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ABSTRACT Extraintestinal pathogenic Escherichia coli (ExPEC) is an important hu-
man and animal pathogen. Despite the apparent similarities in their known virulence
attributes, some ExPEC strains can cross the host species barrier and present a zoo-
notic potential, whereas other strains exhibit host specificity, suggesting the exis-
tence of unknown mechanisms that remain to be identified. We applied a transposon-
directed insertion site sequencing (TraDIS) strategy to investigate the ExPEC XM
strain, which is capable of crossing the host species barrier, and to screen for
virulence-essential genes in both mammalian (mouse) and avian (duck) models of E.
coli-related septicemia. We identified 151 genes essential for systemic infection in
both mammalian and avian models, 97 required only in the mammalian model, and
280 required only in the avian model. Ten genes/gene clusters were selected for fur-
ther validation, and their contributions to ExPEC virulence in both mammalian and
avian models or mammalian- or avian-only models were confirmed by animal tests.
This represents the first comprehensive genome-wide analysis of virulence-essential
genes required for systemic infections in two different host species and provides a
further comprehensive understanding of ExPEC-related virulence, host specificity,
and adaptation.
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Extraintestinal pathogenic Escherichia coli (ExPEC) is an important bacterial pathogen
that causes severe extraintestinal infections in humans and animals (1–3). ExPEC is

among the most common pathogens in the urinary tract, causing 75% of urinary tract
infections (UTIs) (4, 5), and the second most common bacterial pathogen associated
with neonatal meningitis, causing high mortality in newborns (6). Additionally, ExPEC
represents the leading cause of bloodstream infections in nursing homes, hospitals, and
young children. In 2001, 40,000 deaths were attributed to ExPEC-associated sepsis,
which is 500-fold greater than the number of deaths caused by E. coli O157:H7 (7).
Moreover, ExPEC causes extraintestinal infections in many farm animals, companion
animals, and wild animals, leading to respiratory or systemic diseases, with ExPEC
strains of avian origin being the best studied (8–11).

ExPEC strains of human and animal origin share a genetic background and are not
distinguishable by genotype, serotype, virulence-associated genes, or genome content,
despite their isolation from various hosts and tissues (12–15). Additionally, E. coli
isolates from retail foods, including milk, meat, and eggs, are indistinguishable from
human ExPEC isolates (10, 16, 17). Such observations have led to the hypothesis that
ExPEC exhibits a zoonotic potential and might represent a foodborne source of
infection leading to human diseases. Indeed, some ExPEC strains of avian origin cause
meningitis in a rat model of human neonatal meningitis (18), and some human ExPEC
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strains cause colisepticemia in avian models (19, 20). These data provide compelling
evidence that ExPEC can cross the host species barrier to cause disease in both
mammals and avian species and demonstrate the zoonotic potential of ExPEC. How-
ever, these results should not be overinterpreted to presume that all or even most
ExPEC strains possess a zoonotic potential, as other studies indicate that many ExPEC
strains exhibit degrees of host specificity, with only a subset of ExPEC strains, including
those of both human and avian origins, exhibiting zoonotic potential (21).

Many virulence genes have been identified, and their underlying mechanisms have
been elucidated in ExPEC (22–24); however, little is understood regarding the mecha-
nisms associated with host-specific infections caused by ExPEC. Despite apparent
similarities in their known virulence attributes, some ExPEC strains harbor zoonotic
potential, while others do not, suggesting that unknown mechanisms underlie host
specificity in some ExPEC strains. In this study, we applied a transposon-directed
insertion site sequencing (TraDIS) (25) strategy to investigate a highly virulent ExPEC
strain of avian origin in a duck model of avian colibacillosis (avian model) and a mouse
model of human E. coli-related septicemia (mammalian model). We successfully iden-
tified genes essential for systemic infection of both mammals and avian species, those
essential only in mammals, and those essential only in avian species. Moreover, we
further confirmed these findings using animal virulence tests. Our results significantly
advance our understanding of the molecular mechanisms underlying ExPEC-related
host specificity/adaptation.

RESULTS
Selection of an appropriate ExPEC strain with zoonotic potential and determi-

nation of the input dose for TraDIS. To select an appropriate ExPEC strain with
zoonotic potential for TraDIS, six ExPEC strains, including three strains of avian origin
(ExPEC XM, APEC O1, and APEC DE471) and three strains of human origin (CFT073,
RS218, and NMEC 38), were tested in a duck model of avian E. coli-related septicemia
(avian model) and in a mouse model of human E. coli-related septicemia (mammalian
model). The animals were inoculated with 5 � 107 CFU of ExPEC via intraperitoneal
injection, and the blood bacterial load was determined 12 h after infection. The results
showed that ExPEC strains RS218 and APEC DE471 exhibited a certain degree of host
specificity (Fig. 1A and B), with the human ExPEC strain RS218 being significantly more
virulent in the mouse model than in the duck model, whereas the avian ExPEC strain
APEC DE471 was significantly more virulent in the duck model than in the mouse
model. Additionally, the other four ExPEC strains demonstrated no significant differ-
ence in virulence in the two animal models. Strain ExPEC XM was the most virulent

FIG 1 Blood bacterial load of ExPEC strains during systemic infection in mice and ducks. (A) Bacterial loads of different ExPEC strains in the blood
of the mammalian model at 12 h postinoculation. Four BALB/c mice were inoculated with 5 � 107 cells via intraperitoneal injection, and each data
point indicates the CFU count obtained from an individual mouse. (B) Bacterial loads of different ExPEC strains in the blood of the avian model
at 12 h postinoculation. Four Pekin ducks were inoculated with 5 � 107 cells via intraperitoneal injection, and each data point indicates the CFU
count obtained from an individual duck. (C) Every four mice or ducks served as one group, with three biological replicates included. Twelve mice
and 12 ducks were inoculated with the mini-Tn5 transposon mutant library. The blood bacterial load is indicated. These colonies were harvested
for genomic DNA extraction and used for TraDIS.
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strain in both the mammalian and avian models, suggesting its ability to cross the host
species barrier. Therefore, this strain with zoonotic potential was used for subsequent
TraDIS screening.

To determine the appropriate inoculation dose of ExPEC XM for the screening of
host adaptation genes, four inoculation doses (1 � 105, 1 � 106, 1 � 107, and 1 � 108

CFU/animal) were compared in the mouse and duck models. Inoculation of 105 and 106

CFU of ExPEC XM resulted in a low percentage of animals developing septicemia,
whereas inoculation of 108 CFU resulted in the sudden death of the animals prior to the
reisolation of bacteria. An inoculation dose of 107 CFU led to reproducible disease
progression and allowed bacterial reisolation from each infected animal.

Construction of the transposon mutant library and screening in animal models.
To provide a sufficient saturation density for the identification of ExPEC XM genes
essential for the systemic infection of different hosts, a genome-saturating mini-Tn5
transposon mutant library containing 100,000 kanamycin-resistant transformants was
generated. An estimated 52,503 transposon mutants are required to generate a 99.99%
saturation of the ExPEC XM genome, which is 5.4 Mbp in length (GenBank accession
numbers NZ_CP025328.1 and NZ_CP025329.1). This library was submitted to three
rounds of growth in lysogeny broth (LB) to enrich for mutants that did not exhibit
fitness in vitro (26). The final library was used as the input for the infection experiments.

Every four mice or ducks served as one group, and three biological replicates were
included. Therefore, a total of 12 mice and 12 ducks were inoculated with 107 CFU of
transposon mutants (input), and bacteria were reisolated from blood after 12 h of
infection (Fig. 1C). Genomic DNA was isolated from the recovered bacteria, and the
transposon insertion sites in the input (inoculum) and in the output (collected bacteria)
were determined using TraDIS. Each sample yielded 60 million single-end reads that
were tagged with a transposon-specific sequence, and approximately 70% of these
reads mapped to the ExPEC XM genome using Bowtie software (27) in the FASTQ
format (Table 1). In total, 112,234 and 110,861 unique insertion sites were identified in
mammal and avian input pools, respectively, equating to an average of one insertion
site every 48.41 bp or 49.01 bp, respectively. Reproducibility was high among the three
groups for each model, with Spearman correlation coefficients (R2) being �0.99 (see
Fig. S1 in the supplemental material). In addition, a Bland-Altman plot further showed
that approximately 94% of the reads were within the limits of agreement (LOA) (Fig. S2).

Identification of essential genes in ExPEC XM involved in systemic infection. A
fitness factor was calculated for each gene, as previously reported (26, 28). Briefly, reads
for each transposon insertion site were normalized by dividing the total number of
reads obtained from each sample, and a fitness factor for each site was calculated by
dividing the normalized output reads by the normalized input reads. The fitness factor
for a given gene was obtained from the average fitness factors of all insertion sites in
this gene. A fitness factor of �1 indicated that the given mutant strain was outcom-
peted and that the interrupted gene might contribute to virulence.

The insertion sites were evenly distributed throughout the genome of ExPEC XM
(Fig. 2A and B and Fig. S3A). Genes with fitness factors of �0.5 (i.e., less than a 2-fold
change in frequency) in either model were considered candidates of essential genes. In

TABLE 1 Summary of sequencing and mapping results of TraDIS

Sample name
No. of tagged
reads

No. (%) of reads mapped to
ExPEC XM chromosome

No. of unique insertion
sites in ExPEC

Mammalian input 62,393,529 43,784,685 (70.18) 112,234
Mammalian output A 57,925,375 40,873,130 (70.56) 81,910
Mammalian output B 66,796,639 48,850,553 (73.13) 83,336
Mammalian output C 57,934,293 40,127,493 (69.26) 82,061
Avian input 59,394,008 41,267,083 (69.48) 110,861
Avian output A 59,136,332 39,465,856 (66.72) 79,079
Avian output B 50,696,348 36,852,275 (72.69) 76,392
Avian output C 55,513,958 36,507,790 (65.76) 74,345
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total, 248 and 431 genes important in the mammalian model or avian model were
identified as candidates of essential genes (Table S1 and Fig. S3B). The reads of every
gene from input and output samples were analyzed by use of the Bioconductor
package edgeR to provide a reference for the essential genes (Table S2). The functional
category of each gene was identified based on the Gene Ontology from the ExPEC XM
annotation (Fig. 2C to E). Among them, several essential genes located in the same
operon or in the same pathway are shown in Fig. 3. Several essential gene candidates
were previously identified to be virulence-associated genes in ExPEC, including the
capsular synthetic gene (in the neu-kps gene cluster) (29, 30), the lipopolysaccharide
(LPS) synthetic gene (in the rml and waa gene clusters) (31, 32), two-component
regulatory system genes (envZ-ompR) (33), an antioxidant gene regulator (oxyR) (34), as
well as genes coding for enterobacterial common antigen (ECA) (wzzE, wecF, wzyE, and
wecG) (35) and siderophore transport (iro gene cluster) (36, 37).

Shared virulence-essential genes associated with systemic infection in both
mammalian and avian models of E. coli-related septicemia. The disruption of some
ExPEC XM genes led to significant virulence attenuation in both the mammalian and
the avian models, indicating shared virulence mechanisms. We identified, by TraDIS
screening, a total of 151 genes that were essential in both the mammalian and the

FIG 2 Summary of in vivo TraDIS screening results. (A and B) An overall fitness factor was determined for each gene as described in the text. The
regions of the essential genes for the mammalian model and the avian model are shown. (C to E) Classification of essential genes. The number
of shared virulence-essential genes necessary for systemic infection of both mammalian and avian models (C), mammalian models (D), and avian
models (E) in each Gene Ontology functional category.
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avian models (Table S1). Genes involved in metabolism accounted for 18% of the
shared essential genes. They featured prominently, were significantly enriched in the
entire genome, and included nucleotide metabolism genes (purDH) (38), polyamine
synthesis genes (speAB) involved in putrescine synthesis (39), and molybdenum cofac-
tor biosynthesis genes (mobAB) (40), identified in both the mammalian and the avian
models in our primary screen. Approximately 15% of the essential genes were involved
in the biogenesis of bacterial surface structures, including capsule biosynthesis genes
(in the neu-kps gene cluster) and LPS biosynthesis genes (in the rml and waa gene
clusters). The third most abundant category contained genes encoding outer and inner
membrane proteins and transporters (13%), including metal ion transporters, such as
iron uptake systems, peptide and amino acid transporters, Na�/H� antiporters, and
phospholipid transporters. Additionally, many genes involved in regulation, RNA pro-
cessing, translation, the stress response, cell division, and DNA replication were iden-
tified in our primary screen of both the mammalian and the avian models and included
genes related to two-component regulatory systems (envZ-ompR), the antioxidant
stress response (oxyR), and mprA, a suppressor of the multidrug resistance gene cluster
emrAB (41) (Fig. 2C).

Six genes/gene clusters, including the neu-kps gene cluster, the rml gene cluster,
mprA, nhaA, yga, and sanA, were selected for further validation in both the mammalian
and the avian models. These genes/gene clusters were deleted, and the mutant strains
were coinfected with the wild-type strain (ratio, 1:1). The deletion of the neu-kps
(encoding the capsule) and rml (encoding the O antigen) gene clusters (Table S3)

FIG 3 Overview of the candidate essential genes in the ExPEC XM genome involved in systemic infection. (A) The circular diagram shows the locations of 85
essential gene candidates on the ExPEC XM genome. Several essential genes located in the same operon or in the same pathway are shown. The two rings
containing gray, red, blue, and green arrows illustrate the coding sequences, shared virulence-essential genes for systemic infection of both mammalian and
avian models, virulence-essential genes identified only in the mammalian model, and virulence-essential genes identified only in the avian model, respectively,
on the forward and reverse strands of the genome. (B to D) The three insets represent a close-up look at three regions on the genome, with the graphs showing
the location and the relative number of each mutant found in the samples.
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resulted in the significant attenuation of ExPEC virulence (by 10,000-fold) (Fig. 4A),
which was consistent with previous reports and which validated our screening results.
Surprisingly, deletion of nhaA or mprA, each of which is encoded by both commensal
and pathogenic E. coli strains, led to at least a 10,000-fold attenuation of virulence upon
coinfection with the wild type in both the mammalian and the avian models (Fig. 4A).
The nhaA and mprA mutant strains were further tested individually in the mammalian
model separately from the wild-type strain, and both mutants showed at least a
100,000-fold virulence attenuation compared with the virulence of the wild-type strain
(Fig. 4B). Furthermore, mice infected with either mutant strain presented no symptoms
and showed a phenotype similar to that of control mice inoculated with only
phosphate-buffered saline (PBS). Furthermore, the ygaZ and sanA mutants showed
1,000-fold virulence attenuation relative to the virulence of the wild-type strain in the
coinfection study (Fig. 4A).

Virulence-essential genes identified only in the avian model of E. coli-related
septicemia. There were 280 virulence-essential genes identified only in the avian
model by TraDIS screening (Table S1). These included genes involved in regulatory
functions, the synthesis of cell surface structures and membranes, and metabolism (Fig.
2E). The most striking finding was the identification of multiple transposon insertions
within bioA, bioF, bioC, and bioH, resulting in a significant attenuation of their levels in
the primary screening of the avian model, whereas interruption of these genes had only

FIG 4 (A) In vivo competition assays in the mammalian and the avian models. Values less than 0 indicate
reduced fitness compared to that of the wild-type strain. (B) Virulence tests of individual mutant strains
in the mammalian model. P values were determined by Student’s t test. **, P � 0.01; ***, P � 0.001.
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a minor effect on the mammalian model, with fitness factors ranging from 0.17 to 0.44.
These results suggest that biotin synthesis is involved in specific host adaptation.
Therefore, the operon bioABFCD was selected for further study.

The gene cluster for biotin synthesis was deleted, and the resulting mutant strain
was coinfected with the wild type in order to validate the virulence attenuation. The
results indicated that the mutant was outcompeted by the wild-type strain in the avian
model, with a competitive index (CI) of 2.3 � 10�5, indicating 100,000-fold virulence
attenuation. In contrast, we observed no significant difference in virulence from that of
the wild-type strain in the mammalian model (CI, 0.74), demonstrating that biotin
biosynthetic genes are important for ExPEC virulence only in avian species and not in
mammals (Fig. 4A). Furthermore, expression of these genes in ExPEC XM revealed that
the bioABFC genes were significantly upregulated by 8- to 16-fold during culture in
avian serum compared with their level of expression in LB (42).

Another interesting finding was the Rnf electron transport complex. The genes rnfA
and rnfE and the cotranscribed gene nth, encoding endonuclease III, were identified by
TraDIS screening only in the avian model. The fitness factors for these genes were less
than 0.5 in the avian model and ranged from 0.78 to 1.05 in the mammalian model,
suggesting their involvement in host specificity. Coinfection experiments showed that
the mutant strain lacking the rnfABCDEG-nth genes was significantly outcompeted
(100-fold; P � 0.001) by the wild-type strain in the avian model (Fig. 4A). As expected,
this effect was host specific and either not observed or observed to a very limited
degree in the mammalian model. These data confirm the involvement of the rnf
subunit genes in host adaptation during systemic infection in the avian model but not
in the mammalian model.

Additionally, transposon insertions in the creABCD genes, encoding a two-component
system, led to a significant decrease in the fitness factor in the avian model (fitness
factor range, 0.24 to 0.4). CI values in the mammalian and the avian models of 7.3 and
8.3 � 10�3, respectively, confirmed that mutant virulence was specifically attenuated
during systemic infection of the avian model but not of the mammalian model (Fig. 4A).

Virulence-essential genes identified only in the mammalian model of E. coli-
related septicemia. A total of 97 virulence-essential genes were exclusively identified
in the mouse model by TraDIS screening (Table S1). Similar to those identified in both
the mammalian and the avian models and those identified only in the avian model,
these genes were classified as being involved in metabolism, bacterial cell surface
synthesis, membrane transport activity, and regulatory and other functions (Fig. 2D).

Interestingly, a mutant strain with transposon insertions in tssA, which is involved in
the biosynthesis of the type VI secretion system (T6SS), was identified only in the
mammalian model. In the mammalian model, the fitness factor for tssA was 0.46,
whereas in the avian model, it was 0.73, suggesting that this gene is likely more
important for systemic infection in the mammalian model than in the avian model.
Therefore, the gene cluster of the type VI secretion system was selected for further
investigation. The type VI secretion system mutant strain was generated and coinfected
with the wild-type strain in both the mammalian and the avian models. The results
showed CIs of 8.8 � 10�4 in the mammalian model and 3.7 � 10�2 in the avian model,
suggesting that the type VI secretion system is more important for ExPEC-specific
systemic infection in the mammalian model than in the avian model (Fig. 4A). Further-
more, this mutant strain showed a 100,000-fold attenuation of virulence in the mouse
model in the absence of the wild-type strain (Fig. 4B).

DISCUSSION

ExPEC is a major cause of extraintestinal diseases in humans and animals, including
bacteremia, urinary tract infections (UTIs), and meningitis. The accumulated evidence
suggests that some human and animal ExPEC strains are genotypically and phenotyp-
ically indistinguishable and harbor zoonotic potential, whereas other ExPEC strains
exhibit host specificity, despite the apparent similarities in their known virulence
attributes, thereby suggesting unknown mechanisms underlying the associated differ-
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ences. Here, we screened transposon mutants of ExPEC XM in mammalian (mouse) and
avian (duck) models of systemic infection, representing human and avian E. coli-related
septicemia, respectively. For the first time, ExPEC genes that are important for systemic
infection of both animal models and that contribute to host specificity/adaptation were
successfully identified. Understanding the genetic and molecular basis of host speci-
ficity/adaptation by ExPEC is important to elucidate its pathogenic mechanisms, de-
velop better animal models, and design new strategies and therapeutics for the control
of ExPEC-related diseases.

It is unsurprising that the neu and rml gene clusters were identified to be genes
important for systemic infection of both mammals and avian species, given that they
encode the K1 capsule and the O antigen, respectively, and are associated with ExPEC
virulence (30, 32). In addition to the genes responsible for K1-capsule and O-antigen
synthesis, mprA and nhaA were identified, and deletion of either gene significantly
attenuated ExPEC virulence by �10,000-fold in both coinfection assays with the
wild-type strain and infection assays with the mutant strain alone. The mprA gene was
previously identified to be a regulator controlling the expression of E. coli microcins and
the multidrug resistance pump EmrAB (41). Additionally, several recent studies showed
that mprA is required for capsule production in ExPEC and Klebsiella pneumoniae (43,
44), is essential for ExPEC virulence, and can be inhibited by a small molecule, DU011
(45). The gene nhaA encodes an E. coli integral membrane protein, which functions as
the Na�/H� antiporter, exchanging Na� for H� across the cytoplasmic membrane and
other intracellular membranes (46). It is essential for Na�, pH, and volume homeostasis,
the processes crucial for cell viability (47). In addition, the NhaA homolog in Yersinia
pestis is reportedly essential for virulence (48). Our results further confirm that mprA and
nhaA are genes essential for ExPEC virulence. Furthermore, there is an urgent need to
develop an efficacious, broadly cross-protective vaccine against most E. coli pathotypes,
given the high cost associated with ExPEC infections in humans and animals and the
increasing antibiotic resistance. Both mprA and nhaA are conserved in all E. coli
pathotypes, and deletion of either gene significantly attenuates ExPEC virulence in the
bloodstreams of both mammals and avian but does not affect mutant growth in vitro.
If deletion of either gene would not affect E. coli’s growth in the host intestine, they
could be ideal targets for the development of broadly conserved vaccine antigens and
novel antimicrobial drugs.

Among the virulence-essential genes identified only in the avian model, each gene
in the biotin synthesis bioABFCDH operon was identified. Biotin functions as an essential
cofactor for carboxylases and decarboxylases in all organisms and is part of key
metabolic pathways, including fatty acid biosynthesis, replenishment of the tricarbox-
ylic acid cycle, and amino acid metabolism (49). Bacteria, plants, and some fungi can
synthesize biotin de novo from a pimeloyl coenzyme A precursor, whereas avian species
and mammals can obtain biotin only from external sources (50). Previous studies have
shown that biotin synthesis is necessary in all stages of the Mycobacterium tuberculosis
life cycle due to the lack of a transporter necessary for scavenging exogenous biotin,
whereas it is required for the rapid escape of Francisella from phagosomes and its
intracellular replication in the cytosol (51). In the present study, we found that biotin
synthesis was required only during systemic infection in avian species and not in
mammals, with the genes associated with biotin synthesis being significantly upregu-
lated during infection only in avian species. This is possibly due to the following: (i) the
biotin concentration in duck (avian) tissues is lower than that in mouse (mammalian)
tissues, (ii) ExPEC infection of ducks (avian species) requires more biotin than infection
of mice (mammals), and (iii) both case (i) and case (ii) are simultaneously true.

Type VI secretion systems have been characterized in many Gram-negative bacteria,
including bacterial pathogens (52). Bacteria take advantage of the type VI secretion
system by directly injecting protein effectors across the cellular envelope into target
cells. This system functions in interbacterial competition, signaling, and environmental
fitness and contributes to the virulence of bacterial pathogens (53–55). At least two
type VI secretion systems (T6SS1 and T6SS2) have been reported in ExPEC and are
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involved in bacterial competition (56, 57). However, type VI secretion systems have thus
far not been associated with bacterial host specificity or adaptation in ExPEC. In the
present study, T6SS2 was identified in the primary screen from the mammalian model
but not in the primary screen from the avian model. Moreover, the T6SS2 deletion strain
showed 100-fold attenuated virulence in the mammalian model relative to its virulence
in the avian model, suggesting that this system is involved in host specificity and/or
adaptation, although its underlying mechanisms remain unknown and require further
study. Ma et al. tested T6SS2 of the same strain in both mammalian and avian models;
however, no significant difference in virulence was observed between wild-type and
mutant strains in either model (56). This may be because only 1 gene, either vgrG or
clpV, was deleted in previous study, while the whole 17-gene cluster of T6SS2 was
deleted in our study (56).

In summary, we used a TraDIS strategy to successfully identify 151 ExPEC genes
important for the systemic infection of both mammals and avian species, 97 genes
important for the systemic infection of mammals, and 280 genes important for the
systemic infection of avian species, with several genes being confirmed to contribute
to ExPEC host specificity/adaptation. This represents the first comprehensive genome-
wide survey of ExPEC genes required for systemic infections in two different host
species. The identification of bacterial genes involved in human adaptation presents a
special challenge for experimentalists. In this study, we used a mouse model of human
E. coli-related septicemia to screen for ExPEC genes that are important during human
infection, an approach with obvious limitations due to the fundamental differences in
human and mouse anatomies and functional elements. Recent technological advances
in creating humanized chimeric mice might overcome such limits and provide unprec-
edented insights into the mechanisms of the host interaction with human pathogens.
Additionally, understanding the mechanisms associated with ExPEC-related host spec-
ificity/adaptation is the ultimate goal. Although a large number of candidate genes
were identified in this study, the roles of only some of them were confirmed; however,
their underlying mechanisms remain unknown. Future studies will, it is hoped, provide
a more comprehensive understanding of the mechanisms involved in ExPEC-specific
host specificity/adaptation.

MATERIALS AND METHODS
Ethics statement. All animal experimental procedures were conducted according to the guidelines

of the Experimental Animal Management Measures of Jiangsu Province and approved by the Laboratory
Animal Monitoring Committee of Jiangsu Province (Nanjing, China).

Bacteria and culture conditions. ExPEC XM (O2:K1:H7), which is of the B2 and sequence type 95
(ST95) phylogenetic groups and which was isolated from the blood of a duck with colibacillosis, was used
for the infection studies and library construction (56). The strains and plasmids used in this study are
listed in Table S2 in the supplemental material. The bacterial strains were routinely cultured at 37°C on
solid LB agar or in liquid LB medium supplemented, when appropriate, with the following antibiotics:
ampicillin (Amp; 100 �g/ml), kanamycin (Kan; 50 �g/ml), nalidixic acid (Nal; 30 �g/ml), or chloramphen-
icol (Cm; 25 �g/ml).

Generation of the transposon mutant library. Tn5 insertion mutants were generated in ExPEC XM
using the pUTmini-Tn5km2 plasmid (Ampr Kmr). Briefly, pUTmini-Tn5km2 plasmids were purified from
clones and individually transformed into the donor strain E. coli S17-1 �pir. Conjugation experiments
were performed by growing each E. coli S17-1 �pir clone and the ExPEC Nalr strain to an optical density
at 600 nm of �1. To construct transposon mutants of ExPEC, 1 ml of donor cells and 1 ml of recipient cells
were harvested and washed three times in PBS. After discarding the supernatant, the cells were
resuspended in 100 �l PBS, plated onto LB agar plates, and incubated at 37°C for 4 h. Colonies were
collected, resuspended in PBS, and plated onto LB agar containing Kan and Nal. After incubation
overnight at 37°C, the total number of colonies was estimated by counting a proportion from each of
multiple plates. Kan- and Nal-resistant colonies were resuspended in sterilized LB broth using a
bacteriological spreader before adding sterile PBS. Each batch contained an estimated 10,000 mutants,
and a total of 100,000 transformants was generated by pooling 10 mutant batches. The entire mini-Tn5
mutant collection was grown three times in LB for 12 h at 37°C, and the resulting pool was used as the
inoculum for experimental infections.

Mouse and duck infection experiments. BALB/c mice (6 weeks old) and Pekin ducks (2 weeks old)
were purchased from the Comparative Medicine Center of Yangzhou University (Nanjing, China). All
animal experiments included populations with 50% males and 50% females, and all animals had access
to sterile water and food ad libitum.
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For virulence comparison experiments, mice and ducks (n � 4/each) were inoculated with 5 � 107

CFU of selected strains via intraperitoneal injection, followed by euthanization after 12 h and blood
harvesting for plating on LB agar and determining the bacterial load. For transposon library screening,
mice and ducks were inoculated with 105 (n � 4), 106 (n � 4), 107 (n � 4), and 108 (n � 4) CFU of ExPEC
XM bacteria to determine the appropriate dose. Upon determination of 107 CFU as the appropriate dose,
animals (n � 12 each) were administered the transposon library (input), and after 12 h, mice and ducks
were euthanized to collect blood, which was plated on LB agar for 8 h at 37°C to reduce the proportion
of host components. Colonies from blood cultures were harvested, and bacterial pellets were stored at
�80°C. For coinfection experiments, wild-type and mutant strains were cultured to the late log phase
and resuspended in PBS to yield 5 � 108 CFU/ml containing an equal number of wild-type and mutant
strains. The inoculum (100 �l) was injected into the enterocoelia, and then the mice and ducks were
euthanized at 12 h postinoculation and the bacterial load was calculated as described above. CIs were
calculated as the ratio of the mutant strain versus the wild-type strain in the blood to the mutant strain
versus the wild-type strain in the inoculum.

TraDIS. Genomic DNA was isolated from the inoculum used for infections and from blood-derived
cultures using a bacterial genomic DNA extraction kit (TaKaRa, Shiga, Japan). Genomic DNA (5 �g) was
sheared to yield �500-bp fragments (Covaris, Woburn, MA, USA). The subsequent steps were performed
according to the Illumina TruSeq nano DNA library preparation reference guide (revision D) for DNA end
repair, DNA end adenylation, and adapter ligation, and the PCR enrichment step was performed at 98°C
for 30 s, followed by 22 cycles of 98°C for 10 s, 60°C for 30 s, and 72°C for 1 min using a custom
transposon-specific primer (TraDIS-F for enrichment of transposon insertion sites) and an index primer
(one index per sample to allow for multiplex sequencing). Libraries from the input and output samples
were sequenced in lanes using paired sequencing and an Illumina HiSeq sequencer 2000 (Illumina, San
Diego, CA, USA) at Wuhan NextOmics (Wuhan, China).

Analysis of TraDIS data. The transposon end (P5 end) raw sequencing reads from FASTQ files were
picked and filtered, and split index sequences were combined with the transposon-specific sequences
using NGSQCToolkit (version 2.3.3; http://www.nipgr.res.in/ngsqctoolkit.html). These reads were aligned
to the ExPEC XM genome (GenBank accession number for the chromosome, NZ_CP025328.1; GenBank
accession number for the plasmid, NZ_CP025329.1) using Bowtie software (27). Subsequent analysis
steps were performed as previously described (26, 28) to calculate the number of sequencing reads (raw
read counts) and the number of different insertion sites for each gene, which were then used to estimate
the fitness and identify essential genes. The normalized read counts from three biological replicates of
each model were loaded into the edgeR package (version 3.26.5) using the R environment (version 3.6.0)
(58). The read counts and insertion sites were visualized using the Artemis (version 18.0.2) genome
browser (59). The circular genome diagram was generated by the CGView server (60).

Recombinant DNA techniques. PCR, electroporation, and DNA gel electrophoresis were performed
as described by Sambrook and Russell (61) unless otherwise indicated. Recombinant plasmids and PCR
products were purified using a MiniBEST DNA fragment purification kit (TaKaRa) or a MiniBEST plasmid
purification kit (TaKaRa). Deletion mutants were constructed using the bacteriophage lambda Red
recombinase system described by Datsenko and Wanner (62). All oligonucleotide primers used in this
study were purchased from GenScript (Nanjing, China) and are listed in Table S3. All mutants were
created using the ExPEC XM strain, and homologous recombination constructions were generated using
PCR-purified products harboring a selectable antibiotic resistance gene and 60-nucleotide homology
extensions. The antibiotic resistance gene was removed by transforming the pCP20 plasmid carrying a
flippase (63). Mutants were confirmed by PCR and sequencing. For complementation, the coding
sequences of the genes plus their putative promoter regions were amplified (the primers used are listed
in Table S4 in the supplemental material) from the ExPEC XM strain and independently cloned into
pGEN-MCS (42) using the BamHI and EcoRI restriction sites.

Accession number(s). The sequences for the ExPEC XM chromosome and ExPEC XM plasmid have
been deposited in the NCBI GenBank database under accession numbers NZ_CP025328.1 and
NZ_CP025329.1, respectively. The raw PacBio sequence reads have been deposited in the Sequence Read
Archive (SRA) under accession number SRX3460479. The TraDIS reads have been deposited in SRA under
accession numbers SRX5318349, SRX5319314, SRX5319611, SRX5322355, SRX5322360, SRX5322748,
SRX5324829, and SRX5325696.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/IAI

.00666-19.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLSX file, 1.2 MB.
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