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ABSTRACT Uropathogenic Escherichia coli (UPEC) causes the majority of uncompli-
cated urinary tract infections (UTI), which affect nearly half of women worldwide.
Many UPEC strains carry an annotated intimin-like adhesin (ila) locus in their genome
related to a well-characterized virulence factor in diarrheagenic E. coli pathotypes. Its
role in UPEC uropathogenesis, however, remains unknown. In prototype UPEC strain
CFT073, there is an ila locus that contains three predicted intimin-like genes, sinH, sinI,
and ratA. We used in silico approaches to determine the phylogeny and genomic dis-
tribution of this locus among uropathogens. We found that the currently annotated
intimin locus-encoded proteins in CFT073 are more closely related to invasin proteins
found in Salmonella. Deletion of the individual sinH, sinI, and ratA genes did not result
in measurable effects on growth, biofilm formation, or motility in vitro. On average,
sinH was more highly expressed in clinical strains during active human UTI than in
human urine ex vivo. Unexpectedly, we found that strains lacking this ila locus had
increased adherence to bladder cells in vitro, coupled with a decrease in bladder cell
invasion and death. The sinH mutant displayed a significant fitness defect in the mu-
rine model of ascending UTI, including reduced inflammation in the bladder. These
data confirmed an inhibitory role in bladder cell adherence to facilitate invasion and
inflammation; therefore, the ila locus should be termed invasin-like rather than
intimin-like. Collectively, our data suggest that loss of this locus mediates measurable
interactions with bladder cells in vitro and contributes to fitness during UTI.
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Urinary tract infections (UTI) pose a significant health threat worldwide. Nearly one-
third of women will experience at least one UTI and receive antibiotic treatment

by age 24, with a cumulative lifetime risk of 60.4% (1, 2). Recurrent infections, defined
as having more than one UTI within a 6-month period, are extremely common and
account for over 25% of infections (3, 4). Due to their prevalence and recurrence, UTI
have a significant impact on the U.S. health care system. UTI-associated costs in the
United States totaled more than $3.5 billion in 2015, a steep increase from $1.6 billion
in 1995 (1, 5). The overwhelming majority of uncomplicated UTI are caused by uropa-
thogenic Escherichia coli (UPEC), which is becoming increasingly antibiotic resistant (4,
6), driving an essential need for improved treatments and therapeutics (6, 7).

UPEC normally resides in the gut as a part of the commensal microbiota without
causing disease (8, 9); however, when exposed to the urethral opening, bacteria can
ascend into the bladder and bind host cells utilizing type 1 fimbriae and other adhesins
to colonize the bladder (5, 10). If the infection is not treated in a timely manner, UPEC
can potentially utilize other fimbrial adhesins, as well as flagella, to ascend the ureters
and colonize the kidneys (11, 12), causing acute pyelonephritis (5). Adherence is a cru-
cial virulence property essential in almost every step of pathogenesis, which allows for
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the colonization, ascension, and persistence of the infection throughout the urinary
tract. For this reason, critical UPEC adhesins are often targeted for novel therapeutics
and the development of vaccines to prevent UTI (13–15). We sought to investigate the
role of the intimin-like adhesin (ila) locus in prototype strain CFT073, which carries the
sinH-, sinI-, and ratA-like genes.

Intimin is an adhesin that functions with its cognate receptor, Tir (translocated
intimin receptor), to tightly adhere to host epithelial cells during pedestal formation in
a type III secretion system (T3SS)-dependent manner (16, 17). The most well-studied
examples of intimin are found in enteropathogenic E. coli (EPEC) and enterohemorrha-
gic E. coli (EHEC) (18). These pathogens cause diarrhea when they colonize the intes-
tine and adhere to the host using intimin to form pedestals, ultimately resulting in
their characteristic attaching and effacing (A/E) lesions (19, 20). In EHEC and EPEC,
intimin is encoded by eaeA on the locus of enterocyte effacement (LEE) pathogenicity
island, which also encodes the T3SS and the Tir protein (20, 21). Bacteria secrete Tir
directly into the host epithelial cell cytoplasm using the T3SS, where Tir ultimately
becomes translocated to the host plasma membrane and acts as a receptor to bind
intimin expressed on the bacterial surface (16). In this way, the bacteria produce both
the ligand and receptor for close or tight adhesion to the host cells. The binding of
intimin to the Tir protein in the host membrane triggers cytoskeletal changes that are
attributed to the symptoms of EPEC and EHEC infection (22).

However, Tir-independent host binding cannot be ruled out due to the diversity of
polymorphic sites detected in the C-terminal domain, which have been designated a,
b ,g, d , and « intimin subtypes (23, 24). The diversity of the extracellular C-terminal do-
main may contribute to tissue tropism, as the ability of intimin to bind b-1 integrins
was detected in T cells in vitro (25). However, the relevancy of non-Tir intimin binding
in vivo is unclear. A related protein, invasin found in Yersinia spp., is known to bind b-1
integrins during infection and shares strong homology with intimin (26). Specifically,
the N-terminal domains of intimin have high homology with invasin proteins, suggest-
ing that the two may share secretion and membrane insertion mechanisms. Unlike
intimins, which promote extracellular attachment, invasins mediate bacterial entry into
eukaryotic cells (27).

The virulence-associated genetic island CS54 in Salmonella enterica consists of the
intimin- and invasin-related genes (shdA, ratB, ratA, sivH, and sivI) (28). Although many
Shiga toxin-producing E. coli strains also harbor the CS54 genomic island (29), it is gen-
erally not found intact in commensal strains of E. coli. In contrast, many UPEC strains
have inherited a three-gene portion of the CS54 genomic island, including sinH (sivH),
sinI (sivI), and ratA. Interestingly, Salmonella enterica subsp. II and Salmonella bongori,
in addition to S. enterica subsp. I, have also inherited these same three loci, indicating a
pattern of distinct phylogenetic inheritance (28). The Salmonella invasin homolog
(sivH) was determined to have a role in intestinal colonization, but not fecal shedding,
while both sivI and ratA produced no phenotypes in the murine gut (28).

Although the role of intimin has been well studied in the context of enteric E. coli
strains, the roles of intimin in UPEC have yet to be fully characterized. By deleting the
genes in the ila locus in prototype UPEC strain CFT073, we identified a role for these
adhesins in host bladder cell interactions. We observed decreased bladder cell death
and reduced populations of intracellular bacteria in vitro when we deleted each gene
in the ila locus. Furthermore, the sinH mutant was outperformed by the wild type (WT)
in the murine ascending model of UTI during both cochallenge and independent infec-
tions. Concordant with our in vitro findings, we also observed reduced inflammation in
the bladders, but not kidneys, of mice infected with a DsinHmutant compared to those
with WT infection. Considering the significant but modest decreases in bladder coloni-
zation in vivo, we must acknowledge that SinH could have originally been acquired for
the gut niche of the UPEC life cycle and that the interactions in the urinary tract are
coincidental.
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RESULTS
The intimin-like locus in E. coli CFT073 has predicted host cell interaction

domains and was likely acquired from other enteric pathogens. Because these
intimin-like proteins have not been previously characterized in UPEC and cognate
genes typically associated with this island are missing in prototype UPEC strain
CFT073, we conducted domain analysis to predict their potential origin and function.
To predict the function of these intimin-like proteins encoded in the CFT073 genome,
we utilized protein prediction software (Phyre 2) to identify known protein domains
(30). One region of SinH was predicted with 47% identity (100% confidence) to resem-
ble the transmembrane beta-domain of invasin from Yersinia pseudotuberculosis (Fig.
1A; Table 1): invasin is an intimin homolog used for cell adhesion and invasion by
Yersinia spp. (21). This region was also predicted with 45% identity (100% confidence)
to resemble the transmembrane beta-domain of intimin from an EHEC O157:H7 strain
(Fig. 1A, noted in dark blue; Table 1). The predicted beta-barrel structure of this region
is an important structure of intimin and critical for surface expression (18, 21). Indeed,
by utilizing I-TASSER software (31), predicted models detected a beta-barrel, and the
top cellular component gene ontology (GO) score (GO:0043231) predicts a membrane-
bound structure. Additional regions of CFT073 SinH also displayed structural homology
to integrin-binding domains with high confidence (Table 1). These structural similar-
ities provide further evidence that SinH is likely to play a role in host interactions, simi-
lar to other members of the intimin and invasin families.

SinI demonstrated less structural resemblance to intimin and invasin than SinH:
however, they may be interacting with one another, working as a two-partner system
to initiate contact with the host cell. To this point, unlike SinH, SinI was not predicted
to have a beta-barrel structure; however, the top structural analog predicted by I-
TASSER was the Yersinia invasin InvD (PDB 5LDYA) (31). By utilization of PYHRE, one
region was predicted with 96.2% confidence to be a plectin-related domain (cytoskele-
ton scaffolding), indicated in purple in Fig. 1A, resembling the actin-binding host pro-
tein SCAB1 (Fig. 1A; Table 1). It is possible that SinH-SinI plays a role similar to the
effects of intimin-Tir binding on host actin polymerization and microfilament aggrega-
tion upon adhesion (32). Additionally, SinI was predicted with 90.5% confidence to
resemble a carbohydrate metabolism protein involved in cellulose binding (Table 1),
also a predicted function of intimin (21). Therefore, the sequence and functional simi-
larities of these binding domains of SinI strengthen the putative relationship between

FIG 1 The intimin-like adhesin locus contains predicted host cell interaction domains and is highly conserved among UPEC strains.
(A) Phyre2-predicted structures of various regions of SinH, SinI, and RatA putative proteins are represented. Only domains predicted
with greater than 70% confidence are shown. Green-highlighted regions indicate homology to known cell adhesion domains, light
blue indicates sugar-binding domains, dark blue indicates intimin/invasin domains, purple indicates plectin-related domains, yellow
indicates lipase domains, and orange indicates integrin-binding domains. Exact parameters for predicted regions are given in Table 1.
(B) A phylogenetic tree was created in PATRIC to display the homology of SinH to other bacterial strains. CFT073 SinH is more similar
to S. enterica (SivH) than are other UPEC strains, UTI89, F11, and UPEC536. (C) PATRIC protein blast tool was used to compare the
SinH-RatA CFT073 locus to other prototype UPEC strains. The colors indicate the percent amino acid homology in each strain,
ranging from 95% to 100% identity.
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intimin and CFT073’s operon (sinH-sinI). Although intimin and invasin are related pro-
teins, intimin is used for external cell pedestal formation and invasin is used to pro-
mote bacterial penetration or invasion of host cells. SinH and SinI could potentially
contribute to these functions in UPEC, because both extracellular and intracellular col-
onization and replication have been observed for this pathogen (33–35).

The third and largest gene in this CFT073 genomic island is annotated as ratA-like
based on homology with RatA genes of Salmonella and other pathogenic E. coli species
and was discovered prior to the ribosome-associated toxin RatA in E. coli K-12 (36). The
previously annotated toxin-antitoxin system ratAB locus in CFT073 was renamed pasTI
to avoid confusion with the ratA-like locus described here (37). We found that many
domains of this putative protein product displayed homology to invasin in Yersinia
spp. and A/E proteins (Fig. 1A; Table 1). Many of the functions ascribed to the recog-
nized domains of RatA involve interactions with host cells. Additionally, the SignalP
database detected a signal sequence for secretion (38), and STRING software predicted
strong gene association between sinH, sinI, and ratA in CFT073 (39). We therefore pro-
pose that the ratA-like locus in CFT073 be considered part of the putative intimin-like
adhesin (ila) locus along with sinH-sinI, as others have suggested in Yersinia spp. (18).

When using cluster analyses on PATRIC (40), we found that the SinH-like protein in
CFT073 was more similar to that of SivH in Salmonella enterica (72.6% to 78.6%) than
are other UPEC strains, such as UTI89 and 536 (71% and 72%, respectively, to S. enter-
ica) (Fig. 1B). The amino acid sequence similarity between CFT073 SinH and homolo-
gous proteins in closely related strains are visually represented in Fig. S1A in the sup-
plemental material. These differences are most evident in areas with repeated domains

TABLE 1 PHYRE 2 predicted domains of the intimin-like putative proteinsa

Locus
Amino
acids

%
Coverage Confidence

%
Identity PDB molecule PDB title

SinH 109–353 33 100 47 Invasin X-ray crystal structure of the transmembrane
beta-domain from invasin2 from Yersinia
pseudotuberculosis

111–353 32 100 45 Intimin X-ray crystal structure of the transmembrane
beta-domain from intimin2 from EHEC strain
O157:H7

497–612 15 97.4 22 Invasin/intimin cell adhesion Invasin/intimin cell adhesion fragments;
immunoglobulin-like beta-sandwich

504–735 31 96.8 18 Invasin Crystal structure of invasin: a bacterial integrin-
binding protein

SinI 68–173 32 90.5 15 Cellulose-binding protein Nucleoside hydrolase-related hypothetical
protein from Saccharophagus degradans that is
associated with carbohydrate metabolism

85–158 22 96 21 Plectin-related protein Crystal structure of the Ig-pH domain of actin-
binding protein SCAB1

192–256 19 81.6 24 Colipase-binding domain Lipase/lipooxygenase domain (PLAT/LH2 domain)
197–253 17 72.4 32 Serine-rich repeat protein 1 Crystal structure of keratin 4 binding domain of

surface adhesin in Streptococcus agalactiae
214–312 30 73.7 20 CC chemokine receptor 7 Human CC chemokine receptor 7 in complex with

the intracellular allosteric antagonist Cmp2105
RatA 182–427 9 100 36 Putative invasin Structure of Yersinia pseudotuberculosis adhesin

1217–1385 6 79 15 Surface layer protein Crystal structure of the S-layer protein SbsC
domains 4 and 5

1290–1388 3 96.9 9 Invasin/intimin cell adhesion
fragments

Immunoglobulin-like beta-sandwich

1476–1754 10 97.9 6 Ig domain protein group 1
domain protein

Structure of Yersinia pseudotuberculosis invasin

1945–2252 11 92.7 13 Attaching and effacing
protein, pathogenesis
factor

FdeC, a novel broadly conserved Escherichia coli
adhesin eliciting protection against urinary
tract infections

aFor each locus listed in the first column, the unique amino acid regions for each recognized domain are listed in the second column. The third column indicates the percent
coverage of the entire predicted protein product that the recognized region spans. The fourth and fifth columns indicate the confidence and percent identity of the Protein
Database (PDB) molecule listed in the sixth column. The last column gives a brief description of the PDB molecules as listed by PHYRE 2.0.
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(Fig. S1A). The amino acid sequence of SinI in CFT073 has only a 45% to 66.9% similar-
ity to Salmonella enterica serovars. CFT073 RatA interestingly displayed homology to
both RatA and RatB proteins in Salmonella enterica serovar Typhimurium (42% and
43%, respectively). This may suggest that CFT073 originally acquired RatB as well, dur-
ing horizontal gene transfer.

To further investigate the potential genetic lineage of the ila locus among UPEC
strains, we utilized PATRIC to perform amino acid comparisons of UPEC type strains
536, F11, ABU 83972, UTI89, and CFT073 (40). All UPEC strains exhibited .95% similar-
ity throughout the intimin-like locus (Fig. 1C). ABU 83972, a strain that causes asymp-
tomatic bacteriuria, was most similar to CFT073, with .99% similarity to all three pre-
dicted proteins (Fig. 1C). We also compared sequences of known uropathogens
representing other bacterial species. The SinI and RatA predicted proteins were only
identified in a single species, Citrobacter freundii, with low (,40%) similarity; however,
SinH was found in three other uropathogens, again with low similarity (Fig. S1B). Thus,
the genes of this ila genetic island do not seem to be highly conserved among most
UTI pathogens.

We found that sinH is predicted to function in an operon with downstream gene
sinI, but ratA may be transcribed separately according to predictive promoter analyses
that detected two independent transcription start sites upstream of sinH and ratA inde-
pendently. To understand the operon structure within the ila locus, we used reverse
transcription PCR (RT-PCR) on CFT073 cDNA with primers spanning the junctions
between loci. As predicted, we found that sinI and sinH were cotranscribed, as demon-
strated by the expected size product amplified by primer set A on CFT073 cDNA (Fig.
S2). Primer set B, however, spanning the sinI-ratA junction, did not amplify from a
cDNA template, indicating that these two genes are not cotranscribed under these
conditions (Fig. S2). Although ratA is not transcribed in an operon with sinH and sinI,
the locus seems to have been horizontally acquired as a genomic island, as seen in
Salmonella and Shiga toxin-producing E. coli (29).

The intimin-like locus is present in recently isolated UPEC and is expressed
during late-stationary-phase growth. Previously, our laboratory analyzed gene
expression data from RNA isolated from 14 UPEC isolates collected and immediately
stabilized in the urine of patients with active UTI (41). To better understand the tempo-
ral and environmental cues triggering expression of the ila locus, we mined this
expression database. The ila locus was found in 11/14 (79%) of the clinical isolates;
among these, ratA was missing from strain HM17 (Table 2). Overall, SinH was the most
conserved and SinI was the most variable in amino acid identity and coverage among
the collection of clinical UPEC isolates. Of the three genes in this locus, sinH was the
only gene more highly expressed in the patient-collected sample, as a mean of all iso-
lates, in comparison to expression when cultured in human urine ex vivo (Fig. 2A). The
mean is skewed by two strains that had increased expression: isolates HM66 and HM57
had the most transcripts per million (TPM) from patient isolate samples (Table 2). HM60
and HM66 also had high log2 fold change (FC) expression when patient samples were com-
pared to urine, suggesting upregulation during human UTI (Table 2). Interestingly, the
entire ila locus of HM60 also displayed very low amino acid identity to SinH, SinI, and RatA
of CFT073, with 92.4%, 62.5%, and 66.3% identity, respectively (Table 2). As an average, sinI
expression was higher during growth in pooled human urine ex vivo than in vivo (Fig. 2B).
The only clinical isolate to have higher expression of sinI in patient samples was HM60 (Fig.
2B). ratA was collectively, in both patient and urine samples, the most highly expressed
gene of the ila locus (Fig. 2C). This could be due to a lack of translation efficiency observed
with large transcripts and may not necessarily indicate importance during infection. HM66
had both the highest raw TPM reads and the largest log2 FC (Table 2). In general, the
expression of the ila locus was relatively low under both conditions, considering that the
average gene TPM fell between 5 and 20 reads. This is not surprising, considering that pre-
vious studies have shown that the majority of bacterial transcripts during infection are
associated with ribosomal and protein synthesis machinery to promote rapid growth of
UPEC in vivo (41).
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To further assess the role of the ila locus in CFT073, we generated three mutants
(DsinH, DsinI, DratA) as well as an operon deletion mutant (DsinH-sinI). We began by
testing the ability of the mutant constructs to grow in vitro at 37°C under aerated con-
ditions. No growth defect was observed for any of the mutants compared to WT
CFT073 in either LB medium or filter-sterilized pooled human urine (Fig. S3A and B).
The lack of phenotype by the mutant constructs demonstrates that these genes are
not required for in vitro growth in either LB medium or human urine. In fact, intimin-
like mutants outperformed WT CFT073 during growth in human urine (Fig. S3B).

Virulence factor expression can have a large energetic cost, and, as a consequence,
these genes are generally tightly regulated and expressed only under specific condi-
tions. For example, surface adhesins and pili are typically optimally expressed under
static culture conditions (42). To this point, we sought to investigate the optimal
expression conditions of the ila locus in CFT073 via quantitative PCR (qPCR). We first
cultured the WT strain under both static and aerated conditions in LB medium at 37°C
to mid-log phase and found that all three genes were upregulated during static culture
conditions (Fig. 3A). Next, we sought to determine the optimal growth medium by
comparing LB medium, pooled human urine, and M9 minimal medium containing
0.4% glucose. We measured the relative expression of sinH, sinI, and ratA in these dif-
ferent growth media during mid-log phase under static culture conditions. When nor-
malized to growth in LB medium, the expression of sinH and sinI was decreased in M9

TABLE 2 In vitro and in vivo expression of sinH, sinI, and ratA in strains isolated from human UTIa

aExpression of sinH, sinI, and ratA in 11 UPEC clinical isolates was measured in transcripts per million (TPM), with a higher
value indicating greater expression. The table is sorted by genome and then gene locus, given in columns 1 and 2,
respectively. Columns 4 and 5 show the percent amino acid similarity of the clinical strain compared to the CFT073
sequence, while columns 6 and 7 indicate the gene expression in vitro (6) and in vivo (7). Column 8 provides the log2 fold
change (FC) of expression between in vivo and in vitro (patient/urine), with positive values indicating greater expression in
human patients (red) and negative values indicating greater expression in human urine ex vivo (blue). The values are color
coded via gradient scale; thus, the darker the red, the more intense the upregulation in patient samples, and the red
transitions toward white as the values approach zero, indicative of equal expression in vivo and in vitro.
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minimal medium containing glucose and either increased (sinI) or decreased (sinH) in
human urine (Fig. 3B). Expression of ratA was upregulated in human urine and
unchanged in M9 (Fig. 3B). Similar trends were observed under aerated conditions (Fig.
S4A). To quantify the temporal expression of the ila locus during bacterial growth
phases, we measured gene expression during mid-log- and stationary-phase aerated
cultures and static decline-phase cultures (43). Decline phase was achieved when sta-
tionary cultures (overnight with aeration at 37°C) were transferred to room tempera-
ture on the benchtop for 24 h before sampling. All samples were cultured in LB me-
dium and normalized to mid-log expression in CFT073 cultured statically (Fig. 3C) or
with shaking (Fig. S4B). When compared to static cultures, the entire ila locus was up-
regulated in both stationary- and decline-phase cultures (Fig. 3C). sinH expression was
highest during stationary phase, and ratA was highest during decline-phase culture
(Fig. 3C). Similar trends were observed in aerated LB cultures, apart from sinH, which
was downregulated during stationary growth (Fig. S4B). Finally, we measured the
expression of ila genes in the mutant constructs, to determine any potential compen-
satory regulatory mechanisms. Interestingly, both sinH and sinI single mutants and the
sinH-sinI double mutant demonstrated upregulation of the ratA locus when normalized
to WT CFT073 expression (Fig. 3D; Fig. S4C). However, the inverse was not true; the
ratA mutant did not have altered expression of the sinH-sinI locus (Fig. 3D; Fig. S4C).
Since it was previously determined that sinI and sinH are cotranscribed (Fig. S2), it is im-

FIG 3 Coordinated upregulation of the intimin-like locus in static- and late-stationary-phase cultures. WT CFT073 was cultured under
specific in vitro conditions to isolate RNA for the resulting qPCR to determine expression levels of sinH, sinI, and ratA. The
comparative threshold cycle (CT) method was used to determine the relative log2 fold change of each strain under specified
conditions. (A) Bacteria were cultured to mid-log phase in LB medium either statically or with aeration at 37°C. Static conditions were
normalized to shaking aeration; bars represent the mean of 10 biological replicates. Error bars represent the standard error of the
mean (SEM). (B) Growth of CFT073 in human urine (black bars) or M9 medium plus 0.4% glucose (gray bars) was normalized to that
in LB. Growth was conducted to mid-log phase under static conditions at 37°C. Bars represent the mean of five biological replicates,
and error bars represent the SEM. (C) Growth under either stationary conditions (black bars) or cultured at 37°C with aeration
overnight and then another overnight incubation on the benchtop (gray bars) was normalized to mid-log cultures under static
conditions. Bars represent the mean of five biological replicates, and error bars represent the SEM. (D) Mutant strains were cultured in
the 48-h culture model described previously and normalized to WT CFT073 under static conditions. The expression levels of sinH
(dark gray), sinI (black), and ratA (light gray) are indicated in each strain, with bar height representing the mean and error bars
representing the SEM.

FIG 2 In clinical UPEC isolates, sinH has higher expression in patient samples, while ratA is increased in human urine ex vivo. Clinical UPEC isolates were
collected from patients with active UTI. Patients urinated directly into specimen jars containing RNAProtect to preserve bacterial transcripts. These same
UPEC isolates were cultured in human urine ex vivo for RNA isolation. Transcripts per million (TPM) are plotted for both in vivo (gray bars) and ex vivo
(black bars) samples collected for each UPEC clinical isolate. The mean values are indicated by similarly colored dashed lines. The reads aligning to sinH (A),
sinI (B), and ratA (C) are graphed.
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portant to note that the DsinH strain had increased sinI expression; in contrast, the
DsinI strain did not have altered sinH expression compared to the WT (Fig. 3D; Fig.
S4C). Upregulation of sinI in the absence of sinH could be due simply to polar effects
from the mutation on downstream genes, or it could indicate a regulatory mechanism
suggesting cooperation within genes and gene products in the intimin-like locus, as
STRING software predicted (39). Taken together, the results demonstrate that the ila
locus is most highly expressed in stationary decline phase, under static culture condi-
tions with amino acid carbon sources (LB medium or human urine). To assess the func-
tion of these gene products under optimal expression, we employed the decline-phase
culture model (overnight at 37°C with aeration and then transferred to room tempera-
ture on the benchtop for 24 h) in many subsequent experiments in this study.

Deletion of intimin-like genes has no effect on biofilm formation or motility
but may influence type 1 fimbria expression. We hypothesized that these genes
could function in biofilm formation in UPEC because the intimin-like proteins are pre-
dicted to function as adhesins (18). The ability to form biofilms has been proposed to
be advantageous for UPEC during UTI, especially in the context of cystitis and catheter-
associated infections (44). To determine if intimin-like genes play a role in bacterium-
bacterium adhesion or adherence to abiotic surfaces, we measured the ability of ila
mutants to form biofilms in LB medium and human urine using a static microtiter plate
assay. The minimal biofilms formed by CFT073 in human urine were extremely consist-
ent, displaying no discrepancies in biofilm formation for any mutant strains at either
24 h or 48 h (Fig. S5A). Similarly, in LB medium, there were no differences observed in
biofilm formation (Fig. S5B). Since CFT073 is a relatively poor biofilm former, we also
assessed potential surface changes by measuring curli expression, utilizing agar con-
taining Congo red. Strains were incubated at 30°C for 72 h and analyzed for either a
red or white appearance indicating a curli-positive or curli-negative phenotype, respec-
tively (45). The DsinI strain was observed to have a red ring just inside the leading col-
ony ruffled edge (positive for curli expression), while all other mutants looked very sim-
ilar to the WT strain (Fig. S5C). Thus, while we expect that intimin-like proteins are
surface expressed, the loss of intimin-like genes do not appear to alter to biofilm for-
mation in CFT073.

Motility and adhesion typically have an inverse relationship due to the presence of
type 1 fimbriae on the surface of the cell, which antagonize the function and expres-
sion of flagella used for motility (46, 47). We suspected that the presence of SinH, SinI,
and RatA may also have an inverse relationship with motility because of their putative
role in intimate interactions with host cells. To test the swimming ability of the mutant
strains, we stabbed bacteria into the center of 0.25% soft agar plates and measured
the diameters of their motility after incubation at 30°C. The mutants displayed swim-
ming motility very similar to that of WT CFT073, with the operon mutant (DsinH-sinI)
demonstrating a nonsignificant increase in motility (Fig. 4A).

Considering previous studies describing the competition of surface-expressed pro-
teins with one another (46), we hypothesized that the type 1 fimbriae may be differen-
tially expressed in these strains. We utilized both invertible element and hemagglutina-
tion assays to assess the contributions of type 1 fimbriae in an intimin-null
background. In E. coli, expression of type 1 fimbriae is controlled by an invertible ele-
ment in the fim promoter, with the orientation controlled by several recombinases.
The ON/OFF orientation can be detected by a PCR assay (48). Bacterial cultures were
incubated statically in LB medium overnight, and the orientation of the fim invertible
element was determined utilizing PCR. All intimin-like mutants displayed ratios of Fim-
ON to -OFF populations similar to those of the WT strain CFT073 (Fig. 4B). Interestingly,
fimS was in the OFF orientation for both the WT and the ila mutants following growth
for 48 h at 37°C with aeration and subsequent static growth on the benchtop for 24 h
(Fig. S6A).

The ability of CFT073 to agglutinate erythrocytes is largely dependent on the type 1
fimbriae, which are mannose-sensitive adhesins, although there are other surface
structures that are mannose resistant (e.g., P fimbriae) and can also contribute to
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hemagglutination (49). To determine whether the ila locus is associated with hemag-
glutination (HA) ability, we tested our mutant strains with guinea pig erythrocytes that
lack the P fimbria receptor. These assays were conducted using decline-phase cultures,
when ila genes were optimally expressed. The exception to this is sinH expression,
which was highest during stationary phase and could therefore produce the weaker
phenotypes observed with DsinH and DsinH-sinI strains. The bacterial cultures were
serially diluted in phosphate-buffered saline (PBS) and then mixed with erythrocytes;
thus, the higher the HA titer (up to 1:1,024), the lower the bacterial CFU required to
produce the phenotype. The CFT073 fim L-ON and -OFF constructs are positive and
negative controls, respectively (48). WT CFT073 demonstrated similar levels of HA as L-
OFF negative controls (Fig. 4C). The intimin-like mutants all had a slightly higher HA ti-
ter, which was significant in DsinI and DratA mutants compared to the WT (Fig. 4C).
Additionally, we constructed ila mutants in both CFT073 fim L-ON and L-OFF back-
grounds. In these strains, the mutants no longer behave significantly differently than
the respective parental strains (Fig. S6B and C). However, more variation is observed in
the L-OFF background (Fig. S6C), which could suggest that the loss of ila has effects on
other, nonmajor hemagglutinins, which would explain the very subtle phenotypes
observed in WT assays (Fig. 4C), as the type 1 fimbriae are known to be the dominant
feature contributing to this phenotype.

Intimin-like adhesins mediate host bladder cell interactions in vitro. The two
best characterized fimbriae in UPEC are type 1 (fim) and P (pap) fimbriae, which are uti-
lized for colonizing the bladder and kidneys, respectively (50). Interactions between
bacterial adhesins and host cells facilitate phenotypes such as adherence and attach-
ment, invasion of host cells, immune cell interactions, and bacterially mediated cell
death. To assess the role of intimin-like adhesins with host epithelial cells, we per-
formed a series of assays to quantify interactions with both bladder and kidney cell
lines in vitro. Compared to WT CFT073, all intimin-like mutants displayed significantly
increased adherence, ranging from 185% to 255% of the level of wild-type adherence
to bladder cells in vitro (Fig. 5A). Although a slight increase in adherence to kidney cells
was also observed, these differences were not significant (Fig. 5B). When investigating
the ability of UPEC to internalize into T24 bladder cells in culture using the gentamicin
protection assay, we observed that the absence of intimin-like genes resulted in a sig-
nificant loss of intracellular CFU (Fig. 5C). This is in direct contrast to an observed
increase in cell association (Fig. 5A). We did test the sensitivity of the ila mutants to

FIG 4 Intimin-like genes may have cross talk with type 1 fimbriae. (A) CFT073 and intimin-like
adhesin mutants were stabbed into motility agar and then incubated at 30°C for 16 h. The average
diameter (mm) of the swim radius from three independent trials is represented by bars, and the error
bars represent the SEM. (B) The invertible element assay was performed on WT, intimin-like mutants,
CFT Fim L-ON, and Fim L-OFF cultured statically for 18 h at 37°C. ImageJ software was used to
quantify the intensity of Fim-ON and Fim-OFF sized bands. The mean of three independent trials of
both the percentage ON (black) and the percentage OFF (gray) of the total population are displayed
with the SEM. (C) Bacterial strains were cultured for 72 h statically at 37°C. Serial 1:2 dilutions of
culture were coincubated with erythrocytes, mixed, and observed after 1 h. The last titer detected
with positive hemagglutination is recorded for each strain, and each biological replicate is indicated
by a point. The violin plot width indicates the distribution of data, and the horizontal line indicates
the median. If significant, P values determined by one-way analysis (ANOVA) with Dunnett’s multiple-
comparison test, compared to WT CFT073, are indicated (*, P , 0.05; ****, P , 0.0001).
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gentamicin and found no differences from that of the WT under assay conditions, all
strains being fully sensitive. However, no decrease in intracellular CFU was observed
using the kidney cell line (Fig. 5D). Taken together, these results suggest that the ila
may hinder cell adherence mediated by type 1 or P fimbriae but ultimately contribute
to the invasion of cultured bladder cells after adherence. In fact, we were able to
increase the invasion ability of both WT CFT073 and the DsinH strain by providing a
copy of sinH on the arabinose-inducible pBAD vector (Fig. S7A). Additionally, when
nonpathogenic E. coli K-12 MG1655 was given a copy of CFT073 sinH, intracellular inva-
sion into bladder cells was increased 287% to 300% compared to empty vector using
two independent constructs (Fig. S7B).

To further assess the effect of the ila locus on host cell populations, we performed
an MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] cell death
assay to quantify the number of viable cells after 5 h of coculture with UPEC strains.
Cell culture medium with no bacteria (only PBS) served as a negative control, and 0.4%

FIG 5 Intimin-like genes play a role in host bladder cell interactions in vitro but not with kidney cells.
UPEC host cell association was determined in both T24 bladder (A) and HK2 kidney (B) cell lines. UPEC
was added to cells at an MOI of 1:50 and incubated for 1 h before enumeration of the attached CFU.
Data are the mean of five biological replicates; all data are normalized to WT adherence. Error bars
represent the SEM. (C and D) UPEC cell internalization was determined in both T24 bladder (C) and HK2
kidney (D) cell lines. After 1 h of coculture of bacteria with host cells, the media were supplemented with
gentamicin to kill extracellular bacteria. Bars represent the mean of internalized UPEC CFU burden from
five biological replicates, with the SEM shown. (E and F) UPEC host cell-killing ability was determined in
both T24 bladder (E) and HK2 kidney (F) cell lines. UPEC was cocultured with host cells for 5 h before
determination of the number of UPEC CFU from cell supernatants and host viability as measured by the
MTT assay. The left y axis plots the mean cell viability as determined by A570 values via MTT, normalized
to RPMI 1640 only as an internal control (black bars). The right y axis plots mean CFU/mL as determined
by the collected cell supernatants (gray bars). Both data sets display the SEM. If significant, P values
determined by one-way ANOVA with Dunnett’s multiple-comparison test, compared to WT CFT073, are
indicated (*, P , 0.05; **, P , 0.01; ****, P , 0.0001).
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Triton-X was used as a positive cell death control in these assays. Bladder cells had an
average of 76% cell death (24% viability) after treatment with WT CFT073; however,
cell death was significantly reduced in the absence of the intimin-like genes sinI and
ratA, ranging from 52.5% to 61.5% (Fig. 5E). UPEC infection of kidney cell lines induced
maximum detectable cell death in this assay determined by positive controls, and no
differences were observed between the WT and mutant constructs (Fig. 5F). It is known
that CFT073 is readily able to kill kidney cells in culture, mainly through hemolysin-
mediated mechanisms (34), and this could explain the lack of differences observed.
Collectively, the observed differences demonstrated cell type-specific interactions of
the intimin-like adhesins of CFT073. Our findings indicate that the ila protein products
decrease eukaryotic cell viability in bladder cells but not in kidney cells.

SinH is a CFT073 fitness factor in the murine model of UTI. CFT073 sinH was pre-
viously identified as a potential fitness factor during bladder colonization in our trans-
poson insertion sequencing (Tn-seq) studies (51). To verify these results, we conducted
a cochallenge experiment of WT CFT073 against the DsinH mutant in CBA/J mice at
three time points: 24 h, 48 h, and 72 h (Fig. 6A). Mice were transurethrally inoculated
with 108 CFU containing equal numbers of the DsinH mutant and the WT strain. The
outputs of each strain were compared by calculating a competitive index (CI). A nega-
tive log10 CI indicates that the mutant strain was outcompeted by the WT strain during
infection. At 24 h, 48 h, and 72 h postinoculation, the DsinH mutant had a significant
colonization defect during infection in the urine and bladder (Fig. 6A). Additionally, the
48-h time point showed a significant defect of the mutant in kidney colonization (Fig.
6A). The output CFU for each organ site at each time point is comparable to that of
other studies conducted in this mouse model; clearance of infection is indicated by
points on the dashed line at the limit of detection in Fig. S8.

We also measured the contribution of SinI, SinHI, and RatA in colonization of the
urinary tract by testing these mutants for fitness at 48 h. Compared to WT CFT073, the
DsinI mutant displayed a slight defect in the urine and bladder (Fig. 6B), although this
defect was statistically significant only in the urine. Deletion of the entire operon
resulted in the mutant strain displaying a significant fitness defect in the urine, but no
defect was observed in the bladder (Fig. 6C). The kidney showed no competitive
advantage for either the mutant strain or WT CFT073 (Fig. 6C). The individual outputs
in CFU/gram of tissue are shown in Fig. S8. Since ratA produces a large protein that is
not encoded by the sinH-sinI operon, we conducted a similar time point cochallenge
experiment as done with the DsinH mutant. At both 24 h and 48 h, the DratA strain
had no fitness defect in any of the three organ sites (Fig. 6D). However, at 72 h, a fit-
ness advantage in the bladder was observed but was not significant (Fig. 6D).

Because the 48-h infection model showed a significant defect during the DsinH mu-
tant cochallenge in all three organ sites, we conducted an additional in vivo experi-
ment using this time point to assess an independent model of infection. CBA/J mice
were transurethrally inoculated with either WT CFT073 or the DsinH mutant, both of
which expressed the empty vector pGEN plasmid. The median CFU value of the DsinH
mutant plus pGEN in the urine was 5-fold lower than that of the WT, but this difference
was not significant (Fig. 6E). However, in the bladders, the mutant bacterial burden
was nearly a log lower (P = 0.0307) (Fig. 6E). The kidneys had no difference in coloniza-
tion. Collectively, these data demonstrate that loss of SinH leads to bladder coloniza-
tion defects, as detected by a reduced CFU burden, during murine UTI. We then gener-
ated a pGEN vector containing a WT copy of sinH under the control of its native
promoter and provided it to the DsinH mutant. While bladder colonization was par-
tially restored with the complemented mutant strain, these results were not significant
(Fig. S9A).

We also performed histopathology of bladder and kidney tissue of these mice,
because the cell culture experiments showed that ila gene products affect cell viability
(Fig. 5) and it is known that EHEC eaeA contributes to inflammation (52). Blinded histo-
pathology scoring of hematoxylin and eosin (H&E)-stained sections demonstrated that
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inflammation scores in the bladders of mice infected with the DsinH mutant were
lower than those for WT infection (Fig. 6F). No difference in immune recruitment was
observed in the kidneys (Fig. 6F). These data match closely to the host cell interactions
observed in bladder, but not kidney, cell lines in vitro (Fig. 5). Unfortunately, the histo-
pathology scores did not improve in the bladders of mice infected with the

FIG 6 sinH-like adhesin serves as a fitness factor during bladder infection. (A to D) CFT073 and DsinH
(A), DsinI (B), DsinH-sinI (C), and DratA (D) isogenic mutants were transurethrally inoculated at 2 � 108

CFU, which consisted of a 1:1 mixture of WT CFT073 and mutant, into CBA/J mice. Urine, bladder,
and kidneys were collected, and homogenates were plated on LB agar with and without kanamycin
to determine each contributing bacterial burden of the mutant and WT, respectively. Each data point
represents the log10 competitive index (CI) calculated for individual mouse organs. Solid horizontal
black lines represent the median. Horizontal dashed lines represent a competitive index of 0, which
indicates that the WT and mutant have equal fitness. If significant, P values determined by the
Wilcoxon signed rank test are indicated by asterisks (*, P , 0.05; **, P , 0.01). Infections were
terminated at 48 h unless noted otherwise. (E) Five mice were transurethrally inoculated with either
the WT or the DsinH mutant carrying the empty pGEN-MCS plasmid for 48 h. The total CFU output
per gram of tissue (or milliliter of urine) is plotted for each individual, with the bar indicating the
median bacterial burden. If significant, P values determined by the Mann-Whitney test are indicated
by asterisks (**, P , 0.01). (F) Corresponding histopathology inflammation scores were determined for
bladders and kidneys of individually challenged mice (n = 5). Each dot represents a single organ, and
the horizontal line represents the median with range.

Shea et al. Infection and Immunity

February 2022 Volume 90 Issue 2 e00275-21 iai.asm.org 12

https://iai.asm.org


complemented strain (Fig. S9B). Collectively, we determined that loss of SinH leads to
a measurable colonization defect in the bladders of mice, most likely due to interac-
tions with host cells and inflammation.

DISCUSSION

Adherence to host epithelial cells using fimbrial and nonfimbrial adhesins is critical
for bacterial pathogenesis during urinary tract infection. Intimin is an adhesin used by
intestinal pathogens to bind the Tir receptor expressed on epithelial cells and cause
cytoskeletal changes, resulting in A/E lesions and diarrhea (16, 19, 20). Several UPEC
strains contain genes annotated as “intimin-like” within their genome (53), but these
have not been thoroughly investigated in the context of urinary tract infection and
may play a similar role in interactions with host uroepithelial cells. Classical intimin
interacts with the bacterially secreted Tir ligand (21). Although UPEC has a Tir domain
containing protein TcpC, which is known to interact with host macrophages (54), there
is no predicted interaction between TcpC and the ila locus. When examining the pre-
dicted protein structures of SinH, SinI, and RatA, we could not find the known
sequence that facilitates the interaction between Tir and intimin (21). We therefore
solely investigated the ila locus in the prototype UPEC strain CFT073.

We found that loss of sinH, sinI, and ratA had no impact on in vitro CFT073 growth
in LB medium or human urine. This indicates that our observed phenotypes were likely
not due to a growth defect. Interestingly, sinH and sinI were not consistently upregu-
lated or downregulated among clinical isolates when a collection of recent UPEC
strains was compared directly from patient samples with culture in urine ex vivo (41).
The finding that they are not expressed equally indicates that they may have different
posttranscriptional modifications, a second transcriptional start site, or the action of
regulatory small RNAs or that the mRNA of sinI is less stable during active infection,
among other plausible mechanisms. This contrasts with our in vitro experimental con-
ditions that indicate that sinH and sinI are cotranscribed. Additionally, SinI is not well
conserved across bacterial species, while SinH is, potentially indicating that sinH is a
gene more necessary for bacterial infection than sinI. Likewise, sinH on an inducible
vector alone was able to promote invasion ability in E. coli K-12, which lacks sinI.
However, a strong consideration in the transcriptome data set is that only gene expres-
sion from bacteria eliminated in urine was measured (41). Bacteria eliminated in the
urine may represent the majority of sequenced transcriptomes with decreased expres-
sion of these putative adhesins, since they are largely planktonic. Those attached to or
intracellular in exfoliated epithelial cells could represent populations with increased
expression of the putative adhesins, which would make the amount of cell shedding
directly related to detectable ila transcripts in any given isolate sample. While there
does seem to be a pattern surrounding sinH and sinI expression in vitro, their lack of
equal expression ex vivo seems to indicate that other transcriptional modifications
occur in this operon during active human UTI.

Biofilms are utilized by UPEC during infection to adhere to one another in the
bladder and are a part of the intracellular life cycle with the formation of intracellular
bacterial communities (5, 55), so we hypothesized that the defect of the DsinH mu-
tant observed in the bladder could be due to an inability to form biofilms. However,
we found that the absence of ila genes had no effect on biofilm formation in urine,
and when cultured in LB medium, the genes proved to be a mild hindrance to biofilm
formation. sinI acts as a biofilm regulator in Bacillus subtilis (56), but sinI in CFT073
has very little homology and appears not to behave in this manner in vitro. However,
when using Congo red agar to assess curli expression, we noticed a red ring just
inside the leading edge of the DsinI colony, which could indicate cell surface changes
in this mutant. Additionally, we found that the DsinI and DratA mutants both had a
significantly increased ability to hemagglutinate cells. These data together suggest
that deletion of these surface-expressed structures may allow for other UPEC adhe-
sins to decorate the outer membrane.
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In concordance with this hypothesis, ila mutants displayed increased cell associa-
tion coupled with reduced intracellular populations and decreased cytotoxicity, specifi-
cally in bladder cell lines. When considering that cell adherence is increased while inva-
sion is decreased, this may suggest a stepwise role of intimin-like adhesins in the later
stages of host cell interactions after type 1 fimbriae have initiated attachment to man-
nosylated residues on uroplakins (10, 57). Interestingly, intimin, invasins, and the type
1 fimbriae have all been determined to bind b-1 integrins (25, 26, 58). The finding of
decreased intracellular populations in ila-null strains may be directly linked to
decreased cell death, as intracellular bacterial communities (IBC) have been docu-
mented to egress from bladder cells in vitro, causing host cell death (59, 60). Only a
very small percentage of the total UPEC population actively invades the host bladder
tissue during UTI, especially in comparison to rates of invasion by gut pathogens (61),
and this may explain only the moderate fitness defects seen in our ascending model of
UTI. It remains possible that the function of the ila locus in CFT073 may contribute pri-
marily to colonization in the intestine and is beneficial for UPEC bladder cell interac-
tions during extraintestinal colonization, consequentially. Survival and persistence in
the intestinal reservoir are important features of UPEC that facilitate their ability to
access the urinary tract (5, 8).

In Salmonella enterica serovar Typhimurium, sivH and sivI are carried along with ratA
(28), providing additional evidence for the potential relationship of these genes in
CFT073 due to their homology to a preestablished genetic island. Using PCR on cDNA,
we confirmed that sinH and sinI are cotranscribed as a single operon, separate from
ratA. In silico analysis predicted that many domains of CFT073 RatA resemble intimin
and invasins from other bacterial species. To this point, we demonstrated that all ila-
null strains, including the DratA mutant, had increased cell association but decreased
intracellular bladder cell populations in vitro following invasion assays. These data indi-
cate that perhaps the functional role of the ila locus during UTI is more similar to that
of invasin than intimin.

SinH has been proposed to facilitate secretion of other intimins via its transmem-
brane b-barrel structure, which is absent in other intimin subtypes (21). Thus, without
SinH, other intimins would potentially have no way of accessing the host cell. This
could account for the colonization defect of the DsinH mutant, because without SinH,
SinI, RatA, and other intimin-like proteins may be detrimentally accumulating inside
the cell, conferring an energetic cost to the bacterium. This is especially important
when taking into consideration that CFT073 and most UPEC strains do not possess a
type III secretion system (T3SS), the mechanism utilized by enteric E. coli for intimin
secretion (21). EPEC and EHEC use T3SS to deliver their receptor (Tir) to allow for a con-
tact point with the host. In contrast, UPEC can intimately adhere to the host cells (via
type 1 or P fimbriae) using native epithelial host receptors. Therefore, UPEC does not
require a T3SS to inject the receptor, as it already has the capability to bind intimately
to the urinary epithelial cells and subsequently allow the ila gene products to function.

While eaeA encodes the most classic example of intimin, a homolog is also com-
monly encoded by the gene fdeC, named for factor adherence E. coli (18). A gene
within the CFT073 genome was identified as fdeC and was subsequently shown to be
essential for infection in the mouse bladder and kidneys, potentially due to the inabil-
ity of a fdeC mutant strain to resist flushing mechanisms in the bladder (53, 62). Many
uropathogenic strains carry fdeC; in fact, 99% of extraintestinal pathogenic E. coli
strains carry fdeC (53), which displays similarity to both intimin and invasin genes. Mice
immunized with the FdeC antigen were protected against infection in the kidneys (53).
Due to the established importance of fdeC during infection, we suggest that the ila
locus may have some functional redundancy masking in vivo phenotypes, since
CFT073 carries both fdeC and ila. In addition to the role SinH has as a potential adhesin,
it may also be involved in the host immune response through antibody-mediated im-
munity. Humans infected with EPEC lacking eaeA developed significantly less-robust
adaptive immune responses with less antibody development (63). Considering the
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potential role of intimin-like adhesins during the immune response, they could be a
desirable target for vaccine development.

SinH was found to be important for bladder colonization in a murine model of
ascending UTI, originally detected through Tn-seq screening of a transposon ordered
library (51). The DsinH mutant in competition with WT CFT073 displayed a significant
defect in colonization of all three organ sites at 48 h, as well as a subtle but significant
defect in the urine and bladder at 24 h and 72 h of infection. The DsinH mutant was
also less able to colonize murine bladders during independent infection, suggesting an
even stronger role within the niche in the absence of competition with the WT. Given
intimin’s putative role in the immune response (63, 64), it was interesting that we
observed reduced inflammation in the bladders of DsinH mutant-infected mice.
Intimin also contains a C-type lectin domain, which is typically used for carbohydrate
binding (21) and may correspond to the predicted cellulose-binding domain of SinI. C-
type lectins are also used by phagocytes to engulf bacteria (65), which could be par-
tially responsible for the intimin-mediated immune response during Salmonella enter-
ica infection and similarly true for UPEC.

Collectively, these findings support that SinH, SinI, and RatA are structural invasin-
like, rather than intimin-like, homologs. SinH is highly conserved across UPEC strains,
and the amino acid sequence and protein structural similarities are strong in compari-
son to those of invasins from enteric pathogens. Our data demonstrate that this ila
locus contains genes coding for surface-expressed proteins that modulate the intracel-
lular and immune interactions of UPEC during UTI. These functions were perhaps coin-
cidentally inherited and therefore subtle, due to their enteric origin. However, the
widespread presence of these genes in other UPEC strains suggests that they are evo-
lutionarily beneficial to uropathogens and the many stages of their infection life cycle.
Future studies will provide more mechanistic insight into the molecular interactions of
these bacterial proteins with host cells.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. E. coli CFT073 was isolated from the blood and urine of a

patient with acute pyelonephritis (34). E. coli strains and plasmids utilized in this work are listed in Table
S1 in the supplemental material. Lysogeny broth (LB), which contains 0.5 g NaCl, 5 g yeast extract, and
10 g tryptone/L, was used to routinely culture bacteria at 37°C under aerated conditions and was inocu-
lated from single colonies. Overnight LB bacterial cultures were washed once with phosphate-buffered
saline (PBS) and then inoculated 1:100 into 3 mL LB or filter-sterilized pooled human urine collected
from at least four female donors. These cultures were incubated with aeration at 37°C in a Bioscreen-C
automated growth curve machine (Growth Curves USA), with collection of optical density at 600 nm
(OD600) readings every 15 min for 15 h.

Bioinformatics analysis. The PATRIC database (40) was used to determine amino acid homology of
the predicted SinH, SinI, and RatA proteins by utilizing the protein BLAST tool. Comparative sequence
alignment and phylogenetic trees were esthetic outputs of this analysis. PHYRE2 (30) and I-TASSER (31)
online softwares were used to determine protein domain homology. SignalP-5.0 (38) and STRING soft-
ware (39) online interface were also used for analyses.

Construction of bacterial mutants and complementation vectors. E. coli CFT073 mutants were
generated using the lambda red recombinase system (66). Briefly, primers were designed to be homolo-
gous to regions on the 59 and 39 ends of sinH, sinI, ratA, or the operon (sinH-sinI) and used to replace the
gene(s) with a kanamycin resistance cassette amplified from the pKD4 template plasmid (66). Primers
used for the generation and confirmation of mutants can be found in Table S2. The lambda red frag-
ments were generated with ;35 bp of homology and confirmed by PCR. The PCR product was digested
with DpnI and then electroporated into CFT073 containing the pKD46 recombinase-containing plasmid.
Potential mutant colonies were screened using primers flanking the gene(s) of interest by PCR amplifica-
tion and comparing the gene product size to the fragment generated by WT CFT073. Mutant strains
were maintained in 25mg/mL kanamycin.

To perform in vitro and in vivo complementation experiments, plasmids were designed by PCR
amplifying sinH from WT CFT073 genomic DNA with flanking ends for backbone overlap (pGEN_MCS or
pBAD), using Easy-A high-fidelity polymerase (Agilent). Vectors were generated using the NEBuilder HiFi
DNA assembly cloning kit (New England BioLabs). Oligonucleotides used for complementation construct
design are listed in Table S2. Gel-purified PCR products were assembled according to the manufacturer’s
instructions, and the enzymatic reaction product was incubated at 50°C for 1 h. The NEBuilder reaction
product was dialyzed for 30 min using a VSWF 0.025-mm filter disk. The cleaned-up DNA was electropo-
rated into E. coli TOP10 cells. The resulting plasmids were verified by restriction digest, and then 1 mL of
DNA was transformed into electrocompetent CFT073, K-12 MG1655, or ila mutants.
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RNA isolation and quantitative RT-PCR. Overnight bacterial cultures incubated in LB broth were
back-diluted 1:100 into the appropriate medium type and cultured under static or aerated conditions to
an OD600 of 0.5 to 0.6 (mid-log) or of 0.1 to 0.2 for human urine samples. Stationary cultures were col-
lected at either an OD600 of 1.0 or after overnight incubation if an OD600 of 1.0 could not be achieved. A
2:1 (vol/vol) ratio of RNA Protect (Qiagen) was added to 300 to 500mL of bacterial culture and incubated
at room temperature for 5 min. Samples were then pelleted and frozen at280°C.

RNA isolation was performed with the RNeasy minikit (Qiagen) after treatment with lysozyme and
proteinase K, and RNA samples were then DNase treated using a Turbo DNA-free kit (Invitrogen). The ab-
sence of DNA contamination was confirmed via PCR with CFT073 genomic DNA (gDNA) primers. cDNA
synthesis was performed with an iScript kit (Bio-Rad) on an equal amount of RNA for each sample,
roughly 1 mg total. The resulting cDNA was diluted 1:50 in water and utilized for real-time quantitative
reverse transcription PCR (qRT-PCR) in a QuantStudio 3 PCR system (Applied Biosystem) with SYBRGreen
PowerUp reagent (Invitrogen). Primers designed to amplify internal regions for either sinH, sinI, ratA, or
control gene gapA were utilized. Samples were normalized to gapA transcript levels by subtracting the
comparative threshold cycle (CT) values of gapA from the values of monitored genes normalized to con-
ditions indicated by the DDCT method. Finally, data were presented as the log2 fold change using the
formulation log2(2

2DDCT).
Biofilm assays. The ability of WT CFT073 and mutant strains to form biofilms was assessed by adher-

ence to 24-well plates. Bacteria were cultured from a single colony at 37°C under aerated conditions,
and then 108 CFU were inoculated into 1 mL LB or filter-sterilized pooled human urine in 24-well plates.
Cultures used to inoculate urine were pelleted, washed, and resuspended in urine before inoculation.
Bacteria were allowed to form biofilms for 24 h under 37°C static conditions. Then, all wells were aspi-
rated, washed twice with 1 mL PBS, and stained with 500 mL 0.1% crystal violet for 10 min. Biofilms were
gently washed with PBS. The crystal violet was dissolved in 500 mL 100% ethanol. Biofilm formation was
assessed by measuring the A570 of each well. Experiments were repeated in biological triplicates, with
technical duplicates within each trial.

Congo red agar was made as previously described (67). Five microliters of overnight culture was
spotted on Congo red agar and incubated at 30°C for 72 h before images were taken.

Motility assays. The swimming motility of WT CFT073 and mutant strains was measured using semi-
soft agar containing 10 g tryptone, 5 g NaCl, and 2.5 g agar/L. Bacterial cultures were incubated with aer-
ation at 37°C overnight in LB and then normalized to an OD600 of 1.0 and resuspended in 10 mM HEPES
(pH 7.4). Resuspended cultures were then stabbed into semisoft agar using a sterile inoculating needle
and incubated for 16 h at 30°C. Experiments were repeated in biological triplicates, each with technical
duplicates.

Quantification of type 1 fimbriae. For the invertible element assay (48), bacteria were cultured stat-
ically overnight at 37°C and normalized to an OD600 of 0.5 in water. PCR was performed to amplify the in-
vertible region of fimS using primers listed in Table S2. Five hundred nanograms of PCR product was
digested with SnaB1 enzyme (NEB) overnight at 37°C. Digestions were run on 3% agarose and electro-
phoresed at 100 V to visualize separation of digested bands. fimS in the ON orientation yields bands at
403 bp and 198 bp, while the OFF orientation yields 440-bp and 161-bp bands. Bands were visualized
and quantified using the Bio-Rad software.

For the hemagglutination assay, bacteria were cultured statically in LB at 37°C for 72 h (68). Cells
were washed and resuspended in 1� PBS to be serially diluted 1:2 throughout the rows of a round-bot-
tom 96-well plate. Guinea pig erythrocytes (catalog no. IGPRBC10ML-33782) were washed, resuspended
at 3% (vol/vol), diluted in PBS, and then added to each well of the plate. Bacteria-and-erythrocyte cocul-
ture was gently mixed and allowed to settle for 1 h. To assess the role of the type 1 fimbriae, 50 mM
mannose was added as a negative control as previously described (69).

Host cell interaction assays. T24 bladder cells (ATCC HTB-4) and HK2 kidney cells (ATCC CRL-2190)
were maintained in RPMI 1640 with L-glutamine and 25 mM HEPES (Corning) with 10% fetal bovine se-
rum (FBS) (Corning) and antibiotics (Sigma 10 mg/mL) at 37°C with 5% CO2. Cells were seeded into
treated 24-well or 96-well plates and allowed to grow to confluence for assays.

Cell interactions were assessed by adding a multiplicity of infection (MOI) of 100 CFU per host cell.
Cell association was determined after 1 h of incubation with UPEC and host cells, in which cells were
washed and then lysed in 0.4% Triton-X in PBS. CFU were enumerated by drip plating on LB agar.
Similarly, internalization assays were conducted after 1 h of incubation with UPEC, followed by 1 h of
incubation with RPMI 1640 supplemented with 100 mg/mL gentamicin to kill extracellular bacteria. Cells
were then washed and lysed, and lysates were serially diluted to enumerate bacterial CFU. The proce-
dure was modified from reference 70.

Cell viability after coincubation with CFT073 was determined utilizing the cell proliferation kit I
(Millipore Sigma catalog no. 11465007001). A total of 107 CFU of CFT073 strains was added to confluent
monolayers of host cells and incubated at 37°C with 5% CO2 for 5 h. Then, medium was replaced with
RPMI 1640 containing penicillin (100 mg/mL), streptomycin (100 mg/mL), and gentamicin (100 mg/mL)
for 2 h. Cells were washed, and 100 mL of MTT-containing RPMI 1640 was added to each well, according
to the kit protocol. After 2 to 4 h of incubation, 100 mL of solubilization reagent was added, and ulti-
mately, the A570 was measured to determine cellular respiration. RPMI 1640 with PBS alone served as the
positive control, and 0.4% Triton-X served as the negative control for cell viability.

Murine model of ascending UTI. The individual fitness of each mutant was assessed in the CBA/J
mouse model of ascending UTI (71). WT CFT073 and mutant strains were cultured overnight in LB broth
under 37°C aerated conditions from a single colony. A bacterial suspension for inoculation was created
with a 1:1 ratio of WT CFT073 to kanamycin-resistant mutants (DsinH, DsinI, DratA, or DsinH-sinI) in PBS.
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CBA/J female mice that were 6 to 8 weeks old and 20 to 22 g (Jackson Laboratories) were anesthetized
with ketamine/xylazine and then infected transurethrally with 50 mL containing 2 � 108 CFU per mouse
using a sterile polyethylene catheter (inside diameter of 0.28 mm by outside diameter of 0.61 mm) con-
nected to an infusion pump (Harvard Apparatus). Input CFU/mL was confirmed by plating spiral dilu-
tions (Spiral Biotech) onto LB agar plates with and without antibiotics. Bladders and kidneys were asepti-
cally removed for each mouse, weighed, and then homogenized (OMNI International) in 3 mL of 1�
PBS. The homogenates were diluted and spiral plated onto LB agar plates with and without kanamycin
(25 mg/mL) to determine the CFU output/g tissue for each strain per mouse. Counts were determined
using QCount software (Spiral Biotech), and then the number of mutant CFU (antibiotic plates) was sub-
tracted from the total number of CFU (plain plates) to determine the number of WT CFT073 bacteria
present in the input and output. The following formula was used to calculate log10 competitive indices
(CI) for each mouse:

CFUmutant=CFUWT

� �
output

CFUmutant=CFUWT

� �
input
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