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ABSTRACT

Escherichia coli can function as part of the normal human gut flora, or it can act as a virulent
pathogen, either within the intestinal tract or without. While intestinally pathogenic E. coli tend
to share particular traits and can be distinguished from commensal strains, extraintestinally
pathogenic E. coli (EXPEC) are not readily distinguishable from commensal strains. The fecal-
oral transmission of EXPEC means that these strains are regularly subjected to the same selection
pressures as intestinal strains and may be isolated from the stool of healthy individuals, thereby
being labeled as commensal despite their pathogenic potential. Additionally, the adaptations that
render a strain more able to cause extraintestinal infection do not appear to be a particular suite
of changes, as with Shigella, but are more likely to be some combination from a much larger set
of pathoadaptive mutations. My research is interested in exploring this larger set of
pathoadaptive mutations.

Part 1 (chapters 2-3) explores naturally occurring variation within the fim operon across a
number of strains of varying pathotypes. The fim operon codes for a long adhesive filament
which is involved in normal transmission and persistence of commensal E. coli and which has
also been shown to be involved in migration to and persistence in the urinary tract. Our lab has
identified a number of mutations affecting the structure and secretion of the adhesin, FimH,
which are associated with uropathogenic E. coli. However, many uropathogenic strains have no
such mutations; my research explores whether other variations in the fim operon are associated
with extraintestinal pathogenicity. Such mutations could help us understand the role of type 1
fimbriae in extraintestinal infections and potentially illuminate novel characteristics of T1F.
While many of the characteristics of the fim operon were as expected given previous research,

variation in the short-term is significantly biased towards nonsynonymous and noncoding

il



positions. Additionally, relatively high levels of variation were observed upstream of fimH, with
one position under positive selection in a lineage including many ExPEC strains.

Part 2 (chapters 4-5) explores the evolution and diversification of an E. coli strain over the
course of a long-term chronic infection, in this case in the airways of an individual with cystic
fibrosis (CF). Patients with CF develop chronic lung infections that are frequently polymicrobial.
Work by our collaborators demonstrated that E. coli can not only colonize the lungs of cystic
fibrosis patients, it can persist for months to years and undergoes characteristic phenotypic
changes (mucoidy, small colony variants, and antibiotic-resistance) seen in typical CF pathogens
during chronic infection. We sequenced the genomes of clonal isolates with varying phenotypes
from a single patient and identified mutations specific to each. These mutations allowed us to
distinguish and follow lineages that arose over the course of infection, and one mutation, a

truncation in mdoH, was definitively shown to be the cause of the mucoid phenotype.
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CHAPTER 1:
BACKGROUND
1.1 Escherichia coli

Escherichia coli can be considered as a useful model organism, a beneficial resident of the
gastrointestinal tract, a common nuisance infection, or a deadly pathogen, depending on what
research is being discussed. It is fast-growing, straightforward to culture, and can be isolated
from human sources; these qualities likely led to its cultivation and study in the early days of
microbiology. Some extant laboratory strains are descended from strains originally isolated a
century ago (Daegelen et al., 2009). In this time, E. coli has been very well characterized in a
number of domains. Given the wealth of prior work in some areas such as basic cell biology,
further research in E. coli is usually more useful than recapitulating the work in other organisms.
However, the laboratory strains and model pathogens that are commonly studied represent only a
tiny fraction of the diversity in this species, and recent work has begun to explore this gap
(Hobman et al., 2007; Ochman and Selander, 1984; Oh et al., 2012; Reisner et al., 2006).

The vast majority of E. coli are commensal. E. coli is a ubiquitous inhabitant of the
gastrointestinal tract of humans and most other warm-blooded vertebrates (Darling, 1894; Sears
et al., 1950; 1956; Tenaillon et al., 2010). These commensal strains provide host services,
synthesizing vitamin K and providing a barrier to colonization by pathogens (Hudault et al.,
2001; Maltby et al., 2013). An interesting minority of E. coli are pathogens themselves, however,
and these strains cause disease ranging from diarrhea to urinary tract infections to sepsis
(Johnson and Russo, 2002; Nataro and Kaper, 1998; Smith et al., 2007). In general, pathogenic
E. coli are separated into two categories: intestinally pathogenic or diarrheagenic E. coli (DEC)

and extraintestinally pathogenic (EXPEC).



1.2 Pathogenic E. coli

Diarrheagenic E. coli (DEC) are the causative agents of gastroenteritis ranging from mild to
severe. E. coli has long been known to be a major cause of diarrhea across ages, but it is only
more recently that the true diversity of E. coli that can cause diarrhea has been discovered.
Within the wider grouping of DEC, strains are further categorized by their mechanism of disease
and the histopathology associated with infection (Nataro and Kaper, 1998). The most well-
known of these is enterohemorrhagic E. coli (EHEC), particularly the prototypical serotype
O157:H7. EHEC gets substantial media coverage, as it causes severe illness, particularly in
children, and is often transmitted by foods that the public generally considers safe, such as
produce (Gould et al., 2009; Rangel et al., 2005).

Other DEC are responsible for a far greater number of infections. However, as non-EHEC
DEC generally cause milder episodes of diarrhea (i.e. neither bloody nor cholera-like), they
receive far less attention. In the developed world, diarrheal illnesses are mostly seen as a
nuisance. Episodes of uncomplicated diarrhea are easily treated with supportive therapy, and
antibiotics can be employed when necessary (Freedman et al., 2013). In the developing world,
however, even uncomplicated diarrhea can easily become fatal, particularly where medical care
is scarce and clean water difficult to obtain. The worldwide burden of DEC is estimated at 300
million cases and 500,000 deaths per year (Kosek et al., 2003). Each DEC subtype has its own
pathogenicity, transmissibility, geographic distribution, and so on, but collectively they are
responsible for a tremendous amount of ill health and death.

Extraintestinally-pathogenic E. coli (EXPEC) cause far fewer deaths than DEC, but these
strains still cause substantial morbidity (Emori and Gaynes, 1993; Foxman and Brown, 2003;

Jackson et al., 2005). The most common extraintestinal E. coli infection is urinary tract



infections (UTI). The majority of community-acquired UTI in the US are caused by E. coli. In
2003, these were responsible for approximately 7 million doctor visits and 100 000
hospitalizations, and annual cost of these infections has been estimated to exceed $1.5 billion
(Foxman et al., 2000; Foxman and Brown, 2003). More than half of women will experience a
UTT prior to menopause, and many who have one infection will go on to experience multiple
UTTIs (Foxman, 1990; Foxman et al., 2000; Ikdhelmo et al., 1996; Stamm et al., 1989).
Community-acquired UTIs are also generally thought of as a nuisance rather than a threat in the
developed world, and even hospital-acquired UTIs are often treated without complications
(Hustinx and Verbrugh, 1994; Stamm, 1991; Warren, 2001). A single round of antibiotics is
often sufficient to resolve the infection, and most patients see their symptoms improve within a
day (Foxman, 2002). Given the number of cases, however, the aggregate burden is high.

In the minority of cases where the infection ascends past the bladder, UTIs can become very
painful and may even be life-threatening. Patients with ascending urinary tract infection may
develop an associated bacteremia, frequently termed urosepsis (Daegelen et al., 2009; Nicolle,
2013; Roberts et al., 1991; Wagenlehner et al., 2011). UTI-associated bacteremia may develop
into true sepsis with organ system dysfunction; this is rare with community-acquired UTI but
much more common in hospital-acquired UTI (Hobman et al., 2007; Lee et al., 2009; Ochman
and Selander, 1984; Oh et al., 2012; Reisner et al., 2006; Wagenlehner et al., 2011; Warren,
2001). E. coli sepsis is much less common than UTI, but it is also far more dangerous (Darling,
1894; Emori and Gaynes, 1993; Sears et al., 1950; 1956; Tenaillon et al., 2010). Mortality for
sepsis ranges from 10% up to 42%, depending on underlying causes and conditions (Angus et al.,
2001; Hudault et al., 2001; Lee et al., 2009; Maltby et al., 2013; Roberts et al., 1991). In the US

and Australia, E. coli is a leading cause of sepsis in neonates, with mortality rates from 19-40%



(Johnson and Russo, 2002; Jones et al., 2004; May, 2005; Mayor-Lynn et al., 2005; Russo and
Johnson, 2003; Smith et al., 2007; Stoll et al., 2005). Newborn bacteremia may also progress to
meningitis; E. coli is among the most common causes of newborn meningitis (Harvey et al.,
1999; Nataro and Kaper, 1998; Unhanand et al., 1993). Neonatal meningitis also has a high rate
of mortality, from 15 to 40% in the developed world and up to 59% in sub-Saharan Africa (de
Louvois et al., 1991; Gould et al., 2009; Holt et al., 2001; Mulder et al., 1984; Rangel et al.,
2005; Russo and Johnson, 2003; Stoll, 1997; Unhanand et al., 1993). E. coli is a versatile
organism and has been observed in most extraintestinal compartments of the human body, from
bones to the brain to the surface of a hip replacement (Freedman et al., 2013; Johnson et al.,
2003; Roggenkamp et al., 1998).

As a group, EXPEC are phylogenetically distinct from intestinally pathogenic strains, as well
as from most commensal isolates (Johnson and Russo, 2002; Johnson et al., 2008; Kaper et al.,
2004; Kosek et al., 2003). As these infections represent a dead end for the organism, it is unclear
what the bacterial benefit of being EXPEC really is. Recent evidence suggests that some EXPEC
features are beneficial within the commensal niche (Emori and Gaynes, 1993; Foxman and
Brown, 2003; Jackson et al., 2005; Lasaro et al., 2009; Nowrouzian et al., 2006; Wold et al.,
1992). It may be that the EXPEC strategy is primarily selected as another commensal strategy,
albeit one that is also capable of pathogenicity, or there may be other bacterial benefits of an

ExPEC lifestyle that we have not yet identified.

1.3 E. coli transmission
What accounts for the wide range of pathogenicity and pathotypes seen across various E. coli

isolates? The two largest factors seem to be a strain’s genetic capability to cause infection and



where that bacterium ends up. E. coli transmission is normally fecal-oral. Bacteria enter the
gastrointestinal tract, and those that survive to reach the large intestine have a chance to colonize.
Successful strains proliferate, and a portion of all intestinal bacteria is passed in the feces.
Organisms passed into the environment may then go on to enter another host. With very few
exceptions, all E. coli are spread from host to host in this fashion (al-Wali et al., 1989; Foxman et
al., 2000; 1997; Foxman and Brown, 2003). For commensals and DEC, in spreading to a new
host, they are also entering their preferred niche. For EXPEC to cause disease, however, it is not
enough for the bacteria to spread from one host to another. The bacteria must also leave the
intestine.

While the intestine is the “normal” E. coli habitat and therefore the source of most E. coli
isolates, extraintestinal niches are sinks, or dead ends. With the exception of UTIs, bacteria
infecting extraintestinal niches have no route back to the environment and will therefore be
unable to colonize new hosts. Of the UTI-pathoadaptive mutations studied so far, most are
detrimental to colonization and/or persistence in the intestine (Foxman, 1990; Foxman et al.,
2000; Ikdhelmo et al., 1996; Nilsson et al., 2006; Sokurenko et al., 1997; 1998; Stamm et al.,
1989; Weissman et al., 2007). If UTI-associated mutations are maladaptive outside of the urinary
tract, we would expect that despite their ability to exit their host, UTI strains would be less able
to successfully spread to a new host.

ExPEC must be sufficiently adapted to the intestines to persist in this niche while also having
traits that potentiate survival in extraintestinal niches. For example, UPEC are more likely than
commensal strains to be found associated with the genital mucosa (Foxman et al., 1997; 2002;
Hustinx and Verbrugh, 1994; Stamm, 1991; Warren, 2001). Increased adherence to mucus

membranes would increase the likelihood of migration to the perineum and vulva, which



increases the likelihood that bacteria will encounter the urinary tract. Some of the genetic traits
that potentiate an EXPEC phenotype also alter an organism’s pattern of localization. Of course,

this is far from being the complete story.

1.4 Genetic determinants of pathogenicity

Given the variability of E. coli lifestyles, it is perhaps not surprising that there are various
mechanisms by which E. coli can become pathogenic. The most famous is gene acquisition, with
antibiotic-resistance being the most well-known example. However, E. coli can also gain
pathogenicity by losing genes; in many cases the lost genes appear to interfere with the function
of a gained virulence factor. Finally, genes that are already present can be changed in structure or
in regulation, thereby increasing the organism’s pathogenic potential. Given the variation present
between any two strains of E. coli, what does the species genome look like?

In 2009, working from the 20 published genome sequences then available, Touchon and
colleagues estimated the total number of unique E. coli genes at approximately 9000 (excluding
homologs, insertion sequence-like elements, and prophage-like elements) (Foxman, 2002;
Touchon et al., 2009). This is nearly twice the size of the average E. coli chromosome.
According to the NCBI genome database, there are now over a thousand published genomes,
with a similar number listed as in progress. Publication of further genome sequences will
undoubtedly swell the number of E. coli genes further. As the entirety of E. coli genes can no
longer fit into an actual single E. coli, new terms are needed. The entire collection of all open
reading frames (ORFs) found in a species is referred to as the pan-genome. The pan-genome is
divided into the core genome, those genes common to all E. coli, and the auxiliary or accessory

genome, those genes that are found in some but not all sequenced genomes. When discussing the



core genome, many researchers use a less strict operational definition, allowing for a few
absences, considering context, and/or clustering orthologs (Charlebois and Doolittle, 2004;
Segata and Huttenhower, 2011; Uchiyama, 2008). This is to allow for errors in published
genomes and reduces the impact of outlier strains. However it is defined, the core is often
considered to represent the most essential aspects of E. coli.

By most calculations, on the order of 80% of the genes in any given genome will be
accessory genes (Charlebois and Doolittle, 2004; Lukjancenko et al., 2010; Segata and
Huttenhower, 2011; Touchon et al., 2009). Accessory genes may be essential under some
conditions, essential but redundant, or entirely dispensable. The distribution of a given gene
among strains of E. coli may be uninformative, or it may be associated with a specific
phylogenetic or pathotype grouping. Association of a specific gene with a pathotype points to a
role for that gene in that niche, but it can also be an artifact of phylogeny. Alternatively, absence
of a specific gene can also be associated with a pathotype.

Shigella in itself represents how both gene acquisition and gene deletion affect pathogenic
potential. Shigella is, rather than a monophyletic group, multiple independent emergences of a
single pathotype from the E. coli species tree (Rolland et al. 1998; Touchon et al., 2008). The
Shigella virulence plasmid is the common origin, carrying a number of virulence factors shared
among all four Shigella species (Schroeder and Hilbi, 2008). The first described case of gene
absence potentiating pathogenicity was the deletion of cadA in Shigella (Maurelli et al., 1998).
This pathoadaptive deletion, termed a black hole, disabled the cadaverine synthesis pathway. As
cadaverine inhibits the activity of enterotoxin, this potentiated pathogenicity. While Shigella is
for historical reasons considered a separate genus than Escherichia, they are closely related and

even on a whole genome level many Shigella are more closely related to E. coli than E.



fergusonii or E. alberii are. Distinct deletions in cadA are found in various Shigella and
enteroinvasive E. coli (EIEC), indicating that these black holes are highly advantageous to
enterotoxin-producing strains of E. coli and Shigella species (Maurelli et al., 1998; Maurelli,
2007; Prosseda et al., 2012).

However, if we stop at presence and absence of genes, a great deal of information is missed.
Simple gene presence-absence is not well correlated with other measures of relatedness at the
species level and makes no predictions about strain phylogeny (Segata and Huttenhower, 2011;
Touchon et al., 2009). Additionally, it can say nothing about those genes within the core genome
and will miss mutations that disrupt protein function without deletion or truncation. Mutations
within a gene may have effects more subtle than complete disruption or may have even more
profound effects in some cases.

Our lab’s work began with the isolation of fimH alleles carrying single nucleotide
polymorphisms (SNPs) that had altered binding properties (Sokurenko et al., 1997; 1994).
Strains carrying these variants were better able to bind to uroepithelial cells, and carriage of these
isolates was strongly associated with isolation as a uropathogen as well as with pathogenicity in
experimental UTI (Sokurenko et al., 1997; 1998; 2004; Weissman et al., 2006). Examining these
mutations has illuminated novel properties of FimH and has increased our knowledge of the
biology of UTIs. We are therefore very interested in how naturally occurring variation at the

scale of mutations affects pathogenesis.

1.5 SNPs as a flag of significant and meaningful variation
Over the course of an infection, the number of bacteria will expand from one or a few up to

millions or more. A number of mutations can accumulate over these generations, more if the



strain is a mutator. There is evidence that the mutator phenotype is selected for in some types of
infections (Denamur et al., 2002; Labat et al., 2005).

Extraintestinal infections are the result of bacteria that originate in and are adapted to the
intestine invading a new niche and adapting to it. In these circumstances, we would expect to see
an accumulation of beneficial mutations in genes relevant to this new and pathogenic niche.
Identifying the pathoadaptive mutations that occur during infection would highlight genes that
are important for pathogenesis and illuminate aspects of the host-pathogen interaction.
Identifying which mutations are truly pathoadaptive is difficult, however. We typically do not
have samples of the parent intestinal strain that we can compare the infection isolate to, so it is
impossible to distinguish preexisting mutations from ones arising over the course of infection.
Even when we do have the parent strain for comparison, the nearly neutral theory predicts that
most of the observed polymorphisms would not have any phenotypic effect (Hughes, 2008;
Kimura, 1979). Most mutations will be noise, not signal.

Volumes have been written on the challenge of distinguishing between mutations that have
been selected for versus those that have not yet been eliminated, that is, between beneficial
mutations versus slightly deleterious mutations. This work is most concerned with the
accumulation of one or few nonsynonymous mutations in the absence of synonymous mutation
and with repeated mutation at the same position, or hotspots, as developed in our lab
(Chattopadhyay et al., 2009). One or a few nonsynonymous mutations in the absence of
synonymous mutation represents the most recent variation developed between two strains. While
these variations are not necessarily pathoadaptive or even functional, when examining same-
patient strains, only a very few will be present. If there is a phenotypic difference, these most

recent non-synonymous mutations are likely to explain it. Hotspot analysis, on the other hand,



can and indeed should be applied to much less closely related strains. The same or similar
changes repeated in different lineages strongly suggest selection either for variation in general or
for that specific variation. Both strategies are intended primarily to identify mutations that have
happened over the short term, such as when a strain is in the process of adapting to a new niche.
As our primary focus is extraintestinally pathogenic E. coli, the variation observed is likely to be
pathoadaptive.

Hotspot analysis, which I will discuss in greater detail in Chapter 3, was developed based on
the observation that not only do UPEC strains commonly carry nonsynonymous polymorphisms
in fimH, but these polymorphisms are often repeated(Sokurenko et al., 2004). The repetition of
mutations points to positive selection rather than drift. The examination of these mutations led to
a greater understanding of the biomechanics of FimH adhesion (Aprikian et al., 2007; Le Trong
et al., 2010; Nilsson et al., 2006; Rodriguez et al., 2013; Tchesnokova et al., 2008; Thomas et al.,
2004; Yakovenko et al., 2008). This understanding may in turn lead to the development of a
vaccine against UTI (Rodriguez et al., 2013).

The original development and application of hotspot analysis focused on a known
pathogenicity factor, but further application of this analysis has identified numerous potential
pathogenicity-associated genes and mutations (Chattopadhyay et al., 2009; Giacani et al., 2012).
In general, the genetic determinants of pathogenesis studied to date are those where a single
event has a large phenotypic effect. A large effect means that the strain will stand out in the
clinic or in screens. However, it is reasonable to expect that there are also many other genetic
factors that have a smaller effect but affect pathogenicity nonetheless. These more subtle
pathogenicity factors also have the potential to tell us a great deal about the biology of pathogens

as well as the adaptive landscape that they inhabit.

10



1.6 Objectives

In this work, recent variation is examined in two contexts: a deep analysis of a single operon
across many strains and a genome-wide comparison of a few related strains.

Chapters 2 and 3 are concerned with an in-depth analysis of the type 1 fimbrial (fim) operon
as a whole, using the recent wealth of genomic sequences to study a particular region in depth.
Type 1 fimbriae are known to be involved in E. coli transmission of both commensal and
pathogenic strains, as well as in pathogenesis in the urinary tract. I examined fim in detail to look
into how this organelle helps E. coli cope with the shifting selective pressures of its various
niches. This analysis has provided an increased understanding of the selective pressures
operating on the fim operon and highlighted a novel mechanism of adaptation to a pathogenic
niche.

Chapters 4 and 5 are concerned with a whole-genome comparison of two clonal cystic
fibrosis lung isolates with differing phenotypes, with the genomic data confirming our
hypothesis that these distinct strains emerged within the patient following infection by a single E.
coli. Several differences were identified between the two isolates, and one of these was identified

as the cause of the mucoid phenotype.
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CHAPTER 2:
THE TYPE 1 FIMBRIAL OPERON ACROSS E. COLI

2.1 ABSTRACT

The type 1 fimbrial operon (fim) of E. coli is involved in both commensal colonization of the
intestines and in urinary tract infection. The selective pressures associated with the varied E. coli
lifestyles would be expected to leave genetic traces on the fim operon. Working from publicly
available genome sequences, I analyzed the fim operons of 952 E. coli isolates to explore long-
term and short-term selection operating on this operon. While negative selection predominates
on a global level, more closely related strains show an excess of non-synonymous mutations,
suggesting that positive selection is more important over the short term. Intergenic or non-coding
variation is also enriched over the short term, suggesting a possible role in adaptation to new
niches. The results of this analysis are congruent with prior work and point to novel factors

potentially involved in functional variation in fim.

2.2 BACKGROUND
2.2.1 Adhesins as bacterial tools for controlling environment

An E. coli out in the environment cannot intentionally navigate to the mouth of a new host.
While bacterial movement is fast and chemotaxis is effective on the bacterial scale, at the human
scale they are insufficient. Instead of relying entirely on intentional movement, bacteria express
adhesive structures specific to substrates associated with a favorable niche. This ensures that at
least when a bacterium encounters its preferred environment, it has a higher chance of remaining

there.
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E. coli expresses a number of adhesins, fimbriae as well as afimbriate adhesins, with a wide
range of specificities (Antao et al., 2009). Fimbriae are long adhesive filaments extending from
the outer membrane of the bacterium (Brinton, 1959). Different adhesins with different
specificities recognize targets present in various environments (Duguid et al., 1979; Korhonen et
al., 1982; Olsén et al., 1989; Parkkinen et al., 1983). What adhesin or adhesins a bacterium
expresses at a given point in time helps determine whether or not it is capable of colonizing a
given niche. A single E. coli can carry multiple fimbrial operons, possibly including more than
one distinct copy of a given operon (Korea et al., 2010). By expressing different fimbriae in
response to different stimuli, a single organism can colonize a variety of niches. For ExXPEC, an
ability to switch niches is crucial.

The study of microbiology is strongly biased towards what is relevant to humans, be it
biotechnology or bacterial pneumonia. Organisms with pathogenic potential tend to be
considered largely or even solely in light of their pathogenic niche, even though many virulence
factors are functional within the commensal or environmental niche (Adlerberth et al., 1995;
Alsam, 2006; Cookson et al., 2002; Lasaro et al., 2009; Rendon et al., 2007; Schierack et al.,
2008; Wold et al., 1992). This focus on disease biology can lead us to overlook basic biology.
While Shiga toxin is of great human importance, its importance to E. coli is uncertain. Inducing
diarrhea leads to greater transmission between hosts, but the O157:H7 clonal group appears to
have acquired Shiga toxin well before its emergence as a cause of human diarrheal illness
(Leopold et al., 2009; Rangel et al., 2005; Zhang, 2006; Zhou et al., 2010). However, some
studies suggest that it is involved in survival in the environment, helping the bacteria survive

predation by protozoa (Meltz Steinberg and Levin, 2007). This hypothesis merits further study,
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as it may mean that our current understanding of EHEC toxin production and persistence is
incomplete.

The E. coli common pilus, Ecp, was initially described as Mat, or meningitis-associated and
temperature-regulated fimbria. A newborn meningitis strain had all known fimbrial operons
deleted, but it still expressed functional adhesive fimbriae. In the initial paper, the novel type of
fimbriae was shown to be induced in response to higher temperatures and to be essential for
biofilm formation at 37 C (Pouttu et al., 2001). However, further work showed that Mat/Ecp was
not limited to pathogenic bacteria but was in fact widespread, being present in 91% of strains
examined. Examination of Mat/Ecp fimbriation in other strains showed repression at high
temperatures, not induction (Rendén et al., 2007). Aberrant expression of Ecp is associated with
invasive infections. However, given that Ecp is frequently induced by low temperatures, Ecp
likely also functions in the environmental niche (Lehti et al., 2010; Rendon et al., 2007).

Other fimbriae are also most often studied in the context of pathogenesis despite their
important role in commensal or environmental niches. Curli, often studied in the context of DEC,
is also involved in survival in the environment (Patel et al., 2011; Prigent-Combaret et al., 2000;
Ryu et al., 2004). Type 1 fimbriae (T1F) are critical for UTI, but they are also important for
commensal colonization of the intestine (Bloch et al., 1992). While these structures can play a
role in pathogenesis, they are not strictly virulence factors. These dual roles inform us that it is
not carriage of the operon that matters, it is the specific sequence of the operon that determines
pathogenic potential.

2.2.2 The fim operon
Our lab studies the E. coli fim operon, which codes for T1F. T1F bind to terminal mannose

residues on glycoproteins, which are found on a variety of mammalian cells (Klemm, 1984). On
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the order of 90% of strains studied to date carry the fim operon (Duguid et al., 1979; Yamamoto
et al., 1995). The prevalence of fim carriage is explained by the role of T1F in the spread of E.
coli from one host to another. In an experimental model of normal transmission, rats were
colonized with E. coli with or without the fim operon. Colonized animals were then housed with
uninfected animals. Strains lacking T1F colonized new hosts at a much reduced rate compared to
the strain carrying T1F (Bloch et al., 1992). Carriage of the fim operon does not mean that a
strain is capable of producing T1F, however. O157:H7 strains carry alleles with an 16-bp
deletion in the regulatory region; this deletion completely blocks expression of T1F under lab
conditions (Enami et al., 1999; Iida et al., 2001; Li et al., 1997; Roe et al., 2001). It may be that
in these strains T1F is inducible under in vivo conditions even if it is not inducible in the lab, or
these strains may use another type of fimbriae, such as the type 4 pilus, to adhere to the intestine
(Xicohtencatl-Cortes et al., 2009).

In the pathogenic context, the role of T1F is mixed. T1F are a critical virulence factor in
cystitis (Bahrani-Mougeot et al., 2002; Connell et al., 1996; Snyder et al., 2006). However, there
is strong selection against T1F expression in extraintestinal infections outside of the bladder, as
well as in many diarrheal strains (Holden et al., 2006; Iida et al., 2001; Lim et al., 1998; Xia et
al., 2000). Regulatory proteins carried in other pathogenicity-associated fimbrial operons bind to
the regulatory region of the fim operon and suppress transcription (Holden et al., 2001; 2006; Xia
et al., 2000). In these contexts, it appears that mannose binding is inappropriate or that the costs
of immune recognition of T1F outweigh the benefits on mannose binding.

The fim operon consists of 9 genes, as shown in Figure 2.1. In strains that can express T1F,
some fraction of the cells will be piliated while the remainder will be unpiliated. The proportion

of bacteria expressing fimbriae depends on a number of genetic and environmental factors.
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Whether or not a bacterium can produce T1F mRNA is controlled by the fimbrial switch region,
fimS. The switch region, which is flanked by inverted repeats, contains a promoter that drives
transcription of the fimAICDFGH mRNA when in the ON orientation (marked with asterisks)

(Abraham et al., 1985).

=
" » fimA fiml fimC fimD fimH
fimB fimE, 7+ mi g fim fimE >

FimH

FimG
FimF

Figure 2.1: Operon and fimbria diagram.

(top) fim operon. Promoters indicated by corner arrows, with fimS promoter shown in both
directions. Inverted repeats flanking promoter indicated by asterisks.

(left) Diagram of type 1 fimbrial structure

FimB and FimE are the primary regulatory proteins for fim (Klemm, 1986). Regulation of fim
expression is by recombination. The FimB and FimE recombinases recognize the inverted
repeats flanking fimS and flip it, switching the directionality of the promoter contained in the
switch region. FimB is unbiased in its interactions with fimsS, changing promoter direction
randomly. FimE has a stronger affinity for fimS-ON than —OFF and so is biased towards turning

off expression of T1F. In the absence of other factors, the ratio of these two proteins determines
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the ratio of fimbriated to non-fimbriated cells (Gally et al., 1993; Holden et al., 2007; McClain et
al., 1991; Schwan et al., 2007; Stentebjerg-Olesen et al., 2000). However, a number of genes
outside of the operon also regulate type 1 fimbriation. Unlinked recombinases present in some
strains also recognize and act on fimS (Bryan et al., 2006; Xie et al., 2006). Transcriptional
regulators affect the expression of one or both recombinases, biasing the ratio of FimB to FimE
(Blumer et al., 2005; Dorman and Higgins, 1987; Dove et al., 1997; Eisenstein et al., 1987; El-
Labany et al., 2003; Olsen et al., 1998; Xia et al., 2000). A wide range of DNA-binding proteins,
both universal and pathogenicity-associated, are able to bind to fimS and affect the rate and
direction of inversion by altering the ability of the recombinases to interact with the inverted
repeats (Gally et al., 1994; O'gara and Dorman, 2000; Roesch and Blomfield, 1998).

FimA is the major structural component of T1F and is present in hundreds of copies per
fimbria (see Figure 2.1). FimF, G, and H are the minor subunits, each present in a single copy at
the tip of the fimbria (Klemm and Christiansen, 1987; Krogfelt and Klemm, 1988; Krogfelt et
al., 1990; Russell and Orndorff, 1992; Schembri et al., 2001). FimH is the adhesin, while FimF
and FimG serve as adaptors. Structural data indicates that FimF and FimG serve as a flexible
tether, increasing the range of contact angles over which FimH is able to bind to a surface
(Aprikian et al., 2011; Gossert et al., 2008). FimlI resembles a pilin subunit and has been shown
to be required for synthesis of normal fimbria. Fiml is not incorporated into the fimbria,
however, and its function is unknown (Valenski et al., 2003).

Polymerization of the structural subunits is catalyzed by FimC and FimD, the chaperone and
usher of the system, respectively (Jones et al., 1993; Klemm, 1992). Subunits are attached to
each other through a process known as donor strand exchange. Each pilin domain resembles an

immunoglobulin fold with a beta strand missing. Each pilin domain as well as the chaperone has
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an N-terminal extension that can complete the fold (Choudhury, 1999). The energetics of protein
folding drive fimbrial assembly. It is more energetically favorable for a pilin domain to fold with
the chaperone than to fold alone. It is more energetically favorable for a pilin domain to interact
with the appropriate pilin domain than to interact with the chaperone. The AGy of these
interactions is such that fimbriae can be assembled without input of energy beyond synthesis and
secretion of the subunits, and it results in extremely stable subunit-subunit interactions (Geibel et
al., 2013; Gossert et al., 2008; Puorger et al., 2008; Remaut et al., 2006; Sauer et al., 2002;
Zavialov et al., 2005). The fimbriae are assembled from the tip down. FimC-H heterodimers
interact with FimD to initiate fimbrial synthesis, followed by addition of appropriate subunits

(Phan et al., 2011).

2.2.3 The fim operon and pathogenicity

The fim operon is present in the vast majority of strains of all pathotypes, so presence or
absence alone is not what makes some strains pathogenic (Duguid et al., 1979; Yamamoto et al.,
1995). Rather, the sequence of the fim operon that a strain carries affects pathogenic potential. In
particular, specific FimH polymorphisms have been associated with pathogenesis. Certain SNPs
in FimH have been shown to greatly increase binding to mannose under static conditions, and
these are strongly associated with UPEC strains (Sokurenko et al., 1994; 1997; 1995; 2004;
Weissman et al., 2006). The wild-type FimH has catch-bond kinetics and only binds strongly to
mannose under conditions of flow (Aprikian et al., 2007; Rodriguez et al., 2013; Tchesnokova et
al., 2008; Thomas et al., 2004; 2002; Yakovenko et al., 2008). This is thought to be an adaptation
to help bacteria bind to the gut mucosa during peristalsis without the binding pocket being

blocked by the numerous soluble mannose moieties present. UTI-associated high-binding mutant
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fimH alleles produce an adhesin that is locked into a high-binding conformation. Strains carrying
these variants bind strongly to mannose under all conditions, which helps these strains colonize
the bladder and persist (Sokurenko et al., 1997). While this is adaptive in the context of cystitis,
high-binding FimH variants at a selective disadvantage in the gut, however. These adhesins bind
to mannose even in the absence of flow and would therefore be blocked by soluble substrates
(Weissman et al., 2007).

In order to examine the selective pressures acting on fim, I acquired fim sequences from a
number of published genomes using BLAST and in some cases, manual reassembly of operons
from BLAST results. The entire set of operons was analyzed for recombination as well as
pairwise diversity (by gene and within a sliding window). As we were also interested in the most
recent variation, which is most likely to occur during adaptation to a new niche, we identified
groups of closely-related fim operons from closely-related strains and examined the variation

occurring within these groups.

2.3 MATERIALS AND METHODS
2.3.1 Published genomes examined

A pilot study was performed using published genome sequences of 161 Escherichia coli
strains as a starting point for our analysis, as these were the published genomes available at the
time. Initial studies pointed to high variation upstream of fimH and suggested an excess of
nonsynonymous variation amongst the most related fim operons. We subsequently performed
further studies using a total of 1144 (983 additional) genome sequences. These sequences
consisted of whole genome shotgun sequence data from GenBank, finished sequences from the

PubMed database, and draft genomes from the Broad Institute, as well as genomes sequenced by
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our lab. See Table 2.1 (genome strain data) for summary data on the strains used; a more detailed
accounting of the strains and their various characteristics is available on request. These strains
cover a wide variety of bacterial pathotypes, though the set is by no means a balanced sampling
of E. coli. Strains selected for sequencing are typically of interest for humans, generally due to
their pathogenic potential (isolates designated as “stool” are not necessarily from healthy

samples or diarrheal samples). Our sample is therefore biased.

2.3.2 Retrieval of genes and operons

Nucleotide BLAST was used to retrieve sequences of interest from the genomic data, with
thresholds of 90% identity to the query sequence and 95% of query sequence present (Altschul et
al., 1990). For all genes, several alleles were used as query sequence, representing the most
divergent alleles present in the PubMed Gene database for that gene. For multi-locus sequence
typing (MLST), the query sequences consisted of the gene fragments used for typing (Wirth et
al., 2006). Operon retrieval was sometimes complicated by the fact that draft and shotgun
genome data consisted of many contigs instead of a fully assembled sequence, resulting in
fragmented fim operons in many cases. When possible, the fim operon was extracted as a single
sequence from 500 bp upstream of the fimB start through the stop codon of fimH. Otherwise,
portion of contigs containing genes of the fim operon were identified and aligned to reference
operons to reconstruct a full operon. Reconstruction of a complete operon was not always
possible, and these reconstructions were discarded if more than 900 nt (10% of operon) was

missing or if the operon was rearranged within in an assembly.
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(a) fim operons in small set by genome

sequence source (c) Pathotypes and genome sequence
Source n Fim | % sources of large set
Broad' 42 |35 |83 Isolation n from n Fim
Published” | 31 28 90 PubMed | 25 18
uw’® 8 6 75 DEC 281 WGS 256 228
WGS* 78 46 59 i PubMed | 1 1
total 159 | 115 | 72 Environment 15 ~wes (4 |3
PubMed | 11 11
(b) Pathotypes and genome sequence ExPEC 38 uw
sources of small set WGS 23 20
Isolation n | from n Fim Broad 87 82
PubMed | 8 | 8 PubMed | 3 2
DEC 41 WGS 33 116 Stool 345 oW 5 1
Environment | 1 PubMed | 1 1 WGS 253 186
PubMed | 8 8 PubMed | 8 5
ExPEC 15 | UW 6 6 Lab 15 uUw 1 1
WGS 1 0 WGS 6 5
Broad 42 | 35 Broad 233 204
Stool 77 S‘\;\?Med g ? Unspecified 436 S‘\;\?Med 2 ;
WGS 29 | 18 WGS 199 155
PubMed | 6 5
Lab 10 WGS 2 3
PubMed | 4 3
Unspecified | 17 | UW 1
WGS 1119

'Broad: whole genome shotgun sequences from the Broad Institute Antibiotic Resistance Database.
Published: fully assembled genome sequences deposited in the NCBI Genome Database.

*UW: whole genome shotgun sequences of 8 ST 95 strains completed in-house.

*WGS: whole genome shotgun sequences from the NCBI Genome Database.

Table 2.1: Genome strain data.
More detailed strain data is available as supplementary data file.
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2.3.3 Programs used for alignment, visualization, and analysis

Alignments were created and manipulated using ClustalX2 and MEGAS.2 (Larkin et al.,
2007; Tamura et al., 2011). Alignment figures were created using BioEdit 7.0.9.0 (Hall, 1999).
Trees were constructed using the maximum likelihood method with DNAmI from the PHYLIP
package (Felsenstein, 2005). Trees were displayed and figures were created using TreeView
1.6.6(Page, 1996). Calculations of w and dN/dS were made with DnaSP 5 (Rozas et al., 2003).
Calculations of nucleotide variance and polymorphism made using DnaSP 5 and ProSeq2.91
(Filatov, 2009; Rozas et al., 2003). PhiPack was used to detect recombination within a set of
sequences using the Phi test as well as Max %” and NSS (Bruen, 2006). RDP 3.44beta was used

to identify likely breakpoints using X-over analysis (Martin et al., 2010).

2.4 RESULTS
2.4.1 Presence and characteristics of fim operon in sequenced strains

From the 161 genomes examined, I retrieved 108 complete and 9 partial fim operon
sequences, of which 77 were unique. With 72% of the genome sequences carrying a fim operon,
this rate of carriage is far below previously published data on fim prevalence (Duguid et al.,
1979; Yamamoto et al., 1995). The shortfall is most likely due to the incomplete assembly of
genome sequences. Operons were retrieved from 90% of published fully assembled genomes but
were only retrieved from 68% of genomes assembled to the contig/supercontig level. The
BLAST search included a requirement that 95% of the query sequence be present for a target
sequence to be returned. Given that draft sequences consisted of anywhere from 2 to 2939
contigs, some operons were almost certainly missed due to gene fragmentation across contigs.

Similar results were seen with the larger genome set.
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Two highly divergent fim operons were observed in the initial sample set, in E1118 and
H605. Though these strains had been identified as E. coli within the genome database,
examination of housekeeping genes showed them clustering with other Escherichia species.
Seven additional divergent fim operons were identified in the larger genome set. In all cases, the
strains carrying the divergent operons proved to be non-coli Escherichia species, with the
topology of the fim tree resembling the concatenated MLST tree. Within the set, there does not
appear to be acquisition of fim from other species by E. coli. This is most likely due to the
relative rarity of cross-species horizontal gene transfer as compared to within-species horizontal
gene transfer. If an apparent cross-species transfer of fim is observed as more genomes are
published, it will be interesting to look into the traits of the transferred operon and more specific
traits of the strain with the divergent operon. If no apparent cross-species fim transfer is observed
even after the publication of many more genomes, it may be fruitful to look into whether this is
unusual compared to other similarly mobile genetic loci and whether there may be other factors

limiting the range of fim.

2.4.2 Global variation within the fim operon

With the exception of fimA, which is known to be recombinant, genes within the operon
showed similar amounts of pairwise variation or & (see Figure 2.2). When examined on a finer
scale using a 100-bp sliding window, ;t was more variable but there were no significant minima
or maxima of variation aside from the already observed increased variation in fimA (not shown).
Similarly, outside of fimA, dN/dS of fim was significantly below 1, indicating purifying
selection. On a species level, fimA is under positive selection for variation while the remainder of

the operon is under strong negative selection. The large amount of recombination seen within
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fimA contributes to both dS as well as dN, resulting in relatively high local variation without a

dN/dS significantly above 1.

2.4.3 Recombination within the fim operon

Operons were analyzed using RDP3.44beta to identify the most likely breakpoints within
operons flagged as being recombinant. The analysis indicated clusters of breakpoints upstream of
fimB and downstream of fimH. This agrees with previous observations that some fim operons are
promiscuous; identical or nearly identical fim operons are present across various groups of
closely-related E. coli, indicating horizontal gene transfer of entire operons. Within the operon,
breakpoints were concentrated in and around fimA, which is again congruent with previous
research showing that fimA4 is highly recombinant. FimA is the major pilin of T1F. Since it is
both surface exposed and present in such high copy numbers relative to the other pilin subunits,
it is the dominant target of the immune system and as such is subject to strong positive selection

for variability.
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Figure 2.2: Pairwise diversity of fim genes.
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Figure 2.3: recombination within the operon.
Schematic of fim operon with predicted breakpoints marked with vertical lines. For clarity, predicted breakpoints within a single 10-nt
stretch are denoted with a single line. Number of hits at a specific breakpoint is not denoted.

Figure 2.5: polymorphisms within closely-related fim operons.

Schematic of fim operon with polymorphisms observed between closely-related fim operons among strains from the same ST
denoted with vertical line. Black lines indicate non-coding positions, blue lines indicate synonymous positions, and red lines indicate
non-synonymous positions.



2.4.4 Bias in most recent mutations

We are particularly interested in recent mutations, i.e. among closely related strains. One of
the most common methods for assessing strain relatedness is multi-locus sequence typing, or
MLST. Strains are typed by sequencing regions of approximately 500 nt from seven
housekeeping genes spaced along the E. coli chromosome. Strains with identical sequences at all
seven positions have the same sequence type, or ST, and are assumed to be highly related.
Mutations between strains from the same ST should be recent. I examined polymorphisms
between highly similar fim operons within the same ST (sub-ST clades) to look for patterns in
the most recent mutations. Clustering of mutations within a certain region could indicate either
positive selection or drift in that region. An overabundance of synonymous, non-synonymous, or
non-coding mutations could indicate the dominant type of selection operating on the operon in
recent evolutionary history.

In the pilot study, six STs had representatives with two or more distinct but closely related
fim operons. ST11 was the only cluster with more than three unique fim sequences. ST11
contains O157:H7 strains and is therefore well represented in the available genome sequences.
Of the 7 within-ST mutations observed in ST11, 5 were non-synonymous and 2 were non-
coding. The non-coding mutations were both within fimS. The number of mutations was too
small for this bias to be statistically significant (with 77% of coding sites in fim being non-
synonymous, p = 0.26). Nonetheless, the pattern was striking. Unexpectedly, one of the non-
synonymous polymorphisms was an inactivating mutation in the binding pocket of FimH.
O157:H7 strains carry a fim operon with an 16-bp deletion in fimsS that blocks expression of T1F,

at least under lab conditions (Shaikh et al., 2007). An inactivating mutation in FimH subsequent
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to the fimS deletion implies that the block to fim expression is not absolute and that there is very
strong selective pressure against T1F expression in O157:H7 E. coli (Shaikh et al., 2007).

When the larger genome set was considered, 540 strains with fim operons could be grouped
into ST clusters, representing 364 unique operons. Not all operons from strains with the same ST
were closely related, however, due to recombination. However, within a single ST, there were
typically distinct clusters of operons (see Figure 2.4), allowing for straightforward division into
clusters of same-ST strains with closely related fim operons. These clusters consisted of 464
strains with 302 unique operons, and are henceforth referred to as sub-ST clades. In all but one
case, each sub-ST clade was separated by many changes (10 or more) from the next nearest fim
operon found within that ST.

There was a strong bias towards nonsynonymous mutations in sub-ST clades. In the case of
the less clearly demarcated cluster, there were 8 non-synonymous and 4 synonymous
polymorphisms in the larger set. Eliminating the less closely related operons from the cluster
resulted in 6 non-synonymous and 1 synonymous polymorphisms. This pattern held true at the
larger scale, as well. Considering all fim changes within an ST, regardless of relatedness of fim
operons, 612 non-synonymous and 1400 synonymous polymorphisms were observed, compared
to 167 non-synonymous and 64 synonymous changes within sub-ST clades, showing a highly

significant skew towards non-synonymous changes in the most recent mutations (p < 0.001 by

%)-

Within-ST Sub-ST clade p-value (x°)
Non-synonymous 612/30.4% 167/72.3% <0.001
Synonymous 1400/ 69.6% 64 /27.7% '

* Numbers shown are total polymorphisms observed / non-synonymous or synonymous as
percent of total polymorphisms within that data set
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Within the sub-ST clades, there was also a smaller but nonetheless significant increase in the
proportion of non-coding polymorphisms relative to coding. The within-ST set had 349 non-
coding polymorphisms (compared to 2002 coding); the sub-ST clades had 82 non-coding
polymorphisms (compared to 231 coding). This skew towards non-coding mutations is
significant compared with both the observed proportion of non-coding mutations in the larger set
and the proportion of the fim operon which is non-coding, i.e. what would be expected from

random chance (p = 0.021 versus the larger set and p < 0.001 versus random chance by 7).

Within-ST Sub-ST clade Actual sites
Coding 2002/ 85.2% 2311/73.8% 82.5%
Non-coding 349/ 14.8% 82/26.2% 17.5%
p-value’ close v. within: 0.021 | close v. random: <0.001

* Numbers shown are total polymorphisms observed / coding or non-coding polymorphisms as
percent of total within that data set

T ~? of percent coding and non-coding in the closely-related set versus percent coding in either
the within-ST set or the percent expected by random chance

2.5 CONCLUSIONS
2.5.1 Recent variation shows a skew towards non-synonymous and non-coding mutations
The marked trend towards a greater proportion of non-synonymous mutations in the most
recent variation strongly suggests that positive selection dominates in the short term. Increased
non-coding variation suggests either selection for non-coding variation (i.e. positive selection for
altered transcription/translation) or relaxed selection operating at non-coding positions.
However, the increased non-coding variation among fim operons from closely related strains and
the trend towards a larger proportion of non-coding mutations as operons become more closely
related would seem to support the positive selection hypothesis. Selection for non-coding

variation will be discussed further in chapter 3.
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2.5.2 Drawbacks of using genome sequences to study variation

While mining published genome sequences for variation in genes of interest is a promising
approach, there are also drawbacks. Many of the genomes used were still in draft form, existing
as multiple contigs, and most have remained in this format for years after their initial release.
Full assemblies are unlikely to be constructed until one of the long read-length next-next-gen
sequencing techniques is commercialized at a low price. Current methods of completing
assemblies are now more time-intensive and expensive than the shotgun sequencing. The
numerous breaks in the shotgun genome sequences compromise the ability of BLAST to identify
genes of interest. This results in the relatively low hit rate of fim operons retrieved by this
analysis compared to the rate expected from previous studies. While the low hit rate was
disappointing for fim, the frequency of fim carriage meant that it was still possible to do a
comparative analysis. Unfortunately, the reduction in operon retrieval severely restricted analysis
of less-common operons such as Pap and Sfa, as there were too few haplotypes for informative
analyses.

Additionally, the vast majority of the E. coli genomes in the NCBI database had little or no
metadata associated with individual strains. Several large studies included the general makeup of
their strain collection, e.g. E. coli isolates for comparison of fecal isolates from individuals with
varying degrees of diarrheal illness. Individual strains within studies were infrequently or never
marked with isolation source or pathogenicity, however, so we cannot make any associations of
genetic variation with pathogenicity or pathotype. In this case, when the researchers who have
sequenced these strains publish their findings, it is likely that the metadata will be released or

available through their publications.
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2.5.3 Further work on published genomes

Despite these drawbacks, published genome sequences represent an impressive data
collection, and one that is well worth mining. Upcoming sequencing technologies show gains in
read length, accuracy, and cost-effectiveness, suggesting that future published genomes will be
of higher quality and greater number. A drop in cost will also contribute to more sequencing of a
wider variety of strains, not just those from the scariest or most-studied isolates. However, in
order to take advantage of these data, more of the analysis pipeline would need to be automated.
The time needed to manually curate the fim BLAST results from a 100-genome set was not
particularly great, but curating the results from the 1000-genome set became a substantial task;
doing the same for 10 000-genome set would be unreasonable.

Resources such as the Biopython library render it fairly straightforward, if not exactly trivial,
to automate tasks such as ST assignment, operon BLASTing, and simple operon reconstruction.
Integrating existing programs such as those in the PHYLIP suite may make it possible to
construct phylogenies, identify sub-ST clades, and report on variation found in the increased set.
Additionally, as the number of published genomes increases, it will become possible to do things
such as look at co-variation among the various pathogenicity-associated operons and identify
potential nucleotides of interest for cross-talk between operons. With a solid framework for

analysis and some programing know-how, the possibilities are amazing.
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CHAPTER 3:

INCREASED NON-CODING VARIATION UPSTREAM OF THE fimH ADHESIN
3.1 ABSTRACT

The enrichment in non-coding variation in the E. coli fim operon over the short term
discussed in Chapter 2 pointed to a role for non-coding variation in phenotypic variation of type
1 fimbriae. Previous work in the lab demonstrated that variation in FimH concentration could
lead to pathoadaptive variation in fimbrial structure. I analyzed the non-coding regions of fim
operons from sequenced genomes to look for evidence of positive selection for non-coding
variation. A repeated change upstream of the fimH start site was found which had hallmarks of
positive selection and was associated with extraintestinally pathogenic strains. Modeling
suggests that this repeated change may alter mRNA stability and therefore translational

efficiency of FimH.

3.2 BACKGROUND
3.2.1 Untangling positive and relaxed selection in the fim operon

Knowing what kind of selection is operating on a gene can give us important clues as to its
function and importance, whether it’s essential and tightly conserved or drifting as a pseudogene.
The standard mechanism for detecting positive selection is AN/dS, the ratio of the number of
amino acid changes out of all possible over the number of silent changes out of all possible,
corrected for multiple substitutions at single sites. While a high dN/dS in the absence of
recombination is a strong sign of diversifying selection, it is a very blunt instrument, operating as
it does at the level of entire genes. In the case of FimH, there is strong selection for altered

binding kinetics under certain circumstances, but there are still tight functional constraints: it
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must still be able to interact appropriately with other components of the fimbria, and it must still
bind mannose. As only certain portions of the fimH sequence are free to vary under these
conditions and variation is potentially beneficial in only a few regions, the local positive
selection is swamped by the purifying selection acting at the vast majority of positions.
Examining selective pressures in a more fine-grained way can provide clues to protein structure
and function. For example, fimA, which is under very strong positive selection and experiences a
high level of recombination, still contains stretches of amino acids which vary little; these
correspond to portions of the protein under structural constraints, such as interactions with other
fimbrial proteins (Boyd and Hartl, 1998; Klemm, 1984; Peek et al., 2001).

Our lab developed hotspot analysis as a method of detecting positive selection at the amino
acid scale, particularly against a background of negative or neutral selection. A hotspot is a
position that has mutated more than once, independently, over the evolutionary history of a
sequence, indicating that at that position there is selection either for variation in general or
towards a particular variant. I am using the same approach to examine changes at the nucleotide

level, examining supposedly silent variation for evidence of positive selection.

3.2.2 Pathogenicity-associated changes in available concentration of adhesin subunit

Our lab had previously observed a fimH mutation in the signal peptide associated with
uropathogenesis. While mature protein was unchanged, the fimbrial structure was altered. This
nonsynonymous SNP in the signal peptide greatly reduced the efficiency of FimH secretion into
the periplasm, which in turn reduced the number of fimbriae that could be initiated. As FimA
translation and secretion remained unchanged, the fimbriae that were initiated tended to be

longer than normal due to the change in stoichiometry between subunits. In assays of binding
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kinetics under flow, strains with the fimH mutation had a greatly reduced off-rate after switching
from high flow to static conditions compared with wild-type. This is hypothesized to be due to
bacteria becoming cross-braced by their T1F; fimbriae on each side extend in opposite directions
and provide tension to each other, maintaining the catch bond of FimH in its high-binding state
(Ronald et al., 2008). As with previously-observed the high-binding FimH variants, there appears

to be strong selection for this in the context of cystitis.

3.2.3 Hypothesis

If an effect on secretion could have such a dramatic effect on phenotype, it suggests that
noncoding or synonymous mutations that change protein levels could also affect the fimbrial
phenotype and pathogenic potential. This observation led us to examine the fim operon in more
detail, focusing particularly on variation in intergenic regions. Changes in protein levels can have
a significant phenotype, just as changes in protein sequence can, and I am interested in positively
selected noncoding and synonymous variation near the translation start sites of fimbrial genes, as

this may represent an understudied mechanism of adaptation.

3.3 MATERIALS AND METHODS

3.3.1 Hotspot nucleotide analysis

Hotspots refer to positions that have independently undergone mutation at least twice during the
evolutionary history of a sequence. The position may have mutated to different residues in
different branches of the phylogeny, but independent mutation to the same residue is frequently
seen and is a strong indication of positive selection for that mutation. Previous work in this lab

has focused on hotspot amino acids, or nonsynonymous hotspots as markers of positive
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selection. For this study, I used the same technique to look for hotspot nucleotides that could
affect the expression of a gene or genes of interest. Briefly, sequences are analyzed for hallmarks
of recombination by Phi (Bruen, 2005) and by RDP v. 3.44 using RDP, GENECONV, MaxChi,
BootScan, and SiScan (Martin et al., 2010; 2005). Phi signals the likelihood of recombination
being present in a given set of sequences, and RDP indicates the location of likely breakpoints in
these sequences. As hotspots are by definition homoplasies, it is necessary to rule out
recombination as much as possible in order to minimize false positives. After eliminating likely
recombinant sequences and duplicate sequences, the remainder are aligned using ClustalW
(Larkin et al., 2007). PAUP* is used to construct a maximum likelihood tree of the sequences
(Swofford, 1991), and ZPS (Zonal Phylogeny Software) places mutations on the tree and
identifies hotspots (Chattopadhyay et al., 2007). This analysis was done for genes, intergenic
regions, and “‘start-proximal” regions, which were defined as -300 to +300 relative to the start

site of the gene indicated.

3.3.2 Strains sequenced for fimG-fimH intergenic region.

See Table 3.1 for summary data of additional strains sequenced.

Isolation n Table 3.1 Isolation source of strains Sanger sequenced for
Asymptomatic bacteriuria | 1 fimH upstream non-coding region and adjacent.

Fecal 3 See supplemental data for full list of strain names and rates of
ExPEC 9 fim carriage by source.

Lab 1

Vaginal 23

Unspecified 14

3.3.3 Sequencing nucleotides proximal to fimH start site
fimH and upstream were amplified using primers CL17 (CGGCCTGGCATGATGTTG) and

CL18B (TAATTTGCCGTTAATCCCAGAC) specific for 330 nucleotides upstream of and the
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stop site of fimH. Samples were cleaned up with ExoSAP (Affymetrix) according to
manufacturer instructions before being sent out for sequencing. Sanger sequencing was

performed by Genewiz using the CL17 primer.

3.4 RESULTS
3.4.1 Increased variation seen immediately upstream of the fimH start site

Each gene and noncoding region was analyzed for various markers of variation and selection.
With the exception of fimA, AN/dS was consistent and significantly below 1, indicating purifying
selection. Excluding fimA, both synonymous and nonsynonymous variation was consistent across
the operon, as measured by n (Figure 2.2). The level of intergenic variation was similar to the
overall variation in coding regions. Intergenic variation was also consistent across the operon,
with the exception of the intergenic region between fimG and fimH (Figure 3.1). The pairwise
variation of this short stretch was significantly higher than the overall non-coding variation (p <
0.01). Of the five observed polymorphisms in this 19-nt stretch, none disrupted the predicted
ribosome-binding site of fimH, but this does not necessarily mean that the changes are
functionally silent. One polymorphic position was immediately upstream of the predicted
ribosome binding site while another was at -1 relative to the translation start site; though these do

not directly disrupt translation, they may perturb it in some fashion.
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Figure 3.1 Non-coding variation in the fim operon
Bars represent noncoding & for intergenic region upstream of each gene with standard error.
Dotted line indicates average synonymous n for fimbrial genes excluding fimA.

3.4.2 Hotspot nucleotides upstream of fimH start site

Of the five polymorphisms observed in the fimG-fimH intergenic regions, none directly
interfered with the ribosome-binding site, so there is no obvious potential effect. In order to
ascertain whether the increased variation was likely to be the result of relaxed selective pressure
or positive selection, I applied hotspot analysis to a region spanning -300 to +300 of the fimH
start site, excluding those sequences with recombination predicted within that region (Figure
2.3). ZPS analysis of this region identified two of the five polymorphic positions in the
intergenic region as hotspot nucleotides. Intriguingly, one of these hotspot polymorphisms (-15a)

was significantly associated with extraintestinally pathogenic E. coli (%%, p < 0.001).
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Figure 3.2: Association of -15a fimH polymorphism with ExPEC strains.
Maximume-likelihood tree of -192 to +312 relative to fimH start with sequences containing -15A
shaded. Where more than one strain had identical sequences, these were collapsed to a single
tip. Number of isolates with that sequence signified by “n” followed by the number of sequences.
Any tips which include EXPEC strains are indicated by red shading. For tips with at least one

EXPEC strain, proportion of strains that are EXPEC is indicated with red section of circles.
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The fact that hotspot analysis is based on detecting homoplasies in nucleotide sequence-
based trees means that undetected recombination is always a potential issue. It is possible that in
very closely related fim operons, recombination events would not be detectable with the
techniques used, resulting in a genuinely silent noncoding change being inappropriately flagged
as a hotspot. In order to determine the likelihood of this, I examined the distribution of the -15
fimH alleles on maximum likelihood phylogenies of the entire fim operon, as well as of fimG and
fimH. If the polymorphism were found only within a single subtree of the fim operon phylogeny,
this would indicate a common background for the polymorphism. While this would not rule it
out as a genuine hotspot, it would indicate the need for caution as well as additional tests. If the
sequences carrying the -15a polymorphism were monophyletic in either the fimG or fimH tree,
this would draw attention to the possibility that this polymorphism may not be selected for per se
but instead carried along by recombination selecting for a polymorphism in the gene in question.
When this analysis was performed, the fim operons that carried the -15a polymorphism were not
monophyletic and in two cases were substantially divergent from the closest neighbor carrying
the -15a polymorphism, indicating that there is not a common background for this
polymorphism. When placed on the fimG and fimH trees, the -15a polymorphism was again not
monophyletic, strengthening the argument that this is a noncoding hotspot selected for on its own

merits.
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Figure 3.3: Non-monophyly of -15a polymorphism.

Background of the -15A polymorphism at other sequence levels; maximum-likelihood trees of
the fim operon (A), fimG (B), and fimH (C), with boxes indicating presence of the -15A
polymorphism. Strain name labels have been omitted for clarity.

3.4.3 Examining polymorphism proximal to fimH start in further strains

I was interested in the distribution of this polymorphism in a larger sample of strains, as
well as whether expanding the sample set for the analysis would yield other hotspot nucleotides
of interest. To that end, I sequenced this region in a further 110 strains from our collection (see
Table 3.1). The sequence from -279 to +389 relative to fimH start was consistently of high
quality, and this region was used for analysis. No further hotspots were identified, but position -
15 continued to be flagged as a hotspot nucleotide. -15a was also significantly associated with

ExPEC in those strains where a source of isolation was specified.
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3.4.4 Possible effect of -15a fimH polymorphism on translation

While synonymous variation is often referred to as “silent,” research by Kudla and colleagues
demonstrated that this is not necessarily the case (Kudla et al., 2009). A library of 154
synonymous variants of GFP was created; when expression vectors carrying these sequences
were transformed into E. coli, fluorescence levels varied widely (up to 250-fold). Expression
level was not correlated with the codon adaptation index but instead correlated with the predicted
folding energy of the mRNA; the more negative the free energy of the folded mRNA
immediately around the translational start site, the less fluorescence was seen in cells expressing
that construct. This raises the possibility that something similar could be happening in the case of
the -15a fimH polymorphism. Analysis of the fimA-fimH mRNA by mFold (Zuker, 2003)
indicated a likely hairpin structure including the fimH start site. When free energy was calculated
for the nucleotides immediately around the start site, presence of the -15a polymorphism was
associated with lower values, suggesting a possible reduction in translation. The calculated AGy
of the RNA hairpin structures predicts and 2-fold decrease in translation with the UTI89
sequence compared to MG1655 (de Smit and van Duin, 1990; Seo et al., 2009). This is less than
is seen with the secretion signal mutant, but it is still potentially able to affect the structure of

type 1 fimbriae.
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3.5 CONCLUSIONS
3.5.1 Non-coding variation upstream of fimH

The -15a fimH polymorphism appears as a hotspot in all the data sets considered (small set of
genomes, small set plus strains sequenced for region surrounding fimH noncoding region, and
large set of genomes plus sequenced strains). This polymorphism is also associated with an
ExPEC strain origin, implying that selection at this site may be related to an extraintestinal
lifestyle and/or the alternating selection pressures experienced by EXPEC strains.

3.5.2 Further examination of the effects of -15a fimH hotspot nucleotide

The non-coding position at -15 relative to the fimH start site appears to be subject to repeated
variation associated with strain isolation from extraintestinal infections. Models of mRNA
folding indicate that this polymorphism may be associated with reduced translation, which could
have effects similar to the FimH secretion signal mutations observed previously. The secretion
signal mutant strains displayed longer fimbriae than strains with a normal signal sequence, and
the data suggest that individual bacteria could be cross braced by their fimbriae, inducing a
conformation shift in FimH as is seen with shear force in the absence of any flow.

The -15a polymorphism could also affect fimH transcription or translation by a variety of
other means. The -15 nucleotide is in or immediately adjacent to the fimH ribosome binding site
and so could directly affect translational efficiency. Alternatively, it could potentially affect
mRNA stability, endonucleolytic cleavage involved in translational regulation, or binding by
regulatory factors. The first step in characterizing the -15a polymorphism would be to construct
variant fim operons carrying various combinations of the observed noncoding polymorphisms

upstream of fimH and determine their effect on the number and length of pili produced by
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bacteria carrying the operon. If an effect were observed, the challenge would then be to

determine the mechanism by which the polymorphism affects the change in FimH expression.

3.5.3 Utility of work for future studies

I am intrigued by the possibility that non-coding changes like the one discussed here could be
part of the suite of pathoadaptive changes that alter the pathogenic potential of EXPEC. Certain
STs are strongly associated with extraintestinal pathogenicity, implying that these strains are pre-
adapted to an EXPEC niche, needing only an opportunity and one or a few genetic changes in
order to thrive in the bladder, blood, or brain. By biasing the operon in the direction of fewer and
longer fimbriae, would this provide a better background for future changes? Could smaller
changes like this provide an advantage in the urinary tract without also causing a fitness defect in
the intestines? We study the pathoadaptive mutations that cause significant phenotype effects
because that is what is visible to us.

However, some mutations causing small phenotypic variations would be expected to be
beneficial, just as with mutations causing large variations. Indeed, given the necessity for EXPEC
to be able to switch between niches, small changes that are beneficial within the extraintestinal
niche, even if only to a small degree, could be quite beneficial in the long run if they do not
interfere with fitness in the intestinal niche. As we gain more sequence data, I believe that we
will become able to detect more and more of these subtle variations, which will in turn illuminate
more about the pathways involved in pathogenesis. While these data are pointing back to a factor
that we already knew was important, it supports our hypothesis that FimH expression levels as
well as amino acid sequence can impact on the pathogenic potential of a given strain. I believe

that future studies can and will illuminate novel participants in pathogenesis.
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CHAPTER 4:
E. COLI AS A PERSISTENT RESIDENT OF THE CF LUNG AND WITHIN-PATIENT
VARIATION OF LONG-TERM INFECTING E. COLI

4.1 ABSTRACT
Individuals with cystic fibrosis (CF) frequently suffer from lung infections, causing substantial
morbidity and mortality, and by adulthood they have often developed chronic polymicrobial lung
infections. Recent work by our collaborators has demonstrated that E. coli is capable of causing
long-term infections of the CF lung and undergoing phenotypic changes characteristic of long-
term CF lung colonization. We sequenced the genomes of two clonal strains from a single patient
with differing phenotypes (mucoidy and ampicillin-resistance) to track down the genetic changes
associated with these phenotypic changes. Genome sequencing strongly supported the hypothesis
that these strains were clonal and had arisen from a single strain over the course of the patient’s

lung infection.

4.2 BACKGROUND
4.2.1 Lung infections in cystic fibrosis

In the USA, cystic fibrosis (CF) is the most common life-shortening genetic disease, after
sickle cell anemia, occurring in 1 in 3500 live births in the US (Cystic Fibrosis Foundation,
2012; O’Sullivan and Freedman, 2009). Patients with CF have a defect in chloride transport, and
the primary effect of this defect is altered mucus composition. Decreased net ion export leads to
decreased net water movement, but normal amounts of other components are produced, resulting
in mucus that is thick, dry, and sticky (Boucher, 2007; Matsui et al., 1998). This mucus can

block the pancreatic duct, the small intestine, and small airways of the lung (Cohen and Prince,
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2012). It is this last that causes the greatest number of problems for patients (Cystic Fibrosis
Foundation, 2012).

In the lungs of patients with CF, mucus cannot be cleared properly. Instead of trapping
microbes and particulates and carrying them away, the mucus instead retains inhaled particles in
the lungs. The mucus itself can also serve as a food source for a number of bacteria. Many
organisms can then proliferate and cause lung infections, even species that would never be
pathogenic to healthy individuals. Initially, patients suffer acute infections caused by a single
species. However, CF patients have a reduced ability to clear lung infections, due both to
depletion of airway surface liquid and immunological abnormalities apparently resulting from
the defect in the cystic fibrosis transmembrane conductance regulator (CFTR) (Cohen and
Prince, 2012; Matsui et al., 1998).

The most common and most well studied causes of infection in the CF lung are
Pseudomonas aeruginosa and Staphylococcus aureus. Nearly 75% of CF patients have a P.
aeruginosa infection by the time they reach adulthood (Cystic Fibrosis Foundation, 2012).
Chronic Pseudomonas infection is generally considered to be a condition to be managed rather
than a curable condition. Patients with chronic infections appear to be more susceptible to
infection by further species. The polymicrobial infections that develop are complex, with the
microbial community varying over time as well as from region to region within the lungs (Fodor
et al., 2012; Sibley and Surette, 2011). The bacteria undergo a number of adaptations to the CF
lung. Several adaptations are found not only across isolates from a single species but also across
species.

CF patients undergo many rounds of antibiotics to control lung infections, but symptomatic

improvement is not necessarily accompanied by reduced bacterial counts. Unsurprisingly,
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antibiotic resistance has been observed in CF isolates of a number of species. CF isolates of both
S. aureus and P. aeruginosa form small colony variants (SCVs) as well (Besier et al., 2006;
Folkesson et al., 2012; Kahl et al., 1998; 2003). P. aeruginosa develops a number of other
phenotypes in the CF lung, including a mucoid or slimy phenotype, defects in quorum sensing,
or loss of motility (Folkesson et al., 2012).

Our organism of interest, E. coli, is less commonly isolated from CF sputum, and it is less
studied. E. coli is generally considered to be a transient, not a long-term colonizer (Hoiby,
1974a) Nevertheless, our dataset demonstrates that £. coli can cause long-term infections.
Antibiotic resistant and mucoid E. coli have previously been observed in CF sputum isolates and
are frequently observed in our strain set. We have also observed phenotypically unstable SCV E.
coli, with pure isolates that are streaked out on agar growing as a mixture of normal and SCV

colonies; these have been termed springer variants.

4.2.2 Adaptive benefit of abnormal CF-associated phenotypes

The adaptive benefit to the bacterium of these CF lung-associated phenotypes cannot yet be
tested directly. Mice with CFTR defects do not display a lung phenotype. The agar bead model
of CF lung infection imitates a chronic lung infection that cannot be cleared but does not address
the innate immune system abnormalities associated with CF. Ferrets and pigs carrying the most
common CF-causing mutation have been created recently, and these are the first genetic models
to replicate the human lung phenotype. While these animal models are promising, they are still
under characterization and not yet suitable for infection studies (Fisher et al., 2011; Keiser and
Engelhardt, 2011; Li and Engelhardt, 2003; Rogers et al., 2008; Sun et al., 2010). Nevertheless, a

great deal can be inferred from in vitro work and longitudinal studies of patients.
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The repeated rounds of antibiotics used in CF patient care are sufficient to explain the
adaptive benefit of bacterial resistance. Antibiotic treatment may also explain some or possibly
all of the SCV E. coli seen. Aminoglycosides have been shown to induce SCV in both E. coli
and Staphylococcus aureus, and SCV of various species have been shown to be resistant to
aminoglycosides (Clowes and Rowley, 1955; Eiff et al., 1997; Proctor et al., 1998). The
antibiotic resistance of SCVs appears to be due to their slower growth, with slow growth being
associated with antibiotic resistance in many species. Springer strains may represent a more
flexible approach. Slower-growing individuals, which would produce an SCV phenotype when
plated, survive antibiotic challenge better. Faster-growing phenotypic revertants would be more
able to proliferate and compete for resources than bacteria from a strictly SCV strain.

Mucoidy obviously provides some benefit to E. coli in the CF lung, though it is not entirely
clear how mucoidy is beneficial. Mucoid P. aeruginosa are resistant to certain chemical insults
as well as to phagocytosis by macrophages, both stresses encountered in the CF lung (Bayer et
al., 1991; Benincasa et al., 2009; Boucher et al., 1997; Ciofu et al., 2001; Govan and Deretic,
1996; Leid et al., 2005; Slack and Nichols, 1981). However, mucoid E. coli are neither resistant
to phagocytosis nor resistant to antimicrobials relative to a non-mucoid parent strain. So far,
mucoid E. coli have been shown to be resistant to desiccation and serum-mediated killing, as
well as being slightly resistant to both reactive oxygen species and simulated intestinal fluid
(Chen et al., 2004; Miajlovic et al., 2013; Ophir and Gutnick, 1994; Phan et al., 2013). Colanic
acid overproduction is frequently the cause of the mucoid phenotype; knocking out colanic acid
decreases serum resistance in an ExXPEC strain (Miajlovic et al., 2013; Phan et al., 2013). Taken
together, these traits may be sufficient to explain selection for mucoidy in the CF lung, but there

may also be other factors that we have not yet discovered.
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4.3 MATERIALS AND METHODS
4.3.1 Strain collection and culture methods

Strains were collected at University Hospital, Muenster by culturing expectorated sputum,
nasal secretions, and throat swabs from patients with cystic fibrosis. Strains were isolated,
identified, and characterized using standard microbiological techniques. E. coli isolates were
provided to us as pure cultures. Strains were grown in LB for DNA isolation. Strains were grown
on tryptic-soy agar (TSA) to determine colony morphology, as we have observed that the mucoid
phenotype is more pronounced under these conditions. See Table 4.2 for more information about

the strains.

4.3.2 Strain typing

Strains were typed by our collaborators using Enterobacterial Repetitive Intergenic
Consensus (ERIC) PCR. We also typed all strains using multi-locus sequence typing (MLST) or
a variant of MLST, either extended MLST or CH typing, as described below. MLST uses 500-bp
sequences from 7 housekeeping genes to estimate relatedness between strains. These genes are
core, rarely recombinant, and under strong purifying selection. Strains that are identical in all
seven sequences are considered to be of the same sequence type, or ST, and are assumed to be
relatively closely related, sharing a common ancestor within the last few thousand years (Wirth
et al., 2006). For more fine-grained determination of clonality, extended MLST adds four
virulence-associated genes, fimH, fyuAd, malX, and usp (Jakobsen et al., 2009; Nakano et al.,
2001; Ostblom et al., 2011; Weissman et al., 2012). These genes are known to be under positive
selection and to change more rapidly than the genes used for MLST. As these are virulence-

associated genes, they are particularly useful for typing pathogens. We also used an abbreviated
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form of sequence typing, termed C-H typing (for fumC-fimH typing). Our lab has previously
demonstrated that typing with one MLST gene, fumC, and one widely carried virulence-
associated gene, fimH, can type strains to superior level of discrimination than standard MLST
with less sequencing. See the UCC MLST website for standard MLST primers (Wirth et al.,
2006) and Table 4.1 for other primers used.

All strains were typed by ERIC-PCR and CH typing. Strains of interest were further analyzed
with standard or extended MLST.

All PCR was carried out with Taq JumpStart ReadyMix (Sigma), using the following
program: 94 C for 5 m; 30 cycles of 94 C for 30 s, 58 C for 30 s, and 72 C for an appropriate
extension time; 72 C for 10 m; and a 4 C hold. Extension time was 1 minute for every 1 kb of

product plus an additional 30 seconds.
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Table 4.1: Primers used in this study.

Name | Gene | Primer sequence for Source

fimF fimH | CACTCAGGGAACCATTCAGGCA | PCR, seq | Weissman et al (2012)
fimR fimH | CTTATTGATAAACAAAAGTCAC PCR, seq | Weissman et al (2012)
fyuF fyuA | GTTGATGACGGCGACATGATT PCR, seq | Jakobsen et al (2008)
fyuR fyuA | CGCAGTAGGCACGATGTTG PCR, seq | Jakobsen et al (2008)
malF malX | CCACGCAATACGCCAAAGC PCR, seq | Jakobsen et al (2008)
malR malX | CGCGTGACGATTCCTTTTGG PCR, seq | Jakobsen et al (2008)°
uspF usp GCTACTGTTTCCGGGTAGTG PCR, seq | Nakano et al (2001)’
uspR usp CATGTAGTCGGGGCGTAAC PCR, seq | Nakano et al (2001)’
mdo1 mdoH | CAAACGCGTCGTTCAACG PCR, seq | This study

mdo2R | mdoH | TTATTGCGAAGCCGCATCC PCR, seq | This study

mdo3 | mdoH | GTAAAGGCGCGTCTGGAAC seq This study

mdo4 | mdoH | CTTATTGGTCGCGATAAATACAG | seq This study

mdo5 | mdoH | GATGGAAGCCAACCCGAAC seq This study

mdo6 | mdoH | CGGGCGTGATGTCTTATCT seq This study

mdo7 | mdoH | CGATTGTCTTCTCGTTGATCC seq This study

mrdF mrdB | CTGGGATAAAGTCCATCTCG PCR, seq | This study

mrdR | mrdB | CACGCTTTTCGACAACATTTTC PCR, seq | This study

mrd1 mrdB | CCTCTCTGGCCTTAGCTG seq This study

mrd2 mrdB | CAGCTAAGGCCAGAGAGG seq This study

* Primers modified slightly (length or small location shift) for annealing temperature and terminal

bases

4.3.3 Genome sequencing

Highly purified genomic DNA from O-8 and O9 was provided to our collaborators, who

performed genome sequencing with 454. Sequencing with Illumina technology was used for

finishing. Contigs were assembled using Velvet. Genome sequencing with the Illumina miSeq

was performed in-house using a resequencing protocol with UTI89 as the template genome.

4.3.4 Genome sequence analysis

Genome sequences were analyzed using scripts developed in our lab; many of these are

included in the TimeZone analysis pipeline (Chattopadhyay et al., 2012). UTI89 was used as the

reference genome, with each annotated ORF in UTI89 being used as an nBLAST query sequence
to identify potential homologues in the O-8 and O-9 genomes. BLAST results were aligned using

ClustalX. TimeZone modules were used to identify polymorphisms within aligned ORFs.
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Polymorphic ORFs of interest from the first sequencing run (454/Illumina) were checked
against miSeq results (both aligned sequences and fastq reads). The genes of greatest interest
were sequenced using Sanger chemistry to confirm polymorphisms. See 4.3.2 for PCR

conditions and Table 4.1 for primers used.

4.4 RESULTS
4.4.1 Characteristics of E. coli isolated from CF patient sputum

In order to characterize the prevalence, persistence, and phenotypic traits of E. coli isolated
from the CF lung, routine samples from patients at 2 CF centers in Muenster, Germany were
cultured and analyzed. 176 patients were included in the study. Patients were involved in the
study for 6-90 months (median 6.8 y) and 4-69 visits (median 26 visits). E. coli was isolated
from airway samples in more than a quarter of patients. Of those patients positive for E. coli,
approximately 2/3 were positive at two or more visits (29 patients or 16.5% of total). Strains
were typed using Enterobacterial Repetitive Intergenic Consensus (ERIC) PCR (Versalovic et
al., 1991) to determine if these patients were colonized transiently or long-term. 19 patients
showed long-term infection, as defined by isolation of strains with the same ERIC-PCR profile

on 3 or more visits over at least 6 months (median 21 months). In almost all cases, profiles

differed from patient to patient. This is not a case of a special and epidemic strain of E. coli, but

rather a demonstration that at least some strains of E. coli are capable of infecting the CF lung

long-term.
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Table 4.2: Patient strains.

Patient | Isolates | Duration” | CF-associated phenotypes observed
A 15 34 mo Mucoid, SCV

B 2 1 mo

C 3 5 mo

D 40 50 mo Mucoid, antibiotic resistance”

E 1 -

F 4 11 mo

G 3 10 mo

H 46 50 mo SCV, antibiotic resistance

J 4 31 mo

K 5 7 mo Antibiotic resistance

L 3 9 mo Antibiotic resistance

M 6 16 mo

N 31 50 mo SCV, springer, antibiotic resistance
O 33 46 mo Mucoid, SCV, springer, antibiotic resistance
P 8 23 mo Mucoid

Q 1 -

R 6 15 mo Mucoid, antibiotic resistance

S 10 29 mo

T 2 6 mo

U 5 19 mo

V 6 24 mo

:Puration indicates span of time from first to last E. coli isolate in the sample set.
Antibiotic resistance defined as significantly increased resistance to any of a panel of common

clinical antibiotics as compared to clonal strains from the same patient, implying within-patient

evolution of resistance to at least one relevant antibiotic.

For this work, we were provided with 230 samples from the 18 patients with long-term E.

coli colonization as well as 4 samples from 3 patients with transient colonization (see Table 4.2).

Each patient was represented by 2-46 samples (median 6, mean 12.8) isolated over a period of 5-

50 months (median 16.5, mean 23.2). A number of strains were antibiotic resistant. Variant

colony morphologies were also observed, from SCV to springer to mucoid.
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Springer

Figure 4.1: Colony morphology on TSA.
Colony morphology of 5 isolates from patient O. Note that the balance of SCV:normal colonies

varies between springer isolates; arrows on O-26 (bottom left) point to scattered SVC colonies.
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Colony morphology was media-dependent for a number of patient isolates, particularly
intermediately mucoid isolates. Previous work demonstrated that mucoidy due to colanic acid
overproduction is typically induced by lower incubation temperatures (20-25 C) and growth on
minimal media (Sledjeski and Gottesman, 1996; Yeh and Chen, 2004). One of the few
demonstrated selective advantages of colanic acid overproduction in E. coli is resistance to
desiccation (Ophir and Gutnick, 1994). This suggests that the primary role of colanic acid is
survival in the environment, at least for strains where colanic acid expression patterns resemble
those of K-12.

No strains from the CF strain set showed induction of mucoidy in response to low
temperature and minimal media, however. All strains with a mucoid phenotype on minimal
glucose agar at 25 C possessed a mucoid phenotype on TSA at 37 C. Similar results were seen
with a set of urinary tract isolates, and with very few exceptions, clinical isolates that were

mucoid under one condition were mucoid under both conditions.

4.4.2 Phenotypic variation in E. coli strains from patient O

The isolates from patient O were of the greatest interest, as strains were present with
ampicillin resistance, springer, and mucoid phenotypes (see Figure 4.3, Table 4.2). ERIC-PCR
indicated that the patient isolates were clonal. Seven strains from this patient were typed by
extended MLST and found to have the same type. CH typing of the remaining isolates from
patient O showed 32 of the 33 isolates to be clonal. The strains from this patient constitute a
closely related population that likely originated from a single strain and displays multiple

phenotypes of interest.
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Of the 32 strains from patient O, 10 are mucoid, 3 are springer/small colony variant, and 19
have normal morphology. Two strains were ampicillin resistant, one with normal morphology
and one with an intermediately mucoid phenotype. O-8 and O-9, the first mucoid and ampicillin-
resistant strains, respectively, were both isolated from a single patient sample, more than a year
after the first E. coli was isolated from this patient. Both mucoid and non-mucoid strains of E.
coli continued to be isolated from patient samples for the duration of observation. This clone of
E. coli, in both its mucoid and non-mucoid variants, is capable colonizing the CF lung and

persisting in the long term.

4.4.3 Genomic variation in strains from patient O

Two strains were selected for genome sequencing in order to identify mutations leading to
the mucoid and ampicillin-resistant phenotypes. These were strains O-8 and O-9, respectively
(Figure 4.1). Strains O-8 and O-9 were isolated from a single patient sample. These strains were
sequenced by Illumina with resequencing on 454, as well as a resequencing pass with Illumina
miSeq. ORFs in the resulting contigs were identified by nBLAST. UTI89 was used as the
reference strain, as it is closely related to the patient isolates and is well annotated. The resulting
sequences were aligned with ClustalX. Aligned sequences were analyzed for polymorphism
between strains using a module of TimeZone, a genome analysis software package developed in
our lab (Chattopadhyay et al., 2012). Based on the reference genome annotation, strains O-8 and
0-9 shared 5,230 genes, with O-8 having an extra 8 ORFs (Tabel 4.3). In the shared genes, only
5 single nucleotide polymorphisms (SNPs) and a single 9-bp deletion were identified as the

differences between the strains.
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Next, the level of SNP and gene content differences between O-8 and O-9 was compared to
that of strain O-8 and three sequenced uropathogenic strains that have diverse MLST profiles:
the reference strain UTI89 from ST95; strain CFT073 from ST73; and strain NA114 from ST131
(Avasthi et al., 2011). A total of 4292 genes were found to be present in all four strains. As
expected, the number of SNPs was the smallest between O-8 and UTI89, which belongs to the
same clonal group, ST95 (Table 4.3). However, this level of polymorphism was over 250 fold
higher than that found between the O-8 and O-9 strains. The difference in ORF content was also
drastically lower between the O-8 and O-9 than between O-8 and any other strain, including the
clonally-related UTI89.

Assembled contigs from O-8 were compared with three model EXPEC strains: UTI89
(uropathogen), CFT073 (uropathogen), and NA114 (ST131 antibiotic-resistant). Numbers above
the diagonal represent the number of ORFs present in both strains. Numbers below the diagonal

represent polymorphic nucleotides in aligned core genes between the two strains.

Table 4.3: Genomic differences among 0-8, O-9, and 3 ExPEC strains.
number shared ORFs

£o 0-8 0-9 UTI89 | CFT073 | NA114
g g 0-8 5326 5225 4899 4479
>3 095 5217 4899 4479

s 3 UTI89 | 1233 1232 4904 4459

© 5 |CFT073 | 27421 27420 28057 4540
co NA114 | 39863 29862 40070 40026

The strains from patient O shared a number of differences from UTI89, including a number

of gene truncations (Table 4.4.) These truncations in the ancestral patient strain may be due to
relaxed selective pressure, or the truncations may have contributed to the strain’s ability to
colonize the CF lung. If the truncations are due to relaxed selective pressure, we would expect
the pattern of truncations to be random. DAVID is an algorithm for clustering genes by the
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function of their encoded proteins to look for categories that are enriched in the test set. DAVID
analysis of patient-specific truncations indicated two functional clusters, nucleotide binding and
membrane-associated proteins. These were not significant (p = 0.19 and p = 0.25, respectively),
however. It is of interest to note that the ORFs with only non-synonymous changes within patient
O are also categorized as membrane-associated and nucleotide-binding. By DAVID, these ORFs
were enriched for membrane-associated genes at p = 0.042.

All together, these results strongly suggest that O-8 and O-9 not only belong to the same MLST
group but are very recent clonal derivatives that could have emerged within the patient O in the
course of chronic persistence.

All differences identified by Illumina sequencing between the O-8 and O-9 genomes were
subsequently confirmed by Sanger sequencing (Table 4.5, Figure 5). Detailed analysis has
revealed that, out of the 5 SNPs, 4 were amino acid replacement mutations in 4 different ORFs
(imp, gltX, dhaK and mrdB) and 1 was a premature stop-codon mutation in mdoH. The 9-bp in-
frame deletion was within ycfT, and the presence/absence difference in 8§ ORFs was the result of
a single large deletion of approximately of 6.5 kb. The O-8/0-9 differences were distributed
across the reference genome (Supplemental Figure 1), indicating that they had been acquired
independently rather than in a single recombination event.

Based on the reference genome, non-synonymous changes in imp and mrdB and the large
deletion had occurred in O-9, with the deletion affecting a cluster of 8 co-directionally
transcribed chromosomal genes of hypothetical nature. All other changes - non-synonymous
changes in gltX and dhakK, 9bp deletion in ycfT and premature stop-codon in mdoH - were

predicted to be mutations in the O-8 strain.
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Table 4.4: Truncations specific to patient O isolates.

Gl Gene name DNA Protein | Annotation

91071104 | YlaB 2289del11 hypothetical with EAL domain
91071452 | ybjl 571C>T Q191X | haloacid dehalogenase-like hydrolase
91071764 | UTI89_C1163 | 1101C>A | C367X | hypothetical

91071993 | YcgS 113insG provisional kinase subunit DhalL
91072814 | UTI89_C2227 | 44insA hypothetical

91073098 | gyrA 580G>T E194X | DNA gyrase

91073190 | usg 559C>T Q187X | putative, provisional dehydrogenase
91073686 | surkE 470T>A W161X | provisional acid phosphatase
91074038 | ygiC 399G>A W133X | synthase/amidase

91074098 | yqjA 524G>A W175X | hypothetical membrane protein
91074500 | yrhA 360delG hypothetical

91074577 | UTI89_C4029 | 532C>T Q178X | hypothetical

91075281 | yjeA 555insG putative lysyl-tRNA synthetase
91075407 | UTI89_C4885 | 703insC hypothetical

91075459 | UTI89_C4937 | 73insT hypothetical putitive ATPase

The 29 other clonal isolates from patient O in this study were sequenced for the 7 coding
differences seen between O-8 and O-9 (Table 4.6). Thirteen strains possessed neither the
polymorphisms specific to O-8 nor those specific to O-9 (imp, mrdB, and the large deletion). Ten
strains carried all four O-8-specific polymorphisms. None of the isolates had all O-9-specific
mutations, but 5 isolates carried two of them (the imp SNP and 8-ORF deletion). Interestingly, 2
strains carried the O-9-like mrdB mutation and also a mutation in imp but of different nature than
that found in O-9. Strains from 3 largest lineages ('non-mutated’, O-8-like, and that carrying imp
SNP and deletion) were present over a span of multiple years.

Thus, all differences seen between the O-8 and O-9 strains affected the structure or presence

of coded proteins, with both strains acquiring mutational changes. Also, based on the O-8/0O-9
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polymorphisms at least 5 distinct clonal lineages could be identified in the patient O isolates,
with the O-8-like bacteria being isolated throughout the period of observation.

The mutations in mdoH, and mrdB were of particular interest based on current knowledge. MrdB
is a penicillin-binding protein and involved in mecillinam sensitivity (Clarke et al., 1999;
Steenbergen et al., 1992; Tamaki et al., 1980). MdoH is not directly involved in capsule
biosynthesis, but transposon disruption of mdoH has been associated with increased colanic acid

synthesis in a lab strain (Ebel et al., 1997).
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Table 4.5: Genes with strain-specific non-synonymous variation.

Strain | Gene Accession | Nucleotide | Amino acid Annotation*
0-8 mdoH 3993939 1011 C>A C367X periplasmic glycans synthesis
0-8 ycfT 3992701 374 _382del | AAYA125 127 | predicted membrane
0-8 gitx 3991693 1048 C>T R350C tRNA synthetase
0-8 dhaK 3992242 1063 G>A G355R glycerolipid metabolism
0-9 imp 3993622 1762 T>C S588P organic solvent tolerance
0-9 mrdB 3989726 1015 G>A V339I rod shape-determining protein
UTI89 C4936 | 3990785 hypothetical
UTI89 C4937 | 3990786 histidine kinase-like
UTI89 C4938 | 3990787 DNA methylase-like
UTI89 C4939 | 3990827 , , hypothetical
O-9  T'UTige_ca940 | 3000828 | deletion deletion TraG-lke
UTI89 C4941 | 3990829 TraG-like
UTI89 C4942 | 3990830 ImpA domain
UTI89 C4943 | 3990831 hypothetical

" Annotation based on gene annotations in DAVID database




Figure 4.2: Alignment of mdoH sequence in the vicinity of nonsense mutation.
Shading indicates strains with a mucoid phenotype on TSA plates.

4.4.4 Association of mdoH truncation and mucoidy in strains from patient O

Previous work has shown that transposon disruption of mdoH results in a mucoid phenotype.
A nonsense mutation resulting in the truncation of MdoH would be expected to have similar
effects as a transpon. I sequenced mdoH in full for the 32 clonal strains from patient O. The
nonsense mutation was strongly associated with the mucoid phenotype (see Figures 4.2 and 4.3).
No other polymorphisms were found in mdoH in any of the strains from this patient.

Both strains which broke the mucoidy-C367STOP association were isolated late in the
infection. O25, which has an intermediately mucoid phenotype with an intact mdoH, was isolated
34 months after the first £. coli sample and may be a new emergence of mucoidy via a novel

mechanism. O32, which has a normal phenotype with a truncated mdoH, arose 28 months after
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the isolation of O-8. This revertant strain is almost certainly carrying a suppressing mutation in
another gene. In mucoid P. aeruginosa with mucA mutations, pseudorevertants that lose the
mucoid phenotype but retain the mucA4 mutation are commonly observed, both in patient isolates

and in the lab (DeVries and Ohman, 1994).

2003 2004 2005 2006

| ggzl g:o

Key: (1) Normal colony morphology @ Mucoid

@® mdoH truncation

Figure 4.3: Association of nonsense mutation and mucoidy.

Clonal isolates from patient O ordered chronologically. Color of square indicates colony
morphology (white: wild type, blue: mucoid). Red dot indicates presence of C367X
polymorphism in mdoH.

4.5 CONCLUSIONS

E. coli is a common inhabitant of the cystic fibrosis lung, and it can cause both transient and
long-term infections. Like other bacteria that chronically infect the CF lung, variant phenotypes
are frequently observed over the course of infection. As seen with the isolates from patient O,

these variants are also capable of chronic colonization. The overall prevalence of E. coli in this
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dataset is substantially higher than what has been published previously. This may be due to
differences in patient genetics, patient treatment, or other factors specific to the study sites in
Muenster. The discrepancy may also be influenced by the common belief that E. coli in CF
patient sputum isolates may be a contaminant or is likely to be a transient infection, resulting in
underreporting of E. coli.

In isolates from patient O, mucoidy is strongly associated with truncation of mdoH. mdoH
truncation has been demonstrated to cause mucoidy in the lab, but this mechanism has not

previously been associated with mucoidy in wild isolates.
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CHAPTER 5:

mdoH TRUNCATION IS A CAUSE OF MUCOIDY IN E. COLI CF ISOLATES
5.1 ABSTRACT
The development of mucoidy in E. coli is typically associated with mutations in /on, a negative
regulator of the Rcs phosphorelay. I have observed two discrete instances of a different mutation
associated with mucoidy in the CF lung, truncation of mdoH. Mucoidy can be complemented by
transformation with a plasmid carrying the wild-type mdoH. Though previous work showed
mdoH acting through the Rcs phosphorelay to induce colanic acid overproduction, in the strains

from patient O, Rcs activation is regulating a different capsule.

5.2 BACKGROUND
5.2.1 mdoH and the Rcs phosphorelay

The mdoGH locus consists of two overlapping ORFs and is regulated by osmolarity (Bohin
and Kennedy, 1984; Lacroix et al., 1991; 1989). The mdo genes are involved in the synthesis of
membrane-derived oligosaccharides (MDOs), which are modified glucose polymers exported to
the periplasm to protect the cell from osmotic stress. MdoH is constitutively produced at low
levels and activated by osmotic stress, allowing the cell to respond immediately (Debarbieux et
al., 1997). Through an unknown mechanism, lack of functional MdoH activates the Rcs
phosphorelay (Ebel et al., 1997).

The Rcs phosphorelay, named for regulation of capsule synthesis, is a signaling cascade
originally identified in a mutagenesis screen for altered expression of colanic acid biosynthesis
genes (Gottesman et al., 1985). Excessive capsule production, stimulated by Rcs dysregulation,

is responsible for the slimy phenotype of mucoid strains of E. coli. Further studies of the Rcs
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phosphorelay have shown that it affects some 5% of the E. coli genome, including flagellar
genes, the cell-division gene fisZ, type 1 fimbriae, and in some strains, group I capsule
production (Ferrieres and Clarke, 2003; Hagiwara et al., 2003; Jayaratne et al., 1993; Laubacher
and Ades, 2008; Lehti et al., 2012; Majdalani and Gottesman, 2005; Navasa et al., 2013; Russo
and Singh, 1993; Schwan et al., 2007; Sledjeski and Gottesman, 1996; Stout and Gottesman,
1990). Mutations in lon, which codes for a negative regulator of the Rcs phosphorelay, are the
most common cause of mucoidy in studies to date (Markovitz, 1964; Skorupski et al., 1988).
Constitutive Rcs activation therefore has a host of effects, some of which are deleterious to
the cell, dysregulation of cell division in particular (Majdalani and Gottesman, 2005). Early
studies of mucoid E. coli remarked on the difficulty of studying mucoid strains, as they tend to
revert to a normal colony phenotype after a few passages on plates under laboratory conditions
(Macone et al., 1981). In the face the steep costs of constitutive Rcs activation, it seems that
mucoidy or some other effect must confer significant benefits during chronic infection of the CF

lung for the phenotype to be maintained.

5.3 MATERIALS & METHODS
5.3.1 Sequencing

Sequences were amplified using JumpStart Taq ReadyMix (Roche) and cleaned up using
ExoSAP (Affymetrix), as per manufacturer instructions. The resulting DNA was Sanger

sequenced by GeneWiz. See Table 4.1 for primers used in amplification.
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5.3.2 Plasmids

Complementation vectors (wt and truncated) were constructed by TOPO-TA cloning into
pCR2.1 (Invitrogen. mdoH from O-26 (wt) and O-8 (truncated) were amplified using CL68 and
CL69 with 2.5 units JumpStart Taq ReadyMix (Sigma-Aldrich) supplemented with 2 units Pfu
Turbo (Agilent) for increased fidelity. PCR was run with a standard program (94 C for 3 m; 30
cycles of 94 C for 30 s, 58 C for 30 s, and 72 C for 3.5 m; 72 C for 10 m) After electrophoresis
on a 1% agarose gel to confirm appropriate size, samples were incubated for 10 m at 72 C with
an additional 2.5 u JumpStart in order to produce TA overhangs. Samples were immediately used
in the TOPO-TA reaction as per manufacturer instructions. The vector control was constructed
by excising mdoH using the Ndel and Sacl sites of the amplification primers (NEB). The gel-
purified vector backbone was made blunt-ended by treatment with Antarctic phosphatase (NEB),
and after heat inactivation of the phosphatase was re-ligated using T4 DNA ligase (NEB).
Plasmids were transformed into chemically competent AAEC191a cells. Plasmids were

confirmed by restriction digest.

5.3.3 Transformation of clinical strains

Cells were grown in LB to mid-log phase, and then washed twice with ice-cold 10%
glycerol. Pellet was resuspended in retained glycerol solution. Cells were incubated 10-15 m on
ice with plasmid; they were then transferred to a chilled 1 mm cuvette and electroporated using a
BioRad GenePulserll at 1.8 kV, 25uF, and 200 ohms. Ice-cold SOC was added and cells were
allowed to recover at least 1 h at 37 C. 10% and 1% of the recovered cells were plated onto TSA

agar containing appropriate antibiotics and grown overnight at 37 C. Transformed strains were
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grown on TSA containing 0.1 mg/mL ampicillin and 0.025 mg/mL kanamycin or on blood agar

to score phenotype. Plates were spread with 40 uL 0.1 M IPTG for induction.

5.3.4 Preparation of extracellular polysaccharide for sugar assays

O-8 and O-9 were compared with a number of strains that had previously been characterized
as colanic acid-producing and non-mucoid (CFT073, JJIP90, 83972, and RS218) as well as with
the closely-related UTI89. Cultures were grown overnight in LB before being split. Cultures
were plated at 107, 10'8, and 10 for cfu/mL calculations. 1 mL of each culture was spun down,
resuspended in 500 uL dH20O, and frozen for protein quantification using the BCA assay
(Pierce). 100 mL of culture was centrifuged for 5 m at 8000 x and the supernatant used for
measurement of soluble EPS (the soluble sample). 100 mL of uncentrifuged culture (the total
sample) and the soluble sample were boiled for 15 m. Once cool, samples were reconstituted to
original volume with dH,O. Three volumes of 70% ethanol was added to precipitate EPS. After
overnight incubation at 4 C, samples were centrifuged for 30 m at 10 000 x g and 4 C. The
resulting pellet was dried at room temperature for 30-60 m. The precipitated EPS was dissolved

in 1 mL dH,O and stored at 4 C.

5.3.5 Fucose assay

6 mL of 6:1 concentrated sulfuric acid:dH,O was added to borosilicate test tubes containing
10-100 uL of precipitated EPS, standards, or blank. After mixing, these were incubated 20 m in a
boiling water bath. Absorbance was measured at 396 nm and 427 nm for caramelization color

correction. 15-20 m after addition of 100 uL 1M L-cysteine and mixing, absorbances were

68



measured again. Corrected OD396 — corrected OD427 was used to determine fucose

concentration (Obadia et al., 2007).

5.4 RESULTS
5.4.1 mdoH of mucoid isolates from other patients

Is disruption of mdoH unique to mucoid isolates from patient O, or is it found elsewhere in
our sample set? 6 other patients had at least one mucoid isolate, and I sequenced mdoH for clonal
pairs of mucoid and non-mucoid isolates from the same patient. Paired strains were from the
same visit where possible and from the nearest visit with a non-mucoid isolate when necessary.
For five of the patients, there was no intrapatient variation in mdoH. The mucoid isolate from
patient A, however, had a nonsense mutation. This SNP was distinct from the nonsense mutation
observed in strains from patient O (see Figure 5.1). The nonsense mutations in mucoid strains
from patients A and O were the only SNPs observed among clonal strains from any single
patient. This absence of within-patient variation other than the two nonsense mutations implies

that mdoH is not mutation-prone.
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Figure 5.1: mdoH truncation in patient strains. Polymorphic positions in mdoH from seven
patient pairs of mucoid and non-mucoid strains. Nonsynonymous polymorphisms denoted with
asterisk. Transmembrane domains indicated by shading. Note that within-patient differences are
only seen in patients A and O, with both differences being premature codon mutations.
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5.4.2 mdoH truncation is the cause of the mucoid phenotype

The mechanism of Rcs activation due to mdoH truncation is unknown. Therefore,
complementation experiments were designed to test for both recessive and dominant negative
effects of the mdoH truncation. Initial efforts centered around construction of medium copy-
number plasmids containing mdoH under its native promoter. This was unsuccessful, however,
as the insert-containing plasmids that were recovered proved to have non-synonymous mutations
within mdoH. As MdoH is a large protein (857 amino acids) and predicted to be transmembrane,
there may be problems with toxicity or aggregation when it is overexpressed. Later cloning was
designed for expression under an inducible promoter to minimize any such effects.

Plasmids were constructed to examine the effect of mdoH complementation in trans using
TOPO-TA cloning with pCR2.1. Variants were constructed containing both the normal mdoH,
amplified from O-26 (pCR2.1-mdoH.wt) and the truncated mdoH, amplified from O-8 (pCR2.1-
mdoH.X). Both O-8 and O-26 were transformed with pCR2.1-mdoH.wt, pCR2.1-mdoH.X, and
pCR2.1 as the empty vector control.

O-8 carrying pCR2.1-mdoH.wt displayed normal colony morphology after overnight growth,
whereas O-8 carrying the vector control or truncated mdoH in trans displayed the same mucoid
phenotype as the parental strain. No significant differences in colony morphology were observed
between O-26 and O-26 carrying any of the plasmid constructs. This rules out a dominant
negative effect of mdoH truncation. On LB and TSA, complementation in O-8 was most
pronounced in fresh transformants. After passage, the phenotype became much more subtle.
Complementation was consistent and dramatic on blood plates, however. The reason for this

difference in complementation on different media is unknown. One explanation may be nutrition,
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as nutrient balance and availability are known to affect capsule production (Yeh and Chen,

2004).

08 08 pCR2.1-mdoH.wt 08 pCR2.1 mdoH.X 08 pCR2.1 (vector control)

Figure 5.2: Complementation of mdoH in trans. O-8 and complemented O-8 on blood agar
after 24 h incubation at 37 C.

5.4.3 Mucoidy is not due to colanic acid overproduction

Previous work with mdoH disruption suggested this increased colanic acid synthesis, as
transposon insertion in cells carrying a cpsB::lacZ reporter fusion resulted in increased 3-
galactosidase activity (Ebel et al., 1997). In order to confirm that this was the case in our strains
of interest, fucose in extracellular polysaccharide was quantitated, as has been described
previously (Obadia et al., 2007). Colanic acid is a capsular polysaccharide present in a wide
range of E. coli. The colanic acid repeat unit consists of 2 galactose, 2 glucose, 2 fucose, and 1
glucuronic acid (Goebel, 1963). Quantification of fucose and of uronic acid are both accepted
proxies for colanic acid. Total and cell-free sugars were quantified for the purposes of increasing
the specificity of colanic acid identification. Colanic acid is variably attached to the cell surface,

with a significant minority of polysaccharide chains being unattached and only loosely
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associated with the cell. Fucose is only found in a few capsules, and expected amounts of fucose
with a significant fraction being cell-free strongly suggests colanic acid.

Control non-mucoid strains had the expected amounts of fucose per sample, with
approximately a third of that being cell-free (Figure 5.3). This fraction corresponds with previous
measurements, with total amounts also being congruent with previous work. Levels in the strains
from patient O and the UTI89 reference strain were significantly lower, however. Additionally,
the mucoid strain O-8 did not display elevated levels of fucose relative to other strains. These
results rule out colanic acid overproduction as the mechanism of mucoidy in O-8. The low levels

of fucose seen in UTI8Y indicate that lack of colanic acid synthesis is not a patient-specific trait.
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Figure 5.3: Sugar content of strains.
Micrograms fucose per sample, experiment run in triplicate; all samples normalized to O-8 by
cfu of input culture. Total samples are in white, supernatant samples are in black, standards are

in grey.

However, this defect is also not shared by all strains from ST 95; RS218 showed expected
levels of colanic acid-associated sugars for a non-mucoid strain and is a member of ST95.
Examination of the ¢ps locus in UTI89 and in the sequenced patient strains showed no obvious

defect in the promoter nor any truncation or deletion of proteins in the cps gene cluster. Serotype
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also fails to explain this difference in colanic acid production. UTI89 has K1 capsule; this is a
group 2 capsule and can be coexpressed with colanic acid (Keenleyside et al., 1993; Whitfield,
2006). However, while Rcs is canonically a regulator of colanic acid production, the Rcs
phosphorelay has been shown to affect synthesis of capsule polysaccharides other than colanic
acid (Jayaratne et al., 1993; Navasa et al., 2013). This may suggest a role for another capsular

polysaccharide in the O-8 mucoid phenotype.

5.5 CONCLUSIONS
5.5.1 mdoH truncation results in a mucoid phenotype in isolates outside the laboratory

lon is a negative regulator of the Rcs phosphorelay, and mutations of /on are the dominant
mechanism of mucoidy in laboratory strains of E. coli. Previous work characterizing naturally-
occurring and chemically induced mutations in E. coli causing mucoidy have identified lon
mutations. The screen that identified mdoH truncation as a cause of mucoidy was designed
specifically to rule out mutations that could be complemented by lon in trans (Ebel et al., 1997).
This study represents the first time that mdoH truncation resulting in mucoidy has been observed

outside the lab.

5.5.2 Possible benefit of mucoidy to strain O-8

Mucoidy is not without its costs; synthesizing additional exopolysaccharides is a not
insignificant metabolic drain. During propagation in the lab, mucoid strains of E. coli typically
revert to a normal phenotype within a few passages. However, in the context of certain
infections, this phenotype is apparently selected for, and in the context of the CF lung it may

persist for months to years. I initially assumed that the increased exopolysaccharide itself was
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somehow protective in the context of the CF lung, acting to shield the bacteria in some fashion.
In P. aeruginosa, increased biofilm formation is associated with increased antibiotic resistance
(Ciofu et al., 2001). However, when mature colonies of the clinical isolates were challenged with
antibiotics or secreted factors of P. aeruginosa, the mucoid strain O-8 was no more resistant than
other strains from the same patient. Under the conditions tested, mucoidy did not confer
protection from soluble chemicals. However, in other strains and species, mucoidy has also been
shown to provide protection from phagocytosis, dessication, and serum. The question remains:
does the mucoidy itself provide a direct benefit to strain O-8?

Other work conducted by members of the lab demonstrated that the mucoid strain O-8
produces a more structured and thicker biofilm than the non-mucoid strain O-9. Formation of a
biofilm in and of itself is of benefit to bacteria during chronic infection. Bacteria in a biofilm are
better able to stick together and stick to a substrate, enhancing persistence. The extracellular
matrix and cohesive nature of the biofilm also protect microbes from immune cells. It may be
that simply building a better biofilm is enough to confer a selective advantage for mucoidy in the
CF lung, even with the biochemical costs of polysaccharide overproduction. However, mdoH
truncation leading to Rcs activation has a plethora of effects beyond induction of capsular
polysaccharide biosynthesis.

Lack of normal MdoH triggers Rcs activation, directly or indirectly, which causes a host of
downstream effects (Ferrieres and Clarke, 2003; Francez-Charlot et al., 2004; Gervais et al.,
1992; Jayaratne et al., 1993; Laubacher and Ades, 2008; Lehti et al., 2012; Majdalani and
Gottesman, 2005; Navasa et al., 2013; Schwan et al., 2007). This pathway is essential for normal
biofilm formation, and it regulates cell division as well as repressing motility (Ferrieres and

Clarke, 2003; Francez-Charlot et al., 2004; Gervais et al., 1992). Flagella are strongly
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immunogenic, and loss of motility is common in CF isolates of P. aeruginosa. It may be that the
selective pressure is not for mucoidy but instead for loss of flagella, for example, with mucoidy
simply being a side effect of this particular mechanism of flagellar loss of function. As O32, one
of the later-isolated strains from patient O, carries a truncated mdoH but does not express a
mucoid colony phenotype, it would be interesting to examine the expression of genes
downstream of the Rcs phosphorelay in this strain versus mucoid and normal strains from the
same patient. If Rcs activity were increased in the O32 revertant strain and mucoid strains
relative to other non-mucoid strains, this would imply that the main benefit of mdoH inactivation
is Rcs activation rather than mucoidy per se.

Mucoid strains of P. aeruginosa are commonly found during chronic infection of the CF
lung, and this phenotype is often due to disruption of the mucA gene (Boucher et al., 1997;
DeVries and Ohman, 1994; Doggett et al., 1964; Hoaiby, 1974b; Martin et al., 1993). As mucA
represses an alternate sigma factor, disruption of this gene has pleiotropic effects (Wu et al.,
2004). Non-mucoid revertants are commonly found later in infection, but many of these
phenotypic revertants still carry a disrupted mucA (DeVries and Ohman, 1994). In some cases, it
may be that mucA truncation confers a selective advantage other than mucoidy, leading to
selection against exopolysaccharide production along with selection to maintain the mucA4
mutation. Further characterization of persistent non-mucoid revertants from patient O will lead to

a better understanding of the selective pressures operating on E. coli in the CF lung.
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CHAPTER 6:
DISCUSSION/ FUTURE DIRECTIONS
6.1 Using natural variation to explore pathoadaptation
I examined natural variation within E. coli in order to get a better understanding of the
selective pressures operating on this organism in its various niches. Two approaches were used: a
directed examination of a single operon across many genomes and a broad examination of all
variation present across the genomes of two isolates. The directed examination of fim pointed to
the potential importance of non-coding variation in adaptation to pathogenic niches, as well as
highlighting the qualitatively different nature of short-term variation as opposed to long-term
variation. The broad examination of the genomes of two clonal isolates from one CF patient
again highlighted the strongly non-synonymous nature of recent variation. This genomic analysis
also identified the mdoH mutation responsible for mucoidy in isolates from patient O, which is

the first time this mutation has been shown to cause mucoidy outside of the laboratory.

6.2 Further examination of the fim operon

On a species level, the findings from the small set of genomes were very consistent with the
findings from the larger set, even though the larger set included many more genome sequences
than the pilot set and distribution of pathotypes differed greatly. It may be interesting to see if
any further non-coding/synonymous hotspot nucleotides near translation start sites crop up with
further expansion of the input set of operons. This is not likely to be a high-reward activity,
however, given the relative paucity of new hotspots when the dataset was expanded.
Nonetheless, automation of the pipeline could contribute to further understanding of the fim

operon and the role of Fim in E. coli.
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In terms of analyzing closely-related within-ST polymorphisms, expanding the dataset was
quite fruitful. The 7-fold increase in input size corresponded to a more than 10-fold increase in
the number of unique fim operons with comparable operons in clonal strains, and this increased
the number of polymorphisms observed to the point that meaningful statistical analysis could be
performed. I believe that adding further sequences to this analysis will be highly fruitful.
Similarly, the current dataset will become more useful as papers are published on the currently
available genomes, as strains are likely to go from being annotated only as members of a specific
study to having pathotype data available. For example, the Broad Institute Defensins project
consists of 228 strains from UTIs along with rectal isolates from patients with a UTI and patients
who have never had a UTIL. It is possible that by subsetting the closely-related within-ST operon

clusters by their association with pathotype, further patterns will emerge.

6.3 Examination of variation within patient O

The identity of the capsule being produced by the mucoid strain O-8 is a curiosity, but it is
not necessarily germane to the interests of this lab or to the health of CF patients. As mentioned
previously, mucoidy itself is not necessarily adaptive, or at least may not provide sufficient
advantage to overcome the energy drain represented by overproduction of exopolysaccharides. It
is entirely possible that selection for mucoidy is simply a side effect of selection for a separate
trait such as loss of flagella. On the patient side, there is not yet any evidence that persistent E.
coli infection or colonization with mucoid E. coli has any effect on patient prognosis. Adult CF
patients typically have a complex and stable lung microbiome, with few aspects of the
microbiome accounting for significant fractions of measures of patient health. E. coli isolates, or

at least most E. coli isolates, may turn out to be merely squatters and opportunists, neither
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helpful nor particularly harmful. Should future work indicate a role for persistent E. coli
infection or mucoidy of E. coli in patient prognosis, the frozen isolates will be available for the
issue to be revisited.

Our next steps focus on further exploration of genomic variation within isolates from patient
O. Our lab is preparing to sequence 4 additional strains from this patient with varying
phenotypes, including strain 032, the non-mucoid isolate carrying the C367X truncation in
mdoH. Identifying the compensatory mutation associated with loss of mucoidy will shed further
light on mucoidy in E. coli CF isolates. These sequences will also help us get a clearer idea of
the rates and types of mutations that are occurring within infection and may identify mutations
responsible for antibiotic resistance and/or springer/SCV colony morphology in these patient

strains.

6.4 Natural variation as natural experiment

Examining natural variation allows us to answer questions that we had not thought to ask,
rather than limiting ourselves to the hypotheses that we are able to come up with. This will
illuminate novel pathways involved in both pathogenic and commensal lifestyles, as well as
highlighting new mechanisms for achieving the same outcome, as with decreased FimH
secretion/translation. Due to the ever-decreasing cost of genome sequencing, we have access to
an immense amount of data that is constantly increasing.

This wealth of data can easily become a glut, however, if we do not have tools to efficiently
analyze these sequences and identify the most interesting/most likely positive results. As seen in
Figure 2.4, even considering a very restricted subset of variation can result in thoroughly

unwieldy sets of possible experimental targets. On the data handling side, clever and flexible
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programming can be used to take most of the load. Growing interest in programming and in
biology-specific libraries like Biopython and BioPerl means that an increasing number of people
have both the knowledge and the skills to create scripts to take care of relatively routine tasks
like downloading new genome sequences, BLASTing for genes of interest, and running
comparisons.

Development of robust pipelines and better sharing of metadata on published genomes will
open up a wealth of new possibilities for analysis. The biggest problem we’re likely to encounter
is deciding which of the many promising results to pursue first. Nature has already provided the

experiments in abundance; now it’s up to us to analyze the data and make sense of it all.
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