1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Infect Genet Evol. Author manuscript; available in PMC 2016 August 01.

-, HHS Public Access
«

Published in final edited form as:
Infect Genet Evol. 2015 August ; 34: 244-250. doi:10.1016/j.meegid.2015.06.023.

Whole-genome sequencing of uropathogenic Escherichia coli
reveals long evolutionary history of diversity and virulence

Yancy Lol Lixin Zhang?, Betsy Foxman3”, and Sebastian Z6llnerl:4"
1Department of Biostatistics, University of Michigan, Ann Arbor, MI, 48109, USA

2Department of Epidemiology and Biostatistics, Department of Microbiology and Molecular
Genetics, Michigan State University, East Lansing, Ml, 48824, USA

3Department of Epidemiology, University of Michigan, Ann Arbor, MI, 48109, USA
4Department of Psychiatry, University of Michigan, Ann Arbor, MI, 48109, USA

Abstract

Uropathogenic Escherichia coli (UPEC) are phenotypically and genotypically very diverse. This
diversity makes it challenging to understand the evolution of UPEC adaptations responsible for
causing urinary tract infections (UTI). To gain insight into the relationship between evolutionary
divergence and adaptive paths to uropathogenicity, we sequenced at deep coverage (190x) the
genomes of 19 E. coli strains from urinary tract infection patients from the same geographic area.
Our sample consisted of 14 UPEC isolates and 5 non-UTI-causing (commensal) rectal E. coli
isolates. After identifying strain variants using de novo assembly-based methods, we clustered the
strains based on pairwise sequence differences using a neighbor-joining algorithm. We examined
evolutionary signals on the whole-genome phylogeny and contrasted these signals with those
found on gene trees constructed based on specific uropathogenic virulence factors.

The whole-genome phylogeny showed that the divergence between UPEC and commensal E. coli
strains without known UPEC virulence factors happened over 32 million generations ago.
Pairwise diversity between any two strains was also high, suggesting multiple genetic origins of
uropathogenic strains in a small geographic region. Constrasting the whole-genome phylogeny
with three gene trees constructed from common uropathogenic virulence factors, we detected no
selective advantage of these virulence genes over other genomic regions. These results suggest
that UPEC acquired uropathogenicity long time ago and used it opportunistically to cause
extraintestinal infections.
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Introduction

Extraintestinal Escherichia coli (E. coli) are capable of causing various infections, including
urinary tract infection (UTI) and meningitis (Foxman, 2002). Approximately 90% of all UTI
cases are caused by E. coli capable of colonizing the urinary tract, collectively known as
uropathogenic E. coli (UPEC) (Zhang et al., 2002). From an evolutionary perspective,
UPEC together with other extraintestinal pathogenic E. coli (EXPEC) belong to the E. coli
phylogroups B2 and D, characterizing their specific adaptations to colonize and cause
infections outside of the gut (Chen et al., 2013). Since the urinary tract presents a
signficantly different environment than the gut, UPEC carry virulence factors very different
from diarrheagenic E. coli (Kaper et al., 2004). For example, UPEC possess adhesins to
attach to epithelial cells of the urinary tract to overcome the frequent flow of fluids
(Oelschlaeger et al., 2002) and specific toxins for invading and replicating in the urinary
tract (Mulvey, 2002). These known uropathogenic virulence factors presumably have
multiple functions, as there is no direct correlation between these factors and UTI symptoms
(Marrs et al., 2005). UPEC display a high diversity of genotypes and phenotypes (Zhang and
Foxman, 2003, Landgren et al., 2005), suggesting that UPEC have multiple origins (Foxman
and Brown, 2003, Wiles et al., 2008).

However, previous insights into the origins and spread of uropathogenecity were limited by
their focuses on small regions of the bacterial genome that are well-conserved, such as genes
used in mutlilocus sequence typing (MLST)(Marrs et al., 2005, Gibreel et al., 2012). These
regions provide limited insight in the evolution of pathogenicity as they do not contain any
of the virulence factors. Marrs et al. (2005) classified UPEC by grouping them into
pathotypes based on virulence factors, analogous to the pathotypes for diarrheagenic E. coli
(Nataro and Kaper, 1998). However, they did not find direct correlation between pathotype
and clinical presentation. Other attempts of grouping UPEC by virulence factors also failed
to identify a correlation between virulence factors and UTI symptoms (Tarchouna et al.,
2013, Yun et al., 2014). These classification attempts suggest that UPEC virulence and
genetic diversity cannot be captured by studying only a restricted set of genomic regions.

To allow a more complete understanding of the virulence and genetic diversity of bacterial
strains, we examined full bacterial genomes in high resolution. To understand the evolution
of uropathogenicity, we sequenced at over 190x coverage the genome of 19 E. coli strains
isolated from UTI patients, 14 pathogenic strains from urine samples and 5 non-UTI-causing
(“commensal” at the time of infection) rectal strains. We applied a de novo assembly-based
algorithm to identify variants among the 19 strains, and constructed a whole-genome
phylogeny based on these variants via a neighbor-joining algorithm.

In the whole-genome phylogeny, two commensal E. coli without typical combinations of
pathogenicity genes formed the outgroup. This suggested that pathogenicity genes were
present in infectious UPEC strains for a long time, with an estimated split from non-
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pathogenic E. coli over 32 million generations in the past. Even though our strains were
collected in a small geographic area within a short period of time, we found high pairwise
genomic diversity between any two strains of E. coli in our sample, which was incompatible
with recent epidemics of a subset of strains.

To contrast the evolutionary signature of the strains with the evolution of individual
uropathogenic virulence factors, we constructed gene trees of the three most common
virulence factors in our sample. Comparing the whole-genome phylogeny to gene trees of
uropathogenic factors, we observed that the virulence gene trees displayed a topology
distinct from the whole-genome tree, suggesting that the whole-genome phylogeny could
not capture the specific evolutionary history of virulence factors. We identified no excess
horizontal gene transfer at these virulence factors, as indicated by the observation that the
topology of the virulence gene trees were not more different from the whole-genome tree
than the topology of random region gene trees were from the whole-genome tree. Hence the
uropathogenicity in our strains was not the result of a recent adaptation. Instead,
uropathogencity appeared to be a maintained ability in a subset of E. coli. These UPEC
carried uropathogenicity genes for a long time, and they used such virulence
opportunistically.

Study design

We selected 19 E. coli isolates from 14 subjects with UTI, including 14 UPEC isolates from
urine samples and 5 non-UTI-causing (“commensal” at the time of infection) rectal E. coli.
The 5 commensal strains were isolated from the same individuals and at the same time point
as 5 of the UPEC isolates The samples were selected from a large collection of previously
isolated strains from female patients attending the same clinic for UTI between 1996 and
2007. Sampling from the collection was based on pathotypes as defined by Marrs et al.
(Marrs et al., 2005) based on common groupings of known uropathogenic factors (Table 1),
in order to ensure a diversity of virulence factors in our sample. The 19 strains belonged to
pathotypes 1 to 4 and pathotype 0, which is comprised of strains with no major groupings of
uropathogenic factors. We employed a paired design, where each of the 5 commensal E. coli
was isolated from an individual that also hosted one of the selected UPEC strains. We chose
these pairs so that the commensal strain belonged to a different pathotype than the UPEC
strain within each pair (Table 2).

We regrew the 19 E. coli isolates from —80 °C stocks. We sequenced their genome using a
single flow cell on Illumina HiSeq that produced 120 bp paired-end reads. The sequencing
yield per sample ranged from 756 Mb to 1,328 Mb, totalling 19,535 Mb across all samples.

Variant calling

We employed a two-step, de novo assembly-based method (Cortex) to simultanteously
reconstruct contigs and identify variants across multiple samples (Igbal et al., 2012, Igbal et
al., 2013). This method is known to be conservative with high specificity (Young et al.,
2012). Using a graph-building algorithm, Cortex constructs a colored de Bruijn graph from
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the sequence reads, where each color represents a sample. The resulting graph is error-
cleaned by dynamically selecting a cleaning threshold from the coverage distribution.
Divergence between samples exists as bubbles on the cleaned graph representation.

We employed the bubble calling algorithm in Cortex to detect variations between samples.
We used a low k-mer (k=31) and a high k-mer (k=61) to build assembly graphs because low
k-mers allow discovery of variants at relatively lower coverage, and large structural
variations and genome complexity are more accessible at high k-mers (Igbal et al., 2012).
We combined variants called using the two k-mers into a joint call set. To get relative
positions and to filter duplicate calls and overlapping sites, we aligned the assembled
contigs, including each varying site and its flanking regions, with respect to each other. For
the purpose of this study, we disregarded the complex variations including long segments of
insertions, deletions or repeats and used only the single nucleotide polymorphisms (SNPs)
for the following phylogenetic analyses.

We annotated all SNPs based on the genbank annotation of a uropathogenic E. coli refrence
strain (UTI89), using the coordinate-only method in Cortex (Igbal et al., 2013). We
identified the phylogroup of each strain based on the presence and absence of three loci
described in Clermont et al. (2000). In addition, we used this annotation to tabulate the
presence and absence of 23 virulence factors (Spurbeck et al., 2012, Spurbeck and Mobley,
2013, Yun et al., 2014) in each strain.

Phylogenetic analyses

Using the SNPs identified from Cortex, we computed the pairwise sequence difference
between samples and clustered them using a neighbor-joining algorithm (Saitou and Nei,
1987). We used Escherichia fergusonii (E. fergusonii) to root the phylogeny, since it is the
closest species to E. coli (Touchon et al., 2009). To do so, we oriented the variants to E.
fergusonii using the coordinate-only method in Cortex (Igbal et al., 2013). In this way,
variant discovery was independent of the choice of rooting or reference genome. To measure
the confidence of the whole-genome phylogeny, we employed a bootstrap algorithm to
resample the sequences of variants from the samples 10,000 times and obtain bootstrap
values of the branches. We applied Phylip (Felsenstein, 2005) as neighbor-joining and
bootstrapping algorithms. We studied clustering patterns on the phylogeny based on
pathotype, host individual, and sequence type (ST) defined by the University College Cork
E. coli scheme (Wirth et al., 2006). To test the signifiance of specific clustering patterns, we
calculated the probability of a cluster given the tree topology, under the null hypothesis that
the labeling of the tree is completely random; a small probability indicates that the cluster is
unlikely to occur by chance.

To understand strain divergence times, we scaled the tree branches using a calibrated
substitution rate of E. coli from Wielgoss et al. (2011). The rate was inferred directly from
tracking the accumulation of synonymous substitutions via whole-genome sequencing of 19
E. cali strains in a 40,000-generation evolution experiment. We compared this calibration
with alternative substitution rates presented in the earlier literature that were based on
comparing sequences with known divergence times (Lecointre et al., 1998, Ochman et al.,
1999). We categorized variants into synonymous and non-synonymous substitutions, and
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counted the number of synonymous and non-synonymous sites on the coding region, to
estimate non-synonymous/synonymous rate ratio using a maximum likelihood method
(YYang and Nielsen, 2000).

To contrast the evolution of the organism with the evolution of UTI virulence, we selected
three UTI virulence factors: hly, aer, kpsMT (Marrs et al., 2005). Each was carried by over
half of our sampled strains. We derived gene trees from the annotated variants called at each
virulence factor and evaluated clustering by pathotype on these gene trees. The hly virulence
factor consists of 4 genes: hlyA, hlyB, hlyC and hlyD, and the combined length is 7,281 bp.
aer and kpsMT are 1,521 bp and 777 bp long, respectively. When constructing the respective
gene tree, we considered only samples carrying the complete virulence factor. While kpsM is
the definitive virulence factor for pathotype 4, we discarded one pathotype 4 strain (14U4)

in this construction due to low sequencing coverage at the region. The first 200 bp of the
777-bp region were sequenced at less than 10-fold for this particular strain.

To compare a virulence factor’s gene tree with the whole-genome tree, we reconstructed the
whole-genome phylogeny based only on the samples carrying the virulence factor. We
scaled branch lengths by the total number of variants on a tree. We then measured the
similarity of the gene tree and the whole-genome tree using a topological score, generated
by a branch-matching algorithm that searches for the optimal one-to-one transformation
between two trees (Nye et al., 2005). We contrasted the similarity score of each gene tree
with an empirical distribution of similarity scores of trees containing the same number of
leaves and same number of variants as the virulence gene tree. We generated this empirical
distribution by randomly drawing sets of the same number of consecutive variants as each
gene tree and generating trees based on these sets of varaints. We then calculated the
topological similarity score of each random tree to the whole-genome tree, which gave us an
empirical distribution of similarity scores. A score at the extremes of the empirical
distribution indicates that the gene tree is significantly more different from or more similar
to the whole-genome tree than random regions of the genome.

Whole-genome phylogeny

Using de novo assembly-based variant calling methods, we identified 68,396 SNPs with a
transition-to-transversion ratio of 2.73. All our 19 strains belonged to the phylogroup B2.
We oriented 24,568 of the variant set to the E. fergusonii outgroup sequence coordinates and
constructed a rooted phylogeny (Figure 1). Most splits on this whole-genome phylogeny had
bootstrap values of 100%, while two splits had 95-100% bootstrap values, and three had
65-95% bootstrap values.

Applying the E. fergusonii gene annotation to our variant set, we identified 11,216
synonymous mutations (45.7% of the variants), and counted 963,414 synonymous sites on
the oriented genome. The maximum likelihood estimate of the ratio of the number of non-
synonymous substitutions per non-synonymous site (Kg) to the number of synonymous
substitutions per synonymous site (Kg) was 0.54, indicating purifying selection consistent
with previous findings (Jordan et al., 2002). Using an estimated substitution rate of
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8.9x10711 per base pair per generation, based on the laboratory evolution of E. coli
(Wielgoss et al., 2011), the evolutionary time elapsed on the entire phylogeny was over 130
million generations. Based on this calibration, we expected 1 synonymous mutation per
11,600 generations. Alternative substitution rate estimates based on sequences with known
divergence times were 5.2x10711 per base pair per generation in Lecointre et al. (1998), and
3x10711 per base pair per generation in Ochman et al. (1999), which led to 1.5- to 3-fold
shorter evolutionary time.

Two non-UTI-causing (commensal) strains, both belonging to pathotype 0, formed the
outgroup on the rooted phylogeny (Figure 1) (p=0.0058). The split between this outgroup
and the remaining phylogeny represents the time of divergence of UPEC strains from
commensal strains ocurred; we estimated a split time of 32 million generations ago.

We observed that the clustering of strains on our whole-genome phylogeny did not
correspond to pathotype classification. Strains of pathotypes 1, 2 and 3 showed no distinct
subclades and together formed a single large cluster, regardless of whether the strain was a
commensal or uropathogenic E. coli (Figure 1). Similarly, applying the grouping methods of
UPEC based on presence of several virulence genes described in Tarchouna et al. (2013)
(Grouping 1) and Yun et al. (2014) (Grouping 2), we observed that none of the groups fell
completely and distinctively into subclades (Figure 1, Supplementary Figure 1). In
pathotype and Grouping 2 classifications, each had one type with four strains where three
strains formed a significant subclade (p=0.0041), but the remaining strain of the same type
was far away from the subclade on the phylogeny. In the pathotype classification, three
pathotype 4 strains of ST 131 clustered, but the remaining pathotype 4 strain (05U4) in our
sample had a pairwise sequence difference of over 4,700 with the other pathotype 4 strains.
The split of 05U4 with the other pathotype 4 subclade happened over 10 million generations
ago. Among the three strains that clustered, the shortest external branch leading to 02F4 still
represented over 320,000 generations, indicating long divergence times between pathotype 4
strains (Figure 1). Similarly, based on Grouping 2 classification, three type 6 strains of ST
127 clustered, with a mean pairwise sequence difference of over 500. However, the
remaining group 6 strain (02U1) had a pairwise sequence difference of over 3,800 with the
other group 6 strains (Supplementary Figure 1). The split of 02U1 with the other type 6
subclade happened over 7 million generations ago. Moreover, when tabulating the virulence
genes present in each strain, we found that strains from the same ST did not necessarily
carry the same set of virulence genes (Supplementary Table 1).

To investigate if multilocus sequence typing (MLST) based on seven housekeeping E. coli
loci was consistent with our whole-genome phylogeny, we identified the ST of each strain in
our sample (Table 3). While most strains in our sample were singletons in the ST
classification, four STs had three or more strains in our sample, namely, ST 12, ST 73, ST
127 and ST 131 (Table 3). We observed that organinisms with the same ST mostly formed
consistent subclades on the phylogeny (Figure 1), with the exception of the ST 12 cluster,
which also contained one ST 544 strain. However, all splits defining this cluster had less
than 100% bootstrap value. Nonetheless, strains within each ST still had remarkable
diversity (Table 3): For ST 73, ST 127 and ST 131, each pair of strains within its respective
ST had on average over 500 differences, reflecting a divergence of >360,000 generations.
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ST 127 strains displayed the highest overall similarity with an average of 501.3 pairwise
differences. The second most similar type was ST 73 with an average of 554.5 pairwise
differences. ST 131 strains had an average of 597.3 pairwise differences. ST 12 strains were
more diverse, with an average of 907 pairwise differences.

Finally, when evaluating the matched pairs of one commensal and one UPEC strain sampled
from the same individual, we observed that only one pair clustered with a pairwise
difference of 237 variants. The other four pairs were located very far apart on the tree
(Figure 1); they did not cluster in the same subclade, indicating no significant excess of
clustering (p=0.19).

Phylogeny of virulence factors

We constructed 3 gene trees from known uropathogenic virulence factors (Marrs et al.,
2005) that are present in multiple strains in our sample: aer, hly and kpsMT (Figure 2). Each
gene tree consisted of a different number of tree leaves, because not all virulence factors
were found in all strains: All 19 strains carried aer, 13 strains carried the complete segment
of hly, while 16 strains carried kpsMT (Table 4). After scaling branch lengths by the number
of mutations on a tree, we compared each gene tree to a subtree of the whole-genome
phylogeny consisting of the corresponding subset of strains. For this comparison, we applied
a topological score (Nye et al., 2005) which summarizes the percentage of topological
similarity between branches of two trees.

The aer gene tree, containing all 19 strains, possessed similar structural features as the
whole-genome tree (Figure 2a) with a topological score of 0.635 (Table 4). The difference
between the two trees was best illustrated by the two strains 04U3, 05U4 that segregated
differently in this gene tree than on the whole-genome phylogeny. Some strains carried
identical copies of the virulence gene. For example, pathtoype 1 UPEC strains (01U1, 07U1,
09U1) displayed no pairwise sequence difference at this gene. The two fecal strains with
virulence factors (03F1, 01F2) were also identical at this gene, so were three other UPEC
(02U1, 03U2, 06U1). When we assessed similarity by comparing the topology score against
to the empirical distribution of scores, we saw no signal that the similarity between the aer
gene tree and whole-genome tree was higher or lower than other trees containing the same
number of variants (p=0.318, Table 4).

The hly gene tree showed more differences from the whole-genome tree with a topological
score of 0.565 (Table 4). Only the 13 strains of pathotypes 1,2 and 3 carried the complete
segment of hly (Figure 2b). On the hly gene tree (Figure 2b), we observed that four
pathotype 1 UPEC strains (01U1, 02U1, 07U1, 10U1) carried the identical copy of hly as the
UTI89 reference strain. Two other pathotype 1 strains (08U1, 09U1) had a hly copy with
only one base different from the UTI189 hly. The hly regions of the remaining two pathotype
1 strains were significantly different from the other pathotype 1 hly regions. 03F1 and 06U1
each displayed over 100 pairwise sequence differences at hly when compared to the UTI89
hly. These two hly were more similar to the pathotype 2 hly, as a result formed a cluster on
the hly tree. The hly region of the pathotype 2 fecal strain were very similar to those of
pathotype 3 strains, with 1 and 3 pairwise differences respectively. While the similarity
score of the hly gene tree to whole-genome tree (0.565) was lower than that of the aer gene
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tree (0.635), there was no strong signal that the hly tree was less similar to the whole-
genome tree than random genomic regions (p=0.185, Table 4).

The kpsMT gene tree consisted of 16 strains and was the least similar to the whole-genome
phylogeny among the three virulence factors studied, with a topological score of 0.516
(Figure 2c, Table 4). This factor was completely absent in a commensal pathotype 0 strain
(04F0Q) and one pathotype 1 UPEC strain (08U1). The resulting gene tree showed that four
UPEC and two commensal strains were identical at this gene The remaining strains
displayed considerable diversity at this gene, as indicated by the longer branches. The
longest branch leading to the 10U1 and 04U3 subclade contained 28 mutations. Notably,
strains that clustered closely together in the previous two gene trees appeared to be further
apart on this gene tree. However, the kpsMT gene tree was not significantly less similar to
the whole-genome tree than random genomic regions (p=0.209, Table 4).

Discussion

We studied the evolution of pathogenicity in uropathogenic E. coli (UPEC) with the goal of
understanding the origin and spread of UPEC in the context of urinary tract infections. We
sampled strains from a large collection of E. coli isolates with well-characterized virulence
factors (Marrs et al., 2005), in order to expand the diversity of virulence factors in our
sample. This approach is different from most existing studies where sampling is based on
clinical visits (Tarchouna et al., 2013, Yun et al., 2014). This study design allowed us to
study a broader spectrum of virulence factors in order to understand the evolution of
uropathogenicity.

Using whole-genome deep-sequencing, we explored whole bacterial genomes at high
resolution, allowing more detailed analyses than pathotype or MLST schemes that study
only small regions of the genome. We employed a multi-sample de novo assembly algorithm
Cortex that simutaneously assembles genomes and calls variants (Igbal et al., 2012). This
method calls variants independently of a reference genome. Hence, the variant calls are
unaffected by the choice of reference sequence, making this approach well-suited to a
sample with high diversity such as ours. The variant calls generated from Cortex are known
to be conservative with high specificity (Young et al., 2012). These high quality whole-
genome variants allowed a more accurate investigation of the evolutionary pathways of
uropathogenicity and the degree of diversity among strains.

Our phylogenetic analyses constrasting UPEC with non-pathogenic E. coli showed that their
divergence happened over 32 million generations ago, which is equivalent to 107,000 to
320,000 years, assuming the E. coli had 100-300 generation per year (Ochman et al., 1999).
Alternative estimates of substitution rates gave qualitatively consistent results, with an
estimated 10.6—-18.7 million generations on the whole-genome phylogeny. Between
pathogenic strains, the whole-genome pariwise diversity was high, corresponding to a long
divergence history of over 130 million generations, or 0.4-1.3 million years. Both of these
estimates from the whole-genome phylogeny showed that within the small geographic
region of our sample collection, UTI were caused by strains of multiple origins. In addition,
commensal and UPEC strains from the same individual were as different from each other as
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from other strains in the sample, suggesting that the infection was unlikely caused by gut E.
coli strains that recently acquired uropathogenicity factor within the human host.

Our phylogenetic analysis of the entire E. coli genome allowed us to evaluate more basic
methods of E. coli classification such as the MLST scheme and pathotype groupings based
on virulence factors. The pathotype classification we used for sampling did not capture the
overall relationship of strains. In particular, pathotypes 1, 2 and 3 did not form distinctive
clusters on the whole-genome phylogeny. When we applied to our sample alternative
groupings of UPEC strains based on other distinct sets of virulence factors (Tarchouna et al.,
2013, Yun et al., 2014), we also observed that most groups did not cluster well on the
whole-genome phylogeny. For the pathotype and group that had three out of four strains
forming a significant subclade, we observed high diversity among the three strains that
clustered, and a deep split between the subclade and the remaining strain of the same type.
Therefore, classification based on presence and absence of virulence factors did not appear
to be meaningful for understanding the evolutionary history of UPEC strains.

On the other hand, classification based on the traditional MLST scheme did generally
capture the evolutionary relationship of strains. However, our whole-genome phylogeny
identified high diversity among strains that were classified into the same sequence type,
something that was previously not well-studied. The divergence time of particular clusters,
for example the pathotype 4 ST 131 cluster, was longer than suggested by previous studies
(Clark et al., 2012, Nicolas-Chanoine et al., 2014). Long branch lengths of the ST 131
cluster reflected ancient origins and high diversity within the ST. Consistent with our
findings, a recent study using a phenotypic microarray showed that ST 131 was not a
distinct lineage of EXPEC (Algasim et al., 2014). We observed a similar level of diversity in
other sequence types, with substantial variation among strains of the same ST of over 100
pairwise differences. Long divergence times among strains of the same ST suggests that
they are not clonal, as they evolve to accumulate large number of genomic differences over
time. Moreover, by tabulating the presence and absence of 23 potential uropathogenic
virulence factors in our strains, we observed that strains of the same ST carried different sets
of virulence factors. Therefore, classifying UPEC by sequence type is not sufficient for
drawing inferences on the presence of UPEC virulence factors.

We further explored the evolutionary pathways of individual uropathogenic virulence
factors by constructing gene trees of three virulence factors that were the most common in
our sample. We aimed to identify evidence for horizontal gene transfer as horizontal gene
transfer is the major mechanism for non-pathogenic E. coli to aquire uropathogenicity. If
uropathogenic E. coli strains acquired pathogenicity via elevated rates of horizontal gene
transfer, or preferential selection of horizontally transferred virulence genes, the
corresponding gene tree would display a significantly different topology from the whole
genome tree. Therefore, we constrasted the topolgy of the gene trees and the whole-genome
phylogeny to see if virulence genes displayed distinct evolutionary pathways. We found that
each virulence gene tree had an evolutionary pathway distinct from the whole-genome
phylogeny, indicated by the 50-65% topological similarity scores. Based on the empirical
distribution of similarity scores of random gene regions, the virulence gene trees did not
have extreme similarity scores, meaning these uropathogenic genes were not significantly
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more similar to the whole-genome phylogeny than other genomic regions. This suggests no
signal of excess horizontal gene transfer and no selective advantage at the uropathogenic
genes than elsewhere in the genome.

In summary, by quantifying the diversity of UPEC strains using whole-genome deep-
sequencing and constrasting with commensal E. coli, we showed that UPEC had a long
evolutionary history since their divergence from non-UTI-causing commensal E. coli. Our
study illuminated the development of UTI and showed that UPEC are opportunistic,
conserving uropathogenic virulence factors without signals of preferential selection or
increased rates of horizontal gene transfer. Our results indicated that the phylogenetic
relationship of UPEC provided only limited information about the presence of virulence
factors and thus suggested that closely related UPEC may have dissimilar uropathogenic
phenotypes. Further extensive sequencing of UPEC and commensal E. coli will allow
deeper understanding of the genetic signals and mechanisms driving the epidemiology of
uropathogenicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Phylogeny constructed from whole-genome assembly-based variants
The phylogeny is rooted by E. fergusonii (long branch not shown). Nodes are labeled by the

sample codes as listed in Table 2. All strains are of phylogroup B2. Branches with circles
represent bootstrap values, and branches with triangles represent bootstrap values. All
unmarked branches have bootstrap value. Scale shows length on branches representing 500

pairwise sequence differences.
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Figure 2. Unrooted trees derived from three selected virulence factors: (a) aer, (b) hly, and (c)
kpsMT for uropathogenic and commensal E. coli

Each gene tree consists of a different number of tree leaves, as not all virulence factors
occurred on all strains. Scale shows length on branches representing 5 pairwise sequence
differences.
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Summary table of pathotype classification scheme, adapted from Marrs et al. (Marrs et al., 2005).

Table 1

Pathotype

Virulence factors

Pathotype 1
Pathotype 2
Pathotype 3
Pathotype 4
Pathotype 5
Pathotype 0

cnfl, hly, prsGies
cnfl, hly, sfa
aer, hly, papGap/ia
aer, kpsMT, ompT, drb
kpsMT, ompT

all remaining strains

Pathotypes are assigned hierarchically to over 800 UPEC strains by examining pairwise association of 10 known virulence factors.
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Samples description of the pilot study.

Patient ID Source MLST Type Pathotype Code
1 Urine ST 127 1 01Ul
1 Fecal ST 12 2 01F2
2 Urine ST 12 1 02U1
2 Fecal ST 131 4 02F4
3 Urine ST73 2 03U2
3 Fecal ST73 1 03F1
4 Urine ST 144 3 04U3
4 Fecal ST 2731 0 04F0
5 Urine ST 404 4 05U4
5 Fecal ST 10 0 05F0
6 Urine ST73 1 06U1
7 Urine ST 127 1 07Ul
8 Urine ST 544 1 08Ul
9 Urine ST 127 1 09Ul
10 Urine ST 95 1 10U1
11 Urine ST73 2 11U2
12 Urine ST 12 3 12U3
13 Urine ST 131 4 13U4
14 Urine ST 131 4 14U4

Table 2

Page 19

19 E. cali isolates were selected from 14 female patients attending the same clinic for UTI. 14 isolates were UPEC from urine sample and 5 were
commensal E. coli from rectal swab sample, paired with one of the 14 UPEC from the same individual. We listed the MLST type and pathotype
(Marrs et al 2005) of each strain. We labeled each strain by a four-digit code: first two digits represent individual host ID (01-14), the third digit

represents UPEC from urine (U) sample or commensal E. coli from fecal (F) sample. The last digit represents the pathotype of the strain.
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Table 4

Virulence gene trees: gene length, number of carriers (out of 19 samples), topological similarity scores
compared to whole-genome tree and p-values of these scores generated from the empirical distribution of
scores from random trees.

Virulence gene  Gene length  Number of carriers  Topological Similarity Score  p-value

aer 1,521 bp 19 0.635 0.318
hly 7,281 bp 13 0.565 0.185
kpsMT 777 bp 16 0516 0.209
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