categories. Similar to the findings here for strain 130b, sublethal
exposure to copper surfaces in a copper susceptible strain of E. coli also led to the
increase of identified proteins involved in amino acid metabolism, coenzyme metabolism,
transcription, replication, cell wall biogenesis, motility, secondary metabolism, and signal
transduction (Nandakumar et al., 2011). Transcriptomic analysis of a L. pneumophila
JR32 AletS mutant with lower survivability in water also indicated upregulation of genes
corresponding to most COGs (Mendis et al., 2018). Although the precise mechanism of
loss of culturability in strain 130b might have differed in this study, increasing expression
of proteins spanning a wide range of functions suggests a general response that is not

particularly adaptive to the specific stress faced by the L. pneumophila strain.
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In contrast to strain 130b, the changes in the QC1 proteome in response to copper were
fewer and more targeted (Figure 3-2). Exposure to copper led to increase of proteins
related to cell wall biogenesis as well as proteins related to inorganic ion transport and
metabolism, including metal homeostasis proteins. While the precise mechanisms of the
biocidal effect of copper towards Legionella have been debated, the two leading
hypotheses include disruption of the cell envelope and the redox stress produced by the
cupric ions on the cell (Giachino & Waldron, 2020; Vincent et al., 2018). The proteomic
analysis carried out here provides fresh perspective on mechanisms of copper biocidal
action and supports both hypotheses. Specifically, the increase in relative abundance for
cell wall and ion transport proteins suggests that the QC1 strain is actively countering
biocidal effects of copper by moving it out of the cell and actively repairing damage to the
cell wall. Interestingly, several motility proteins also increased in relative abundance.
These proteins are hallmarks for the virulent and transmissible form of L. pneumophila
(Eisenreich & Heuner, 2016; Oliva et al., 2018) and also imply that motility is a strategy
for copper resistance. Specifically, L. pneumophila morphs to a motile form when it is
seeking a host for replication. Logically, the protozoan could also serve to shelter the L.
pneumophila from the copper, as has been observed to be the case for other disinfectants

(Abu Kwaik et al., 1998).

Further analyses to identify additional proteomic signatures of copper resistance involved
identifying proteins only detected in QC1, as well as proteins that were significantly
induced by copper only in QC1. The first pattern observed was the abundance of proteins
related to redox reactions, environmental stress and metal homeostasis (Table 3-2,

Figure 3-5). Expression of these proteins seems logical, as they can hypothetically

53



directly ameliorate copper-induced redox stress. Among these proteins, a detoxifying
enzyme methionine sulfoxide reductase A (msrA) is particularly noteworthy (Figure S3-
4a), given its reported ability to provide protection against redox stress (Douglas et al.,

2004; Flynn & Swanson, 2014; Moskovitz et al., 1995).

Prior research has attributed copper resistance in L. pneumophila to the induction of
CopA after copper exposure (Bédard et al.,, 2021), However, we did not observed
differences in the relative abundance of CopA between copper-exposed and control
conditions for either strain examined by proteomics in this study. On the other hand, the
relative baseline abundance of CopA was noted to be higher in the QC1 than the 130b

strain, for both the copper-exposed and control conditions (Figure S3-4b).

The ICE-Box 65-kB integrative conjugative element is known to confer oxidative stress
resistance in L. pneumophila (Flynn & Swanson, 2014). The “gold induced genes” (GIG)
operon is part of the ICE-Box and is regulated by the sigma factor RpoS under copper
exposure (Jwanoswki et al., 2017). As was observed for CopA, the baseline means for
the relative abundance of RpoS was higher in the QC1 strain when compared to the 130b
strain, for both the copper exposed samples and the controls (Figure S3-4c). The four
proteins expressed in the GIG operon were also more abundant in the QC1 strain,
compared to the 130b strain (Figure S3-4d-g). However, we only observed differences
between the copper exposed condition and the control for Ipg2106, a protein
hypothesized to be involved in transcription regulation (Das et al., 2010; Jwanoswki et al.,
2017). The higher basal expression of proteins, such as CopA, RpoS, and the four GIG
operon proteins, might suggest that QC1 has an innate ability to resist copper (or redox

stress) that does not require induction.
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Additionally, several proteins related to motility and pathogenesis, including lcm/Dot
proteins and Icm/Dot effectors were identified among the 88 proteins unique to QC1 that
were induced by copper (Figure 3-5). The increase in relative abundance of these
proteins suggests that the pathogen is priming to infect available hosts (Li et al., 2015)
and is most likely in its transmissive state (44, 48). This flagellated and transmissible form
of L. pneumophila is known to have reduced metabolic activity and to be resistant to
environmental stress (Appelt & Heuner, 2017; Molofsky & Swanson, 2004). The RpoS
transcriptional regulator discussed above is also known to regulate proteins related
motility, infectivity, and cytotoxicity during the exponential growth phase (Bachman &

Swanson, 2001; Dong & Schellhorn, 2010).

Previous research on the effect of the exposure to copper on the Pseudomonas
aeruginosa proteome also reported the induction of higher relative abundance of
virulence, pathogenesis, and motility related proteins (Wright et al., 2019). Surprisingly,
exposure of L. pneumophila to CuO-NPs induced higher expression of virulence and
pathogenesis related genes, but also lower expression of motility related proteins (Lu et
al., 2013). The differences in the effect of copper on L. pneumophila between experiments
most likely are caused by the influence of a nutrient-rich environment (media), in
comparison to drinking water, a nutrient-limited environment. Furthermore, as the present
study reveals, the innate copper exposure response differs among L. pneumophila
strains. However, the chemical form of the copper ions and their bioavailability (CuSOa4
vs CuO-NPs) might also be playing a significant role on the physiological response by L.

pneumophila.
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Our work provides the first proteomic assessment of an environmental strain of L.
pneumophila. The results support the claim that the ability to resist copper and the
significantly higher relative abundance of pathogenesis related proteins are linked and
may be regulated via sigma factors such as RpoS. The induction of redox/metal
homeostasis proteins and motility/pathogenesis proteins occurs in parallel, providing two
strategies for survival, the first via adaptation to the environment and the second by
priming itself to find a host through the expression of motility and pathogenesis related
proteins. Thus, L. pneumophila that are not effectively killed by copper may be more

virulent than L. pneumophila not exposed to copper.

Materials and methods

Test Water, and Glassware

Blacksburg, VA tap water was prepared and used as described previously (Song et al.,
2021) to represent a realistic background drinking water matrix. Tap water was filtered
through a granular activated carbon filter, to remove chlorine and natural organic matter;
a ferric oxide column (Brightwell Aquatics) to remove municipally supplied phosphate-
based corrosion inhibitor; and a 0.22-um pore size mixed cellulose ester filter (Millipore
Sigma) to remove particulates. Background copper and phosphate concentration were
confirmed through the PhosVer and CuVer assays (Hach) respectively. The water was
then autoclaved at 121 °C for 15 min, after which the pH was adjusted to 6.50 + 0.05 with
0.2 N sulfuric acid or 0.1 N potassium hydroxide. Copper stock solutions of 100 mg/L
copper as CuSOa4 (Sigma-Aldrich, St. Louis, MO) were freshly prepared and adjusted to

pH = 4.00 + 0.05 to maintain copper solubility. Glassware was used as a nonreactive,
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inert material to conduct all experiments. All glassware was soaked in 10% nitric acid for

24 h, rinsed with reverse osmosis water, and autoclaved prior to use.

Bacterial Culture Preparation

L. pneumophila serogroup 1 strain 130b was obtained from the U.S. Centers for Disease
Control (Edelstein, 1986; Engleberg et al., 1984). Environmental strain QC1 was isolated
from a hot water tap in a resident room from an assisted living facility in Quincy, IL in 2015
(Rhoads et al., 2020). Environmental strains were isolated from hot water taps in a
hospital (HHO1) and residence (RH08), in Flint, Ml in March and June 2016, respectively
(Garner et al., 2019). All strains were stored at —80 °C in a 4:1 (v/v) mixture of buffered
yeast extract (BYE) broth (10 g of ACES, 10 g of yeast extract, 1 g of a-ketoglutaric acid,

0.4 g of L-cysteine, and 0.25 g of ferric pyrophosphate per liter) and glycerol.

L. pneumophila bacterial glycerol stocks were cultured onto buffered charcoal-yeast
extract (BCYE) agar plates (12 g of agar, 2 g of activated charcoal, 1 g of a-ketoglutarate
monopotassium, 10 g of ACES buffer, 2.8 g of potassium hydroxide, 0.25 g of iron
pyrophosphate, 3 g of ammonium-free glycine, 80 000 IU polymyxin B sulfate, 0.001 g of
vancomycin hydrochloride, 0.08 g of cycloheximide, and 0.4 g of L-cysteine monohydrate

per liter) and incubated for 72 h at 37 °C.

Buffered Yeast Extract (BYE) broth was inoculated with L. pneumophila at an initial optical
density (OD600) of 0.2 (Implen, Westlake Village, CA, USA). Inoculated BYE broth was
incubated at 37 °C with agitation for either 14 h for 130b and 16 hours for QC1, HHO1
and RHO8 to achieve early stationary phase, as determined by OD600 growth curves

(Figure S3-5). The cells were then pelleted by centrifuging (5000 x g, 15 min), and the
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supernatant decanted. Cell pellets were subsequently washed (3x) with drinking water
(20 mL), centrifugation (5000 x g, 15 min) and removal of the supernatant. The final pellet
was resuspended in 2 mL of drinking water to be used as a stock for copper inactivation

assays.

Nanopore sequencing and assembly of Legionella pneumophila isolate whole genomes

Isolates 130b, HHO1, RHO8, QC1, and QC2 were subjected to long read whole genome
sequencing using a minlON sequencer (Oxford Nanopore). Briefly, genomic DNA was
extracted using the Zymo MagBead kit (CAT#6060) including the optional microbial lysis
step using lysozyme (CAT#L6876-5G). Total genomic DNA was assessed for integrity by
running on a 1% agarose gel (Figure S3-6). Library prep was performed using the Oxford
Nanopore native genomic DNA barcoding and ligation sequencing kit (NBD-104 and
SQK-109) following manufacturer's recommendations (protocol version NBE_9065
v109 revAD 14Aug2019). Samples were then assembled using canu v2.2 (Koren et al.,
2017) with settings corMinCoverage=0, corOutCoverage=all, corMhapSensitivity=high,
correctedErrorRate=0.105, genomeSize=5m, corMaxEvidenceCoveragelLocal=10,
useGrid=false. Canu produced circular single contig genomes for each isolate (Table 3-

1).

Whole genome sequence analysis

Pangenome analysis was performed using Roary (Page et al., 2015) for the six isolates
sequenced in this study. The accessory genome (i.e., the genes that were found in less
than 6 of the isolates) were annotated for MGEs using mobileOG-db (Brown et al., 2021),
metal resistance genes using BacMet (Pal et al., 2014), and virulence factors using VFdb

(L. Chen et al., 2005). Genomes were subjected to in silico multilocus sequence typing
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(MLST) by aligning MLST target genes (i.e., mip, rpoB). Sequences were assigned to
Serogroup 1 or “other” depending on the in-silico detection of the wzm gene (Mérault et

al., 2011).

Copper Inactivation Tests

Copper inactivation tests were performed as previously described (Song et al., 2021) with
some modifications. All incubations were performed at ~3 x 107 CFU/mL and with an
initial 5 mg/L CuSOa4 as Cu, which represents the highest copper concentration reported
in drinking water systems with copper pipes (Bédard et al., 2021; Edwards et al., 2011).
After mixing, the reaction was aliquoted into sterile glass reactors (9 mL) and incubated

at room temperature for 24 hours.

To determine the effect of copper on culturability, viability after 24 hours was determined
as described previously (Song et al., 2021). Briefly, one milliliter of solution was
transferred to sterile tubes pre-dosed with ethylenediaminetetraacetic acid (EDTA; molar
ratio of EDTA:Cu = 5:1) to complex Cu. Serial dilutions (1:10-1:10°) were prepared with
the drinking water, and 10 uL was transferred onto BCYE+GVCP agar plates using a
multichannel pipet in triplicate, including one set of undiluted. Only dilutions with 3—30
distinct L. pneumophila colonies were considered quantifiable. The lower limit of detection
(LOD) was 1 CFU in the undiluted sample with a limit of quantification (LOQ) of 3 CFUs
in the undiluted. After being dried in the biosafety cabinet, plates were incubated at 37 °C
and enumerated after 72 h. For proteomics analysis, samples were centrifuged (5000 x

g, 15 min) after 30 minutes of incubation, with the pellets stored in -80 °C until processing.
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Flow cytometry

Live/dead ratios for L. pneumophila were determined using the Live/Dead BacLight
viability kit (Thermal Fisher Scientific, Waltham, MA, USA), using a previously described
protocol (Grossi et al., 2018). Briefly, a 1:1 mixture 20 mM propidium iodide and 3.34 mM
Syto-9 (3 pL) was added per mL of sample, and incubated for 15 min at room temperature.
Flow cytometry was performed with a BD Acuri C6 flow cytometer (BD Bioscience,
Franklin Lakes, NJ, USA). A 518-548 nm band pass filter was used to collect the green
fluorescence (FL1), and a >670-nm band pass filter was used to collect the red
fluorescence (FL3). The laser excitation wavelengths were 488 and 640 nm for FL3 and
FL4, separately. Flow cytometer and detector settings included a medium flow speed (50
pL/min) and a forward scatter threshold signal of 800. Data was analyzed using the

software FlowJo version X (BD Bioscience, Franklin Lakes, NJ, USA).

Liquid Chromatography-Mass Spectrometry (LC-MS)

Optima™ LCMS grade solvents, Pierce™ trypsin protease (MS grade), sodium
dodecylsulfate (SDS) were from Fisher Scientific (Waltham, MA, USA). STrap™ micro
spin columns were from ProtiFi (Farmingdale, NY, USA). Triethylammonium bicarbonate,
pH 8.5 (TEAB), o-phosphoric acid, dithiothreitol (DTT), iodoacetamide (IAA), and formic

acid were from MilliporeSigma (St. Louis, MO, USA).

Samples were resuspended in methanol:water (9:1; v/v) and incubated overnight at -
20°C. Samples were then centrifuged (12,000 x g, 15 min) and the supernatant was
discarded. The resulting pellets were resuspended in lysis buffer (pH 7.55) containing 5%
sodium SDS and 50 mM TEAB. DTT was added to a final concentration of 20 mM and

samples were incubated at 95°C for 10 min. After samples cooled to room temperature,
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IAA was added to a final concentration of 40 mM and incubated in the dark for 30 minutes
at room temperature. The solution as then acidified with o-phosphoric acid to a final
concentration of 1.2% (v/v). Samples were further processed using S-Trap™ micro spin
columns, following the suggested protocol (HaileMariam et al., 2018). Six volumes of S-
trap binding buffer (90% MeOH, 100 mM final TEAB, pH 7.1) were added to the lysate
and the mixture was filtered through the micro spin column by centrifugation (4,000 x g,
1 min). Then column was then washed three times with S-Trap binding buffer (150 pL
each). Proteins were then digested to peptides by adding trypsin at a 1:25 ratio
(trypsin:protein, weight basis) directly to the micro spin column, and incubating at 37°C
overnight. Peptides were eluted in four steps, first with 40 uL of 50 mM TEAB, followed
with 40 pL of 0.2% (v/v) aqueous formic acid, and finally twice with 35 uL of 50%
acetonitrile containing 0.2% formic acid. Eluted fractions were pooled and dried down in
a Centrivap concentrator (Labconco Corporation, Kansas City, MO, USA) at 45 °C.
Samples were then resuspended in acetonitrile:water (2:98, v/v) that contained 0.1%
formic acid (v/v) to a final concentration of 1ug/ul and filtered through a 0.2 um PES Filter

Vial (Thomson Instrument Companies, Clear Brook, VA, USA).

LC/MS analyses utilized an Easy-nLC 1200 (Thermo Scientific, Waltham, MA, USA)
UPLC interfaced with an Orbitrap Fusion Lumos Tribid™ mass spectrometer (Thermo
Scientific, Waltham, MA, USA). The flow rate was maintained at 150 nL/min and peptides
were eluted utilizing a two-step gradient. Separations were performed at room
temperature with 18 ug of digested protein injected per sample. Solvent A was water and
Solvent B was acetonitrile, both of which contained 0.1% formic acid (v/v). Samples were

first loaded onto an Acclaim PepMap 100 precolumn (100 um x 2 cm; Thermo Scientific,
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Waltham, MA, USA), after which flow was diverted to a micro-pillar array column (LPAC,
50 cm; PharmaFluidics, Woburn, MA, USA). A gradient of Solvent B from 2-10% over 3
minutes was followed by a 10-50% gradient of Solvent B over 88 min. Spray voltage on
the UPAC compatible Easy-Spray emitter (PharmaFluidics, Woburn, MA, USA) was 1.3
kV, the ion transfer tube was maintained at 275°C, the RF lens was set to 30%, and the

default peptide charge state was set to 2.

MS data for the m/z range of 400-1,500 was collected using the Orbitrap at 120,000
resolution in positive profile mode with an AGC target of 4.0e5 and a maximum injection
time of 50 ms. Peaks were filtered for MS/MS analysis based on having isotopic peak
distribution expected of a peptide with an intensity above 2.0e4 and a charge state of 2—
5. Peaks were excluded dynamically for 15 s after 1 scan with the MS/MS set to be
collected at 45% of a chromatographic peak width with an expected peak width (FWHM)
of 15 s MS/MS data starting at m/z of 150 was collected using the orbitrap at 15,000
resolution in positive centroid mode with an AGC target of 1.0e5 and a maximum injection

time of 200 ms. Activation type was HCD stepped from 25 to 35.

Data analysis utilized Thermo Proteome Discoverer 2.5 (Thermo Scientific Waltham, MA,
USA) combining Sequest HT and Mascot 2.7 (Matrix Science, Boston, MA, USA)
searches into one result summary for each sample. Databases used in the analysis were
the Uniprot reference proteome L. pneumophila OX=272624 and a common protein
contaminant database provided with the Proteome Discoverer (PD) software package.
Each search assumed trypsin-specific peptides with the possibility of two missed
cleavages, a precursor mass tolerance of 10 ppm and a fragment mass tolerance of 0.1

Da. Sequest HT searches also included the PD software precursor detector node to
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identify MSMS spectra containing peaks from more than one precursor. Sequest HT
searches included a fixed modification of carbamidomethyl at Cys and a variable
modification of oxidation at Met. Peptide matches identified by Sequest HT were
subjected to INFERYS rescoring to further optimize the number of peptides identified with

high confidence.

Mascot searches included a fixed modification of carbamidomethyl at Cys and the
following dynamic modifications: oxidation of Met, acetylation of the protein N-terminus,
cyclization of a peptide N-terminal GIn to pyroGlu, N-ethylmaleimide at Cys,
carbamidomethyl at Cys and deamidation of Asn/GIn residues. Protein identifications
were reported at a 1% false discovery rate (high confidence) or at a 5% false discovery
rate (medium confidence) based on searches of decoy databases utilizing the same
parameters as above. The software matched peptide peaks across all runs and protein
guantities are the sum of all peptide intensities associated with the protein. Normalization
was based on the assumption that total peptide amounts injected for each analysis were

equal.

Data analysis

Further analysis only included protein identifications with at least 2 unique peptides, and
that were found in at least two samples. Imputations for missing values were carried out
as a tenth of the lowest value in the overall experiment. Pairwise comparisons were
performed between the triplicates in each condition using a simple t-test to determine p-
values. Functional categorization of the proteins of interest were performed using Eggnog

mapper (Cantalapiedra et al., 2021; Huerta-Cepas et al., 2017, 2018). All data and related
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files were submitted to the PRIDE repository (Perez-Riverol et al., 2019) with the data

identifier number PXD029153. The data is currently protected and can be accessed.
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Figure S3-1. Whole genome sequence tree of 735 Legionella pneumophila strains
downloaded from NCBI and 5 (RH08, 130B, HHO1, QC1, and QC2) that were sequenced
in the present study. Branches are colored by bootstrap support values (ranging from light
green to dark purple).
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Figure S3-2. Representative flow cytometry plots of live/dead L. pneumophila 130b based
on cell membrane integrity after 0 and 0.5 hours in water with and without 5 mg/L CuSOa
as Cu. In the plot, gate G1 (right upper) represents dead cells and gate G2 (right lower)
represents live cells. Live/dead rations are calculated based on two replicates for 100%
live and 100% dead, and three replicates for the incubations in water with and without
copper.
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Figure S3-3. Representative flowcytometry plots of live/dead L. pneumophila QC1 based
on cell membrane integrity after 0 and 0.5 hours in water with and without 5 mg/L CuSOa
as Cu. In the plot, gate G1 (right upper) represents dead cells and gate G2 (right lower)
represents live cells. Live/dead rations are calculated based on two replicates for 100%
live and 100% dead, and three replicates for the incubations in water with and without
copper.
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Figure S3-5. Growth curve of L. pneumophila strains in BYE broth at 37°C with agitation.
Optical density measured at a wavelength of 600 nm (OD600) was calculated by
log2(%T), where T as transmission measured by Spectronic 20 Spectrophotometer. Error
bars indicate 95% confidence intervals (n = 3).
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Figure S3-6. Agarose gel of the whole genome extraction for each strain. Bionexus All
purpose Hi-Lo DNA Marker (CAT#BN2050) was used as the molecular weight ladder.

Table S3-1. Proteins exclusively induced by copper on QC1. Selection required that
they were significantly more abundant in QC1 vs 130b (p < 0.05 and > 1.5 fold-change)
and significantly more abundant in the copper exposed condition vs the control on QC1
(p <0.05 and > 1.5 fold-change). COGs were assigned through Eggnog mapper.

Accession  Gene Description COG Function

Q52S50  ftsE Cell division ATP-binding protein FtsE D gﬂé&fi&%“g’r‘ﬁgﬂiga’iSiO”’

Q5ZY72  lpg0500  Peptidase, M23/M37 family D gﬁg;ygéi;‘;”;g’r'ﬁggﬂigg’iSiO”’

Q5zv87 minC Probable septum site-determining protein MinC D (C;:r?rl Lr?]ygsli;%ns::ﬁggﬂigaﬂsion’
Q5ZRK6 gimu Bifunctional protein GImU M Cell wall/membrane/envelop biogenesis
Q52VD2 rlpA Endolytic peptidoglycan transglycosylase RIpA M Cell wall/membrane/envelop biogenesis
Q52759 Ipg0152  N-acetyltransferase domain-containing protein M Cell wall/membrane/envelop biogenesis
Q5ZUX8 Ipgl664 Penicillin-insensitive transglycosylase M Cell wall/membrane/envelop biogenesis
Q5ZXR8 Ipg0663  Soluble lytic murein transglycosylase M Cell wall/membrane/envelop biogenesis
Q5Zsu7 Ipg2419  Uncharacterized protein M Cell wall/membrane/envelop biogenesis
Q5ZYR9 Ipg0292  Uncharacterized protein - Effector

Q5ZWH4  Ipgl111 Uncharacterized protein - Effector

Q5ZWH2  Ipg1113 Uncharacterized protein - Effector

Q5ZWG4  Ipgll121 Uncharacterized protein - Effector

Q5ZVE1 Ipg1499  Uncharacterized protein - Effector

Q5ZUS6 Ipgl716 Uncharacterized protein - Effector

Q5ZT79 Ipg2283  Uncharacterized protein - Effector

Q52Vv07 Ipg1635 Dienelactone hydrolase S Effector
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Transport and metabolism
Transport and metabolism
Transport and metabolism
Transport and metabolism

Transport and metabolism
Transport and metabolism

Transport and metabolism
Transport and metabolism
Transport and metabolism
Transport and metabolism
Transport and metabolism
Transport and metabolism
Transport and metabolism
Transport and metabolism
Unknown/uncharacterized
Unknown/uncharacterized
Unknown/uncharacterized
Unknown/uncharacterized
Unknown/uncharacterized
Unknown/uncharacterized
Unknown/uncharacterized
Unknown/uncharacterized
Unknown/uncharacterized

Unknown/uncharacterized

87



CHAPTER FOUR. Interactive effects of pipe material, iron
bioavailability and corrosive water on the microbial composition of hot
water plumbing systems and propensity to support Legionella

pneumophila growth
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Abstract

The Legionnaires’ Disease outbreak in Flint, Michigan during 2014 and 2015 was
associated with a change in municipal drinking water source from corrosion-controlled
Detroit Water (DW) to corrosive Flint River Water (FRW). This resulted in a drastic shift
in water chemistry, including reduced pH, increased iron levels, and diminished chlorine
residual due to reactions with iron particulates. Such shifts also likely altered the microbial
community of the distribution system, including premise (i.e., building) plumbing in a
manner that could have influenced the potential for L. pneumophila, the organism

responsible for Legionnaires’ Disease, to proliferate. The purpose of this study was to
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examine how interactive effects of pipe material and varying bioavailability of iron (ferric
chloride, ferrous chloride and ferric pyrophosphate) in DW and FRW shaped the
corresponding microbial community composition and potential relationships among
various microbiota and L. pneumophila. Simulated water heaters (SWHs) containing
copper or cross-linked polyethylene (PEX) pipe material were employed to simulate key
conditions representative of the treatment and distribution of DW versus FRW to premise
plumbing. Pipe material was found to be the main factor shaping the microbial community
composition of the SWHs. Copper produced a selective pressure that decreased diversity
and suppressed specific operational taxonomic units (OTUS). In addition, the combination
of copper pipes and FRW decreased the diversity to a greater degree than copper pipes
with DW. Several OTUs were found to be significantly associated with high or low
culturable L. pneumophila. Overall, this study helped to provide insight into increased
biocidal effect of copper pipes when combined with a more corrosive water and

interactions among microbes in a major Legionnaires’ Disease outbreak.

KEYWORDS: Flint Water Crisis, Legionella, drinking water, Legionnaire’s Disease

Outbreak, copper, microbial community

Introduction

Legionella pneumophila is an opportunistic pathogen commonly found in premise (i.e.,
building) plumbing (ref). Through showering and other use, aerosolized water can deliver
the pathogens to the human lung, resulting in a deadly form of pneumonia known as

Legionnaires’ Disease (ref). Due to the negative human health and economic impacts of

89



L. pneumophila (Collier et al., 2012; Falkinham et al., 2015), efforts are underway to
understand the factors that promote its proliferation. Major outbreaks of Legionnaires’
Disease present the opportunity to retrospectively identify potential triggers for L.
pneumophila proliferation and help to inform strategies for avoiding such unfortunate

events in the future.

The Legionnaires’ Disease outbreak in the City of Flint, Michigan in 2014 and 2015
represents one of the largest outbreaks per capita in US history, with 91 people infected
and 12 deaths (Rhoads et al., 2017; Schwake et al., 2016; Smith et al., 2019; Zahran et
al., 2018). The outbreak was associated with a change in the source of water used for
the city’s water supply (Rhoads et al., 2017; Schwake et al., 2016; Smith et al., 2019;
Zahran et al., 2018). Originally the distributed water was sourced from Lake Huron via the
Detroit Water and Sewage Department (DW), but in the Spring of 2014, the source was
changed to Flint River Water (FRW). FRW contained much higher chloride
concentrations, which was not appropriately mitigated by addition of orthophosphate
corrosion control agent, which made the water much more corrosive than the original DW
source (Pieper et al., 2017; Rhoads et al., 2017). Unfortunately, the interaction of FRW
and the pipes resulted in an increase in total iron and lead in the water distribution system,
rapid consumption of chlorine residuals, and an increased bacterial load, including
elevated numbers of L. pneumophila in some portions of the distribution system (Pieper
et al., 2017, 2018; Rhoads et al., 2017; Schwake et al., 2016; Smith et al., 2019; Zahran

et al., 2018).

In fall 2015, the source of water distribution was changed back to DW, resulting in lower

L. pneumophila gene marker levels and Legionnaires Disease incidence (Rhoads et al.,
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2017; Zahran et al., 2018). This provided further evidence that the switch in water source
was the root cause of the outbreak. Several studies have sought to determine precisely
how the shift in physicochemical characteristics of Flint's drinking water distribution
system ultimately stimulated the growth of L. pneumophila. The combined effects of
copper, iron, temperature, pH and lower disinfectant residuals are hypothesized to be the
main explanation behind the abnormal L. pneumophila growth (Martin et al., 2020;

Rhoads et al., 2017; Schwake et al., 2016; Smith et al., 2019; Zahran et al., 2018).

The potential for L. pneumophila to flourish in premise plumbing has also been proposed
to be dependent, in part, on the composition of the broader microbial community
composition (Ma et al., 2020; H. Wang et al., 2013). Some key microbial interactions
required for the proliferation of L. pneumophila in drinking water are fairly well known.
Bacteria, amoeba and viruses have been shown to inhibit or promote L. pneumophila
biofilm formation, prevalence, and host uptake (M.-H. Corre et al., 2019; Declerck et al.,
2005; Toze et al, 1994). Furthermore, a correlation between the presence of L.
pneumophila and specific taxa has been reported in complex premise plumbing microbial
communities as determined through 16S rRNA gene amplicon sequencing (Ma et al.,

2020; Proctor et al., 2016, 2017).

However, the ability to directly evaluate this hypothesis has been limited due to the highly
complex and variable microbial taxonomic composition characteristic of premise plumbing
biofilms (Hull et al., 2019). Efforts to define a microbial “core” found in all drinking water
systems have had limited success. The most prominent Phyla found across all drinking
water microbiome studies are Proteobacteria and Bacteroidetes, but the actual

composition at lower taxonomic levels differ greatly among studies (Eichler et al., 2006;
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Henne et al., 2012; Kahlisch et al., 2012; Proctor & Hammes, 2015). Several studies have
also focused on different factors, such as water chemistry, temperature, pipe material,
disinfectant and stagnation periods, and their effects on the microbial composition (Dai et
al., 2018; Ji et al., 2017; Paniagua et al., 2020; Proctor et al., 2017; Proctor & Hammes,

2015; J. Wang et al., 2020).

The purpose of this study was to characterize shifts in microbial community composition
in response to key differences in water chemistry representative of the distribution of DW
and FRW in order to gain deeper mechanistic insight into how similar shifts may have led
to the proliferation of L. pneumophila in premise plumbing in Flint during use of FRW. Of
particular interest was weather the change in bioavailable iron had an effect, beyond the
established reactions with chlorine that diminished disinfectant in the water supply. For
this purpose, we employed simulated water heaters (SWHs) with copper or cross-linked
polyethylene (PEX) pipe material to provide a controlled simulation of Flint premise
plumbing. SWHs were fed with treated FRW or DW supplemented with various forms of
iron (ferric chloride, ferrous chloride and ferric pyrophosphate). 16S rRNA gene amplicon
sequencing was applied towards profiling both pipe biofilm and bulk water microbial
communities, which were then compared to culturable L. pneumophila numbers using
linear discriminant analysis Effect Size (LEfSe) analysis. These findings help improve
understanding of the potential role of iron and copper in stimulating the growth of L.
pneumophila during the outbreaks that occurred in Flint and also sheds light on how

interactions of L. pneumophila with other microbes might also have played a role.
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Results

Microbial Community Profiles of the SWHs

The SWHSs with copper or PEX pipe material were sampled for biofilm and bulk water
after 60 weeks of incubation, following regular tri-weekly water changes with FRW or DW
supplemented with iron (ferric chloride, ferrous chloride and ferric pyrophosphate).
Controls without iron supplementation were included for each condition. The microbial
composition of the SWHs was determined using 16S rRNA gene amplicon sequencing,
using the modified universal bacterial/archaeal 515f/926r primer set targeting the V4-V5
region of the 16S rRNA gene (Caporaso et al., 2012; Walters et al., 2016), with biological
triplicates for each condition. A total of 2 archaeal and 34 bacteria Phyla were detected
across all samples. Twelve dominant (i.e., > 1% relative abundance) Phyla accounted for
89% of the total sequences. Most prominent Phyla were Proteobacteria, Bacteroidetes,

Planctomycetes and Actinobacteria (Figure 4-1).
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Figure 4-7. Archaeal and bacterial taxonomic profiles of each SWH (Phylum level)
sampled on week 60 of operation. Relative abundance was calculated by dividing
Phylum’s number of reads by total number of reads for a specific SWH. Phyla with relative
abundance less than 2% were combined into “Other”. Biological replicated were included
for each condition.

Pipe material was found to be the main driver of the variation in the taxonomic
composition of the microbiota (ANOSIM, R2unweighted=97% and R2weighted=87%, p-value <
0.05, Table 4-1). This was apparent in the tight clustering of all SWHs according to pipe
material in both unweighted (Figure 4-2A) and weighted (Figure 4-2B) NMDS plots. Water
source, iron and sample type (biofilm or bulk water) also had significant impacts
(ANOSIM, p-value < 0.05) on taxonomic composition when only considering the
presence/absence of taxa (i.e., unweighted analysis), but only iron and sample type had
a significant impact (ANOSIM, p-value < 0.05) on microbial community composition when

taking into account the relative abundance of the taxa (i.e., weighted analysis) (Table 4-
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1). Water influent, iron and sample type explained less than 1% of the dissimilarity each,
with sample type having the most effect, followed by either water source or iron,
depending if the effect was calculated based on a weighted or unweighted UniFrac

distance matrix (Table 4-1).
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Figure 4-8. NMDS plot illustrating the beta diversity of the microbial community based on
unweighted (A) and weighted (B) UniFrac distance. Circles represent SWHs with Detroit
Water (DW) as the influent and triangles represent SWHs with Flint River Water (FRW)
as the influent. SWHs with copper pipe (darker color) or PEX pipe (lighter color) were
supplemented with ferric pyrophosphate (red), ferrous chloride (green) or ferric chloride
(yellow). Controls (blue) were not supplemented with iron. Each reactor was sampled for
bulk water (solid) and biofilm (open).
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Table 4-6. Impact of various factors on the taxonomic composition of the SWHs (n=70)*

Unweighted Weighted
Factor
R? P R? P
Pipe 0.9688 0.001 0.8866 0.001
Water 0.07401 0.025 0.04847 0.076
Iron 0.06204 0.033 0.0525 0.049

Biofilm vs Water 0.1018 0.006  0.06057 0.023

*ANOSIM analysis was utilized with permutation = 1000 (package “vegan” in R).
Unweighted UniFrac considers presence/absence of each Taxa, while weighted UniFrac
also considers relative abundance of each Taxa.

Next the taxonomic composition of the samples were compared within each grouping by
copper or PEX pipe. This helped to provide better resolution of the roles of the other three
factors in influencing the observed dissimilarity in taxonomic composition for each pipe
material (Figure S4-1). Water source, type of iron amended, and sample type had a
significant impact (ANOSIM, p-value < 0.05) on microbial community composition for both
pipe materials. This was the case for both unweighted and weighted analysis (Table S4-
1). Type of influent water explained the majority of observed dissimilarity in taxonomic
composition across samples for both pipe materials, both for unweighted and weighted
analysis (Table S4-1). Sample type was the second strongest explanatory factor, followed
by iron. An exception to this trend was noted for SWHs with PEX pipe, where iron had a
stronger effect on the observed dissimilarity in the weighted UniFrac distance analysis

(Table S4-1).
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Microbial diversity

Shannon diversity, Richness and Evenness were significantly lower (p-value < 0.05) for
all SWHSs containing copper pipe in comparison to those with PEX pipe, independent of
influent water type (Figure 4-3). Notably, the SWHs containing copper pipe were
significantly higher in Shannon diversity and Evenness (p-value<0.05) when using DW
as the influent, which is consistent with the copper being more bioavailable in the
corrosive FRW. Richness was not higher; however, in copper SWHs fed FRW than
copper SWHs fed DW. In SWHSs containing PEX pipe, Richness was significantly higher
(p-value < 0.05) when fed FRW in comparison to DW, but no significant change for

Shannon diversity and Evenness.
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Figure 4-9. Effect of pipe material, influent, iron and sample type (biofilm or bulk water)
on Shannon diversity (A), Richness (B), and Evenness (C). Circles represent SWHSs with
Detroit Water (DW) as the influent and triangles represent SWHSs with Flint River Water
(FRW) as the influent. SWHs with copper pipe (darker color) or PEX pipe (lighter color)
were supplemented with ferric pyrophosphate (red), ferrous chloride (green) or ferric
chloride (yellow). Controls (blue) were not supplemented with iron. Each reactor was
sampled for bulk water (solid) and biofilm (open). Corresponding Greek letters indicate
significant differences between groups determined using ANOVA tests with post hoc
Tukey test (p values < 0.05).

Iron did not have a significant effect on Shannon diversity, Evenness and Richness when

comparing SWHSs with the same pipe material and water influent (Figure S4-2). Similarly,
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sample type did not have significant effect on Shannon diversity, Evenness and Richness
when comparing SWHs with the same pipe material and water influent (Figure S4-3),
except for the SWHs with PEX pipes, which had a significantly higher (p-value<0.05)

Richness in the bulk water when comparing to the biofilm (Figure S4-3E).

Core and discriminatory taxa

Core and discriminatory taxa were further characterized as a function of the various
physicochemical conditions imposed in the SWHs. Phyla and Order were chosen as a
higher and lower taxonomic level, with at least 60% of reads being classified, on average
(Table S4-2). Several taxa were determined to comprise the core taxa across the SWHs.
These were comprised of seven Phyla: Actinobacteria, Bacteroidetes,
Gemmatimonadetes, Proteobacteria, Cyanobacteria, Acidobacteria, and Planctomycetes
(Figure 4-4, Table 4-2); and ten Orders: Burkholderiales, Rhizobiales, Rhodospirillales,
Actinomycetales, Saprospirales, MLE1-12, Solibacterales, Sphingomonadales,

Caulobacterales, and Rhodobacterales (Figure 4-5, Table 4-3).
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Figure 4-10. Average frequency of detection among all classified samples analysis at the Phylum level, grouped by pipe
material, influent, iron supplementation, sample type, and combined pipe and influent.

Pipe Material Influent Iron Sample Type Combined Pipe and Influent
Phylum* All . Bulk L Copper PEX Copper PEX
Copper PEX DW FRW | Control PP Ferrous Ferric Water Biofilm « DW X DW % FRW % FRW

Actinobacteria
Bacteroidetes
Gemmatimonadetes
Proteobacteria
Cyanobacteria
Acidobacteria
Planctomycetes
Nitrospirae
OoD1
Chloroflexi
Verrucomicrobia
T™M6
Firmicutes
Elusimicrobia
Armatimonadetes
Chlorobi

Parvarchaeota
OP3
WS3
Thermi
Crenarchaeota

*Only Phyla with >1% relative abundance were included in the analysis.
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Table 4-7. Binned unweighted core and discriminatory microbial community analysis conducted at the Phylum level, grouped
by pipe material, influent, iron supplementation, sample type, and combined pipe and influent.

Pipe Material Influent Iron Sample Type Combined Pipe and Influent

Phylum* All . Bulk e Copper PEX Copper  PEXXx
Copper PEX | DW FRW | Control PP Ferrous  Ferric Water Biofilm X Bev XDW  x FpRPW FRW
Actinobacteria 1.00 1.00 1.00 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Bacteroidetes 1.00 1.00 1.00 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Gemmatimonadetes | 1.00 1.00 1.00 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Proteobacteria 1.00 1.00 1.00 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Cyanobacteria 0.97 0.94 1.00 | 0.96 0.98 0.95 1.00 0.92 1.00 1.00 0.94 0.92 1.00 0.95 1.00
Acidobacteria 0.96 0.91 1.00 | 1.00 0.93 1.00 1.00 0.83 0.92 1.00 0.91 1.00 1.00 0.86 1.00
Planctomycetes 0.91 0.82 1.00 | 1.00 0.87 0.91 1.00 0.67 1.00 0.91 0.91 1.00 1.00 0.73 1.00
Nitrospirae 0.74 0.47 1.00 | 1.00 0.61 0.82 0.83 0.50 0.67 0.74 0.74 1.00 1.00 0.18 1.00
OD1 0.73 0.47 0.97 | 0.83 0.67 0.77 0.71 0.75 0.67 0.83 0.63 0.67 1.00 0.36 0.96
Chloroflexi 0.67 0.35 0.97 | 0.67 0.67 0.73 0.67 0.50 0.75 0.69 0.66 0.33 1.00 0.36 0.96
Verrucomicrobia 0.64 0.35 092 | 0.58 0.67 0.64 0.54 0.67 0.83 0.63 0.66 0.42 0.75 0.32 1.00
T™M6 0.61 0.41 0.81 | 0.71 057 0.68 0.58 0.50 0.67 0.80 0.43 0.42 1.00 0.41 0.71
Firmicutes 0.59 0.47 0.69 | 0.67 0.54 0.68 0.63 0.42 0.50 0.34 0.00 0.58 0.75 0.41 0.67
Elusimicrobia 0.53 0.03 1.00 | 0.50 0.54 0.55 0.50 0.58 0.50 0.54 0.51 0.00 1.00 0.05 1.00
Armatimonadetes 0.51 0.00 1.00 | 0.50 0.52 0.55 0.50 0.50 0.50 0.51 0.51 0.00 1.00 0.00 1.00
Chlorobi 0.41 0.12 0.69 | 0.17 054 0.41 0.42 0.25 0.58 0.37 0.46 0.00 0.33 0.18 0.88
T™7 0.37 0.03 0.69 | 0.17 048 0.36 0.33 0.33 0.50 0.37 0.37 0.08 0.25 0.00 0.92
GNO02 0.34 0.12 0.56 | 0.33 0.35 0.45 0.42 0.08 0.25 0.43 0.26 0.17 0.50 0.09 0.58
GNO4 0.34 0.00 0.67 | 0.08 0.48 0.27 0.33 0.33 0.50 0.34 0.34 0.00 0.17 0.00 0.92
Parvarchaeota 0.33 0.06 0.58 | 0.04 048 0.32 0.25 0.33 0.50 0.40 0.26 0.00 0.08 0.09 0.83
OP3 0.29 0.00 056 | 0.17 0.35 0.23 0.25 0.33 0.42 0.34 0.23 0.00 0.33 0.00 0.67
WS3 0.23 0.00 0.44 | 0.00 0.35 0.23 0.13 0.17 0.50 0.23 0.23 0.00 0.00 0.00 0.67
Thermi 0.21 0.00 042 | 042 0.11 0.23 0.29 0.25 0.00 0.23 0.20 0.00 0.83 0.00 0.21
Crenarchaeota 0.10 0.03 0.17 | 0.04 0.13 0.05 0.25 0.00 0.00 0.09 0.11 0.08 0.00 0.00 0.25

*Only phyla with >1% relative abundance were included in the analysis. Core taxa (bold) were any taxonomic assignments
that were detected in > 90% of all sample in the respective group. Discriminatory taxa (red) were defined as any OTU that
was found to be core in one group and at a prevalence < 20% in the compared group or if the difference in prevalence was
greater than 60% between the compared groups.
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Figure 4-11. Average frequency of detection among all classified samples analysis at the Order level, grouped by pipe
material, influent, iron supplementation, sample type, and combined pipe and influent.

Pipe Material Influent Iron Sample Type Combined Pipe and Influent
Order* All . L Copper PEX  Copper PEX
Copper PEX | DW FRW | Control PP  Ferrous Ferric | Bulk Water  Biofilm « DW xDW xFRW X ERW 1.00
Burkholderiales
Rhizobiales 0.75
Rhodospirillales 0.50
Actinomycetales
Saprospirales 0.25
0.00

MLE1-12
Solibacterales
Sphingomonadales
Caulobacterales
Rhodobacterales
Legionellales
Planctomycetales
Cytophagales
Gemmatales
Xanthomonadales
Pseudomonadales
Rickettsiales
Nitrospirales
Gaiellales
Bacteroidales
Acidimicrobiales
iiil-15
Phycisphaerales
Solirubrobacterales
S-70
Myxococcales
Opitutales

*Only Orders with >1% relative abundance were included in the analysis.
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Figure 4-5 (continued). Average frequency of detection among all classified samples analysis at the Order level, grouped
by pipe material, influent, iron supplementation, sample type, and combined pipe and influent.

Influent

Iron

Sample Type

Combined Pipe and Influent

PEX

Pedosphaerales
Syntrophobacterales
envOPS12
Fimbriimonadales
mlel-48
Caldilineales
MND1
Enterobacteriales
FAC87
agg27
WCHD3-30
YLAl14
PK29
Rhodocyclales
Flavobacteriales
Sediment-1
Sphingobacteriales
Thermales
Clostridiales
MVP-88
PHOS-HD29
Roseiflexales
Cenarchaeales
Ignavibacteriales
Campylobacterales

Pipe Material
Order* All
Copper
Pirellulales
Elusimicrobiales
Bacillales

DW FRW

Control

PP

Ferrous

Ferric

Bulk Water  Biofilm

Copper PEX Copper PEX
X DW XxDW  xFRW = xFRW

*Only Orders with >1% relative abundance were included in the analysis.
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Table 4-8. Binned unweighted core and discriminatory microbial community analysis conducted at the Order level, grouped
by pipe material, influent, iron supplementation, sample type, and combined pipe and influent.

Pipe Material Influent Iron Sample Type Combined Pipe and Influent

Order* All . Bulk e Copper PEXx Copper PEXXx
Copper PEX DW FRW | Control PP Ferrous  Ferric Water Biofilm X Bev DW N FpRpW FRW

Burkholderiales 1.00 1.00 1.00 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Rhizobiales 1.00 1.00 1.00 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Rhodospirillales 1.00 1.00 1.00 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Actinomycetales 0.99 1.00 097 | 1.00 0.98 1.00 1.00 1.00 0.92 1.00 0.97 1.00 1.00 1.00 0.96
Saprospirales 0.99 1.00 097 | 1.00 0.98 1.00 1.00 1.00 0.92 1.00 0.97 1.00 1.00 1.00 0.96
MLE1-12 0.96 0.91 1.00 | 0.96 0.96 0.95 1.00 0.83 1.00 1.00 0.91 0.92 1.00 0.91 1.00
Solibacterales 0.94 0.88 1.00 | 1.00 0.91 0.95 1.00 0.83 0.92 1.00 0.89 1.00 1.00 0.82 1.00
Sphingomonadales 0.94 1.00 0.89 | 096 0.93 0.91 0.92 1.00 1.00 1.00 0.89 1.00 0.92 1.00 0.88
Caulobacterales 0.91 0.82 1.00 | 1.00 0.87 0.91 0.96 0.92 0.83 0.97 0.86 1.00 1.00 0.73 1.00
Rhodobacterales 0.90 0.94 0.86 | 0.79 0.96 0.86 0.92 0.92 0.92 0.91 0.89 1.00 0.58 0.91 1.00
Legionellales 0.87 0.79 094 | 0.75 0.93 0.77 0.88 1.00 0.92 1.00 0.74 0.58 0.92 0.91 0.96
Planctomycetales 0.84 0.68 1.00 | 1.00 0.76 0.82 0.92 0.67 0.92 0.86 0.83 1.00 1.00 0.50 1.00
Cytophagales 0.83 0.76 0.89 | 0.71 0.89 0.73 0.88 0.83 0.92 0.97 0.69 0.75 0.67 0.77 1.00
Gemmatales 0.83 0.65 1.00 | 1.00 0.74 0.91 0.92 0.58 0.75 0.83 0.83 1.00 1.00 0.45 1.00
Xanthomonadales 0.80 0.62 097 | 0.88 0.76 0.91 0.75 0.75 0.75 0.89 0.71 0.75 1.00 0.55 0.96
Pseudomonadales 0.79 0.85 0.72 | 096 0.70 0.77 0.88 0.50 0.92 0.74 0.83 1.00 0.92 0.77 0.63
Rickettsiales 0.77 0.82 0.72 | 096 0.67 0.77 0.88 0.58 0.75 1.00 0.54 1.00 0.92 0.73 0.63
Nitrospirales 0.74 0.47 1.00 | 1.00 0.61 0.82 0.83 0.50 0.67 0.74 0.74 1.00 1.00 0.18 1.00
Gaiellales 0.71 0.50 092 | 096 0.59 0.77 0.79 0.50 0.67 0.69 0.74 1.00 0.92 0.23 0.92
Bacteroidales 0.67 0.35 0.97 | 063 0.70 0.64 0.58 0.67 0.92 0.66 0.69 0.33 0.92 0.36 1.00
Acidimicrobiales 0.63 0.29 094 | 083 052 0.82 0.63 0.42 0.50 0.66 0.60 0.75 0.92 0.05 0.96
iii1-15 0.57 0.18 094 | 058 0.57 0.55 0.63 0.50 0.58 0.60 0.54 0.33 0.83 0.09 1.00
Phycisphaerales 0.57 0.18 094 | 058 0.57 0.68 0.46 0.58 0.58 0.57 0.57 0.17 1.00 0.18 0.92
Solirubrobacterales 0.57 0.18 094 | 054 059 0.64 0.58 0.42 0.58 0.49 0.66 0.08 1.00 0.23 0.92
S-70 0.56 0.09 1.00 | 0.50 0.59 0.59 0.50 0.58 0.58 0.51 0.60 0.00 1.00 0.14 1.00
Myxococcales 0.54 0.09 097 | 058 0.52 0.59 0.54 0.50 0.50 0.54 0.54 0.17 1.00 0.05 0.96
Opitutales 0.54 0.26 0.81 | 054 054 0.55 0.54 0.33 0.75 0.57 0.51 0.42 0.67 0.18 0.88

*Only order with >1% relative abundance were included in the analysis. Core taxa (bold) were any taxonomic assignments
that were present in > 90% of all sample in the respective group. Discriminatory taxa (red) were defined as any OTU that
was found to be core in one group and at a prevalence < 20% in the compared group or if the difference in prevalence was

greater than 60% between the compared groups.
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Table 4-3 (continued). Binned unweighted core and discriminatory microbial community analysis conducted at the Order
level, grouped by pipe material, influent, iron supplementation, sample type, and combined pipe and influent.

Pipe Material Influent Iron Sample Type Combined Pipe and Influent

Order* All . Bulk e Copper PEXx Copper PEXXx
Copper PEX DW FRW | Control PP Ferrous  Ferric Water Biofilm X Bev DW N FpRpW FRW
Elusimicrobiales 0.53 0.03 1.00 | 0.50 0.54 0.55 0.50 0.58 0.50 0.54 0.51 0.00 1.00 0.05 1.00
Bacillales 0.51 0.47 056 | 0.63 0.46 0.68 0.58 0.17 0.42 0.31 0.71 0.58 0.67 0.41 0.50
Pedosphaerales 0.51 0.12 0.89 | 0.33 061 0.41 0.50 0.67 0.58 0.49 0.54 0.00 0.67 0.18 1.00
Syntrophobacterales | 0.51 0.03 097 | 054 050 0.59 0.50 0.50 0.42 0.54 0.49 0.08 1.00 0.00 0.96
envOPS12 0.49 0.12 0.83 | 042 052 0.45 0.58 0.17 0.67 0.49 0.49 0.00 0.83 0.18 0.83
Fimbriimonadales 0.47 0.00 092 | 038 052 0.45 0.46 0.50 0.50 0.49 0.46 0.00 0.75 0.00 1.00
mlel-48 0.46 0.00 0.89 | 050 0.43 0.50 0.50 0.33 0.42 0.49 0.43 0.00 1.00 0.00 0.83
Caldilineales 0.41 0.03 0.78 | 0.38 0.43 0.55 0.42 0.17 0.42 0.43 0.40 0.00 0.75 0.05 0.79
MND1 0.41 0.00 0.81 | 025 0.50 0.41 0.38 0.50 0.42 0.43 0.40 0.00 0.50 0.00 0.96
Enterobacteriales 0.36 0.32 0.39 | 0.38 0.35 0.36 0.25 0.42 0.50 0.20 0.51 0.33 0.42 0.32 0.38
FAC87 0.36 0.03 0.67 | 0.21 043 0.27 0.38 0.33 0.50 0.43 0.29 0.00 0.42 0.05 0.79
agg27 0.34 0.00 0.67 | 025 0.39 0.32 0.25 0.42 0.50 0.37 0.31 0.00 0.50 0.00 0.75
WCHD3-30 0.27 0.03 0.50 | 0.04 0.39 0.27 0.17 0.33 0.42 0.40 0.14 0.00 0.08 0.05 0.71
YLA114 0.27 0.03 050 | 0.00 041 0.27 0.25 0.17 0.42 0.29 0.26 0.00 0.00 0.05 0.75
PK29 0.26 0.00 0.50 | 0.17 0.30 0.23 0.25 0.17 0.42 0.26 0.26 0.00 0.33 0.00 0.58
Rhodocyclales 0.24 0.41 0.08 | 058 0.07 0.36 0.25 0.08 0.17 0.20 0.29 0.92 0.25 0.14 0.00
Flavobacteriales 0.23 0.26 0.19 | 033 0.17 0.41 0.17 0.08 0.17 0.20 0.26 0.25 0.42 0.27 0.08
Sediment-1 0.23 0.00 0.44 | 0.00 0.35 0.23 0.13 0.17 0.50 0.23 0.23 0.00 0.00 0.00 0.67
Sphingobacteriales 0.23 0.06 039 | 021 024 0.18 0.29 0.17 0.25 0.31 0.14 0.08 0.33 0.05 0.42
Thermales 0.21 0.00 042 | 042 011 0.23 0.29 0.25 0.00 0.23 0.20 0.00 0.83 0.00 0.21
Clostridiales 0.17 0.15 0.19 | 021 0.15 0.18 0.17 0.25 0.08 0.03 0.31 0.25 0.17 0.09 0.21
MVP-88 0.17 0.00 0.33 | 0.00 0.26 0.18 0.13 0.42 0.00 0.23 0.11 0.00 0.00 0.00 0.50
PHOS-HD29 0.13 0.06 0.19 | 013 0.13 0.09 0.04 0.00 0.50 0.17 0.09 0.17 0.08 0.00 0.25
Roseiflexales 0.11 0.03 0.19 | 0.21  0.07 0.09 0.13 0.00 0.25 0.14 0.09 0.08 0.33 0.00 0.13
Cenarchaeales 0.10 0.03 0.17 | 0.04 0.13 0.05 0.25 0.00 0.00 0.09 0.11 0.08 0.00 0.00 0.25
Ignavibacteriales 0.06 0.00 0.11 | 0.00 0.09 0.05 0.08 0.00 0.08 0.09 0.03 0.00 0.00 0.00 0.17
Campylobacterales 0.01 0.03 0.00 | 0.00 0.02 0.00 0.00 0.08 0.00 0.00 0.03 0.00 0.00 0.05 0.00

*Only order with >1% relative abundance were included in the analysis. Core taxa (bold) were any taxonomic assignments
that were present in > 90% of all sample in the respective group. Discriminatory taxa (red) were defined as any OTU that
was found to be core in one group and at a prevalence < 20% in the compared group or if the difference in prevalence was

greater than 60% between the compared groups.
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To identify the effect of pipe material, water source, iron and sample type on the
taxonomic composition of the SWHs, we determined the core and discriminatory taxa
grouped by each independent factor. SWHs with PEX pipe had an additional six core
Phyla, including Nitrospirae, OD1, Chloroflexi, Verrucomicrobia, Elusimicrobia, and
Armatimonadetes. Planctomycetes were not core Phyla in SWHSs that contained copper
pipe (Figure 4-4, Table 4-2). At the Order level, 17 additional taxa were classified as core
in SWHSs with PEX pipes, but Sphingomonadales and Rhodobacterales were not core in
comparison to when evaluating all SWHSs (Figure 4-5, Table 4-3). Similarly, Solibacterales

and Caulobacterales were not found to be core taxa in SWHs with copper pipe.

The SWHs had similar core Phyla in common when compared by grouping of water
source, iron amendment, or sample type (Figure 4-4, Table 4-2). The only exceptions
were Planctomycetes and Nitrospirae, which were core Phyla in DW SWHSs, and
Planctomycetes and Acidobacteria, which were core Phyla for SWHs with added ferric
pyrophosphate, ferric chloride, and the control, but not when adding ferrous chloride. At
the Order level, several taxa were defined as core in one condition, but not in the other
(Figure 4-5, Table 4-3). Most notably, DW SWHs were characterized by seven unique
core Orders, whereas SWHs with FRW had only two: Rhodobacterales and Legionellales,
the order containing Legionella species. Bulk water contained seven unique core Orders

and there were no unique core Orders in the biofilm of SWHs (Figure 4-5, Table 4-3).

The addition of iron resulted in differences of several core Orders (Figure 4-5, Table 4-3).
Most notably, SWHs with supplemented ferric chloride were characterized by
Pseudomonadales and Bacteroidales as unique core Orders. Xanthomonadales were

unique for SWHs with no added iron. Finally, Legionellales was defined as core for SWHs
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supplemented with either ferric chloride or ferrous chloride but not for the control or ferric

pyrophosphate.

Discriminatory Phyla and Orders were only observed when comparing between pipe
materials. SWHs with PEX pipes had Chloroflexi, Elusimicrobia, Armatimonadetes, TM7
and GNO4 as discriminatory Phyla when compared against SWHs with copper pipes
(Figure 4-4, Table 4-2). SWHSs with PEX pipes contained Bacteroidales, Acidimicrobiales,
iii1-15, Phycisphaerales, Solirubrobacterales, S-70, Myxococcales, Pirellulales,
Elusimicrobiales, Pedosphaerales, Syntrophobacterales, envOPS12, Fimbriimonadales,
mlel-48, Caldilineales, and MND1 as discriminatory Orders when compared against

SWHs with copper pipes (Figure 4-5, Table 4-3).

Taxa enriched by the interaction of copper and influent water type

To evaluate the combined effect of pipe material and influent water type, the core and
discriminatory analysis was repeated with the SWHs grouped by those two conditions.
When combining the effect of pipe material and water influent, SWHs with PEX pipe were
characterized by additional core Phyla (Figure 4-4, Table 4-2). When using DW as the
water source, TM6 was a core Phylum and when using FRW, TM7 and GNO4 were core
Phyla. In contrast, there were no unique core Phyla associated with SWHs with copper

pipe. Nitrospirae was a core Phylum when using DW as the influent, but not FRW.

Several Orders were classified as core for the different conditions (Figure 4-5, Table 4-
3). SWHs with PEX pipes were characterized by Cytophagales, iiil-15, Pedosphaerales,
Fimbriimonadales, and MND1 as unique core Order when using FRW as the water source

and only mle1-48 when using DW. SWHs with copper pipe and DW as the water source
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contained Rhodocyclales as a unique Order. SWHs with copper pipe and FRW as the
water source did not have any unique core Order. Relevant to the discussion of influence
of the chemical conditions on Legionella, Legionellales was core for all pipe-influent

combinations, except for when using copper pipes and DW as the influent.

Discriminatory analysis at the Phyla level revealed several taxa that were discriminatory
for combined pipe and water source conditions (Figure 4-4, Table 4-2). Nitrospirae was
found to be discriminatory for SWHs with PEX pipe and both water source and copper
pipe with DW against those with copper pipe and FRW. OD1 was only discriminatory for
SWHs with PEX pipe and both influents against those with copper pipe and FRW.
Verrucomicrobia was discriminatory for PEX pipe with FRW against copper pipe with
FRW. Chlorobi and OP3 were discriminatory for PEX pipe with FRW only against copper
pipe with both influents. TM7, GNO4, Parvarchaeota, and WS3 were discriminatory for
PEX pipe and FRW against all other combinations. Thermi was discriminatory for PEX

pipe and DW against all other combinations.

Discriminatory analysis at the Order level revealed several taxa that were discriminatory
for at combined pipe and influent conditions (Figure 4-5, Table 4-3). Most notably,
Nitrospirales, Gaiellales, and Acidimicrobiales were discriminatory for all against SWHs
with Copper pipes and FRW as the influent. Thermales was discriminatory for SWHs with
PEX pipes and DW as the influent against the rest. WCHD3-30, YLA114 and Sediment-
1 were discriminatory for SWHs with PEX pipes and FRW as the influent against the rest.
Rhodocyclales was discriminatory for SWHs with copper pipes and DW as the influent
against the rest. There were no discriminatory Orders for SWHs with copper pipes and

FRW as the water source against the rest.
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Correspondence analysis supported the findings of the core and discriminatory analyses.
At the Phylum level, Nitrospirae, Thermi, Planctomycetes, TM6, Firmicures and OD 1
were significantly correlated to the SWHs with PEX pipe and DW as the influent (Figure
4-6a). Parvachaeota, WS3, GNO04. Chlorobi, TM7, Crenarchaeota, and OP3 were
significantly correlated to the SWHs with PEX pipe and FRW as the water source (Figure
4-6a). The correspondence analysis also revealed that Armatimonadetes, Elusimicrobia,
Chlorofelxi, Verrucomicrobia and GNO2 were significantly correlated to PEX pipe
conditions (Figure 4-6a). No Taxa were significantly correlated to the copper conditions

at the Phyla level.
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Figure 4-12. Impact of pipe material on microbiota illustrated using PCA plot of SWHs
with overlaid correspondence analysis for (A) phylum with p-value cutoff of 0.05 and (B)
order with p-value cutoff of 0.05 for taxa with 1%> relative abundance.

At the Order level several taxa were associated with SWHs comprised of PEX pipe with
DW and/or FRW (Figure 4-6b). Notably, Legionellales was significantly correlated to
FRW, tending to the SWHs with PEX pipe. Rhodocyclales and Pseudomonadales were
associated with SWHs with DW as the influent, tending to those with copper pipe (Figure
4-6b). Finally, no Order was significantly associated with SWHs with copper pipe and

FRW as the influent (Figure 4-6b).
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Taxa associated with L. pneumophila

Based on a prior study in which L. pneumophila were enumerated in the SWHs (Martin
et al.,, n.d.) we classified the SWHSs as containing High (>100CFU/ml or CFU/cm?) or Low
(all other SWHSs) levels of L. pneumophila (Figure 4-7a). A LEfSe method subsequently

applied towards identifying bacterial Orders found in the High L. pneumophila SWHs.

. n
_ o
p _
g A : : N
Rho
L 15001 — B -
o |
5 Copper PEX Copper PEX ="‘
€ Pipe pipe  pipe pipe —
£ x5 |
2 3 g N | 1
—
100071 ——
2 : ] ——
o o =
= " i Flint River — p"
< Detroit water
S, Water [—
[s]
§ R -
3 500 .
< (————]
o ==
£ =
2 100 CFU/mI or CFU/cm? | R
- it O -
) T T 0 (————)
¢ ° | R -
- | R ...
Simulated Water Heaters I .

i i i 0 [ I ] i i i '
-6.0 -4.8 -36 -24 -12 00 12 24 36 48 6.0
LDA SCORE (log 10)

Figure 4-13. Bacterial Orders associated with High levels of L. pneumophila. (A) Each
SWH ranked in terms of number of L. pneumophila enumerated (CFU/ml). SWHs with
>100CFU/ml L. pneumophila were classified as “High”. (B) Linear discriminant analysis
Effect Size (LEfSe) analysis showing bacterial Orders that were significantly associated
with High L. pneumophila culture (LEfSe, log10LDA score > 2.0, p <0.05). L. pneumophila
were enumerated by culture in a prior study (Martin et al., n.d.).

Eight Orders were associated with the classification of the SWH as Low Legionella. These
include Saprospirales, Rhodospirillales, Syntrophobacterales, Pseudomonadales,

mlel_ 48, Pirelullales, Nitrospitales and Rhodocyclales (Figure 4-7b). Twenty-eight
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Orders were associated with high Legionella, including Legionellales, envOPS12,

Solirubrobacterales, YLA114, and Plantomycetales among others (Figure 4-7b).

Discussion

Copper pipes produced communities with lower diversity

This study provides new insight into the combined effect of water chemistry and pipe
material on the premise plumbing microbial community and the potential for L.
pneumophila to proliferate in premise plumbing. Pipe material was found to be the
strongest factor shaping the microbial composition (R?= 0.96, p-value < 0.005; Table 4-
1). Copper produced a selective pressure that decreased diversity (Figure 4-3) and
suppressed specific OTUs, as observed by the absence of discriminatory OTUs and
unique core OTUs (Figure 4-4, Figure 4-5, Table 4-2, Table 4-3), and no significantly
associated OTU (Figure 4-6). Copper pipe is known to have a biocidal effect that shapes
the microbial community in drinking water environments (Lehtola et al., 2004; Y. E. Lin et
al., 2011; Shih & Lin, 2010). Here such biocidal effects appeared to be enhanced by FRW,
which is logical given that this more corrosive water releases more copper into agueous

solution.

In contrast, the SWHs containing nontoxic PEX pipes also housed a higher diversity of
microbes (Figure 3) and were characterized by several unique Core taxa, discriminatory
taxa (Figure 4-4, Figure 4-5, Table 4-2, Table 4-3), and significantly associated OTUs
(Figure 4-6). PEX pipe also releases organic carbon to the water, which has been
reported to promote the overall growth of a diverse range of bacteria (Bucheli-Witschel et
al., 2012; Inkinen et al., 2018; Lu et al., 2014; Proctor et al., 2017; Skjevrak et al., 2003).

Taxa that were associated with the PEX pipes included OTUs that perform many unique
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and diverse roles in the microbial community (Bucheli-Witschel et al., 2012; Inkinen et al.,

2018; Lu et al., 2014; Proctor et al., 2017; Skjevrak et al., 2003).

Flint River Water enhanced the biocidal effects of copper pipes

The Flint Water Crisis was associated with the change of water source from DW to the
much more corrosive FRW. Previous studies discussed the influence of the water source
on the growth of L. pneumophila (Martin et al., 2020; Rhoads et al., 2017; Schwake et al.,
2016; Smith et al., 2019; Zahran et al., 2018), but this is the first study, to our knowledge,
to systematically evaluate the effect of the FRW on the microbial community composition
of the water. Specifically, we considered key interactions, such as pipe material, which
could help explain some of the apparent inconsistent patterns in the outbreak (e.g., some
buildings and hospitals were more affected than others) (Smith et al., 2019). Within the
same pipe material, the influent water type (FRW or DW) was the main factor that defined
the microbial composition in SWHs with the same pipe material (Figure S4-1, Table S4-
1). Even though there were no OTUs that were found to discriminate between the SWHs
in terms of whether they were fed FRW or DW influent, there were differences in terms of
core Taxa. Particularly, DW was associated with numerous core Phyla and Orders that
were not core to FRW SWHSs. This suggests that the more corrosive FRW water influent,
in conjunction with the biocidal effect of copper, suppresses some taxa. The only
exceptions were Legionellales and Rhodobacterales, which were found to be core Orders
in SWHs fed FRW, but not DW (Figure 4-5, Table 4-3). Legionellales was also significantly
associated with SWHSs fed FRW, as observed by the correspondence analysis (Figure 4-
6b). Legionellales is the Order that contains L. pneumophila, which is logical given that
the Flint Legionnaires’ Disease outbreak occurred when the city was using FRW as its
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source (Pieper et al., 2017, 2018; Rhoads et al., 2017; Schwake et al., 2016; Smith et al.,
2019; Zahran et al., 2018). Rhodobacterales are found in marine environments and
species from this Order are known to have multiple metabolic pathways that allow them
to survive in harsh conditions (Durham et al., 2014; Kaftan et al., n.d.; Rosales et al.,
2020). Rhodobacterales have also been found to be abundant in free-chlorine-treated
drinking water distribution system simulators (Gomez-Alvarez et al., 2012). Interestingly,
they also observed a higher number of sequences associated with Legionella in free-

chlorine-treated drinking water systems (Gomez-Alvarez et al., 2012).

Several OTUs were excluded by the combined effect of copper and FRW, as observed
by the lower diversity indexes (Figure 4-3), lower number of core and discriminatory taxa
(Figure 4-4, Figure 4-5, Table 4-2, Table 4-3), and no significantly associated Order
(Figure 4-6), when comparing to SWHs with copper pipes and fed DW. For example,
Nitrospirales, Gaiellales, and Acidimicrobiales were discriminatory for all SWHs against
those with copper pipes and FRW as the water source. Species from the Order Gaiellales
have been found in harsh environments (R. W. Chen et al., 2021). Copper dosing in rapid
sand filters for drinking water production was not able to change the relative abundance
of Nitrospira, a genus in the Order Nitrospirales (Wagner et al.,, 2019). Some
Acidimicrobiales have been isolated from environments rich in copper and have been
described for their metal oxidizing capabilities (Stackebrandt, 2014). The more corrosive
FRW released more soluble copper (Martin et al., 2020) (Table S4-3), which might explain
the observed lower diversity. Orders that were suppressed only in the copper pipe/FRW
condition suggest that they have a threshold of copper resistance. This data supports the

claim that the use of more corrosive water, such as FRW, will enhance the biocidal effects
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of copper on the bacterial community, even for organisms found in harsh environments

and with some copper resistance.

Rhodocyclales was the only Order that was discriminatory for copper SWHs fed DW, as
compared against all other SWHs, and significantly associated as determined by
correspondence analysis (Figure 4-6b). Rhodocyclales is a microbial taxon of wastewater
treatment interest, that includes genera that may act as removers of phosphorus
(Hesselmann et al., 1999) and polycyclic aromatic hydrocarbon (Anders et al., 1995;
Mechichi et al.,, 2002), and primarily as denitrifiers (Ginige et al., 2005; Morgan-

Sagastume et al., 2008; Thomsen et al., 2007; Z. Wang et al., 2020).

The microbial community was not heavily influenced by iron supplementation

Even though there was a clear increase of iron in the water during the Flint Water Crisis,
which was associated with the increase incidence of Legionnaires’ Disease (Rhoads et
al., 2017), in our experiments under controlled conditions, iron did not appear to have
much of a measurable effect on the microbial community composition. However, there
were differences observed in the core analyses, where some Orders were found to be
core in certain iron conditions, such as Legionellales in ferric and ferrous, and
Bacteroidales and Pseudomonales in ferric chloride. Iron is known to be a micronutrient
in lower doses, both for L. pneumophila (Rakic et al., 2012; Rhoads et al., 2017; States
et al., 1985; Stout et al., 1992) and most other bacteria (Krewulak & Vogel, 2008). Even
though during the Flint Water Crisis, higher iron was observed, it seems that in the
controlled experimental conditions, the previously discussed parameters are more

influential in shaping the microbial community.

115



Taxa associated with low and high culturable L. pneumophila numbers

The microbial community has been proposed to be influential on the ability of L.
pneumophila to grow in premise plumbing (H. Wang et al., 2013). The LEfSe analysis
revealed several Orders that were significantly associated with the presence of High or
Low culturable L. pneumophila (Figure 4-7). OTUs that were associated with high or low
L. pneumophila encompassed a wide array of microorganisms commonly found in natural
and artificial aquatic environments (Dedysh, 2021; Elshahed et al., 2007; Graells et al.,
2018; Haro-Moreno et al., 2020; Holinger et al., 2014; Lapara et al., 2000; Proctor et al.,
2016; Spain et al., 2009; Thomas et al., 2006; Tsao et al., 2019; van der Kooij et al., 2017;
Wong etal., 2017; Won et al., 2017; Z. Xu et al., 2018). These microbes have been shown
to exhibit diverse metabolisms such as ammonia oxidation (Pereira et al., 2017) and
sulfate reduction (in 't Zandt et al., 2019). Of the Orders associated with low culturable L.
pneumophila, Pseudomonales is of particular interest because it contains Pseudomonas
species that are known to inhibit the growth of L. pneumophila (M. H. Corre et al., 2019;
M.-H. Corre et al.,, 2021). Interestingly, the correspondence analysis revealed that
Pseudomonas is significantly associated with SWHs with DW as the water source,
particularly to those with copper pipe (Figure 4-6b). The numerous Orders associated
with the presence of High culturable Legionella are most likely due to the higher
abundance of L. pneumophila in the more diverse PEX pipe. Even though there is the
possibility that some of those Orders have symbiotic relationships with Legionella, further

experimentation must be done.
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Concluding remarks

The present study the first attempt at systematically evaluating the role of pipe material
and FRW on the microbial community. Specifically, we considered key interactions, such
as pipe material, water source, and supplemented iron, which could help explain some of
the patterns observed during the Flint Water Crisis. The observed differences highlight
the importance of considering the combined effect of pipe material and water influent,
particularly the increased biocidal effect of copper pipes when combined with a more
corrosive water. This study showed that the use of corrosive control in municipal water
systems goes beyond the influence on lead and copper pipes, but also on the microbial
community, which in part influences L. pneumophila. We also identified Orders that were
associated with the presence of high and low culturable L. pneumophila. Our results
highlight the unique dynamic between the water chemistry and the microbial composition
that will influence the growth of L. pneumophila. Future research should consider this
dynamic to perform informed experiments of L. pneumophila incidence in drinking water.
Furthermore, the use as probiotics of the organisms that are associated with low L.
pneumophila identified here should be explored to advance the field of Legionnaire’s

disease control.
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Materials and methods

Materials

Water was prepared as previously described (Martin et al., n.d.). Raw FRW was collected
at the influent to the treatment plant (43.018230, -83.693944) and subjected to
coagulation using 56 mg/L ferric chloride, 10 minutes stirring for flocculation, 159 mg/L
lime [as Ca(OH).] for softening, and another 15 minutes of flocculation. After 4 hours
settling the water was filtered through a column of glass wool to simulate sand filtration.
DW was collected from a home in the Flint system after flushing 10 minutes, and then

stored at 4°C until free chlorine dissipated.

Simulated Water Heaters (SWHS)

The experimental set up for the SWHs was previously reported (Martin et al., n.d.). Briefly,
SWHSs were set up using 120 mL borosilicate glass bottles containing about 85 cm? of
either copper or PEX pipe material. The SWHs were aged for 9.5 years, including 2.5 that
were fed with FRW or DW (Matrtin et al., n.d.; Proctor et al., 2017; H. Wang et al., 2015;
Williams et al., 2015). At the start of the experiment, at week 0, the SWHs were inoculated
with a mixture of L. pneumophila environmental isolates. The SWHs were incubated on a
shaker table, continuously mixed at 100 revolutions per minute at 37°C to simulate water
recirculation or flow due to internal convection within warm regions of premise plumbing
(Rhoads et al., 2016). For the duration of the experiment, half of the volume in each
reactor was changed twice per week with fresh influent water. SWHs with FRW were
dosed with 300 pg/L total iron of either ferric chloride, ferrous chloride, or ferric

pyrophosphate. SWHs with DW were dosed with 300 pg/L total iron of ferric
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pyrophosphate. Controls were included for the SWHs with FRW and DW. After 60 weeks
of incubation, SWHs were sampled for biofilm and bulk water DNA. For bulk water DNA,
50 mL of the water in each reactor were filtered through 0.22 uM pore mixed-cellulose
ester membrane filters (Cen-Med Enterprises, NJ). Biofilm was sampled as previously
described (Kozak et al., 2013; Martin et al., n.d.). Briefly, the inside of one pipe coupon
was swabbed three times with a sterile polyester tipped swabs (Cardinal Health, OH).
This process was repeated again for a different pipe coupon. Filter containing the bulk

water and swabs containing biofilm DNA were stored at -20 °C until further processing.

Culture

L. pneumophila from biofilm was quantified on week 60 and L. pneumophila from bulk
water was quantified on week 55. Culturable L. pneumophila were enumerated by plating
onto buffered charcoal-yeast extract (BCYE) agar plates (12 g of agar, 2 g of activated
charcoal, 1 g of a-ketoglutarate monopotassium, 10 g of ACES buffer, 2.8 g of potassium
hydroxide, 0.25 g of iron pyrophosphate, 3 g of ammonium-free glycine, 80000 IU
polymyxin B sulfate, 0.001 g of vancomycin hydrochloride, 0.08 g of cycloheximide, and
0.4 g of L-cysteine monohydrate per liter) (ISO 11731:2017 Water Quality — Enumeration
of Legionella, 2017). Colonies were counted on day five and seven, and Legionella was
confirmed by streaking onto plates with and without L-cysteine whereas L. pneumophila
serogroup 1 was confirmed using established polymerase chain reaction (PCR) primers

and protocols (Mérault et al., 2011; Wullings et al., 2011).
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DNA extraction

Filters containing bulk water DNA and swabs containing biofilm DNA were subjected to
DNA extraction using the bacterial protocol of the FastDNA Spink Kit (MP Biomedicals,
OH). After extraction, the DNA of the two swabs of each reactor were combined into one

for further sample processing.

16S rRNA gene amplicon sequencing

For each SWHSs, one biofilm DNA sample and one bulk water DNA sample were used for
16S rRNA gene amplicon sequencing. The DNA was subjected to PCR amplicon
sequencing using the modified universal bacterial/archaeal 515f/926r primer set targeting
the V4-V5 region of the 16S rRNA gene (Caporaso et al., 2012; Walters et al., 2016).
After PCR amplification, all samples consisted of pooled triplicate positive PCR products
and a negative control, which was used to provide QA/QC for sample contamination
during PCR amplification. Positive samples that successfully passed QA/QC were then
quantifies using the dsDNA HS-assay (Invitrogen™ Qubit™ 3 Fluorometer, Waltham,
MA), before being composited with other barcoded samples at 200 to 240 ng of DNA
mass per sample. The sample pool was purified using a QIAquick PCR Purification Kit
(Qiagen, Valencia, CA) before being submitted for sequencing. Sequencing was
conducted at the Fralin Life Sciences Institute Genomic Sequencing Center which is part
of the Fralin Life Science Institute at Virginia Tech on an Illumina MiSeq using a 250 cycle

paired end protocol.

Reads were processed using the QIIMEZ2 pipeline (Bolyen et al., 2019). Libraries were

demultiplexed, trimmed to remove low quality reads, and then processed using DADA2
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for merging of paired end reads, denoising, chimera removal, and error correction.
Generated amplicon sequence variants (ASVs) from DADA2 processing were then
clustered at 99%, and classified using the Greengenes database (May 2013 release)
(DeSantis et al., 2006). Classified OTUs were then binned if they contained the same full
classification and sequences related to mitochondria and chloroplast were removed.

OTUs were then exported to be utilized for downstream data analysis.

Data analysis

Normalized taxonomy plots providing relative abundance were determined by dividing the
number of reads by the total number of reads for a specific SWH. Any Phyla with <2%
relative abundance was assigned as “Other”’. Normalized taxonomy was plotted using

ggplot2 package in R.

Beta diversity, correspondence analysis and alpha diversity were determined after the
data was rarefied to 8,847 reads (minimum read number per sample) with seed 711 using
Phyloseq R package. Unweighted and weighted UniFrac distance matrices were
calculated and used to generate non-metric multidimensional scaling (NMDS) plots.
Correspondence analysis was run at the Phylum and Order level using Phyloseq and
Vegan packages with p-value cutoffs of 0.05 and visualized in principal coordinate
analysis (PCA) plots. Significant Phyla and Order that had less than 1%> relative
abundance in all SWHs were filtered out of the analysis. Shannon diversity, Richness and

Evenness indicators were calculated using Vegan package.

Core and Discriminatory Microbial Community Analysis utilized both unweighted core and

discriminatory analysis. The total SWHs were grouped by either pipe, water source,
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sample type, iron and the pipe and water influent combined. A binned classification-based
approach was used which allows for condensing OTUs with the same taxonomic
classification. Unweighted taxonomically assigned OTUs were averaged together for
each condition of interest, calculating a frequency of detection percentage for each
identified OTU. For our analysis, core taxa were any taxonomic assignments that were
present in greater than 90% of all sample in the respective group. Discriminatory taxa
were defined as any OTU that was found to be core in one group and at a prevalence
less than 20% in the compared group or if the difference in prevalence was greater than
60% between the compared groups. Significant Phyla and Order that had less than 1%>

relative abundance in all SWHs were filtered out of the analysis.

All statistical analyses were conducted in R version 4.0.2 using the vegan package
(Oksanen et al., 2020). Statistical differences between generated sequences, were tested
using analysis of variance (ANOVA). Unweighted UNIFRAC distance matrices were
tested using the analysis of similarities (ANOSIM). Linear discriminant analysis effect size
(LEfSe) (Segata et al., 2011) was used to evaluate the statistical significance of the
differences in relative abundance of Order associated with high or low culturable L.

pneumophila. All statistical testing were considered significant with a p < 0.05.
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Figure S4-1. NMDS plot illustrating the beta diversity of the microbial community based
on unweighted [(copper (A) and PEX (C)] and weighted [(copper (B) and PEX (D)] UniFrac
distance. Circles represent SWHs with Detroit Water as the influent and triangles
represent SWHs with Flint River Water as the influent. SWHs with copper pipe (darker
color) or PEX pipe (lighter color) were supplemented with ferric pyrophosphate (red),
ferrous chloride (green) or ferric chloride (yellow). Controls (blue) were not supplemented
with iron. Each reactor was sampled for bulk water (solid) and biofilm (open).
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Figure S4-2. Effect of Iron on Shannon diversity (A), Richness (B), and Evenness (C).
Circles represent SWHSs with Detroit Water as the influent and triangles represent SWHs
with Flint River Water as the influent. SWHs with copper pipe (darker color) or PEX pipe
(lighter color) were supplemented with ferric pyrophosphate (red), ferrous chloride (green)
or ferric chloride (yellow). Controls (blue) were not supplemented with iron. Each reactor
was sampled for bulk water (solid) and biofilm (open). No observed significant differences
between pipe and influent groups.
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Figure S4-3. Effect of sample type on Shannon diversity (A), Richness (B), and Evenness
(C). Circles represent SWHs with Detroit Water as the influent and triangles represent
SWHs with Flint River Water as the influent. SWHSs with copper pipe (darker color) or PEX
pipe (lighter color) were supplemented with ferric pyrophosphate (red), ferrous chloride
(green) or ferric chloride (yellow). Controls (blue) were not supplemented with iron. Each
reactor was sampled for bulk water (solid) and biofilm (open). Significant differences
between groups were determined using ANOVA tests with post hoc Tukey test (p values
<0.05).
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Table S4-1. Impact of various factors on the microbial community across all samples
filtered by pipe material

Copper Pipe PEX Pipe
Factor Unweighted Weighted Unweighted Weighted
R? P R? P R? P R? P
Water 0.3961 0.0001 0.4361 0.0002 0.7907 0.0001 0.4391 0.0001
Iron 0.2748 0.0001 0.2422 0.0012 0.1795 0.0054 0.312 0.0001

Sample Type 0.2857 0.0001 0.3157 0.0002 0.2614 0.0003 0.1973 0.0004

ANOSIM analysis was utilized with permutation = 1000 (package “vegan” in R).
Unweighted UniFrac considers presence/absence of each OTU, while weighted UniFrac

also considers relative abundance of each OTU.

Table S4-2. Average percentage of classified reads calculated per taxonomic level.
Water influent Pipe  Sample Type N Phylum Class Order Family Genus Species

All All All 70 9467 9235 59.82 4291 17.39 5.05

Flint River Water Copper Bulk Water 11 99.97 99.96 63.80 6050 18.87 4.39
Flint River Water  PEX Bulk Water 12 90.54 8341 6356 29.39 16.75 6.24
Flint River Water Copper Biofilm 11 99.76 99.43 57.88 5451 19.32 4.70
Flint River Water PEX Biofilm 12 9497 9099 66.65 33.25 20.76 5.80
Detroit Water Copper Bulk Water 6 99.71 99.69 46.75 43.27 13.03 5.28
Detroit Water PEX Bulk Water 6 82.29 79.27 5427 37.44 13.73 3.87
Detroit Water Copper Biofilm 6 99.66 99.57 5271 47.09 15.26 4.97
Detroit Water PEX Biofilm 6 85.65 8451 60.71 36.68 15.84 4.05
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Table S4-3. SWH influent and effluent water quality measurements compared to Flint citywide data available from August

2015 (mean + standard deviation or mean (5% — 95™ percentile)) (Martin et al., 2020)
Treated Flint River (TFR) Water Detroit Water
Water Quality c::til,\?vti(\j,zaéirta Control Api?rei: Adgﬁlc(j) I!:izgric FA::EOGSS Control AF:?r?g
Parameter (August 2015)! Pyrophosphate Chloride Pyrophosphate
Copper Pipe Coupons
Effluent pH 7.6+0.2 8.2+0.1 76+04 7.8+0.5 8.2+0.02 85+0.1 83+0.1
Cu?* at influent pH (ug/L)? 170 + 36 110 £ 43 170 + 86 210+ 73 <10 <10
Cu?* at effluent pH (ug/L) <10 28+ 25 9.4+16 45 + 58 <10 <10
Soluble effluent copper (ug/L) 560 + 36 480 + 110 600 + 190 740+ 9.6 220+94 200 + 14
Total effluent copper (ug/L) 121 + 201 1,100 + 250 12‘2%? 14,000 +970 7,400 £2,700 8,100 + 6,500 5;28 Oi
Total effluent phosphorus (ug/L) 0.04 + 0.06 50 + 31 328 +109 144 + 69 82 + 29 2654 + 1139 3828 + 1096
PEX Pipe Coupons
Effluent pH 7.6+0.2 82+0.1 7.7%x0.1 81+0.2 8.2+0.2 8.2+0.1 8.1 £0.02
Soluble effluent copper (ug/L) 6.2+3.8 74+15 6.5+0.8 25+ 18 34+0.9 17.6+12
Total effluent copper (ug/L) 121 £ 201 8.3+£59 79+15 74+0.2 31+£23 3.1+0.6 52+ 71
Total effluent phosphorus (ug/L) 0.04 + 0.06 52+ 63 307 + 61 13+13 79 +59 2396 + 1600 2990 + 600
Influent Measurements for PEX and Copper Coupons
10+21 300 as Fe'' 300asFe’  300asFe 38 £23 300 as Fe''

Total influent iron (ug/L)3 110 (21-340)*
IFlint water citywide data from homes surveyed in Flint in August 2015.(Pieper et al., 2017)
2Influent pH for all SWH was 7.3 = 0.1, Lower limit of detection was 10 ug/L. Samples below the detection limit are listed as <10.
3Control condition values are averages in each influent water over the duration of the experiment. For each condition with added iron, the value given is the added dose

into each SWH at each water change
4 Comparable Detroit iron concentrations from citywide data after the water crisis are <10 (minimum reporting level) (<10-130) pg/L
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CHAPTER FIVE. Concluding Remarks and Future Directions

Mass spectrometry-based proteomics has been used to study L. pneumophila mainly in
the assessment of life cycle and infection. In Chapter Two, a review of the current
literature was presented to summarize the main findings on the study of L. pneumophila
derived from proteomic experiments. Studies in media showed the similarity of
exponential and post exponential L. pneumophila to the replicative and transmissive
stages, respectively. Proteomic experiments during infection revealed differences
between intracellular subpopulations. Proteomic studies on the LCVs also identified
specific host proteins that are modified by L. pneumophila for successful intracellular
replication. Finally, there has only been one proteomic report currently published on the

L. pneumophila in water.

Proteomics experiments not only allow to investigate the overall physiological state of an
organism, but proteomic changes lead to the generation of testable hypotheses. This was
evidenced in the functional description of L. pneumophila effectors, in which the targets
were discovered through untargeted proteomics experiments. The powerful capabilities
of proteomics approaches should be harnessed to test hypothesis generated from
previous genomic and proteomic studies utilizing relevant environmental conditions. The
power of proteomics to capture the functional biology of L. pneumophila might assist in
clarifying gaps in the literature, such as the discrepancies on the use of copper to control
the growth of L. pneumophila.
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Chapter Three provided the first proteomic assessment of an environmental strain of L.
pneumophila under relevant environmental conditions. The results supported the claim
that the ability to resist copper and the significantly higher relative abundance of
pathogenesis related proteins are linked and may be regulated via sigma factors such as
RpoS. The induction of redox/metal homeostasis proteins and motility/pathogenesis
proteins occurs in parallel, providing two strategies for survival, the first via adaptation to
the environment and the second by initiating strategies to locate a host through the
expression of motility and pathogenesis related proteins. Thus, L. pneumophila that are
not effectively killed by copper may be more virulent than L. pneumophila not exposed to
copper. This is of particular interest due to the role of copper observed in Legionnaire’s
disease outbreaks such as those associated with the Flint Water Crisis. Future work
should concentrate on testing the infectivity of copper resistant L. pneumophila after

copper exposure, to evaluate if it exhibits higher pathogenicity.

Chapter Four was the first attempt at systematically evaluating the role of pipe material
and Flint River Water (FRW) on the microbial community. Specifically, we considered key
interactions, such as pipe material, water source, and supplemented iron, which could
help explain some of the patterns observed during the Flint Water Crisis. The observed
differences highlighted the importance of considering the combined effect of pipe material
and water influent, particularly the increased biocidal effect of copper pipes when

combined with a more corrosive water. This study showed that the use of corrosion control
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in municipal water systems goes beyond the influence on lead and copper pipes, but also

on the microbial community, which in part influences L. pneumophila.

We also identified Orders that were associated with the presence of high and low levels
of culturable L. pneumophila. Our results highlight the unique dynamic between the water
chemistry and the microbial composition that correlates with the growth of L.
pneumophila. Future research should consider evaluating the role of the microbial
community and how it relates to L. pneumophila growth in drinking water. This work
strongly supports the concept of premise plumbing probiotics to advance the field of
Legionnaire’s disease control in drinking water systems. For example, by directly dosing
some of the organisms identified in here to the drinking water system or changing the
environmental conditions to promote the growth of these same organisms so that the

levels of L. pneumophila could be reduced.
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