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Escherichia coli sequence type 131 (ST131) is a pandemic clone associated with multidrug-resistant, extraintestinal infections,
attributable to the presence of the CTX-M-15 extended-spectrum 3-lactamase gene and mutations entailing fluoroquinolone
resistance. Studies on subclones within E. coli ST131 are critically required for targeting and implementation of successful con-
trol efforts. Our study comprehensively analyzed the genomic and functional attributes of the H30-Rx subclonal strains NA097
and NA114, belonging to the ST131 lineage. We carried out whole-genome sequencing, comparative analysis, phenotypic viru-
lence assays, and profiling of the antibacterial responses of THP1 cells infected with these subclones. Phylogenomic analysis sug-
gested that the strains were clonal in nature and confined entirely to a single clade. Comparative genomic analysis revealed that
the virulence and resistance repertoires were comparable among the H30-Rx ST131 strains except for the commensal ST131
strain SE15. Similarly, seven phage-specific regions were found to be strongly associated with the H30-Rx strains but were largely
absent in the genome of SE15. Phenotypic analysis confirmed the virulence and resistance similarities between the two strains.
However, NA097 was found to be more robust than NA114 in terms of virulence gene carriage (dra operon), invasion ability

(P < 0.05), and antimicrobial resistance (streptomycin resistance). RT> gene expression profiling revealed generic upregulation
of key proinflammatory responses in THP1 cells, irrespective of ST131 lineage status. In conclusion, our study provides compre-
hensive, genome-inferred insights into the biology and immunological properties of ST131 strains and suggests clonal diversifi-

cation of genomic and phenotypic features within the H30-Rx subclone of E. coli ST131.

Extraintestinal infections due to Escherichia coli cause significant
morbidity and death and increased health care costs (1, 2).
Management of such infections is difficult due to the increasing
abundance and wide spectrum of antimicrobial resistance, rang-
ing from fluoroquinolones to extended-spectrum cephalosporins
and to the “last resort” antimicrobials (e.g., carbapenems) (3).

Many multidrug-resistant (MDR) bacterial strains are now be-
ing reported, especially those belonging to clones capable of rapid
global dissemination (4, 5). H30 sequence type 131 (ST131) is one
predominant E. coli clone or lineage that is responsible for large
proportions of community- and hospital-acquired urinary tract
infections (UTIs) and bloodstream infections throughout the
world (6-8). The E. coli H30-Rx subclone has emerged with strong
associations with fluoroquinolone resistance and CTX-M-15 ex-
tended-spectrum B-lactamase (ESBL) production (9); H30 de-
notes the presence of allele 30 for fimH (type 1 fimbrial adhesin
gene), R indicates its association with fluoroquinolone resistance,
and x conveys its carriage of blacry y.15. Clonal expansion has
now become a dominant mechanism in the proliferation of anti-
microbial resistance in ST131 (10). Alarmingly, ST131 strains har-
boring New Delhi metallo-B-lactamase 1 (NDM-1), which con-
fers carbapenem resistance, have also been reported among E. coli
strains in particular and Enterobacteriaceae in general (11). ST131
E. coli strains not only are prevalent in human populations but
also demonstrate interspecies transmission (12—14).

The epidemiological success of E. coli ST131 has been attrib-
uted to a wide variety of factors, including enhanced virulence and
metabolic capabilities, the ability to acquire extensive and newer
resistance traits, and better survivability in intestinal and extraint-
estinal sites (15, 16). However, the exact reasons for the rapid
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emergence and successful spread of ST131 clones remain largely
undefined. Whole-genome sequencing (WGS) has revolutionized
the study of bacterial evolution. In order to understand the recent
evolutionary history of the most important E. coli strains in circu-
lation, it is necessary to analyze their diversity in terms of the
mutations, recombinations, and gene gains and losses in the pop-
ulation, including their profiles of bacteriophage contents (17).

Although ST131 is recognized as a pandemic clone involved in
serious extraintestinal pathogenic Escherichia coli (ExPEC) infec-
tions, posing grave public health risks (15), it has received meager
attention in countries such as India, despite tremendous host di-
versity, poor sanitation, and widespread abuse of antibiotics with
an unclear antibiotic policy. Despite ongoing research on the ep-
idemiological significance of ST131, little is known regarding the
host responses and immunological profiles during infection for
members of this lineage.
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To gain insight into its pathogenicity and to identify distinct
traits associated with the high-risk H30-Rx subclone, we sought to
investigate the whole-genome sequence of one of the representa-
tive ST131 strains (NA097) and to perform comparative genomic
analysis using several reference genomes; we characterized the
ST131 strain NA097 because of its functional and genomic attri-
butes, including antimicrobial resistance and pathogenicity. Ad-
ditionally, we performed profiling of innate immune responses to
E. coli infections in differentiated THP1 macrophages with an ad-
herent and invasive ST131 E. coli strain (NA097). The results of
this study support the idea that expansion of the H30-Rx sublin-
eage has contributed substantially to the dissemination of ST131
E. coli, and they provide a snapshot of the innate immune signa-
tures of the host against ST131 infections.

MATERIALS AND METHODS

ST131 strains and genome sequencing. The E. coli strain NA097 was
isolated from a urine sample from a 29-year-old male patient with septi-
cemia who presented to the D. Y. Patil Hospital (Pimpri, India) in 2009.
Strain NA114 was isolated in 2009 and was sequenced and reported pre-
viously by our group (18). Strain NA097 was characterized with routine
biochemical techniques and was stored at —80°C in Luria-Bertani (LB)
broth supplemented with 20% glycerol. High-quality genomic DNA was
obtained using the Qiagen DNeasy blood and tissue kit (Qiagen, Ger-
many). Whole-genome sequencing (WGS) was carried out with an Illu-
mina MiSeq sequencer, which generated 1.3 million paired-end reads of
251 bp, with an insert size of 400 to 500 bp. After filtering and trimming of
the paired-end reads using the NGS QC Toolkit (http://www.nipgr.res.in
/ngsqctoolkit.html), the high-quality reads amounted to genome cover-
age of approximately 34 times. The reads were then assembled into contigs
using the Velvet de novo assembler (19), run with an optimum hash length
of 77. The contigs were then screened for the possible presence of plasmids
based on their alignment with the online E. coli sequence databases, with
parameters such as 70% identity and query coverage, using BLASTn (20).
Only chromosomal contigs were ordered and scaffolded using an in-
house workbench, C-L-Authenticator, to avoid misscaffolding due to
plasmid-related contigs. The generated scaffolds and plasmid contigs
were used for further analysis. The draft genome was then submitted to
the RAST server (21) for annotation, and the genome statistics from the
resulting file were extracted using ARTEMIS (22). Gene prediction was
carried out using GeneMark$S (23). The numbers of tRNAs and rRNAs
were identified using tRNAscan-SE (24) and RNAmmer (25), respec-
tively.

Genomic data and comparative genomic analysis. A total of 107
whole-genome sequences, including those of ST131 strains NA097,
NA114, JJ1886, and EC958 from the NCBI and other genomes described
by Petty et al. (4), were used to construct a core-genome-based phyloge-
netic tree using Harvest (26), with the complete genome of the SE15 strain
taken as a reference. The resulting tree was visualized using the SplitsTree
program (http://www.splitstree.org). BRIG (27) was used to visualize the
genome variations within clade C, including NA097 along with other
reference ST131 genomes from the NCBI. For all of the genomes, pre-
dicted protein sequences from GeneMarkS were searched against the da-
tabase of E. coli virulence genes downloaded from the Virulence Factors
Database (VFDB) (28) by using BLASTp. Only hits with 80% identity and
70% query coverage were considered positive hits. A comparative table
was created based on the presence or absence of these virulence genes in all
of the genomes compared. A similar table was generated for putative
resistance-related genes after comparison with the Comprehensive Anti-
biotic Resistance Database (CARD) (29), using BLASTp. PhiSpy (30) and
PHAST (31) were used to identify the putative phage sequences in the
genome. Insertion sequence (IS) elements and genomic islands were iden-
tified using IS finder (32) and IslandViewer (33), respectively. Predicted
protein sequences were also searched against the Conserved Domains
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Database (CDD) (34) using NCBI Batch CD-Search, for functional cate-
gorization. In-house scripts were used to extract the best hits and corre-
sponding cluster of orthologous groups (COG) classes from the results.

Molecular characterization and susceptibility testing. E. coli phylo-
genetic groups (A, B1, B2, and D) were determined with a well-established
PCR method, as described previously (35). The isolates were preliminarily
assessed for ST131 status with an allele-specific PCR assay for pabB gene
detection (36). Antimicrobial susceptibility was examined with the
standard Kirby-Bauer method, using an Icosa UTI-1 antibiotic ring
(HiMedia, Mumbai, India), for 20 different antibiotics. ESBL production
was detected using the double-disc synergy test. The results of both tests
were interpreted according to Clinical and Laboratory Standards Institute
(CLSI) criteria. Metallo-B-lactamase (MBL) production was screened
with meropenem and meropenem-EDTA Etest strips (HiMedia, Mum-
bai, India), according to the manufacturer’s directions. Detection of ESBL
(blacrx .15 blapgys and blagyyy,) and MBL (blagpy,.,) genes was carried
out by PCR (15). Plasmids were determined using Kado lysis, and replicon
types were identified using five multiplex and three single PCR assays for
the presence of a total of 18 plasmid types (37).

Phenotypic characterization of strains. Serum resistance assays were
performed in 50% human serum (Pan Biotech) as described previously
(38), with some modifications. Briefly, 5 pl of overnight bacterial culture
was added to 495 pl of fresh LB medium and grown for 1 h. After centrif-
ugation, the bacteria were resuspended in 1 ml of sterile phosphate-buft-
ered saline (PBS), and 30 pl of culture with 270 pl of 50% human serum
was added in triplicate to 96-well microtiter plates. An aliquot of 30 .l of
each culture was serially diluted and plated (0-h count), and the rest was
incubated for 3 h at 37°C. After incubation, the bacteria were serially
diluted and plated (3-h count). Counting was performed after an over-
night incubation, and CFU were calculated. The initial CFU value was
subtracted from the final count in order to obtain growth in serum, and
data were plotted on a graph. Hemagglutination assays were carried out
with freshly isolated red blood cells (RBCs) from human blood, and re-
sults were interpreted as described elsewhere (39). Biotyping of strains for
carbohydrate utilization of 35 sugar sources was performed using the
Hi-Carbo kit (HiMedia, Mumbai, India), according to the manufacturer’s
protocol. Biofilm formation was examined in a total of nine replicates in
96-well microtiter plates with M63 medium, after 48 h, as described pre-
viously (8).

Epithelial cell adhesion and invasion assays. Adhesion and invasion
assays were performed as described previously (38), with some modifica-
tions. T24 and ACHN cells (human bladder and kidney epithelial cell
lines) were grown in RPMI 1640 medium and Ham’s F-12 medium (In-
vitrogen) supplemented with 10% and 15% fetal bovine serum (FBS)
(Invitrogen), respectively. Cells were grown in 5% CO, at 37°C. Cells were
seeded into 24-well plates 48 h prior to cell infection assays. Infection was
performed at a multiplicity of infection (MOI) of 10. Following 3 h of
incubation at 37°C, the monolayer was washed three times using 1 X PBS
(Gibco) and subsequently lysed with 0.1% Triton X-100 in 1 X PBS for 10
min at 37°C. The serially diluted lysates were plated on LB agar plates for
determination of CFU of adherent bacteria. For invasion assays, the cells
were incubated for 3 h and the monolayer was washed three times with 1X
PBS and incubated for 1.5 h with 1 ml of fresh Ham’s F-12 medium
containing 100 pg/ml gentamicin. After incubation, the cells were lysed
with 0.1% Triton X-100 in PBS for 10 min at 37°C. Lysates were serially
diluted and CFU were determined as in the adhesion assays described
above.

Infection of cultured THP1 cells and RT? profiling of antibacterial
responses. Monocyte cells were cultured and maintained at 37°C in RPMI
1640 medium (Invitrogen) supplemented with 10% FBS (Invitrogen), in
5% CO,. Prior to infection, about 1 X 10° cells were seeded into 35-mm-
diameter petri dishes (Corning) and stimulated for 36 h using phorbol
myristate acetate (PMA). After stimulation, cells were incubated for 12 h
in antibiotic-free medium. Subsequently, E. coli strains (NA097 and
DH5a) were grown overnight, followed by secondary growth to an optical
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density at 600 nm of 0.95. E. coli was harvested and added to the differen-
tiated THP1 cells at an MOI of 10. Similarly, another set of 1 X 10° cells
was treated with 1 wg lipopolysaccharide (LPS). Infected cells were incu-
bated for 3 h. Total RNA was isolated using a GenElute kit (Sigma), and
cDNA was synthesized from 1 ng of DNase (Sigma)-treated RNA, using a
first-strand cDNA synthesis kit (Qiagen, Germany). Real-time PCR was
performed on cDNA using the RT? Profiler PCR array system (Qiagen),
according to the manufacturer’s instructions, in an Eppendorf RealPlex 4
system. The experiments were performed in triplicate, and the data were
analyzed using the online RT? Profiler array data analysis tool (version
3.5) from Qiagen.

Statistical analysis. Statistical analyses for biofilm assays, serum bac-
tericidal assays, adhesion assays, and invasion assays were carried out
using the nonparametric Mann-Whitney U test, using GraphPad Prism
5.01. For calculations with quantitative real-time (qRT)-PCR data, cus-
tom online software was used as directed in the PAHS-148Z RT? Profiler
manual (Qiagen), and calculations were performed according to the man-
ufacturer’s instructions. P values of <0.05 were considered to be signifi-
cant.

Nucleotide sequence accession numbers. This whole-genome shot-
gun project has been deposited in DDBJ/EMBL/GenBank under acces-
sion number JSXJ00000000. The version described in this paper is version
JSXJ01000000.

RESULTS

Genome statistics and comparative genomic analysis. The ge-
nome of NA097 comprised 187 contigs, constituting an approxi-
mate size of 5.1 Mb. The genome was predicted to encode ~5,164
protein coding sequences, with an average coding sequence length
of 885 bp, amounting to a coding capacity of 88%. The genome
revealed 51.83% G+C, 73 tRNAs, and 3 rRNA genes. The func-
tional annotation of the NA097 genome using the COG database
revealed a majority of genes related to metabolism (37%), fol-
lowed by cellular processing and signaling (21%) and information
storage and processing (17%). A fraction of the genes (14%) be-
longed to multiple classes, while 10% remained poorly character-
ized (see Fig. S2 in the supplemental material). In silico multilocus
sequence typing (MLST) analysis using the MLST database (http:
//mlst.ucc.ie/mlst/mlst/dbs/Ecoli) showed that this organism be-
longs to sequence type 131. We identified 13 families of insertion
sequence (IS) elements within the NA097 genome, including at
least one copy each of 1S21,1566, 1S6,1S1,1S30, Tn3,1S1380,1S110,
1S3, ISL3, 1S4, 1S200, and ISAsI.

Whole-genome sequence-based phylogenetic analysis of
ST131 strains together with ST95 strains revealed three different
clades (clade A, clade B, and clade C), as described in Fig. S1 in the
supplemental material. The strains NA097 and NA114 clustered
within clade C, which predominantly included strains of H30 and
H30-Rx subclones of ST131 E. coli. The outcomes of uropatho-
genic E. coli (UPEC)-specific virulence and resistance gene profil-
ing for five ST131 genomes are summarized in Tables S1 and S2 in
the supplemental material. The virulence and resistance reper-
toires were comparable among the ST131 strains except for SE15,
which had few virulence and fewer resistance genes. NA097 pri-
marily revealed the dra operon, in contrast to the pyelonephritis-
associated pili (pap) operon in NA114. The strains had similar
resistance patterns except that NA097 was also positive for the
strA, strB, and aac3'IIC genes. The genomes of EC958 and NA097
contained both bla gy, and blacrx 15 genes; SE15 was negative
for both, and the rest of the genomes had one of the two 3-lacta-
mase genes. To elucidate the variations among genomes that clus-
tered in clade C, we subjected four well-characterized reference
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ST131 genomes, i.e., EC958, JJ1886, NA114, and SE15, with
NAOQ97 as a reference, to comparative analysis using BRIG. The
most common variation observed for SE15 (a commensal ST131
strain) and the four H30-Rx subclonal ST131 strains was the ab-
sence of seven phage-associated regions in the SE15 genome (Fig.
1). Three major genomic islands, namely, GI-selC, GI-pheV, and
GI-leuX, were also found in the NA097 genome, along with several
other genomic islands with sizes ranging from 0.5 kb to 30 kb, as
predicted by IslandViewer. The genome of NA097 exclusively
contained the lysogenic phage P4 and other genomic regions en-
coding functions such as autoinduction, capsular polysaccharide
synthesis, quorum sensing, aminoglycoside resistance, and others
(labeled in blue in Fig. 1). A detailed description of different
genomic regions and phages is also provided in Fig. 1. The genome
of NA097 shared similarity with the recently published EC958 E.
coli ST131 genome sequence, which contains several mobile ge-
netic elements (MGEs) that would account for increased fitness or
pathogenicity. Overall, the genomes of four H30-Rx strains were
found to be highly clonal in nature, despite their distinct geo-
graphical and temporal origins.

Molecular characterization and susceptibility testing. The
NAOQ97 strain was positive for typical characteristics of clone
ST131,i.e., it belonged to phylogroup B2 and was PCR positive for
the pabB allele as well as CTX-M-15 and TEM (-lactamase genes.
Phenotypically, NA097 was determined to be an ESBL producer
and was MBL negative. The strain was refractory to the following
13 of 20 antimicrobial agents tested: ampicillin, ampicillin-sul-
bactam, and carbenicillin of the penicillin class; cephalothin (first
generation), cefazolin (first generation), cefotaxime (third
generation), and cefoperazone (third generation) of the cephalo-
sporin class; norfloxacin, ciprofloxacin, moxifloxacin, and
gatifloxacin of the fluoroquinolone class; and streptomycin and
co-trimoxazole of the aminoglycoside and trimethoprim-sulfa-
methoxazole classes, respectively. The strain was completely sus-
ceptible only to the macrolide antibiotic class and to five other
antibiotics belonging to the aforementioned classes. Kado lysis
revealed the presence of four plasmids, but only two plasmids
could be identified in PCR-based replicon typing.

Phenotypic characteristics of ST131 strains NA097 and
NA114. Biofilm formation is considered to be an important viru-
lence property among pathogenic E. coli strains (40), especially
those that cause urinary tract infections (UTIs) and sepsis. There-
fore, we investigated the ability of two ST131 strains to form bio-
films in M63 minimal medium. We observed significant specific
biofilm formation (SBF) values for both NA097 and NA114
strains, compared to DH5a, after 48 h of incubation (Fig. 2a).
Because serum resistance is reported to be a marker of virulence
(41), we examined the survival of the two ST131 strains and DH5«
in human serum after 3 h. The mean CFU values for growth of
NA097, NA114, and DH5a were 3.9 X 10% 2.6 X 10%, and 7.7 X
107 CFU, respectively, while the blank showed no growth (Fig.
2b). NA097 and NA114 were significantly resistant to serum,
compared to DH5a.. Moreover, the levels of serum resistance for
NA097 and NA114 were comparable. Furthermore, NA097
showed mannose-resistant hemagglutination (MRHA) in human
RBCs. To assess whether isolates of the ST131 lineage shared spe-
cific metabolic characteristics, we investigated the carbohydrate
utilization ability of NA097 using 35 API test reagents (HiMedia,
Mumbai, India). Of the 35 sugars, NA097 was able to utilize 20
sugars (57%). The metabolic capabilities of NA097 and NA114 for
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FIG 1 Left, BRIG figure, representing a comparison of NA097 with four reference genomes of ST131 E. coli downloaded from the NCBI. Blue regions (R1, R2,
R3, R7, and R8) are present only in NA097, the black region (R4) is present only in NA097 and EC958, green regions (R5 and R6) are absent in SE15, and red
regions are phage-associated regions. Right, details of the regions and their relevant sizes.

carbohydrate utilization were found to be comparable. However,
the strains did not demonstrate enhanced utilization of a panel of
metabolic substrates, compared to the data on metabolic utiliza-
tion by E. coli strains belonging to other sequence types (15).
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FIG 2 Biofilm formation capabilities and serum bactericidal resistance of E. coli strains NA114 and NA097. (a) Specific biofilm formation (SBF) after 48 h of
incubation. (b) Resistance to human serum, as determined by CFU counting after 3 h of incubation. Strain DH5a was used as a negative control for both
experiments, and NA434 served as a positive control (+ve) for the determination of SBF. The experiment was performed in nine replicates for analysis of biofilm
formation and six replicates for the serum assay, and statistical values were obtained with the nonparametric Mann-Whitney U test, using GraphPad Prism 5.01.

ns, nonsignificant; **, P < 0.01; ***, P < 0.001.
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FIG 3 Adhesion and invasion capabilities of E. coli strains NA114 and NA097. (a and b) Adhesion on the human bladder epithelial cell line T24 (a) and the
human kidney epithelial cell line ACHN (b) after 3 h of incubation. (c and d) Invasion capabilities in the T24 cell line (c) and the ACHN cell line (d) after 3 h of
incubation and additional incubation for 1.5 h in medium containing gentamicin (100 pg/ml). DH5a (alpha) was used as a negative control for the adhesion and
invasion assays, experiments were performed three times in triplicate, and statistical values were obtained with the nonparametric Mann-Whitney U test, using
GraphPad Prism 5.01. ns, nonsignificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

absence of virulence genes affected the pathogenic nature of the
bacteria (42), we conducted in vitro cell adhesion and invasion
assays using strains NA097 and NA114, along with the negative
control (DH5a), with both ACHN and T24 cells. We observed
significant levels of adhesion and invasion of NA097 with both cell
types, compared to DH5a (Fig. 3). In contrast, NA114 was adher-
ent with both cell types but was less invasive (1.3 X 10° CFU) with
T24 cells and was noninvasive with ACHN cells.

RT? gene expression profiling of antibacterial responses in
THP1 cells. In order to analyze the transcription of antibacterial
response genes in differentiated human THP1 macrophages in-
fected with the ST131 E. coli strain NA097, the DH5« strain, and
LPS, we performed quantitative PCR to determine the expression
of 84 genes, corresponding to inflammatory response factors, pat-
tern recognition receptors (PRRs), chemokines, cytokines, or
downstream signaling components. The expression levels for 12
genes were unaltered in all three groups (including the control),
while levels for a total of 24 transcripts were identified as being
significantly altered. In all three categories, 12 genes were upregu-
lated, while five genes were downregulated. A majority of signifi-
cantly upregulated genes encoded cytokines such as interleukin 8
(TL-8), IL-1B, and tumor necrosis factor (TNF) and chemokines
such as CXCL1, CXCL2, and CCL3; the remaining significantly
upregulated transcripts encoded intracellular signaling factors
such as BIRC3, MAP2K3, NFKB1, NFKBIA, NLRP3, and RIPK2.
In contrast, transcripts corresponding to CARD6, TLR1, TLRS,
PSTPIP1, and PYCARD were significantly downregulated (Fig. 4).
IL-6 was upregulated more than 100-fold in all cases. Overall, the
levels of transcriptionally altered genes were similar (with no sig-
nificant differences) in all three groups. The rest of the genes did
not show any significant fold changes, compared to the untreated
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control; however, a few, such as IFNB1, NODI1, SUGTI, and
NAIP, were upregulated differentially. These data provide a com-
prehensive picture of transcriptional regulation of macrophage
responses to E. coli infections.

DISCUSSION

Previous work by our group showed that ST131 E. coli strains in
India have emerged as important causes of community-acquired
urinary tract infections (8, 15). Molecular epidemiological analy-
sis of these strains demonstrated that they are largely evolving
clonally and are associated with several successful phenotypes that
are likely involved in ST131 E. coli worldwide dissemination and
infections (8, 15, 18, 43). This highlights the urgent need to un-
derstand this clonal pathogen, in order to develop better control
strategies. In this study, we investigated the comprehensive profile
of antibacterial responses of human macrophages upon ST131 E.
coli infection. We further investigated the variations in the pheno-
types of ST131 strains by analyzing the phenotypic traits versus the
whole-genome sequence data for our two ST131 strains (NA097
and NAI114). Whole-genome comparisons and phylogenetic
comparisons were also performed with other sequenced genomes
of ST131 clones.

Our data lend support to observations indicating adaptive di-
versification and clonal expansion of ST131 as the underlying
mechanisms for the evolution of fluoroquinolone-resistant and
ESBL-producing ST131 E. coli (44, 45). Our data also reveal that
the similarity in phenotypes observed for our two ST131 strains
correlates with the observation of the clonal genetic structure due
to the evolution of a distinct subclade within ST131, namely,
H30-Rx (10). The minor differences observed could be due to
variations in virulence gene carriage, as observed by others (46).
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ST131 E. coli is now the dominant extraintestinal pathogen
throughout the world and is a major etiological agent of bladder
and kidney infections (47). This organism represents a classic ex-
ample of evolution through both horizontal and vertical (clonal
expansion) mechanisms. Although ST131 first attracted attention
because of its close association with ESBLs, especially the plasmid-
mediated CTX-M-15, recent studies involving population genetic
analysis of ST131 strains indicated that the global rise in extended-
spectrum cephalosporin-resistant ST131 E. coli infections is due to
the expansion of a single, highly virulent subclone, H30-Rx (10).
Phylogenomic analysis of two of our ST131 strains (NA114 and
NAO097), together with several ST131 reference genomes (4), re-
vealed that both of the Indian strains NA097 and NA114 belonged
to the H30-Rx subclone (see Fig. S1 in the supplemental material).
These results might represent only the first of many such findings
and therefore warrant attention from clinicians and researchers,
as our previous studies have already documented that ST131 E.
coli strains represent a major population among clinical ExPEC
isolates in India (8, 15).

Earlier studies reported the presence of mobile genetic ele-
ments (MGEs) in ST131 E. coli strains, which are not found in
non-ST131 UPEC strains (4). Our study confirms this and docu-
ments the high level of conservation of seven prophage-associated
genomic regions among all of the H30-Rx strains studied (Fig. 1);
these seven prophage elements were clearly absent in the com-
mensal non-H30-Rx ST131 SE15 genome (48). The genome of
our ST131 strain NA097 revealed greater genetic affinity with the
recently published EC958 ST131 genome from England (49), fol-
lowed by the genome of the Indian ST131 strain NA114. This
variation could possibly be due to differences in the arrangements
of different genomic regions, arising from variable genomic con-
tents encompassing mobile elements and other auxiliary genomic
components. However, such a degree of clonality between two
geographically distinct isolates hints at the possibility of their po-
tential to emerge and to expand globally. Other studies have also
observed phylogeographic patterns among spatially dispersed
ST131 isolates (8).

Given the extensive genomic similarities observed among the
strains within the H30-Rx clade, we sought to determine whether
there were any phenotypic similarities between the two represen-
tative H30-Rx strains, i.e., NA114 and NA097. We compared the
abilities of our two H30-Rx strains to form biofilms in vitro over 48
h. There was no significant difference in the levels of specific bio-
film formation between the two strains (Fig. 2a). Furthermore, we
found that the two strains were equally resistant to serum bacte-
ricidal activity (Fig. 2b). We also conducted in vitro cell adhesion
and invasion assays with T24 bladder epithelial cells and ACHN
kidney epithelial cells. In addition to the virulence-associated phe-
notypes, identical patterns were observed for the adhesion capa-
bilities of the two strains on both types of epithelial cells (Fig. 3).
However, the two strains differed significantly in their abilities to
invade the epithelial cells. The NA097 strain was highly invasive,
while NA114 showed insignificant invasion (Fig. 3). This observed
difference could be partly attributable to the presence of the dra
operon (which was found to be absent in the NA114 strain) in the
NAOQ97 strain. Goluszko et al. observed similar results, with inser-
tional mutants of dra operon members being unable to invade
HeLa cells (50). Finally, we compared the abilities of our two
ST131 strains to metabolize 35 carbon sources. We found similar
patterns of carbon utilization for the two strains. Overall, our data
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provide a correlation between the genetic frameworks and the
virulence phenotypes of two H30-Rx strains. In contrast, previous
studies showed that ST131 strains in general were genetically
monomorphic but phenotypically diverse (46). This might be due
to the fact that all such studies analyzed ST131 strains without
taking into account the recent subclones of ST131, namely, H30-R
and H30-Rx. When these subclones are studied separately, they
might yield clearer distinct observations.

While several studies have investigated the pathogenesis of
ST131 E. coli using in vitro and in vivo assays, the innate immune
responses involved and the molecular pathways governing these
responses largely remain obscure. Deciphering the innate re-
sponses against this pathogen is key to understanding the immu-
nological basis of bacterial clearance from the host. Here we per-
formed transcriptome profiling of innate immune signatures in
the context of host responses to ST131 strains, the control strain
DH5a, and LPS alone. We observed that only the key inflamma-
tory pathways were activated upon infection with ST131, DH5a,
or LPS. Therefore, we could not identify major strain-specific host
responses, which implies that, after infection, capsular antigens
would be primarily associated with the immune responses and
thus pathogenesis could not necessarily be correlated with reper-
toires of virulence genes or mobile genetic elements. A previous
study by Vimont et al. (16) confirmed that the inflammatory re-
sponses of kidney cells after infection with ST131 versus non-
ST131 were comparable. Also, Horn et al. (51) observed similar
histopathological outcomes in lung tissues after infection with
pathogenic versus fecal avian E. coli. These observations, together
with our results, suggest that the fitness and epidemiological suc-
cess of ST131 strains are more relevant in the upstream steps in-
volved at the onset of infection.

In conclusion, our study confirmed the presence of H30-Rx
ST131 E. coli among Indian ST131 strains and provided more
insights into the clonal diversification of genomic and phenotypic
features of H30-Rx ST131 strains. The study also shows the im-
munological basis of the outcomes of infection with ST131 strains.
Such expository observations could be of great significance for
understanding the emergence of globally disseminated, virulent
H30-Rx strains. Further studies are needed to investigate whether
this clone undergoes evolutionary selection and whether that has
any effect on its virulence and resistance phenotypes.
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