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Uropathogenic Escherichia coli (UPEC) are the major causative
agents of urinary tract infections, employing numerous molecular
strategies to contribute to adhesion, colonization, and persistence
in the bladder niche. Identifying strategies to prevent adhesion
and colonization is a promising approach to inhibit bacterial path-
ogenesis and to help preserve the efficacy of available antibiotics.
This approach requires an improved understanding of the molec-
ular determinants of adhesion to the bladder urothelium. We
designed experiments using a custom-built live cell monolayer
rheometer (LCMR) to quantitatively measure individual and com-
bined contributions of bacterial cell surface structures [type 1 pili,
curli, and phosphoethanolamine (pEtN) cellulose] to bladder cell
adhesion. Using the UPEC strain UTI89, isogenic mutants, and con-
trolled conditions for the differential production of cell surface
structures, we discovered that curli can promote stronger adhesive
interactions with bladder cells than type 1 pili. Moreover, the co-
production of curli and pEtN cellulose enhanced adhesion. The
LCMR enables the evaluation of adhesion under high-shear condi-
tions to reveal this role for pEtN cellulose which escaped detection
using conventional tissue culture adhesion assays. Together with
complementary biochemical experiments, the results support a
model wherein cellulose serves a mortar-like function to promote
curli association with and around the bacterial cell surface, resulting
in increased bacterial adhesion strength at the bladder cell surface.
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Urinary tract infection (UTI) is one of the most common
infectious diseases, affecting 150 million people worldwide

annually (1) and with estimated healthcare costs exceeding $3
billion in the United States alone (2). Almost half of all women
will experience at least one UTI (3). Many cases are uncompli-
cated and do not result in long-term sequelae. However, some
infections result in more serious medical consequences, including
pyelonephritis, renal damage in pediatric patients, and premature
delivery and fetal mortality in pregnant women (2, 3). Chronic and
recurrent infections require long-term antibiotic therapy and can
lead to antibiotic resistance and even sepsis (4–7). Strategies to
prevent adhesion, a crucial step in the initial interactions and
molecular crosstalk at the host−pathogen interface, are attractive
for the development of new antiinfectives (2, 8, 9).
Uropathogenic Escherichia coli (UPEC) are the major causa-

tive agents of UTI (10). UPEC pathogenesis in the bladder is
initiated by bacterial adhesion to the bladder epithelium (11).
Adhesion can be followed by bacterial invasion into the super-
ficial epithelial cells, which is uniquely dependent upon the
production of adhesive fimbriae termed type 1 pili (12). Type 1
pili are polymeric fibers made up of repeating Ig-like subunits of
FimA, presenting the adhesin FimH at the pilus tip to bind to
mannosylated host cell receptors (11, 13). Inside a urothelial cell,
UPEC can replicate to form intracellular bacterial communities
(IBCs) that offer protection from antibiotic treatment and host

defenses (14–16). Subsequently, bacteria can exit the host cell to
initiate further rounds of invasion and IBC formation. UPEC can
also form quiescent intracellular reservoirs in underlying bladder
cells to promote long-term persistence, presenting a potential
contribution to recurrent UTI (15, 17–19).
A major challenge in targeting UPEC adhesion is the diverse

and seemingly redundant array of UPEC adhesins and fibers as
well as polysaccharides that can promote adhesion and coloni-
zation (2). The type 1 pilus is perhaps the most well-studied
virulence factor associated with UPEC infection. However,
clinical isolates differ tremendously in their phenotypes in vitro
and in vivo due to other molecular features that differentiate
them and their interactions with the host (20). Indeed, evidence
has been emerging demonstrating that curli amyloid fibers can
contribute to UPEC pathogenesis. Curli are functional amyloid
fibers that mediate bacterial adhesion and the formation of
bacterial communities termed biofilms (21). Curli have also been
considered for possible roles in UTI pathogenesis. Curli (i)
confer a fitness advantage to curli-producing organisms in the
mouse model of UTI (22), (ii) have been detected in human
urine samples (23), and (iii) elicit modulation of immune re-
sponses (23–26). Curli production is also strongly correlated with
progression of UTI to sepsis (27, 28). Outcomes of UTI
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pathogenesis experiments in mouse models can vary substantially
depending on the UPEC clinical isolate being employed and the
genetic and molecular features that are deployed by the bacte-
rium during mouse bladder colonization (29). We hypothesize
that the extent of curli production may be a factor in infection
outcomes. Thus, efforts to inhibit curli production and biofilm
formation are being actively pursued by the L.C. laboratory and
others (22, 30). In this work, we sought to understand the relative
contributions of curli versus type 1 pili and to examine the in-
fluence of the modified cellulose, phosphoethanolamine (pEtN)
cellulose, produced by UPEC (31) in bladder cell adhesion.
Curli can mediate adhesion to biotic and abiotic surfaces and

are able to bind to host proteins, including laminin (32), fibro-
nectin (33), and major histocompatibility complex class I mole-
cules (34). However, less is known regarding the potential
involvement of cellulose in adhesion. Moreover, we recently dis-
covered that E. coli produces a chemically modified cellulose:
pEtN cellulose (31). This discovery was made possible using solid-
state NMR analysis with intact material. When the material is
digested with acid, as is common in conventional studies with E.
coli cellulose, the pEtN modification is hydrolyzed and thus not
detected as containing modified glucose using mass spectrometry,
for example. We also identified the genetic basis for pEtN in-
stallation, requiring the bcsEFG operon, where BcsG appears to
be the pEtN transferase which installs the modification to newly
synthesized cellulose in the periplasm. Thus, we now appreciate
that most studies that have examined cellulose production among
curli-producing strains of E. coli likely involved pEtN cellulose.
Previous studies have suggested that the coexpression of curli and
cellulose can reduce adhesion to bladder, renal, and intestinal
epithelial cells compared with adhesion when curli are expressed
alone (23, 35). However, the coexpression of curli and cellulose
was reported to synergistically increase adhesion, in a separate
study involving only intestinal epithelial cells (36).
Here, we present measurements using a live-cell monolayer

rheometer (LCMR) (37, 38), coupled with traditional bladder cell
adhesion assays and a biochemical assay, to define contributions

of type 1 pili, curli, and pEtN cellulose in UPEC adhesion to
bladder cells. Our results indicate that curli can play a significant
role in bladder cell adhesion, and that pEtN cellulose facilitates
curli-mediated adhesion in high-shear conditions that are relevant
in the bladder niche.

Results
Evaluation of UPEC Adhesion to Bladder Cells Through Traditional
Adhesion Assays. A hallmark UPEC strain, UTI89 (39), and its
isogenic mutants were used to consider the individual and combined
contributions of type 1 pili, curli, and pEtN cellulose to adhesion of
5637 bladder cells. Distinct growth conditions have been defined for
promoting the production of type 1 pili (static LB broth) (40) and
curli [YESCA (0.5 g/L yeast extract, 10 g/L casamino acids) nutrient
broth] and increased curli production (YESCA supplemented with
DMSO, abbreviated Y + D in figures) (41). Type 1 pili and curli
protein production was characterized by electron microscopy and
Western blot analysis for the exact bacterial strains and conditions
used in this work and confirmed expectations for the selected
growth conditions (Fig. 1 A and B). Fluorescence microscopy of
UTI89 grown shaking in YESCA nutrient broth supplemented with
DMSO at 26 °C confirmed the presence of both curli (CsgA
immunofluorescence) and pEtN cellulose (Calcofluor fluorescence)
as shown in Fig. 1C, with colocalization of the two signals. Growth in
YESCA nutrient broth or agar generally results in curli and pEtN
cellulose production due to gene regulation by the global regula-
tor, CsgD, which activates curli and cellulose gene transcription in
stationary phase (42).
Traditional tissue culture adhesion assays were employed to

compare adhesion by UTI89 grown under the distinct type 1 pili
and curli-promoting conditions. When grown under type 1 pili
conditions (LB broth), UTI89 enumeration after a 10-min in-
cubation revealed that ∼7% of bacteria remained adherent to
bladder cells (Fig. 1D). Bacterial adhesion to bladder cells has
been previously demonstrated to depend highly on type 1 pilus
expression and the adhesin FimH (12, 43–45), which was ob-
served in our experiments as well (SI Appendix, Fig. S1). Assays

Fig. 1. Growth conditions modulate type 1 pili,
curli, and pEtN cellulose production and influence
adhesion to bladder cells in traditional adhesion as-
says. (A) Transmission electron microscopy (TEM)
images of UTI89 grown to promote differential
production of extracellular fibers. (B) Whole cell
levels of CsgA and FimA determined by Western blot
analysis. (C) Fluorescence images of UTI89 grown in
YESCA broth supplemented with 4% DMSO and
examined with the cellulose-binding dye Calcofluor
White and immunofluorescent staining for the ma-
jor curli subunit CsgA. (D) Bacterial adherence to
bladder cells in the traditional tissue culture adhe-
sion assay with UTI89 grown under different condi-
tions. (E) Bacterial adherence comparing UTI89,
UTI89ΔcsgA, and UTI89ΔbcsA. Open and solid circles
represent data from two separate experiments.
Percent adherence was calculated as the number of
adherent bacteria in one test well divided by the
average number of bacteria from control wells used
for total bacterial counts. Bars represent the median
of each data set. Growth conditions were as follows:
LB: LB broth, 37 °C, static culture; YESCA: YESCA
broth, 26 °C, shaking culture; Y + D: YESCA broth
supplemented with 4% DMSO, 26 °C, shaking culture.
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with moderately curliated cells (YESCA nutrient broth) yielded
a similar percent of adherent bacteria as the type 1 pili producing
UTI89 (Fig. 1D). UTI89 with increased curliation (YESCA
broth supplemented with DMSO) yielded an approximately
fourfold increase in the percent of adherent bacteria over UTI89
grown in LB and YESCA (Fig. 1D). Adhesion of the double
mutant UTI89ΔfimHΔcsgA was similar to UTI89ΔfimH and
UTI89ΔcsgA in the LB and YESCA conditions, respectively,
further supporting the specific roles of type 1 pili and curli for
adhesion in those conditions and demonstrating that some
minimal adhesion occurs even in the absence of type 1 pili and
curli (SI Appendix, Fig. S1). Experiments were then performed to
compare UTI89 with the curli mutant UTI89ΔcsgA (lacking the
major curli subunit CsgA) and the cellulose mutant UTI89ΔbcsA
(lacking the major cellulose synthase protein BcsA) when grown
in the increased curliation conditions of DMSO-supplemented
YESCA broth. This comparison revealed that bacteria lacking
curli were compromised in mediating adhesion to bladder
cells. Loss of pEtN cellulose had a less dramatic effect, and
UTI89ΔbcsA was observed to exhibit a slight decrease or in-
crease in different trials relative to UTI89, whereas adherence
trends were always maintained for other strain and condition
comparisons (Fig. 1E). Thus, these traditional tissue culture
adhesion assays revealed that increased curli production by
UTI89 yields an increased number of adherent bacteria associ-
ated with a bladder cell monolayer. However, by microscopy,
clusters of bacteria were often observed associated with bladder
cells (SI Appendix, Fig. S2), and adherence of UTI89ΔbcsA was
observed to be more variable than other strains (Fig. 1E). This
presented the possibility that increased bacterial numbers in this
adhesion assay could be attributed to aggregative interbacterial
interactions rather than reflecting intrinsically more bacteria in
specific contact with bladder cells. In addition, the traditional
assay utilizes an uncontrolled, operator-dependent rinsing pro-
cedure to expel unattached bacteria from the bladder cells. This
means that the procedure can provide a useful index of bacteria
adherence but not a standardized quantification of adhesion. Thus,
we sought to develop an approach for the quantitative evaluation
of the strength of bacterial adhesion to mammalian cells.

The LCMR for Direct Measurement of Bacterial Adhesion to
Mammalian Cells. Several technologies enable measurement of
bacterial adhesion to surfaces, including atomic force microscopy
(AFM) and the quartz crystal microbalance (46). However, these
approaches can require many trials to obtain statistically signif-
icant results and are not readily amenable to measuring bacterial
adhesion to mammalian cells. In addition, techniques such as AFM
only probe a small portion of a sample at a time. The LCMR (37,
38) was designed and built to enable quantitative measurements of
adhesion involving mammalian cells. The LCMR enables the rapid
determination of the average mechanical properties of an entire
cell monolayer, while maintaining cell−cell contacts and the

adherent geometry of living cells. We introduce the LCMR here as
being uniquely suited to the examination of host−pathogen inter-
faces. As shown in Fig. 2A, the LCMR consists of a parallel glass
plate assembly mounted over an inverted microscope that can be
submerged in cell culture medium. In this work, bladder cells were
cultured as a monolayer on the bottom plate. Either extracellular
bacterial fibers or whole bacteria cells were attached to the top
plate. The complete LCMR design and operation is provided in
SI Appendix.
During experiments, the top plate was translated horizontally

by movement of a piezoelectric stage connected to a force
transducer, effectively shearing the plate across the bladder cells.
This shearing motion, or step strain, will impart a greater stress
in the bladder cell layer if there is adhesion between the top plate
and bladder cells. This was quantified by recording the force on
the top plate and distance of displacement, which was used to
calculate a relaxation modulus and strain, providing a quantita-
tive measure of adhesion. Following the step strain, stress in the
bladder cell layer can be relieved via both internal structural
rearrangements of the bladder cells and progressive detachment
of the bladder cells from the top plate. As the bladder cell layer
was of the same cell type and grown to confluency for every
experiment, mechanics of the cell layer were assumed to be
consistent from trial to trial. Differences in relaxation moduli
were therefore due directly to differences in adhesion, with the
initial magnitude and decay providing information on both the
strength of adhesion and detachment dynamics.

Purified Curli Enhance Bladder Cell Adhesion. To investigate the role
of curli in bladder cell adhesion, we first performed experiments
with isolated curli (47) attached to the top plate of the LCMR.
We utilized the known fibronectin-binding property of curli to
associate curli with a fibronectin-coated top plate. As shown in
Fig. 3A, the presence of curli resulted in a significant increase of
the relaxation modulus over the entire measurement time com-
pared with control experiments with the top plate coated in fi-
bronectin alone. It is therefore evident that curli can mediate
physical adhesion to bladder cells. In addition, this phenomenon
could be visualized through the inverted microscope as shown in
Fig. 3B. In these images, the top plate is in focus and the upper
surfaces of the bladder cells before and after shearing are outlined.
In the absence of curli (fibronectin coating only), the upper cell
surface is not significantly displaced by motion of the top plate.
The top plate could essentially glide and slip across the cell layer,
indicating low adhesion. On the other hand, with curli present on
the top plate, the upper cell surface was significantly deformed and
observed to translate in the direction of shear, revealing obvious
and strong adhesive interactions (Movies S1 and S2).
The absolute magnitude of the moduli measured in these ex-

periments, with maxima ranging from ∼50 Pa to ∼100 Pa, also
indicates that the bladder cell layer is a relatively soft material.
While cell moduli values generally can range from tens of pascals

Fig. 2. LCMR instrument and adhesion measurements. (A) Diagram of the LCMR, illustrating its utility in measuring the adhesion of either isolated curli fibers
or bacterial whole cells to a bladder cell monolayer. (B) Schematic representation of the covalent linking strategy implemented to attach whole bacterial cells
to the top plate of the LCMR.
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to tens of kilopascals depending on the cell type and measure-
ment technique, the order of magnitude of our values agrees
with previous studies on both bladder cells (48, 49) and other
epithelial cell lines (50–53).

Experiments with Intact Bacteria Reveal Different Roles for Cell
Surface Structures. To utilize the LCMR instrument with intact
bacteria, we developed a covalent attachment strategy to as-
semble a single compact layer of bacteria on the top plate (Fig.
2B). In addition, the amount of strain to be employed in each
LCMR measurement was optimized and corresponded to strains
of 1 to 1.5, i.e., a 5- to 7-μm movement of the top plate. This
strain regime is larger than the diameter of individual bacteria,
but not larger than the bladder cell diameter. We first used the
LCMR to quantify adhesion of UTI89 to bladder cells when
grown under type 1 pili (LB broth) and curli-promoting (YESCA
and YESCA supplemented with DMSO) conditions, as in the
traditional tissue culture assays presented in Fig. 1. As observed
in Fig. 4A, adhesion of type 1 piliated and moderately curliated
bacteria resulted in similar relaxation moduli, while bacteria with
increased curliation had a higher relaxation modulus. We addi-
tionally demonstrated that reduced adhesion in the LCMR
measurement was observed for UTI89ΔfimH grown in LB broth
compared with UTI89, consistent with the contribution of type 1
pili to adhesion and without curli production in this growth
condition (SI Appendix, Fig. S3). These measurements inde-
pendently support the conclusion from the traditional adhesion
assay: Strongly curliated bacteria exhibit enhanced bladder cell
adhesion capacity compared with type 1 piliated bacteria.
We next sought to investigate the potential influence of pEtN

cellulose in bladder cell adhesion using the LCMR platform.
UTI89, UTI89ΔcsgA, and UTI89ΔbcsA were each grown in
YESCA supplemented with DMSO and prepared on top plates
for the LCMR measurements. As shown in Fig. 4C, UTI89,
expressing both curli and pEtN cellulose, exhibited the highest
relaxation modulus. UTI89ΔcsgA, lacking curli, had a much
lower relaxation modulus than UTI89 over the entire measure-
ment time, indicating that loss of curli resulted in a reduction in
adhesion. This contribution of curli to bladder cell adhesion was
consistent with results from the traditional adhesion assay. For
experiments with UTI89ΔbcsA, lacking pEtN cellulose, the max-
imum relaxation modulus at time zero was intermediate between
that of UTI89 and UTI89ΔcsgA. At later times (6 s to 10 s),
the relaxation modulus of UTI89ΔbcsA equaled that of
UTI89ΔcsgA. This indicated that cells lacking pEtN cellulose
exhibited some initial adhesion capacity (higher initial adhesion
than UTI89ΔcsgA) but failed to maintain strong bladder cell
adhesion after several seconds. These observations differed from

the traditional adhesion assay, which was unable to differentiate
bladder cell adhesion between UTI89 and UTI89ΔbcsA.
Thus, we considered whether the LCMR data could provide

further insight through examination of time-dependent processes
occurring during the experiment. We discovered that the relaxation

Fig. 3. Interactions of isolated curli and bladder cells in the LCMR. (A) Relaxation moduli from LCMR experiments reveal the adhesiveness of curli to bladder
cells compared with the fibronectin alone (control). Error bars represent the SD of three trials. The applied strain was 1.3 ± 0.3. (B) Images show the bladder
cell deformation. White dashed lines outline bladder cells before top plate movement; colored lines outline cells directly after top plate motion. Solid circles
identify the starting and final positions of a 1-μm tracking bead attached to the top plate.

Fig. 4. Interactions of whole bacteria and bladder epithelial cells in the
LCMR. (A) Relaxation moduli comparing the adhesiveness of UTI89 pro-
ducing type 1 pili (LB), curli (YESCA), and an increased level of curli (Y + D) to
bladder cells. The applied strain in these experiments was 1.4 ± 0.5. (B) Decay
constants were obtained from fitting data of the individual trials in A. The
data were fit with a double exponential decay, and the decay constants
shown are for the faster relaxation process. (C) Relaxation moduli compar-
ing the adhesiveness of UTI89, UTI89ΔbcsA, and UTI89ΔcsgA to bladder cells.
The applied strain was 1.4 ± 0.5. (D) Decay constants were obtained and fit
as in B. All error bars represent the SD of three trials.
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moduli for all experiments fit well to a double exponential decay
model of the form y = Ae−t/α+ Be−t/β + C. The slower decay time, α,
was similar for every bacterial strain and growth condition (∼15 s).
In contrast, the faster decay time, β, was dependent on the bacterial
strain. For experiments comparing type 1 piliated to curliated
bacteria, values of β were 1.3 s to 1.5 s and did not vary significantly
between conditions (Fig. 4B). However, for experiments examining
the roles of curli and pEtN cellulose, the values of β were 0.5 s to
0.6 s for the two mutants (UTI89ΔcsgA and UTI89ΔbcsA) and 1.5 s
for UTI89 (Fig. 4D). We attribute the similar slow decay time, α, to
the internal bladder cell mechanical response, which should be
consistent between experiments. We attribute the different values
for the faster decay time, β, to differences in detachment dynamics.
This indicates that, although UTI89ΔbcsA may have higher initial
adhesion to the bladder cells than UTI89ΔcsgA, both detach more
rapidly from the bladder cells than UTI89, which expresses both
curli and pEtN cellulose.

pEtN Cellulose Enhances Bacterial Surface Association of Curli. Based
on the above results, we hypothesized that the role of pEtN
cellulose in enhancing bladder cell adhesion could be to improve
the association of curli with the bacterial cell surface. That is, a
weaker association between curli and the bacterial cell surface
could result in reduced curli-mediated adhesion to a bladder cell.
This hypothesis was supported by the LCMR data: UTI89 and
UTI89ΔbcsA produce the same amount of curli per cell (Fig.
1B), yet UTI89ΔbcsA exhibited rapid detachment after shearing.
To test this hypothesis, we designed an experiment to de-

termine the extent to which curli are released from the bacterial
cell surface when subjected to shearing forces in suspension. We
mechanically perturbed bacterial cells through vortexing and,
after pelleting the cells by centrifugation, performed a Western
blot to detect curli CsgA protein in both the bacterial cell pellets
and supernatants. Curli remained associated with UTI89 even
after vortexing and were only detected in the cell pellet (Fig. 5A).
In contrast, fewer curli were found in the UTI89ΔbcsA cell pellet
and more were detected in the supernatant as a function of in-
creasing vortex time. Thus, curli remain cell-associated for pEtN
cellulose-producing bacteria upon mechanical perturbation, but
are less tightly cell-associated in the absence of cellulose. Elec-
tron microscopy confirmed the dramatic loss of curli from the
bacterial cell surface in the absence of cellulose (Fig. 5B).

Discussion
Recent and emerging discoveries with UPEC and UTI un-
derscore the necessity to consider the role of curli in host
pathogenesis. Specific molecular studies have identified a fitness
advantage for curliated bacteria and indicate that curli are im-
munogenic and elicit immune activation in the host. Moreover,
transcriptomics data indicate that curli genes are expressed
in vivo (54). We developed the LCMR as a unique measurement
tool to define the adhesion strength between bladder cell
monolayers and isolated bacterial fibers or intact bacteria. Our
results demonstrate the significant contribution that curli can
make in mediating bladder cell adhesion and reveal a specific
functional role for pEtN cellulose in promoting curli-mediated
adhesion, particularly under shear forces, which are relevant in
the bladder niche. Our experiments were performed with a
commonly employed immortalized cell line, and future work
could employ primary bladder facet cells integrated with animal
models of UTI pathogenesis to consider possible differences in
the presentation of mannosylated cell surface receptors that
could influence type 1 pilus mediated adhesion, for example.
As illustrated in Fig. 5C, our collective LCMR and independent

biochemical data support a fundamental model in which curli can
serve as adhesive fibers and mediate adhesion to bladder cells, but
also require pEtN cellulose for tight association with the bacterial
cell surface to maintain this adhesion. Conventional tissue culture
adhesion assays are characterized by the undefined and low-shear
forces of gentle washes and did not reveal a clear role for pEtN
cellulose. However, experiments with our customized LCMR allow
for quantitative strength of adhesion measurements by applying
systematically controlled strains onto the adhesive layer. This
revealed a clear role for pEtN cellulose production in mediating
bladder cell adhesion by UPEC. Our model is supported by the
time-dependent data obtained from the LCMR measurements in
which the pEtN cellulose mutant, UTI89ΔbcsA, exhibited initial
adhesion but detached rapidly over time, yielding a final relaxation
modulus and reduction in adhesion that was comparable to the
curli mutant, UTI89ΔcsgA. The model is further supported by an
independent biochemical experiment that revealed more facile
detachment and dissociation of curli from the UTI89ΔbcsA cell
surface than from pEtN cellulose-expressing UTI89.
Collectively, pEtN cellulose acts as a “glue” or mortar-like scaf-

fold to maintain curli association with the bacterial cell surface. This
molecular function of the combined contributions of pEtN cellulose

Fig. 5. Effect of pEtN cellulose production on curli
association with bacterial cells. (A) Western blot
analysis of curli abundance in bacterial cell pellets
versus supernatant as evaluated by detection of the
major curli subunit CsgA. Cellular suspensions of
UTI89 and UTI89ΔbcsA were vortexed for increasing
times of 10 s, 1 min, or 5 min, and then separated
into cell pellet and supernatant samples by centri-
fugation. Curli remained cell-associated in UTI89, in
which pEtN cellulose is coproduced with curli. Curli
were released from cells in the absence of pEtN
cellulose production (UTI89ΔbcsA). (B) TEM images
of bacterial cells vortexed for either 0 min or 5 min.
(C) Schematic summary of the potential roles of curli
and pEtN cellulose in bladder cell adhesion under
conditions of low and high shear.

10110 | www.pnas.org/cgi/doi/10.1073/pnas.1801564115 Hollenbeck et al.

www.pnas.org/cgi/doi/10.1073/pnas.1801564115


and curli identifies a potentially important role for pEtN cellulose in
UPEC adhesion and UTI pathogenesis. Furthermore, the LCMR
approach introduced here can be implemented broadly to examine
interactions at the host−pathogen interface.

Materials and Methods
LCMR design and implementation, together with cell growth conditions,
adhesion assays, and other protocols, are provided in SI Appendix.
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