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Abstract

Strains of Extraintestinal Pathogenic Escherichia coli (ExPEC) exhibit an array of virulence strategies and are a major cause of
urinary tract infections, sepsis and meningitis. Efforts to understand ExPEC pathogenesis are challenged by the high degree
of genetic and phenotypic variation that exists among isolates. Determining which virulence traits are widespread and
which are strain-specific will greatly benefit the design of more effective therapies. Towards this goal, we utilized a
quantitative genetic footprinting technique known as transposon insertion sequencing (Tn-seq) in conjunction with
comparative pathogenomics to functionally dissect the genetic repertoire of a reference ExPEC isolate. Using Tn-seq and
high-throughput zebrafish infection models, we tracked changes in the abundance of ExPEC variants within saturated
transposon mutant libraries following selection within distinct host niches. Nine hundred and seventy bacterial genes (18%
of the genome) were found to promote pathogen fitness in either a niche-dependent or independent manner. To identify
genes with the highest therapeutic and diagnostic potential, a novel Trait Enrichment Analysis (TEA) algorithm was
developed to ascertain the phylogenetic distribution of candidate genes. TEA revealed that a significant portion of the 970
genes identified by Tn-seq have homologues more often contained within the genomes of ExPEC and other known
pathogens, which, as suggested by the first axiom of molecular Koch’s postulates, is considered to be a key feature of true
virulence determinants. Three of these Tn-seq-derived pathogen-associated genes—a transcriptional repressor, a putative
metalloendopeptidase toxin and a hypothetical DNA binding protein—were deleted and shown to independently affect
ExPEC fitness in zebrafish and mouse models of infection. Together, the approaches and observations reported herein
provide a resource for future pathogenomics-based research and highlight the diversity of factors required by a single
ExPEC isolate to survive within varying host environments.
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Introduction

Within the Escherichia coli lineage there are several distinct

virulent subgroups that are principally classified by an ability to

cause a common set of diseases. One specific subgroup,

Extraintestinal Pathogenic E. coli (ExPEC), is typically thought

to be a benign inhabitant of the lower intestinal tract of warm-

blooded vertebrates. However, outside this niche, ExPEC strains

have the ability to persist in an array of secondary host-associated

habitats where they can cause urinary tract infections (UTIs),

meningitis, bacteremia and sepsis in both humans and domesti-

cated animals [1,2,3,4]. The combined medical, agricultural and

economic burden of ExPEC-related diseases is likely to increase as

antibiotic resistance spreads [1,5,6]. Delineation of the genetic

elements utilized by ExPEC to infect such a diverse spectrum of

host niches and cause disease promises to advance our

understanding of pathogen evolution and behavior while also

highlighting more effective strategies to combat these pervasive

opportunistic pathogens.

Despite colonizing similar ecological niches, ExPEC isolates can

differ by 20–30% of their respective gene inventories and to date, a

specific and ubiquitous molecular trait or function exclusive to this

cohort has not been characterized [7,8]. Without knowledge of a

unifying ExPEC-associated feature, the development of broad-

spectrum therapeutic strategies is made exceptionally difficult [9].

Previous work indicates that individual ExPEC strains appear to

have evolved distinct genetic repertoires that promote unique and

at times subtle fitness advantages during colonization of specific

host environments [10,11]. It is becoming clear that the working

definition of ExPEC is more multigenic in nature. Further

complicating the search for ExPEC-associated traits is the 30–

40% of genes within their genomes that still require functional

annotation [7]. This problem will likely persist as genome

sequencing continues to outstrip rates of experimental character-

ization. Consequently, there is a pressing need to develop methods

that mesh high-throughput genomics with context-based function-

al observations—a notion that is becoming increasingly appreci-

ated [12,13]. To this end, we adapted a previously described
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transposon mutagenesis technique known as ‘Tn-seq’ to identify

genes that promote pathogen fitness during colonization of a

vertebrate host [14,15].

The use of transposons to conduct unbiased forward genetic

screens in bacteria has provided many avenues for investigation

over the last two decades [16,17,18]. However, these approaches

are, for the most part, time and labor intensive and often lack

reliable quantitative metrics and sampling depth to identify genes

of interest for retrospective follow-up. On the other hand,

transposon mutagenesis as a tool is quite amenable to innovation

[19,20,21]. Tn-seq, also known as ‘INSeq’, utilizes deep sequenc-

ing to monitor the composition of insertion variants within bulk

mutant pools [14,15]. This is accomplished through use of a

modified mariner transposon that contains recognition sites within

the two distal inverted repeats that are specific for the restriction

enzyme MmeI. Cleavage of DNA by this enzyme occurs 18–20

base pairs from its recognition site, such that excision of the

transposon by MmeI captures flanking genomic sequences. These

sequences serve as tags that can be used to track the relative

abundance of distinct insertion variants within heterogenetic

mutant libraries. This technique ultimately allows the fitness of

thousands of mutant variants to be quantified simultaneously

following exposure to specific selective pressures. By comparing

the composition and abundance of mutants before and after

passage through selective conditions, such as within a host

organism, a genome-wide map of loci that are important for

bacterial fitness can be assembled.

The screening approach reported here involved injection of 48 h

post-fertilization (hpf) zebrafish embryos with transposon-mutagen-

ized pools of ExPEC derived from a single parent isolate.

Embryonic zebrafish are particularly useful for this type of selection

screen because their vertebrate physiology closely matches that of

humans, and they have proven useful for the identification and

characterization of virulence determinants that enable ExPEC to

survive within host niches [10,11,22,23]. Of particular importance,

zebrafish embryos possess many of the same innate defenses that

mammalian hosts rely upon to resist ExPEC (e.g. phagocytes,

complement and antimicrobial peptides) [10,24,25,26]. This

attribute underscores the ability of the zebrafish host to mirror a

set of overlapping selective pressures that ExPEC naturally

encounter. Zebrafish embryos can be used to model both localized

and systemic infections and the complete recovery and enumeration

of bacteria from within the entire host is relatively straightforward

[10,11]. Through three independent biological experiments em-

ploying Tn-seq we identified 970 genes (,18% of gene content) that

promote the competitive fitness of ExPEC during either localized or

systemic infections. A large number of these genes have unknown

functions, while many others have reported roles in iron transport,

bacterial secretion, two-component signaling and metabolism. To

focus on genes that are likely important to ExPEC pathogenesis

specifically, we devised a gene ontology-like method called ‘TEA’

(Trait Enrichment Analysis), that enabled us to organize candidate

genes according to their association with certain bacterial lineages

or groups of bacteria that are phenotypically similar. The data

presented in this report indicate that TEA, in combination with Tn-

seq, provides an effective, streamlined approach for identifying

biologically relevant fitness and virulence determinants that are

employed by ExPEC within various host environments. Datasets

generated in this study have been made freely available through a

curated and searchable web-based data viewer (http://

pathogenomics.path.utah.edu/F11_TnSeq/).

Results

Mutant library construction and screen design
We previously described the use of the embryonic zebrafish as a

surrogate host to study genotype-phenotype relationships of a

variety of human and non-human ExPEC isolates [10,11]. During

this initial work we observed that the human cystitis (bladder

infection) isolate F11 is particularly adept at growing within and

eliciting death of zebrafish during either localized or systemic

infections. Elucidation of the virulence gene repertoire (i.e. genetic

determinants that promote pathogenic behaviors such as coloni-

zation or destruction of host tissues) of this ExPEC strain using Tn-

seq provides a starting point for future comparative pathoge-

nomics studies. Figure 1 presents an outline detailing the negative

selection screen carried out in this study.

Transposon mutagenesis was accomplished by using the

previously described pSAM vector and conjugation [15]. This

plasmid, which contains a mariner transposon flanked by MmeI

modified inverted repeats and the himar1C9 transposase, was

retrofitted with an E. coli compatible antibiotic resistance cassette

and promoter elements to generate pSAM-Ec (Figure S1).

Multiple, independent mating events were performed to assemble

three transposon mutant libraries to be used in three separate

replicate screens (Figure 1A). It was determined that each pool

contained a minimum of 50,000 distinct insertion variants by

enumerating selectable, transposon positive colonies immediately

following conjugation when mutant siblings are minimal. Success-

ful transposition of single inserts into individual bacterial

chromosomes was verified by detection of the transposon by

Southern blot analysis (Figure S2). Because the cost of a pre-screen

sequence analysis was prohibitive, we utilized a more economical

means to confirm the diversity and saturation of mutant pools.

The frequency of variants defective for lactose utilization, curli

production and glycogen storage was determined using standard

colorimetric plating assays (Figure S2), which demonstrated that

our transposon mutant libraries were sufficiently saturated and

ready for in vivo screening. Post-hoc sequencing later confirmed

that our libraries contained 60,000 to 80,000 mutant variants

each, corresponding to an insertion event approximately every

75 bp within the F11 chromosome (Table S1).

Author Summary

Antibiotic resistance is an increasingly serious problem,
especially among pathogenic strains of Escherichia coli that
cause urinary tract infections, sepsis and meningitis. It is
important to obtain a more comprehensive genome-wide
understanding of bacterial virulence because it has the
potential to uncover novel and alternative therapeutic
targets. Therefore, we probed the genome of a pathogenic
E. coli isolate using transposon mutagenesis, deep
sequencing and comparative pathogenomics in an effort
to define its virulence gene repertoire. Using this multi-
layered approach in combination with high-throughput
zebrafish infection models, we identified hundreds of
genes that affect pathogen fitness during localized and/or
blood-borne infections. We also developed a bioinfor-
matics-based method to systematically sift through our
datasets for genes that are broadly conserved among an
assortment of pathogenic species. Follow-up analysis of
several pathogen-associated candidate genes using zebra-
fish and mouse infection models highlighted the capacity
of our approach to identify novel fitness determinants. The
results from this study are available via an interactive
online data viewer (http://pathogenomics.path.utah.edu/
F11_TnSeq/) so that investigators can more effectively
search and utilize these findings.

Functional Pathogenomics of ExPEC
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For each independent biological experiment, a single mutant

library was cultivated from a frozen stock in M9 minimal media

overnight at 37uC (Figure 1B). During this initial outgrowth period,

variants with insertions that disabled genes critical for normal

replication within broth culture were likely reduced in abundance or

completely eliminated. Prior to injection of 48 hpf zebrafish

embryos, a 1 ml aliquot of each overnight culture was pelleted,

washed and suspended in phosphate buffered saline (PBS) at the

desired density. A second aliquot was pelleted and stored as a

reference ‘input’ population for later sequencing and comparative

analyses with ‘output’ populations. A dose of approximately 3,000

colony forming units (CFU) from each mutant library was injected

into either the pericardial cavity (PC) or into the blood via the

circulation valley (CV) of zebrafish embryos (200 embryos per niche

per experiment were used to ensure adequate sampling of mutant

variants) (Figure S3). Injection of the PC provides a model of

localized tissue infection, whereas injection into the CV results in

rapid dissemination of ExPEC via the bloodstream, modeling

bacteremia or sepsis-like infections [10,11]. We previously deter-

mined that a variety of ExPEC isolates have the capacity to grow

unchecked within the PC, while only a subset are able to persist and

multiply within the bloodstream. Presumably, the microenviron-

ments encountered by ExPEC following injection into the zebrafish

circulatory system are more challenging than the PC with respect to

nutrient availability, host defenses or other as-yet-undefined factors

[10,11]. F11 is able to survive and replicate within both the PC and

blood. Once injected, selection proceeded for 18 to 20 h—a

timeframe in which the mutant F11 population grows to between

104 and 106 CFU/embryo and elicits death in ,40–60% of the

animals (Figure S4). Total genomic DNA of the surviving F11

variants was recovered from batch-homogenized fish (alive and

dead) to produce output pools. In parallel, equal amounts of

genomic material from input and corresponding output pools were

digested using the MmeI restriction enzyme followed by enrichment

of transposon-containing fragments with flanking genomic sequenc-

es via gel electrophoresis. The fragments were then excised and

prepared for indexed sequencing on a single lane of an Illumina

HiSeq 2000. General sequence-based features of each mutant pool,

including number of detected mutant variants, sequencing depth,

saturation and insertional bias, are summarized in Table S1.

Genetic footprinting by Tn-seq reveals distinguishable
gene sets that have distinct functional compositions
within the ExPEC genome

Gene insertion tolerance after passage in broth

culture. Beyond targeting T+A dinucleotides, transposable

Figure 1. Schematic of the Tn-seq selection screen used to identify genes necessary for fitness in a zebrafish infection model. (A)
Three selection screens were performed (green, grey and blue tracks) using three ‘input’ pools to generate a total of six ‘output’ pools. (B) For each
replicate screen, an independent transposon mutant library was created. Expansion of mutant libraries from frozen stocks was done at 37uC for 24 h
to produce input pools and starting inoculum. Approximately 200 zebrafish embryos were injected in the pericardial cavity (PC) or circulation valley
(CV, blood) with approximately 3,000 mutant bacteria. After a selection period of 20 h, zebrafish were homogenized to facilitate recovery and
extraction of total DNA. The restriction enzyme MmeI was used to excise transposons and flanking F11 genomic DNA for analysis by deep
sequencing.
doi:10.1371/journal.pgen.1003716.g001

Functional Pathogenomics of ExPEC
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mariner elements have a relatively low insertional bias (Table S1

and Figure 2: F11 genome) [27]. Using sequence data from the

three input samples exclusively, the number of insertion sequences

mapped per 100 bp for all annotated regions was calculated to

determine an insertion frequency (Table S2, Methods). As

anticipated, we observed that transposon insertion rates within

our mutant libraries mostly occurred at a steady rate independent

of chromosomal region. An approach akin to traditional genetic

footprinting was used to determine the specific insertional

tolerance of each gene within the F11 genome [28,29]. Gene

insertion rates that were more than 1 standard deviation below the

genome-wide mean were considered hypo-tolerant (,2.1 inserts/

100 bp, n = 609, Figure 2: hypo-tolerant), those within +/21

standard deviation were tolerant (2.1 , inserts/100 bp ,4.5,

n = 4,272) and those that were more than 1 standard deviation

above the genome-wide mean were hyper-tolerant (.4.5 inserts/

100 bp, n = 431, Figure 2: hyper-tolerant). Genes assigned to the

hypo-tolerant gene set presumably provide ‘essential’ or ‘core’

physiological functions. In contrast, genes within the hyper-

tolerant gene set are likely not required during growth in broth

culture and/or exhibit certain genetic features that support high

rates of transposon insertion. Using the Kyoto Encyclopedia of

Genes and Genomes (KEGG) functional hierarchies, the hypo-

tolerant gene set, as expected, was found to be significantly

enriched for informational functions related to transcription and

translation and included various noncoding RNAs (ncRNA) and

transfer RNAs (tRNA) (Figure 3A and B). The hyper-tolerant gene

set contained a significantly elevated proportion of ribosomal

RNAs, ncRNAs and genes annotated as ‘hypothetical’ (Figure 3B

and F).

Genes required for in vivo fitness. To identify genes

necessary for in vivo fitness, a modified genetic footprinting

approach was used (Figure S5). For input-output pairs in each

experimental replicate (i.e. insertion mutants present in cognate

input and output pools), a normalized occurrence frequency

reflecting their abundance was calculated. This approach relies on

an ability to count the number of specific mutant variants in

corresponding input and output pools. However, strong negative

selection within the zebrafish host may have completely purged

variants with disruptions in genes critical for fitness. Therefore, we

established criteria to determine which mutant variants were likely

lost due to selection and not by chance through experimental

bottlenecks (Figure S5 and Methods). Missing variants that met

these criteria were assigned a value equal to the limit of detection.

Within each replicate experiment, we employed a Wilcoxon

signed-rank test on the collection of inserts for each gene to

determine if the distribution of insert occurrence frequencies

between input and output samples was significantly different. This

is a conservative approach that requires consistency between

insertion variants across a given gene for it to be identified as a

fitness determinant. Genes with 10 or more measured inserts, a

Wilcoxon p value less than 0.05 and an average decrease in variant

abundance of at least 2-fold were considered to have a significant

influence on in vivo fitness (FDR ,10%). Of the 970 genes

identified across all replicates and niches, only 21 overlapped with

the hypo-tolerant gene set, suggesting that the vast majority of

genes identified are specifically required by F11 to survive within

the zebrafish embryo (Figure 2: in piscis, http://pathogenomics.

path.utah.edu/F11_TnSeq/). This ‘in piscis’ gene set represents

,18% of the annotated regions within the F11 chromosome and is

enriched for genes with functions that fall under the KEGG

category ‘environmental interactions’ and the subcategories

membrane and iron transport (Figure 3C). Additionally, metabolic

functions were also highly represented, encompassing genes

involved in glycan biosynthesis and the metabolism of amino

acids and carbohydrates (Figure 3E). The proportion of candidate

fitness genes that were identified within each of the three mutant

libraries is visualized in Figure S6. Genes within the six different in

Figure 2. Transposon insertion rates for loci within different gene sets. From each input pool (1, 2 and 3) an average number of insertions
detected per 100 bp was calculated for each annotated region within the F11 genome. Box plots indicate median and interquartile ranges with
whiskers extending to the 1st and 99th percentiles. Dashed lines mark the upper and lower boundaries for hypo and hyper-tolerant gene sets,
respectively. Gene set sizes: F11 genome - 5,312; hypo-tolerant - 609; hyper-tolerant - 431; in piscis - 970; multi-niche - 76; blood - 772; PC - 122;
advantageous - 227. Note, the insertion rates reported here are expected to be overestimated—please refer to Methods section ‘Candidate
Identification’ for a complete description of how the number of transposon insertion events was determined.
doi:10.1371/journal.pgen.1003716.g002
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piscis gene sets showed only weak, though still in some cases

significant, overlap (denoted in Figure S6), suggesting that the

screening of multiple libraries was important for a more thorough

enumeration of regions that influence in vivo fitness. Of note, we

speculate that we did not fully reach a level of experimental

saturation that matched the mutagenic saturation of our libraries.

This observation may indicate a point of consideration for future

Tn-seq-based screens using high-throughput surrogate hosts such

as zebrafish where initial inoculum doses are relatively small and

the stochastic nature of infection can influence the resolution of

more subtle phenotypes. However, based on the findings presented

in the following sections, we conclude that this perceived

experimental noise did not compromise our ability to accurately

identify and confirm genes of importance to ExPEC fitness and

virulence.

Niche-dependent gene requirements. Seventy-six genes

(1.4% of total gene content) were found to be necessary for fitness

during both localized (PC) and systemic (blood) infections (http://

pathogenomics.path.utah.edu/F11_TnSeq/). This ‘multi-niche’

gene set appears to collectively encode functions that directly

influence gene expression and membrane architecture, both of

which are known to be critical for pathogen fitness. Indeed, a

number of the multi-niche genes have already been recognized for

their role in bacterial stress resistance, regulation of virulence

genes and pathogenesis (Table 1). Transposon inserts within

several of the multi-niche genes resulted in some of the most

dramatic declines in F11 fitness in vivo (Table 1). Notable

candidates include EcF11_3256/bipA, EcF11_1255/lrhA and

EcF11_2271/rfaH [30,31,32]. This gene set is also remarkably

enriched for factors that function in glycan biosynthesis, including

several genes involved in the production of capsular polysaccha-

rides, which is a well-documented ExPEC-associated virulence

trait (Figure 3E) [33,34].

As noted above, the zebrafish PC is more permissive to ExPEC

growth than the bloodstream [10,11]. Corroborating this obser-

vation, we found 772 genes to be exclusively required for blood-

borne fitness while only 122 genes were exclusive to the PC

(http://pathogenomics.path.utah.edu/F11_TnSeq/). This blood-

specific gene set was enriched for 7 different KEGG functional

categories, whereas the PC-specific gene set was enriched for only

1 (Figure 3, p,0.05). Iron transport, the sole category enriched

within the PC gene set, was also enriched within the blood set

(Figure 3C). Additional categories that were enriched among

blood-borne fitness genes covered signal transduction, membrane

transport and the metabolism of amino acids, carbohydrates and

lipids (Figure 3C and E). These observations indicate that the

ability of ExPEC to survive and grow systemically within the

zebrafish is, in part, dictated by a functionally diverse set of genes

that facilitate the utilization of nutrients that are likely scavenged

from the host.

Retrospective validation of a Tn-seq-derived fitness

determinant. We chose the candidate gene EcF11_3256/

bipA—which has not been previously reported to play a part in

the virulence potential of ExPEC—to experimentally confirm the

proficiency of our Tn-seq approach. An insertion map of this gene,

depicting the reduction in fitness for each variant across all six

pools, is presented in Figure 4A. The average changes in fitness for

bipA and neighboring genes were also examined and indicated that

the disruption of only bipA correlated with the observed fitness

defect (Figure 4B). BipA is conserved across several bacterial phyla

and has previously been shown to be a ribosome-associated

GTPase that can coordinate the expression of virulence and stress

response genes [30,35,36]. A targeted deletion of the EcF11_3256/

bipA allele was generated and the resulting mutant derivative

injected into the zebrafish PC and CV at a one-to-one ratio with

wild type F11. F11D3256 exhibited a significant reduction in

fitness compared to the wild type strain in both environments

(Figure 4C). Independent challenges within the PC and blood-

stream revealed that F11D3256 also exhibits significantly attenu-

ated killing kinetics compared to wild type (Figure 4D). These

results confirm that EcF11_3256/bipA is a critical component of

F11’s genetic repertoire and promotes both the fitness and

virulence of this ExPEC strain within distinct host environments.

Collectively, the identification of genes with known roles in

bacterial pathogenesis (Table 1) and our observations with the Tn-

seq-derived in piscis candidate gene EcF11_3256/bipA validate the

Tn-seq protocol described here as a viable approach for detecting

fitness and virulence determinants of ExPEC.

Disruptions that confer an in vivo fitness advantage. We

identified 227 genes (,4% of gene content), that when disrupted

conferred a fitness advantage to F11 within the zebrafish host

(http://pathogenomics.path.utah.edu/F11_TnSeq/). Twenty of

these gene disruptions were advantageous in both the PC and

blood, 124 were advantageous only in the PC and 84 conveyed

significant advantages in only the blood. KEGG functional

categories enriched within the ‘advantageous’ gene set include

cell motility, nucleotide metabolism and biosynthesis of vitamins

and cofactors (Figure 3D and E). This indicates that motility is

likely dispensable for survival within zebrafish and agrees with

previous work showing that loss of this trait can provide bacteria

with a fitness advantage in some host settings [37]. Other factors

encoded within the advantageous gene set may control processes

that are easily trans-complemented by neighboring bacterial cells

through the production of ‘common goods’ or represent negative

regulators of virulence determinants that promote competitive

growth [38]. Thirteen of the 227 advantageous genes were hyper-

tolerant to transposon insertion, suggesting that the inactivation of

these genes may have provided a growth advantage prior to in

piscis selection (Figure 2: advantageous).

Trait Enrichment Analysis (TEA) is used to filter Tn-seq-
derived candidate genes for putative virulence
determinants

To focus the list of Tn-seq-derived candidate genes for further

study, we developed a qualitative ranking system using a

customized algorithm referred to as Trait Enrichment Analysis

(TEA). The underlying premise of TEA was inspired by molecular

Koch’s postulates, which are a widely acknowledged set of

guidelines used by investigators to critically assess the contributions

made by certain genetic elements to the virulent nature of

pathogenic organisms [39]. In particular, TEA draws on the first

Figure 3. Functional KEGG categories enriched within gene sets. To orient the reader to graph organization and symbols, a key is provided in
the lower right corner. The cumulative percent of genes (y-axis) within each Tn-seq-derived gene set (x-axis) belonging to the functional categories
(A) informational, (B) RNA (C) environmental interactions, (D) cellular processes, (E) metabolism and (F) hypothetical is depicted. The proportion of
genes contributed by specific sub-KEGG categories is represented by stacked elements within each column. Significant enrichments for KEGG and
sub-KEGG categories are denoted with asterisks and white circles, respectively. Gene set abbreviations: hypo-tol. = hypo-tolerant; hyper-tol. = hyper-
tolerant; advant. = advantageous. Theoretical KEGG category compositions for Tn-seq gene sets and p values were determined using 10,000 Monte
Carlo simulations (Methods).
doi:10.1371/journal.pgen.1003716.g003

Functional Pathogenomics of ExPEC

PLOS Genetics | www.plosgenetics.org 6 August 2013 | Volume 9 | Issue 8 | e1003716



T
a

b
le

1
.

B
io

lo
g

ic
al

si
g

n
if

ic
an

ce
o

f
T

n
-s

e
q

-d
e

ri
ve

d
ca

n
d

id
at

e
g

e
n

e
s.

C
a

te
g

o
ry

L
o

cu
s

ta
g

G
e

n
e

n
a

m
e

p
v

a
lu

e
lo

g
2

ch
a

n
g

e
N

ic
h

e

K
E

G
G

cl
a

ss
if

ic
a

ti
o

n
(s

u
b

ca
te

g
o

ry
)

L
it

e
ra

tu
re

-b
a

se
d

b
io

lo
g

ic
a

l
si

g
n

if
ic

a
n

ce
M

o
d

e
l

sy
st

e
m

In
fo

rm
a

ti
o

n
a

l
Ec

F1
1_

32
56

b
ip

A
,

ty
p

A
,

0
.0

0
0

1
2

8
.1

2
b

lo
o

d
,P

C
U

n
cl

as
si

fi
e

d
C

o
ld

st
re

ss
re

sp
o

n
se

[5
3

]
E.

co
li

K
1

2
la

b
st

ra
in

/i
n

vi
tr

o

C
o

-o
rd

in
at

io
n

o
f

p
at

h
o

g
e

n
ic

it
y

is
la

n
d

g
e

n
e

e
xp

re
ss

io
n

[3
0

]
EP

EC
/i

n
vi

tr
o

B
ip

A
b

in
d

s
ri

b
o

so
m

e
u

n
d

e
r

st
re

ss
co

n
d

it
io

n
s

[3
5

]
Sa

lm
o

n
el

la
en

te
ri

ca
/i

n
vi

tr
o

St
re

ss
ad

ap
ta

ti
o

n
an

d
sy

m
b

io
si

s
[3

6
]

Si
n

o
rh

iz
o

b
iu

m
m

el
ilo

ti
/i

n
vi

vo
p

la
n

t
m

o
d

e
l

Ec
F1

1_
52

38
h

d
eD

0
.0

1
2

8
2

4
.8

0
b

lo
o

d
,P

C
H

yp
o

th
e

ti
ca

l
A

ci
d

st
re

ss
re

g
u

lo
n

[5
4

]
E.

co
li

K
1

2
la

b
st

ra
in

/i
n

vi
tr

o

Ec
F1

1_
12

55
lr

h
A

0
.0

0
0

1
2

3
.3

5
b

lo
o

d
,P

C
H

yp
o

th
e

ti
ca

l
R

e
g

u
la

ti
o

n
o

f
vi

ru
le

n
ce

g
e

n
e

s
[3

1
]

EH
EC

/i
n

vi
tr

o

R
e

g
u

la
ti

o
n

o
f

m
o

ti
lit

y,
lip

as
e

ac
ti

vi
ty

,
to

xi
n

e
xp

re
ss

io
n

an
d

vi
ru

le
n

ce
[5

5
]

X
en

o
rh

a
b

d
u

s
n

em
a

to
p

h
ila

/i
n

vi
vo

in
se

ct
m

o
d

e
l

Ec
F1

1_
22

71
rf

a
H

0
.0

0
0

2
2

7
.2

9
b

lo
o

d
,P

C
In

fo
rm

at
io

n
al

(t
ra

n
sc

ri
p

ti
o

n
fa

ct
o

r)
G

lo
b

al
re

g
u

la
to

r
o

f
vi

ru
le

n
ce

[3
2

]
U

P
EC

/i
n

vi
tr

o
an

d
in

vi
vo

m
o

u
se

m
o

d
e

l

Ec
F1

1_
43

15
n

h
a

R
0

.0
1

2
1

2
1

.3
6

b
lo

o
d

,P
C

In
fo

rm
at

io
n

al
(t

ra
n

sc
ri

p
ti

o
n

fa
ct

o
r)

R
e

g
u

la
te

s
g

e
n

e
s

th
at

fa
ci

lit
at

e
ce

ll-
ce

ll
ad

h
e

si
o

n
an

d
ad

h
e

si
o

n
to

h
o

st
ce

lls
[5

6
]

P
ro

te
u

s
M

ir
a

b
ili

s/
in

vi
vo

m
o

u
se

m
o

d
e

l

Ec
F1

1_
03

17
si

rB
1

0
.0

2
6

8
2

3
.2

6
b

lo
o

d
H

yp
o

th
e

ti
ca

l
R

e
g

u
la

ti
o

n
o

f
th

e
SP

I
ty

p
e

III
se

cr
e

ti
o

n
sy

st
e

m
[6

7
]

Sa
lm

o
n

el
la

ty
p

h
im

u
ri

u
m

/i
n

vi
tr

o

Ec
F1

1_
53

02
h

d
fR

0
.0

0
1

9
2

3
.4

4
b

lo
o

d
H

yp
o

th
e

ti
ca

l
R

e
g

u
la

to
r

o
f

th
e

st
d

fi
m

b
ri

al
o

p
e

ro
n

[6
8

]
Sa

lm
o

n
el

la
en

te
ri

ca
/i

n
vi

tr
o

R
e

g
u

la
te

s
fl

ag
e

lla
r

sy
n

th
e

si
s

[6
9

]
E.

co
li

K
1

2
la

b
st

ra
in

/i
n

vi
tr

o

M
e

m
b

ra
n

e
a

rc
h

it
e

ct
u

re
Ec

F1
1_

13
90

kp
sM

0
.0

0
3

3
2

8
.1

1
b

lo
o

d
,P

C
En

vi
ro

n
m

e
n

ta
l

in
te

ra
ct

io
n

s
(t

ra
n

sp
o

rt
e

r)
C

ap
su

la
r

p
o

ly
sa

cc
h

ar
id

e
e

xp
o

rt
e

r
[7

0
]

E.
co

li
K

1
/i

n
vi

tr
o

K
p

sM
is

p
re

d
o

m
in

an
tl

y
e

n
co

d
e

d
b

y
st

ra
in

s
o

f
th

e
E.

co
li

B
2

p
h

yl
o

ty
p

e
[7

1
]

E.
co

li/
in

si
lic

o

R
e

si
st

an
ce

ag
ai

n
st

p
h

ag
o

cy
te

-m
e

d
ia

te
d

ki
lli

n
g

[3
3

]
Ex

P
EC

/t
is

su
e

cu
lt

u
re

Ec
F1

1_
13

96
kp

sS
0

.0
2

2
9

2
3

.8
4

b
lo

o
d

,P
C

U
n

cl
as

si
fi

e
d

C
ap

su
la

r
p

o
ly

sa
cc

h
ar

id
e

e
xp

o
rt

e
r

[7
2

]
E.

co
li

K
5

/i
n

vi
tr

o

Ec
F1

1_
13

97
kp

sC
0

.0
0

3
5

2
2

.5
7

b
lo

o
d

U
n

cl
as

si
fi

e
d

C
ap

su
la

r
p

o
ly

sa
cc

h
ar

id
e

e
xp

o
rt

e
r

[7
3

]
E.

co
li

K
5

/i
n

vi
tr

o

Ec
F1

1_
13

98
kp

sU
0

.0
0

1
8

2
4

.7
8

b
lo

o
d

,P
C

M
e

ta
b

o
lis

m
(l

ip
o

p
o

ly
sa

cc
h

ar
id

e
b

io
sy

n
th

e
si

s)
C

ap
su

la
r

p
o

ly
sa

cc
h

ar
id

e
e

xp
o

rt
e

r
[7

3
]

E.
co

li
K

5
/i

n
vi

tr
o

Ec
F1

1_
13

99
kp

sD
0

.0
0

6
7

2
1

.9
5

b
lo

o
d

,P
C

H
yp

o
th

e
ti

ca
l

C
ap

su
la

r
p

o
ly

sa
cc

h
ar

id
e

e
xp

o
rt

e
r

[7
4

]
E.

co
li

K
5

/i
n

vi
tr

o

Ec
F1

1_
14

00
kp

sE
0

.0
0

0
6

2
3

.4
0

b
lo

o
d

,P
C

M
e

ta
b

o
lis

m
(l

ip
o

p
o

ly
sa

cc
h

ar
id

e
b

io
sy

n
th

e
si

s)
C

ap
su

la
r

p
o

ly
sa

cc
h

ar
id

e
e

xp
o

rt
e

r
[5

7
]

E.
co

li

C
ap

su
le

p
ro

d
u

ct
io

n
an

d
ad

h
e

si
o

n
/i

n
va

si
o

n
o

f
h

o
st

ce
lls

[7
5

]
C

a
m

p
yl

o
b

a
ct

er
je

ju
n

i/
in

vi
tr

o
an

d
ti

ss
u

e
cu

lt
u

re

Ec
F1

1_
14

01
kp

sF
0

.0
1

9
2

2
2

.6
6

b
lo

o
d

,P
C

M
e

ta
b

o
lis

m
(l

ip
o

p
o

ly
sa

cc
h

ar
id

e
b

io
sy

n
th

e
si

s)
C

ap
su

la
r

p
o

ly
sa

cc
h

ar
id

e
e

xp
o

rt
e

r
[7

6
]

E.
co

li
K

1
/i

n
vi

tr
o

Ec
F1

1_
09

79
w

zz
B

0
.0

4
8

0
2

2
.3

9
b

lo
o

d
,P

C
M

e
ta

b
o

lis
m

(l
ip

o
p

o
ly

sa
cc

h
ar

id
e

b
io

sy
n

th
e

si
s)

R
e

g
u

la
ti

o
n

o
f

O
-a

n
ti

g
e

n
ch

ai
n

le
n

g
th

[7
7

]
Sa

lm
o

n
el

la
ty

p
h

im
u

ri
u

m
an

d
Sh

ig
el

la
fl

ex
n

er
i/

in
vi

tr
o

N
u

tr
ie

n
t

u
ti

li
z

a
ti

o
n

Ec
F1

1_
33

52
m

a
n

A
0

.0
0

2
4

2
3

.2
0

b
lo

o
d

,P
C

M
e

ta
b

o
lis

m
(f

ru
ct

o
se

an
d

m
an

n
o

se
m

e
ta

b
o

lis
m

)
M

an
n

o
se

u
ti

liz
at

io
n

,
e

xo
p

o
ly

sa
cc

h
ar

id
e

st
ru

ct
u

re
,

b
io

fi
lm

fo
rm

at
io

n
an

d
vi

ru
le

n
ce

[7
8

]
P

h
o

to
rh

a
b

d
u

s
Lu

m
in

es
ce

n
s/

in
vi

tr
o

an
d

in
vi

vo
in

se
ct

m
o

d
e

l

Ec
F1

1_
21

13
fi

tD
0

.0
0

4
8

2
2

.8
7

b
lo

o
d

En
vi

ro
n

m
e

n
ta

l
in

te
ra

ct
io

n
s

(t
ra

n
sp

o
rt

e
r)

Fa
ci

lia
te

s
ir

o
n

u
p

ta
ke

[7
9

]
va

ri
o

u
s

E.
co

li/
in

vi
tr

o

Functional Pathogenomics of ExPEC

PLOS Genetics | www.plosgenetics.org 7 August 2013 | Volume 9 | Issue 8 | e1003716



axiom of these postulates, which states that, ‘‘The phenotype or

property under investigation should be associated with pathogenic members of a

genus or pathogenic strains of a species.’’ [40]. Thus, the primary goal of

TEA is to identify correlations between bacterial genes and

bacterial traits (i.e. genotype-phenotype relationships).

TEA was carried out as outlined in Figure 5. Briefly, protein

sequences were acquired from an ecologically diverse, manually

curated collection of 165 bacteria representing six phyla and

assembled to form the TEA metaproteome database (TEA-MD,

Table S3). Each bacterial strain was annotated with ‘trait

categories’ defining habitat, niche of isolation, taxonomic lineage

and phenotype (i.e. pathogen or non-pathogen). Homologues were

retrieved for each of the 5,146 protein-coding genes contained

within the F11 chromosome using the Basic Local Alignment

Search Tool: BLASTp (Methods) [41]. Because proteins in the

TEA-MD are linked to a set of traits defined by their source

bacterium, homologue collections associated with F11 proteins can

be appraised for the presence of a universal characteristic in a

similar fashion to traditional gene ontology and KEGG enrich-

ment analyses. As a result, hypotheses can then be generated

regarding a protein’s evolutionary origins (i.e. horizontal vs.

vertical inheritance or homoplasy) and possible influence on

bacterial physiology or behavior based on its combination of trait

associations. A complete description of the TEA-MD, including

the number of organisms and proteins comprising each trait

category and the relative proportions of phyla compared to

sequenced isolates in GenBank, is provided as supporting

information (Figures S7 and S8).

Pathogen-associated genes within Tn-seq gene

sets. TEA, as it was employed here, aimed to assign ‘trait

identities’ to F11 genes, with particular attention being paid to

genes that are common to known pathogens and therefore,

putative virulence determinants (Figure 5). It was found that

approximately 22% of the F11 genome is made up of genes with

pathogenic identity—1,166 F11 genes are significantly more

associated with pathogen genomes (Methods). Considering Tn-

seq-derived candidate genes, it was anticipated that the in piscis

gene set be enriched for these types of genes. Indeed, a significant

portion of the 970 in piscis genes had pathogenic identity (246

genes, 25% of gene set, p = 0.009) (Table S4 and http://

pathogenomics.path.utah.edu/F11_TnSeq/). The enrichment of

pathogen-associated genes within the in piscis gene set was largely

attributed to the composition of both the PC and blood gene sets,

which also had a significant number of genes with pathogenic

identity as determined by TEA (PC: 39 genes, ,32% of gene set,

p = 0.008; blood: 192 genes, ,25% of gene set, p = 0.0485).

Interestingly, the multi-niche gene set was not enriched for

pathogen-associated genes (15 genes, ,20% of gene set,

p = 0.786).

We conclude from these data that genes required for F11 fitness

in multiple niches are likely to encode more basic ‘core’ type

functions that may enable both pathogenic and non-pathogenic

strains alike to better deal with general stresses encountered within

varied host environments, but not necessarily in broth culture. In

contrast, the niche-specific genes, which are more likely to be

pathogen-associated, may endow bacteria like F11 with salient,

pathoadaptive traits that are perhaps contextually regulated.

Along these lines, we unexpectedly found that the advantageous

gene set was also enriched for pathogen-associated genes (Table

S4, 69 genes, ,30% of gene set, p = 0.004). We hypothesize that

the disruption of these particular genes during the Tn-seq selection

screen alleviated fitness costs associated with their maintenance

and/or expression within the zebrafish host. Future investigation

of the advantageous gene set may illuminate evolutionary tradeoffs
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that are incurred by the acquisition and retention of these loci by

pathogens as they traverse different host-associated environments.

Examination of Tn-seq candidates filtered by TEA. To

investigate the effectiveness of TEA to help identify previously

uncharacterized genes important for ExPEC fitness in vivo, we

selected 3 from the subset of 246 pathogen-associated Tn-seq-

derived in piscis genes for closer examination. EcF11_3082,

EcF11_2628 and EcF11_3933 were individually deleted from the

F11 chromosome and tested in competitive infection assays against

wild type F11 within the zebrafish PC and blood. These genes

were chosen based on their performance in the initial Tn-seq

selection screen and their association with known pathogens, as

determined by TEA. Trait identities for each gene are illustrated

in Figure 6 along with the results from competitive infection

assays.

The EcF11_3082 gene product is homologous to the transcrip-

tional repressor MprA/EmrR. In E. coli lab strains, MprA/EmrR

has been shown to negatively regulate biosynthesis of the microcin

B17 antibiotic and a multidrug efflux pump encoded by emrA and

emrB [42,43]. Fifty-six strains within the TEA-MD harbor an

EcF11_3082-like gene, 34 (61%) of which are pathogens

(Figure 6A, significance of pathogenic identity: p = 0.034). Tn-

seq indicated that EcF11_3082 promotes the fitness of F11 in both

the PC and bloodstream in all three replicates. Average fitness

deficits observed through Tn-seq for EcF11_3082 insertion

mutants ranged from 5 to 21-fold. This was confirmed by one-

to-one competitive assays in which survival of the EcF11_3082

deletion mutant was markedly diminished relative to wild type F11

following inoculation of the PC and blood (Figure 6B).

Transposon insertions into the EcF11_2628 locus decreased the

fitness of F11 within the blood by an average of 15-fold, as assessed

by Tn-seq. The TEA-MD contains 7 homologues of EcF11_2628,

6 of which belong to ExPEC strains that were isolated from a

variety of host-associated niches (Figure 6C, significance of

Figure 4. Retrospective deletion of the candidate gene EcF11_3256/bipA confirms Tn-seq as a useful tool for the identification of loci
required for fitness and virulence. (A) Inserts found within the locus EcF11_3256/bipA are plotted with respect to their position of integration (x-
axis). Magnitude and direction of bars represent the change in fitness of F11 (y-axis) that correlated with a given insertion event. Color of bars
denotes pool of origin. Changes in fitness are presented as log2 of the ratio of occurrence frequencies observed between output and input pools
(output/input). (B) The average of insert-based fitness changes in (A) is plotted on the x-axis (shaded bar, bipA). For comparison, the average
alterations in occurrence frequency ratios for proximal genes are also plotted. (C) Equal numbers (1,000–2,000 CFU total) of wild type and F11D3256
were inoculated into the PC (left) or bloodstream (right) of zebrafish embryos. Fish were sacrificed and bacterial loads enumerated ,20 h post-
inoculation by differential plating (n = 9 to 10 zebrafish). Dashed line marks the limit of quantification; p values were determined using a paired t-test,
bars indicate medians. (D) The pericardial cavity (PC, top) and blood (bottom) of 48 hpf embryos were inoculated with approximately 3,000 CFU. Fish
were scored for death at 0, 12, 24, 36, 48, 60 and 72 h post-inoculation (hpi). Data are presented as Kaplan-Meier survival plots and p values were
calculated using a log-rank (Mantel-Cox) test (n.45 for each survival curve).
doi:10.1371/journal.pgen.1003716.g004
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pathogenic identity: p = 0.035). EcF11_2628 encodes a hypothet-

ical protein that is predicted by PHYRE (Protein Homology/

analogY Recognition Engine) to function as a toxic extracellular

metalloendopeptidase [44]. A structurally similar toxin, AsaP1,

was recently described as a critical virulence factor encoded by the

natural fish pathogen Aeromonas salmonicida subsp. Achromogenes [45].

Deletion of this gene from F11 resulted in decreased fitness within

the PC and surprisingly, had no discernible effects in the

bloodstream during one-to-one competition assays with the wild

type strain (Figure 6D). These results run counter to those

obtained with Tn-seq, where disruption of EcF11_2628 reduced

the fitness of F11 within the blood. This discrepancy may be

attributable to the fact that Tn-seq is in effect a one-to-3,000

competitive assay among transposon insertion mutants within each

fish, whereas in our follow-up assays specific gene knockout

mutants are tested in one-to-one competition with wild type.

Within these different experiments, individual mutants may be

subject to very different pressures and frequency-dependent

selection events.

Tn-seq results indicated that disruption of a third pathogen-

associated gene, EcF11_3933, attenuates the fitness of F11 about

4-fold within the PC. Fifteen of the 18 EcF11_3933 homologues

(83%) found in the TEA-MD are encoded by known pathogens,

including multiple ExPEC strains, E. coli O157:H7, Neisseria

gonorrhoeae, Vibrio cholera, Haemophilus influenza, Photorhabdus lumines-

cens and Erwinia amylovora (Figure 6E, significance of pathogenic

identity: p = 0.001). EcF11_3933 is uncharacterized and annotated

as a homologue of the broadly conserved DNA protecting protein

DprA. A related but distinct protein, DprA/Smf, has been

suggested to confer competence for the uptake of foreign DNA by

various bacterial species [46,47], though it is presumed to function

differently in lab strains of E. coli [48]. In competitive assays,

deletion of EcF11_3933 rendered F11 significantly less fit than the

wild type strain in both the PC and bloodstream of zebrafish

(Figure 6F).

Tn-seq and TEA-derived in piscis candidate genes
contribute to pathogen fitness within mouse models of
bacteremia and urinary tract infection

To extend our experimental and sequence-based observations

with the candidate genes EcF11_3256/bipA, EcF11_3082,

EcF11_2628 and EcF11_3933, we employed a more traditional

host organism for investigating ExPEC pathogenicity—the labo-

ratory mouse [49,50]. Evaluating Tn-seq and TEA-derived in piscis

candidate genes using a murine model provided an opportunity to

further establish the biological relevance of our multilayered

approach. Murine models of bacteremia are an established means

to assess the general capacity of ExPEC isolates to replicate and

cause disease within a host [50,51,52]. One-to-one mixtures of

wild type F11 and each mutant strain (108 total CFU) were

subcutaneously injected into adult female Swiss Webster mice.

Approximately 12 to 15 h later, bacterial titers within the spleen

and liver were determined (Figure 7). Mutants lacking

Figure 5. Diagrammatic workflow of ‘Trait Enrichment Analysis’ (TEA). This visualization depicts the TEA method and describes the
relationships between various data types. Bottom track: linear representation of steps followed in the execution of TEA. Protein alignments are made
between F11 proteins and the TEA-MD to identify homologues. Microbes within the TEA-MD are annotated with four separate traits contained within
the trait categories: habitat (1 of 3), niche (1 of 16), phylum (1 of 6) and phenotype (1 of 2). The composition of traits associated with homologue sets
for each F11 protein is assessed for enriched traits in order to assign trait identities. Trait groups, which are F11 genes that share a particular trait
identity, are used to organize Tn-seq-derived candidate genes. TEA-MD = TEA-metaproteome database; BLASTp = Basic Local Alignment Search Tool
used to align protein sequences.
doi:10.1371/journal.pgen.1003716.g005
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EcF11_3256/bipA (Figure 7A), EcF11_3082 (Figure 7B) and

EcF11_3933 (Figure 7D) were significantly outcompeted by the

wild type F11 parent strain. However, F11D3256 exhibited a more

modest defect in the spleen (p = 0.0828). In contrast, there was no

observable competitive difference between wild type and

F11D2628 in either organ (Figure 7C).

Of note, we found that F11D3256 displayed a cold sensitivity

phenotype when grown at 20uC in broth culture, which is

consistent with reports on BipA function in other bacteria (Figure

S9A) [53]. Therefore, we were initially concerned that the growth

rate of this mutant at 28.5uC—the temperature used to raise

zebrafish embryos—was compromising our ability to distinguish

its temperature and host-dependent phenotypes. However,

F11D3256, like the other mutants, grew similar to the wild type

strain at both at 28.5uC and 37uC (Figure S9). We conclude that

the attenuated fitness phenotypes observed with F11D3256 in

competitive assays in both zebrafish and mice are independent of

temperature effects.

We next tested the fitness contributions made by each of the

four candidate genes above within the murine urinary tract, which

is another commonly used model system for understanding

ExPEC pathogenicity. Three days after inoculation of one-to-

one mixtures of wild type and mutant derivatives (107 total CFU)

into the urinary tract of adult female CBA/J mice, kidneys and

bladders were harvested and bacterial titers determined. Of the

four genes assayed, only EcF11_3933 was critical for the

competitive fitness of F11 within the bladder and kidneys

(Figure 7E).

Our ability to identify candidate genes necessary for ExPEC

fitness within mammalian host niches through initial prescreening

in embryonic zebrafish highlight the utility of this teleost host to

model overlapping aspects of ExPEC biology. By comparing the

specific host and niche-specific phenotypes of various ExPEC

isolates and mutant strains in futures investigations, we will be able

to gain a deeper understanding of the host-pathogen interactions

engaged by ExPEC.

Discussion

Application of Tn-seq to investigate the multigenic basis
of ExPEC pathogenicity

The genetic and phenotypic plasticity of ExPEC isolates, which

is in part due to horizontal transfer of pathoadpative accessory

genes, presumably enables these pathogens to traverse a wide

range of environmental and host-associated niches [7,8,10,11]. It

will be important to decipher how ExPEC employ their genetic

repertoires so that more specific and efficacious therapeutic

strategies can be developed. Moreover, knowledge of key events

that occur during the evolutionary assembly of pathogen genomes

will likely be gleaned as genotype-phenotype relationships are

mapped. To this end, we functionally dissected the contents of an

ExPEC reference genome using the recently described transposon-

based screening technique Tn-seq (Figure 1) [14,15]. With mutant

pools derived from the ExPEC reference isolate F11 and multi-

niche zebrafish infection models, we found that ,18% of the F11

genome significantly affected bacterial fitness under the patho-

genic conditions tested. These fitness determinants can be grouped

based on the niches where they were required, which in some

instances correlated with particular functions like iron transport

and amino acid metabolism (Figure 3). Gene set and gene-based

contributions to fitness can be explored through an online and

curated data viewer (http://pathogenomics.path.utah.edu/

F11_TnSeq/). Going forward, it is our intent that this work will

expedite future comparative and functional pathogenomic anal-

yses focused on elucidating the genetic basis of pathogen behavior

and evolution.

Seventy-six genes (1.4% of genome content) were found to

significantly influence the fitness of F11 in both the PC and blood

of zebrafish. We suggest that these multi-niche genes largely

provide core functions that are critical, but not necessarily specific,

to pathogen physiology. It was not surprising that several of these

genes were recognizable and annotated as being involved in the

regulation of gene expression and membrane architecture—two

functions that are important to pathogens and non-pathogens alike

(Table 1). In addition to the translational regulator EcF11_3256/

BipA, which we validated in follow up experiments using a

targeted deletion mutant and multiple in vivo host model systems

(Figure 4 and 7A), several other informational genes, including

hdeD, lrhA, rfaH and nhaR, were also identified by our Tn-seq

screens as being important to the fitness of F11 within multiple

niches. These genes have been shown to affect acid stress

resistance, toxin expression, adhesion to host tissues and virulence

gene regulation in a diverse array of pathogens, including

enterohemorrhagic E. coli (O157:H7), Xenorhabdus nematophila,

Proteus mirabilis and a sub-group of ExPEC isolates like F11 known

as uropathogenic E. coli (UPEC) (Table 1) [31,32,54,55,56].

Additionally, genes responsible for the production of capsule—

which is a well-established virulence feature that serves as a

protective polysaccharide barrier surrounding the bacterial cell

wall—were also important in both the PC and blood (Table 1)

[57]. Further identification and, importantly, functional charac-

terization of multi-niche genes will lead to a deeper understanding

of the general fitness and virulence gene networks employed by

ExPEC and other virulent bacteria within varying host environ-

ments.

Aside from multi-niche genes, we observed a striking numerical

imbalance of genes that are exclusively required for either blood-

borne or tissue-localized PC fitness (772 and 122 genes,

respectively). The large number of genes and variety of enriched

KEGG functional categories within the blood-specific gene set

corroborated previous experimental observations that indicated

the blood of embryonic zebrafish is a hostile environment and

highly restrictive to bacterial growth [10,11]. Specifically, genes

involved in nutrient acquisition and utilization made up a

significant portion of the blood-specific genes (Figure 3). These

results provide evidence that during systemic infections nutrients

are more limiting than during localized infection of the PC,

requiring ExPEC to employ a greater portion of their genetic

repertoire to maintain fitness in the blood. However, additional

factors could also account for the discrepancy between the PC and

blood-specific gene sets, including instances of trans-complemen-

tation. Once injected into the PC, bacteria remain confined until

Figure 6. Targeted deletion of candidate genes with pathogenic identity attenuates the fitness of F11 within zebrafish. The
composition of traits (bottom KEY) represented among bacteria encoding homologues of (A) EcF11_3082, (C) EcF11_2628, or (E) EcF11_3933 are
presented for the trait categories habitat of isolation, niche of isolation, phylum and phenotype. For reference, segmented outer rings bordering each
pie graph depict the composition of traits of all genes contained within the TEA-MD. Equal numbers (1,000–2,000 CFU total) of wild type and (B)
F11D3082, (D) F11D2628, or (F) F11D3933 were inoculated into the PC (left) or bloodstream (right) of embryos. Fish were sacrificed and bacterial
counts determined ,20 h post-inoculation by differential plating (n = 9 to 14 zebrafish). Dashed line marks the limit of quantification; p values were
determined using a paired t-test, bars indicate medians.
doi:10.1371/journal.pgen.1003716.g006
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Figure 7. Tn-seq and TEA-derived candidate genes promote the fitness of F11 within murine models of bacteremia and urinary
tract infection. Equal numbers (108 total CFU) of wild type F11 and (A) F11D3256, (B) F11D3082, (C) F11D2628, or (D) F11D3933, were
subcutaneously injected into the nape of the neck of adult female Swiss Webster mice. Approximately 12 to 15 h later, bacterial titers within the
spleen (left) and liver (right) were determined by differential plating. (E) Equal numbers (107 total CFU) of wild type F11 and F11D3933 were
transurethrally inoculated into the urinary tract of adult female CBA/J mice. Bacterial titers present in the bladder (left) and kidneys (right) were
determined 3 d post-inoculation by differential plating. Dashed line marks the limit of quantification. n = 7 to 14 mice; p values were determined
using a paired t-test, bars indicate medians.
doi:10.1371/journal.pgen.1003716.g007
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the embryo succumbs to the infection [10]. Because bacteria stay

in close proximity to one another within the PC, the chances for

trans-complementation and the sharing of common goods are high

and may result in relaxed selection. A recent study demonstrated

that extensive trans-complementation can occur within mixed

mutant populations of Yersinia pestis in a mouse model of

pneumonic plague [58]. However, the authors noted that this

appears to be a unique characteristic of Y. pestis, as other pathogens

with tropism for lung tissue do not exhibit such a high degree of

wild type-to-mutant rescue. In our assays, trans-complementation

effects within the PC were apparently limited as we were able to

identify genes required for ExPEC survival within this niche.

Ultimately, this initial genome-wide analysis of the components

necessary for ExPEC fitness within pathogenic environments

garnered two key insights: (i) the number of genes that influence

fitness in multiple niches is relatively small and (ii) there are distinct

subsets of genes employed by ExPEC within different host

environments. This suggests that do-it-all genes do not necessarily

dictate the generalist and plastic nature of ExPEC. Instead,

ExPEC may evolutionarily maintain sets of context-specific genes

that can be employed, possibly in different combinations, to

respond in a highly specific-manner to a variety of conditions. This

characteristic likely contributes to the seemingly redundant

composition and versatility of contemporary ExPEC genomes.

Further functional dissection of ExPEC genomes by Tn-seq-based

approaches will help clarify which genes underlie the salient traits

of this lineage and inform the design of broad-spectrum therapies

that target only ExPEC while leaving beneficial or benign E. coli

strains within the normal microbiota unperturbed.

Refinement of candidate gene sets by TEA
A longstanding challenge associated with unbiased, high-

throughput functional genomics techniques like Tn-seq has been

the need to develop methods that provide an effective transition to

focused follow-up studies. Much work has been done to

quantitatively filter datasets using sophisticated determinations of

statistical significance and false discovery control procedures.

Analysis of the molecular pathways represented within functional

genomics gene sets has also been addressed extensively. However,

less attention has been given to systematic methods that exploit the

qualitative features of individual genes and how such consider-

ations can streamline candidate gene vetting. To address this issue,

we developed a Trait Enrichment Analysis (TEA) tool to organize

Tn-seq-derived candidate genes in a biologically meaningful way

(Figure 5). With a manually curated set of 165 microbial

proteomes, TEA is able to assign meta-features to F11 genes

based on their association with specific bacterial traits (i.e. habitat,

niche of isolation, phylum and phenotype). In this way, TEA

provides a tractable method to categorize Tn-seq candidate genes

into a more focused subset—something not easily accomplished

using larger microbial sequence databases like GenBank and

BioCyc or functional annotation platforms such as DAVID. TEA

uncovered several genes with previously unappreciated roles in

ExPEC pathogenicity, thus creating new opportunities to further

understand the genetic underpinnings of this lineage.

For the purposes of our investigation, we used TEA to identify

F11 genes with homologues that are more often associated with

the genomes of known pathogens. We describe such genes as

having ‘pathogenic identity’ and reason that, because of their

affiliation with pathogens, they are more likely to contribute to

pathogenic behavior—a principal tenet of molecular Koch’s

postulates [39,40]. In considering the overlap between Tn-seq-

derived in piscis genes and the TEA-derived gene set made up of

F11 genes with pathogenic identity, we were able to identify 246

genes that potentially influence the in vivo fitness capacity of F11

specifically. We selected three of these pathogen-associated

candidate genes for closer inspection.

The candidate gene EcF11_3082 was identified by Tn-seq and

confirmed during one-to-one co-challenge experiments to be

important for the fitness of F11 within the blood and PC of

zebrafish and spleen and liver of mice (Figure 6B and 7B). This gene

appears to be relatively widespread within the TEA-MD, being

found in 56 genomes, 61% of which are classified as pathogens. The

range of bacteria encoding homologues of EcF11_3082 includes

isolates from 12 (out of 16) different niches and 3 (out of 6) phyla

represented in the TEA-MD (Figure 6A). These observations

suggest that EcF11_3082 may play a broad role in bacterial fitness

within a variety of pathogenic and non-pathogenic contexts.

EcF11_3082 is predicted to encode an MprA/EmrR-like transcrip-

tional repressor, which was shown to regulate the expression of a

downstream multidrug efflux pump encoded by emrA and emrB.

Although our Tn-seq selection screen and co-challenge experiments

identified EcF11_3082 as a fitness determinant, disruption of the

emrA and emrB genes present in F11 did not appreciably affect fitness

within the zebrafish host, as determined by Tn-seq. This suggests

that either disruption of EcF11_3082 led to aberrant and deleterious

expression of emrAB that resulted in attenuation of the EcF11_3082

mutant, or the particular MprA/EmrR allele harbored by F11

influences other aspects of bacterial physiology not yet defined.

Further investigation is required to determine the exact influence of

EcF11_3082 on pathogenicity.

EcF11_2628, which encodes a ‘conserved hypothetical protein’

that has some homology to a secreted metalloendopeptidase toxin,

was also identified by Tn-seq and confirmed as an important

fitness determinant using a targeted knockout strain (Figure 6D).

However, we were unable to ascertain if this gene is required

during colonization of a mammalian host. The F11D2628 mutant

variant did not exhibit any statistically significant decline in

competitive fitness during systemic or urinary tract infection of

mice (Figure 7C and data not shown). Further investigation is

required to determine the physiological context in which this

putative toxin promotes ExPEC fitness. Nonetheless, homologues

of EcF11_2628 were found in only 7 proteobacterial genomes

within the TEA-MD (Figure 6C and D). Of these, 5 are ExPEC

strains that were isolated from human patients with either

meningitis (strain S88) or UTI (strains CFT073, UTI89, 536

and UMN026). Another ExPEC strain (APEC01) harboring an

EcF11_2628 homologue came from a case of avian sepsis that

occurred subsequent to respiratory tract infection. The sole non-

pathogen that carried an EcF11_2628 homologue was ED1a, a

commensal isolate from the human gut that is classified as

belonging to the B2 phylogenetic group—the E. coli lineage that

encompasses the vast majority of human ExPEC strains [7]. This

observation is intriguing because the EcF11_2628 allele carried by

ED1a could represent either a genetic vestige from a pathogenic

past or a new acquisition that is edging ED1a down an

evolutionary path towards a more ExPEC-like countenance.

Elucidating the function of this hypothetical gene should help

explain its seemingly restricted distribution within a phylogenet-

ically narrow range of bacteria.

The final pathogen-associated gene that we examined,

EcF11_3933, encodes a variant of the DNA protection protein

DprA [46,47]. However, this particular dprA allele is distinct from

those previously characterized in other bacteria. Within the TEA-

MD, 83% of the EcF11_3933 homologues were found in the

genomes of known pathogens. Interestingly, pathogens harboring

an EcF11_3933-like gene included ExPEC isolates as well as other

members of Proteobacteria and species within the phyla Bacter-
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oidetes and Firmicutes (Figure 6E). In our Tn-seq selection

screens, EcF11_3933 was initially identified because it appeared to

affect fitness within the PC, but subsequent analyses revealed that

EcF11_3933 could also promote pathogen fitness within the

bloodstream of both zebrafish and mice (Figure 6F and 7D).

Indeed, there were indications that EcF11_3933 contributed to

blood-borne fitness, but it was filtered out of the final Tn-seq-

derived blood gene set because it did not meet all of the

predetermined cutoffs, though only by a thin margin. These results

identify limits to Tn-seq as it is applied here, but also highlight the

value of using multiple infection models to discover and assess the

roles of fitness and virulence determinants.

Additional work using a murine UTI infection model demon-

strated that EcF11_3933 is also important for competitive fitness

within the murine bladder and kidneys (Figure 7E). This is in

contrast to EcF11_3256, EcF11_3082 and EcF11_2628, which we

found to be dispensable for colonization of the urinary tract (data

not shown). Interestingly, alleles of c4222, which is a homologue of

EcF11_3933 harbored by the UPEC strain CFT073, were shown

by microarray to be transcriptionally induced within a panel of

UPEC isolates during active infection of the human urinary tract

[59]. Together, previous observations and those presented here

indicate that EcF11_3933 is of broad importance to the pathogenic

potential of F11 and other ExPEC isolates within a variety host-

associated niches. Moreover, the distribution of EcF11_3933-like

genes among a diverse array of pathogens (e.g. ExPEC, the enteric

pathogen E. coli O157:H7, Neisseria gonorrhoeae, Vibrio cholera,

Haemophilus influenza, Photorhabdus luminescens and Erwinia amylovora),

which can colonize and cause disease within a broad range of

animal, insect and plant hosts, suggests that EcF11_3933 also

represents a multi-lineage virulence determinant. Further analysis

of EcF11_3933 and its pathogen-associated homologues may

prove useful in defining common virulence strategies employed by

ExPEC as well as other more distantly related bacterial species.

Concluding remarks
Cumulatively, this investigation demonstrates that the application

of Tn-seq, coupled with TEA, provides an efficient means to identify

novel or previously unappreciated fitness and virulence determi-

nants. The utility of TEA could easily be enhanced through

expansion of the TEA-MD by, for example, the addition of metadata

obtained from other host-microbe experimental systems. TEA serves

as an accelerated annotation layer for bridging high-throughput

sequencing experiments and functional characterization. In moving

forward, it will be important to continue the careful curation of

pertinent biological information associated with the rapidly expand-

ing and often redundant and ill-defined collections of microbial

genomics data so that meaningful connections can be mined.

Ultimately, the use of Tn-seq and TEA with an expanded number of

bacterial isolates and host systems may provide a detailed map of the

gene families and signaling cascades employed by ExPEC and other

pathogens to colonize host-associated environments.

Methods

Ethics statement
Animals used in this study were handled in accordance with

University of Utah approved IACUC protocols that followed the

standard guidelines described at www.zfin.org and in the Guide

for the Care and Use of Laboratory Animals, 8th Edition.

Bacterial strains and plasmids
All bacterial strains and plasmids used in this study are listed in

Table S5. Unless specified otherwise, bacteria were cultured

statically at 37uC for 24 h in 20 ml of a defined M9 minimal

medium (6 g/L Na2HPO4, 3 g/L KH2PO4, 1 g/L NH4Cl, 0.5 g/

L NaCl, 1 mM MgSO4, 0.1 mM CaCl2, 0.1% glucose, 0.0025%

nicotinic acid, 0.2% casein amino acids and 16.5 mg/ml thiamine

in H2O) prior to injection into zebrafish embryos or mice.

Antibiotics (kanamycin or ampicillin) were added to the growth

medium when necessary to maintain recombinant plasmids or

select for mutants.

Targeted gene knockouts of Tn-seq-derived candidate genes

were generated in ExPEC strain F11 using the lambda Red-

mediated linear transformation system [60,61]. Briefly, a kana-

mycin resistance gene was amplified using polymerase chain

reaction (PCR) from the pKD4 plasmid with 40-base pair

overhangs specific to the 59 and 39 ends of each targeted locus.

PCR products were introduced via electroporation into F11

carrying pKM208, which encodes an IPTG (isopropyl-b-D-

thiogalactopyranoside)-inducible lambda red recombinase.

Knockouts were confirmed by PCR. Primer sets used are listed

in Table S6.

Retrofitting of the previously constructed pSAM_Bt vector to be

used for the transposon mutagenesis of ExPEC isolate F11 was

accomplished using source vectors and primers as listed in Tables

S5 and S6, respectively. The Plac promoter from pGFP-Mut3.1

(Clonetech), along with its associated ribosome binding sequence,

was amplified via PCR. Engineered 59 BamHI and 39 NdeI

restriction sites were used to sub-clone the resulting fragment into

a BamHI/NdeI (New England Biolabs) double digested pSAM_Bt

vector upstream of the himar1C9 transposase gene. The kanamycin

resistance gene from pKD4 was amplified and ligated using the

restriction sites MfeI and XbaI, replacing the erythromycin

resistance gene ermG in pSAM_Bt. The resulting transposon

mutagenesis vector, pSAM-Ec, was stored and propagated in the

pir+ E. coli strain EcS17.

Zebrafish embryos
*AB wild-type zebrafish embryos were collected from a

laboratory-breeding colony that was maintained on a 14 h/10 h

light/dark cycle. Embryos were grown at 28.5uC in E3 medium

(5 mM NaCl, 0.17 mM KCl, 0.4 mM CaCl2, 0.16 mM MgSO4)

containing 0.000016% methylene blue as an anti-fungal agent.

Infection of zebrafish
One ml from a 24-h bacterial culture of each transposon mutant

library or isogenic bacterial strain was pelleted, washed once with

1 ml sterile PBS (Hyclone) and re-suspended in approximately

1 ml PBS to obtain appropriate bacterial densities for microinjec-

tion. Prior to injection, 48 h post-fertilization (hpf) embryos were

manually dechorionated, briefly anesthetized using 0.77 mM ethyl

3-aminobenzoate methanesulfonate salt (tricaine) (Sigma-Aldrich)

and embedded in 0.8% low-melt agarose (MO BIO Laboratories)

without tricaine. Approximately 1 nl of bacteria was injected

directly into the pericardial cavity (PC) or the blood via the

circulation valley (CV) located ventral to the yolk sac using a

YOU-1 micromanipulator (Narishige), a Narishige IM-200

microinjector and a JUN-AIR model 3-compressor setup. For

each experiment, average colony forming units (CFU) introduced

per injection were determined by adding 10 nl of the inoculum

into 1 ml 0.7% NaCl that was then serially diluted and plated on

Luria-Bertani (LB) agar plates. For co-challenge experiments,

input doses were plated on LB agar +/2 kanamycin (50 mg/mL)

to determine relative numbers of the wild type and mutant strains

present. After injection, embryos were carefully extracted from

agar and placed in either a 10 cm petri dish containing E3

medium for transposon screening or, individually into wells of a
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96-well microtiter plate (Nunc) containing E3 medium for co-

challenge experiments. The E3 medium used during this

incubation period lacked both tricaine and methylene blue.

To harvest DNA from embryos infected with transposon

mutant libraries at the end of the selection period, all infected

fish were collected (both alive and dead) in a 1.6 ml tube, being

careful to remove as much E3 medium as possible by gently

pulsing the tube in a microfuge to facilitate separation. Embryos

were suspended in 500 ml of 0.5% Triton X-100 in PBS and

homogenized using a mechanical PRO 250 homogenizer (PRO

Scientific). Homogenates were then centrifuged at 18,000 g for

5 minutes to sediment bacteria away from host cellular compo-

nents released during Triton X-100-mediated lysis. The resulting

pellet, which appears black because of remaining zebrafish debris,

served as the starting material for DNA extraction using the

Wizard Genomic DNA Purification Kit (Promega) as per the

manufacturer’s protocol with a brief modification: the duration of

the initial lysis step was extended as needed to dissolve the tough

pellet.

To quantify bacterial numbers at the completion of co-challenge

experiments, embryos were homogenized at the indicated time

points in 500 mL PBS containing 0.5% Triton X-100 using a

mechanical PRO 250 homogenizer. Homogenates were then

serially diluted and plated on LB agar +/2 kanamycin (50 mg/

mL) to determine relative numbers of wild type and mutant

bacteria. For co-challenge assays, only embryos where the total

bacterial CFU recovered was equal to or greater than the limit of

quantification (i.e. at least 20 CFU counted on the lowest serial

dilution, which corresponds to 100 CFU per embryo) are

reported. For lethality assays, fish were inspected for death at

the indicated time points over a 72 h period. Death is defined here

as the complete absence of heart rhythm and blood flow. Survival

graphs depict total pooled results from at least 3 independent

experiments in which groups of approximately 15 to 20 embryos

were injected at a time.

Mouse infections
For bacteremic co-challenge experiments, seven to eight-week

old female Swiss Webster mice (Charles River) were anesthetized

using isoflurane inhalation and injected subcutaneously via the

nape of the neck with 200 ml of a 1:1 wild type to mutant bacterial

suspension containing a total of 108 bacteria in sterile PBS. Spleens

and livers recovered 12 to 15 h later were weighed and

homogenized in 500 ml sterile PBS. Homogenization was done

with a Bullet Blender Storm 24 (Next Advance) using three SSB32

3.2 mm stainless steel beads for 5 minutes on power level 6.

Homogenates were serially diluted and plated on LB agar +/2

kanamycin (50 mg/mL) to determine the number of both wild type

and mutant bacteria. Bacteremic co-challenge experiments were

repeated at least twice. For these assays, only organs where the

total bacterial CFU recovered was equal to or greater than the

limit of quantification (i.e. at least 20 CFU counted on the lowest

serial dilution, which corresponds to approximately 200 to

600 CFU per g organ) are reported.

For co-challenge experiments within the murine urinary tract

infection, seven- to nine-week old female CBA/J mice (Jackson

Labs) mice were anesthetized using isoflurane inhalation and

inoculated via transurethral catheterization with 50 ml of a 1:1

wild type to mutant bacterial suspension containing a total of 107

bacteria suspended in PBS. Bladders and kidneys were recovered 3

days later and each was weighed and homogenized in 1 ml

containing 0.025% Triton X-100. Homogenates were serially

diluted and plated on LB agar +/2 kanamycin (50 mg/mL) to

determine number of both wild type and mutant bacteria.

Statistical analysis of zebrafish and mouse infections
For co-challenge experiments, numbers of wild type and mutant

bacteria present in the inoculum and recovered from host tissues

were enumerated by differential plating on selective media as

described above. To determine if bacterial counts differed between

wild type and mutant-infected animals, a paired t-test was

performed on log10-transformed values. Graphs and statistics were

generated using GraphPad Prism 5.

Transposon library generation
Transposon mutagenesis. A detailed protocol for the

transposon mutagenesis of ExPEC strain F11 using the E. coli

donor strain EcS17 carrying pSAM-Ec and the methods to verify

and sequence mutant libraries is provided in Protocol S1. Briefly,

EcS17/pSAM-Ec and F11 were mixed 2:1 (donor:recipient),

deposited onto nitrocellulose 0.45 mm filter discs (Millipore) and

incubated for 5 h on agar plates at 37uC. Because the Plac

promoter allows for constitutive low-level expression of the

himar1C9 transposase, no induction was required. Bacteria from

individual mating discs were recovered in 2 ml of 16M9 salts by

vortexing. A 100 ml aliquot was serially diluted and plated on

selective agar plates to determine mutagenesis frequency. The

remaining 1.9 ml of mating mixture was added to 20 ml of

selective media and allowed to grow shaking at 37uC until an

optical density at 600 nm (OD600) of ,0.5 was reached. One ml

aliquots from individual matings were then store at 280uC until

used in selection screening. In the event a mutant library did not

contain a satisfactory number of mutants, for example, ,50,000

mutants, frozen axillary stocks were briefly thawed, combined and

refrozen.

Bioinformatic analysis
Sequence alignment. Sequence reads were trimmed to

remove transposon sequence and the remaining 12 bp sequences

were aligned to the F11 genome consisting of 119 contigs

(GenBank: AAJU00000000). The alignment was preformed with

Bowtie [62], allowing no mismatches to the trimmed 12-mers. The

number of times each 12-mer was observed (abundance) and the

insertion position were tracked in a relational database. Because

our strategy for determining candidate regions relied on the

Wilcoxon signed-rank test, which is relatively resistant to spurious

observations, there was no limit to how many times a given 12-mer

was allowed to align to the genome.

Candidate identification. To distinguish loci within the F11

genome that were hypo or hyper-tolerant to transposon insertion,

the average number of inserts observed within each annotated

region, considering input pools 1, 2 and 3 alone, was calculated. A

Z-test was performed on the population of 5,312 loci—those that

fell below a standard score of 21 were considered hypo-tolerant

and those that were above a standard score of +1 were considered

hyper-tolerant. Standard scores were used here as an intuitive

demarcation within the distribution of insertion tolerances and are

not necessarily used to indicate any particular statistical signifi-

cance. Of note, because we allowed reads to be aligned to the

genome multiple times, we acknowledge that the specific values

calculated for insertion tolerances for each annotated F11 region is

overestimated. Indeed, we found that on average, reads could be

aligned approximately twice to the F11 chromosome (distribution

median = 2). This accounts for the elevated insertion rates

reported in Figure 2 and Table S2, which are approximately

two times greater than the inferred genome-wide insertion rate of

1 in 75 bp that is reported in the results section. Although this

approach added a source of noise, it also allowed us to quantify

and rank regions that would have otherwise been assigned a ‘0’
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(i.e. putative essential genes). The design of future Tn-seq

experiments should evaluate the pros and cons of such an

approach.

To calculate changes in fitness in vivo due to transposon insertion,

occurrence frequencies for insertion variants were first determined

by normalizing insert abundance. The normalized occurrence rate

of each insertion was obtained by dividing the number of times an

insert was observed by the sum of insert counts for the insert

positions that were detected in both the input and output pools of

the replicate screen in question. Next, a Wilcoxon signed-rank test

was performed on each F11 locus to compare the distribution of

occurrence frequencies of inserts found within both input and

respective output pools. Because this basic approach did not

immediately account for inserts that were absent from output pools,

which possibly indicates a strong negative selection event, we

assigned the limit of detection (1/sequencing depth) to lost inserts

that were present within a cognate input pool and within the top 1%

of occurrence frequencies of all inserts that were lost. By

incorporating these lost inserts prior to performing the Wilcoxon

signed-rank test, we could more confidently account for inserts that

likely represented a true negative selection signal while not

considering inserts that were absent due to sampling error or

passive loss. Regions having significantly altered frequency distri-

butions (p,0.05) and at least 10 measured inserts were assigned to

the in piscis gene set if the average occurrence frequency of inserts

within the output samples was reduced by at least 2-fold, or assigned

to the advantageous gene set if the average occurrence frequency of

inserts within the output samples was greater than that of the input

by at least 2-fold. Using these orthogonal vetting parameters we

calculated that the false discovery rate (FDR), as defined by

Benjamini and Hochberg, 1995, for the collection of observations

with a maximal p value of 0.05 to be 0.096 and 0.094 for the in piscis

and advantageous gene sets, respectively [63]. Figure S5 provides a

diagrammatic summary of the bioinformatic pipeline used above to

determine Tn-seq candidate genes and gene sets. Table S7, along

with an online data viewer (http://pathogenomics.path.utah.edu/

F11_TnSeq/), can be used to anonymously access and browse final

metric-based data that were generated using these methods. Data

analyses were done using custom software written in Python and the

open source math tool SciPy.

KEGG-based functional analysis of gene sets. Kyoto

Encyclopedia of Genes and Genomes (KEGG) orthologies (KO)

were assigned to genes within the F11 genome using the KEGG

automatic annotation server (KAAS) [64,65,66]. Genes without

KO assignments were considered to have a ‘hypothetical’ function

and genes encoding RNAs (e.g. tRNAs, non-coding RNAs and

ribosomal RNAs) were manually assembled into a custom ‘RNA’

orthology. To test for enrichment of a particular KEGG functional

category within a gene set, Monte Carlo simulations were

performed by sampling an equivalent number of genes from the

F11 genome at random 10,000 times without replacement. The

functional composition of observed gene sets was then compared

to theoretical sample sets using a Z-test. If a particular functional

category was significantly overrepresented compared to chance

(p,0.05) it was considered enriched. Data analyses were done

using custom software written in Python and the open source math

tool SciPy.

Trait enrichment analysis (TEA). 165 bacterial proteomes

were downloaded from the National Center for Biotechnology

Information’s (NCBI) microbial genome sequence collection and

assembled into the TEA metaproteome database (TEA-MD)

(Table S3). Each strain included in the TEA-MD was annotated

for habitat, niche of isolation, phylum and phenotype. Annotations

were retrieved manually by referring to original sequencing project

resources. Homologues within the TEA-MD were identified for

each protein-coding gene within the F11 genome using the Basic

Local Alignment Search Tool BLASTp [41]. Homologue

assignment was conferred if bi-directional alignments produced

an E value,1026 with similarity over 50% of query length. The

resulting set of TEA-MD microbes harboring homologues of

specific F11 proteins were then used to determine particular trait

associations. For each F11 protein, 1,000 Monte Carlo simulations

were performed by sampling an equivalent number of bacterial

genomes from the TEA-MD without replacement. Genes that

were found to have significant trait enrichments (p,0.05) were also

required to have at least 5 TEA-MD homologues, 60% of which

belonged to pathogen genomes, to be further considered and

placed into trait groups. TEA was performed in parallel and

independent of Tn-seq. Cross-referencing of several well-known

bacterial virulence factors, in addition to broadly conserved genes

involved in basic bacterial physiology, confirmed that our TEA

approach could reliably distinguish pathogenic identity between

these two gene classes (Table S8). Data analyses were done using

custom software written in Python and the open source math tool

SciPy.

Supporting Information

Figure S1 Plasmids used in this study. A) pSAM_Bt was

originally constructed to express the himar1C9 transposase (light

green open reading frame) within Bacteroides thetaiotaomicron,

facilitating insertion of the ermG erythromycin resistance gene

(blue open reading frame) into the chromosome this bacterium. (B)

pSAM_Bt was retrofitted using the indicated restriction sites with a

kanamycin resistance gene (purple open reading frame) and a Plac

promoter to drive expression of the himar1C9 transposase within E.

coli. This plasmid, pSAM-Ec, was then transferred into E. coli

strain F11 via conjugation. Other pSAM-Ec features include: two

transcriptional terminators downstream of the kanamycin resis-

tance gene (red stop signs), P7 priming sites for Illumina

sequencing (dark green blocks), MmeI-modified restriction sites

(red blocks) flanking the transposon (grey), a b-lactamase gene for

donor selection (red open reading frame) and an RP4 oriT/

oriR6K origin of replication (orange block) for specific propaga-

tion in pir-positive donor strains.

(PDF)

Figure S2 Assessment of transposon mutant pool diversity and

saturation. (A) E. coli F11 transposon mutants were randomly

isolated and subjected to Southern blot analysis. Genomic DNA

was isolated, digested with the restriction enzyme HindIII,

resolved by gel electrophoresis and probed with a digoxigenin-

labeled probe specific for the kanamycin resistance gene within the

transposon. (B to D) Representative colorimetric microbiological

agar plates were used to estimate mutant occurrence frequency

within mutant pools. (B) E. coli F11 transposon mutants grown on

MacConkey agar to assay for the presence of mutants deficient for

lactose utilization (white colony within inset). (C) Agar plates

containing the dye Congo red were used to determine the

frequency of insertion variants that disrupted normal curli

production. Inset shows a white colony (not able to bind Congo

red due to the presumed absence of curli) surrounded by curli

producing mutant variants (red colonies). (D) Mutant colonies

grown on Kornberg agar and subsequently exposed to iodine

vapor to stain for the presence of glycogen. Normal colonies

exhibit a brown coloration, colonies lacking glycogen synthesis are

yellow-white (left inset) and colonies overloaded with glycogen are

dark brown or black (right inset).

(PDF)

Functional Pathogenomics of ExPEC

PLOS Genetics | www.plosgenetics.org 17 August 2013 | Volume 9 | Issue 8 | e1003716



Figure S3 Diagram of a 48 h post-fertilization zebrafish embryo.

E. coli F11 transposon mutants were delivered into zebrafish

embryos via one of two injections sites. The pericardial cavity (PC)

simulates a localized infection—bacteria are restricted to the

indicated area (green). The circulation valley (CV) is used to

deliver bacteria systemically throughout the bloodstream (red).

(PDF)

Figure S4 Virulence of E. coli F11 within zebrafish embryos. (A)

Approximately 2,000 colony-forming units of E. coli F11 were

delivered into the pericardial cavity (PC, left) or the blood (right).

Survival of embryos was monitored over a three-day period (n = 20

embryos for each curve). (B) At 21 h post-inoculation, infected

zebrafish were homogenized and bacterial titers determined. Each

square symbol represents an individual zebrafish and bars mark

median values (n = 10 embryos).

(PDF)

Figure S5 Description of pipeline used to define Tn-seq candidate

gene sets. Diagram describes each of the five steps in determining Tn-

seq-derived candidate genes and gene sets. (I) normalize insert read

counts, (II) identify strong negative selection events and median-

center output data, (III) perform Wilcoxon signed-rank test, (IV) initial

candidate list vetting and (V) final gene set construction and curation.

(EPS)

Figure S6 Relative contributions made by each replicate screen

to the in piscis gene set. For clarity, the in piscis gene set was divided

into the component genes sets (A) blood, (B) PC and (C and D)

multi-niche. The proportion of genes identified from only one

replicate screen (numbered 1, 2 and 3) is represented by dark

wedges, whereas colored wedges indicate genes that were

identified from two or more screens using Tn-seq (bottom key).

Fischer’s exact test was used to determine if there was significant

overlap between genes contributed by each replicate screen within

each gene set (p values indicated where significance was found).

(PDF)

Figure S7 Compositional features of the TEA metaproteome

database (TEA-MD). Pie graphs depict the proportion of protein

sequences contained within the TEA-MD that are contributed by

bacteria annotated with the indicated traits under the trait

categories (A) habitat of isolation, (B) niche of isolation, (C)

phylum and (D) phenotype. (E) Table detailing the total number of

bacterial genomes and respective aggregate of protein sequences

represented by specific traits within each trait category.

(PDF)

Figure S8 Comparison of phylum representation between NCBI

and the TEA-MD. The number of genome sequences currently

reported in the National Center for Biotechnology Information

(NCBI) database for Proteobacteria, Bacteroidetes, Firmicutes,

Actinobacteria, Chlamydiae and Cyanobacteria were aggregated

and the resulting proportion for each phylum plotted (blue bars).

In a similar manner, the proportion of genome sequences

represented by each of the indicated phyla within the TEA-MD

is plotted for comparison (gray bars).

(PDF)

Figure S9 In vitro growth kinetics of F11 mutants. (A) F11D3256,

(B) F11D3082, (C) F11D2628 and (D) F11D3933 were grown in

M9 minimal media shaking at the indicated temperatures. Optical

density (y-axis) of the cultures was recorded over time (x-axis).

Graphs are representative of at least three independent experi-

ments performed in quadruplicate.

(PDF)

Protocol S1 Description of techniques carried out during this

study.

(PDF)

Table S1 General sequence-based features of input and output

pools.

(PDF)

Table S2 Insertion events per 100 bp for annotated regions

within the F11 chromosome.

(XLSX)

Table S3 Listing of bacterial strains, accession numbers and

traits maintained within the TEA-metaproteome database.

(XLSX)

Table S4 Composition of TEA-defined pathogen-associated

genes within Tn-seq gene sets.

(PDF)

Table S5 Bacterial strains and plasmids.

(PDF)

Table S6 Primers used in this study.

(PDF)

Table S7 Raw calculated metrics used to rank fitness contribu-

tions for all annotated regions within F11 by Tn-seq.

(XLSX)

Table S8 TEA-assigned trait identities for known bacterial

virulence factors and conserved genes involved in basic bacterial

physiology.

(PDF)
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