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A B S T R A C T

Biofilm growth facilitates the interaction of uropathogenic Escherichia coli (UPEC) with the host environment.
The extracellular polymeric substances (EPS) of UPEC biofilms are composed prominently of curli amyloid fiber
and cellulose polysaccharide. When the organism is propagated as a colony biofilm on agar media, these mac-
romolecules can generate pronounced macroscopic structures. Moreover, curli/cellulose associate tightly with
Congo red, generating a characteristic pink-to-red staining pattern when the media is supplemented with this
dye. Among different clinical isolates of UPEC, changes in the abundance of curli/cellulose can lead to diverse
colony biofilm phenotypes on a strain-by-strain basis. Nevertheless, for any given isolate, these phenotypes are
classically homogenous throughout the colony biofilm. Here, we report that a subset of clinical UPEC isolates
display heterogenous ‘peppermint’ colony biofilms, with distinct pale and red subpopulations. Through isolation
of these subpopulations and whole genome sequencing, we demonstrate various emergent mutations associated
with the phenomenon, including within the gene encoding the outer membrane lipoprotein nlpI. Deletion of nlpI
within independent strain-backgrounds increased biofilm rugosity, while its overexpression induced the
peppermint phenotype. Upregulation of EPS-associated proteins and transcripts was likewise observed in the
absence of nlpI. Overall, these results demonstrate that EPS elaboration in UPEC is impacted by nlpI. More
broadly, this phenomenon of intra-strain colony biofilm heterogeneity may be leveraged as a tool to identify
additional members within the broad collection of genes that regulate or otherwise affect biofilm formation.

1. Introduction

Bacteria can form multicellular communities, collectively termed
biofilms, which are encased in extracellular polymeric substances (EPS).
Biofilms create tremendous burdens for the healthcare system, espe-
cially in the context of difficult-to-treat infections [1,2]. These include
urinary tract infections (UTIs), for which the most common agent is
uropathogenic E. coli (UPEC). Two of the most prominent EPS compo-
nents of UPEC biofilms are curli (proteinaceous) amyloid fibers, as well
as phosphoethanolamine (pEtN) cellulose [3–6]. The elaboration of EPS
contributes to the pathogenesis and persistence of UPEC, including in
their adherence to urothelial cells [4] and in the context of antibiotic
treatment [7–9]. EPS can hamper antibiotic penetration into a biofilm,

blocking bacterial killing and contributing to antibiotic failure [10].
Overall, understanding the mechanisms of EPS elaboration is paramount
to efforts to combat biofilm infections.

Even within a bacterial species, different modalities of biofilm-phase
growth are possible, depending on the environmental milieu. For
instance, these include liquid submerged biofilms that proliferate on
solid surfaces [11]; surface associated biofilms at a liquid-air interface
[12,13]; as well as pellicle biofilms proliferating at this same level [14,
15]. In the case of UPEC, a common modality for studying biofilm
growth entails the generation of colony biofilms, with the traditional
process summarized in Fig. 1 [16,17]. Here, E. coli is inoculated onto an
agar media (YESCA - yeast extract, casamino acids), stimulating the
elaboration of curli/cellulose and the development of surface rugosity.

Abbreviations: UPEC, Uropathogenic Escherichia coli; EPS, Extra Polymeric Substances; YESCA, Yeast Extract Casamino Acid; CR, Congo Red.
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The presence of EPS can be accentuated further through the addition of
Congo red (CR) dye, which preferentially binds curli and cellulose
[16–19]. Notably, the morphology of E. coli colony biofilms on
YESCA-CR agar can differ from isolate to isolate – that is, on an inter-
strain basis – with great variability among wild-type strains [20].
Qualitative schema has been developed to categorize E. coli colony
biofilms in terms of surface rugosity and CR-uptake (i.e., ‘redness’) [18,
21,22].

In addition to inter-strain heterogeneity, an additional (but under-
studied) phenomenon for UPEC colony biofilms is the development of
intrastrain heterogeneity. Broadly defined, intra-strain biofilm hetero-
geneity occurs when initially clonal bacteria proliferate into biofilms
with spatial subpopulations that differ phenotypically and/or genotyp-
ically [23–25]. Such subpopulations can emerge due to the accumula-
tion of genetic mutations, gene-expression changes in response to
localized environmental stimuli or bet-hedging responses [25,26].
Temperature, pH, oxygen gradients, and nutrient availability have been
associated with the induction of such heterogeneity [25,27,28]. Across
various mechanisms, intra-strain heterogeneity can contribute to the
long-term persistence of bacterial pathogens during human infection
[21–23].

UPEC is among the most frequently encountered organisms within
clinical laboratories, largely due to the high volume of diagnostic urine
cultures [29]. Among such strains, however, the prevalence and dy-
namics of biofilm heterogeneity remain poorly defined. In this context,
we profiled the colony biofilm phenotypes of a large collection of clin-
ical UPEC strains obtained from diagnostic care, with an emphasis on
both inter- and intra-strain heterogeneity, including the emergence of
distinct subpopulations within individual colony biofilms. Not

surprisingly, from isolate to isolate, we observed significant inter-strain
diversity in terms of rugosity and CR-uptake. At the same time, we also
observed that a subset of strains demonstrated additional intra-strain
diversity, with colony biofilms exhibiting (what we term) a peppermint
phenotype – that is, the visual appearance of genetically stable sub-
populations and corresponding striations on the edge of colony biofilms.
We harnessed this phenomenon to identify an additional member of a
regulatory network that modulates EPS elaboration in E. coli, the outer
membrane (OM) protein NlpI, characterizing its role in both a wild-type
background and the model strain UTI89. In total, the current work
highlights an additional layer of intra-strain complexity in UPEC bio-
films, while providing a novel strategy for characterizing their regula-
tion through strains with inherent heterogeneity.

2. Materials and Methods

2.1. Bacterial strains and mutant constructs

All clinical E. coli strains utilized in this study were obtained from the
diagnostic laboratory at Vanderbilt University Medical Center (desig-
nated as ‘VUTI’ strains). These 514 strains intentionally represented the
significant clinical diversity associated with E. coli bacteriuria, in terms
of patient demographics, collection setting, clinical presentation (e.g.,
asymptomatic bacteriuria, cystitis, ascending infection), and compli-
cating/comorbid conditions. A complete summary of the clinical pa-
rameters associated with each isolate is included in Supplementary
Data 1. For the model cystitis strain UTI89, gene deletions were con-
structed with the lambda red recombinase system [30]. For genetic
complementation of strains VUTI148 and UTI89, plasmids were

Fig. 1. Evaluating UPEC Colony Biofilms by YESCA-CR Agar. Urinary E. coli isolates are first streaked on blood agar plates. Single colonies are then selected and
propagated overnight at 37 ◦C in static liquid culture. 10 μ1 of this overnight culture is inoculated as a patch onto YESCA agar plates supplemented with Congo red
dye, which is capable of binding EPS components curli and cellulose. The cultures are allowed to mature for 11 days at room temperature and then observed for
colony biofilm morphology.
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engineered with the Takara Infusion Cloning Kit.

2.2. Colony biofilm culture

E. coli colony biofilms were generated according to established
protocols [16–18,21,22,31,32]. In summary (Fig. 1), each strain was
selected from a single colony on blood agar and propagated overnight
statically at 37 ◦C in Luria Broth (pH = 7.4); 10 μl of this liquid culture
was inoculated onto Yeast Extract Casamino Acid agar (1.2X concen-
tration) supplemented with CR (40 μg/mL) and bromophenol Blue (20
μg/mL). These cultures developed for 11 days at room temperature and
ambient atmosphere, and the resultant colony biofilms were assessed.
To isolate emergent subpopulations with distinct colony biofilm phe-
notypes, the relevant regions were sampled with a sterile inoculating
loop, followed by isolation-streaking onto fresh YESCA-CR agar. This
process was repeated 3–5 times to ensure the clonality and phenotypic
stability of the subpopulation. In each case, both the parent strain and
regions of the initial colony biofilm without subpopulation emergence
were sub-cultured in parallel, as direct phenotypic comparator and to
serve as controls in downstream genomic analysis (section 2.4).

To formulate urine agar-CR plates, pooled urine was obtained
commercially (Lee BioSolutions) and sterilized through a 0.22-μm vac-
uum filtration. It was supplemented with Congo red and bromophenol
blue (concentrations described above); these were then added to a
molten (autoclaved) agar suspension (4X) to generate a final agar con-
centration of 1.2X. The urine itself was not autoclaved to avoid any
potential thermal decomposition.

2.3. Single-CFU evaluation of subpopulation emergence

For select strains whose colony biofilms demonstrated subpopulation
emergence, additional liquid starter-cultures were propagated as above.
Following overnight growth, these cultures were diluted to 103–104

colony forming units per ml (CFU/ml) and plated onto YESCA-CR agar
for single-colony isolation. Individual colonies were evaluated for
emergent CR-uptake phenotypes that were distinct from the parent/
predominant strain. The proportion of colonies with an emergent
morphology were evaluated in each case, with data representing three
biological replicates. In control experiments, the liquid culture was
plated out immediately after its starter-inoculum (without overnight
growth).

2.4. Whole genome sequencing and read mapping

Genomic DNA was extracted from E. coli VUTI148 (and its colony
biofilm subpopulations) with the PureLink Genomic DNA Mini Kit
(Invitrogen). These gDNA specimens were submitted to the Microbial
Genome Sequencing Center (Pittsburg, PA) for paired-end Illumina
sequencing (2 x 151bp). Analysis of the resultant data was performed
with the Geneious software package. Following barcode and quality
trimming, the parent strain was subjected to de novo assembly via the
Spades algorithm to generate consensus contigs. Among these se-
quences, contigs with a length >100 bp and average coverage-depth
>50X were concatenated to serve as a reference genome. Subse-
quently, trimmed reads for each bacterial subpopulation were mapped
to this reference and analyzed for emergent mutations. To qualify, the
latter had to demonstrate >15X coverage-depth at that locus with >90
% conserved nucleotide identity across individual reads. WGS data from
parental VUTI148 and nonemergent regions of the same biofilms were
analyzed in the same manner, to ensure that observed mutations were
unique to the emergent subpopulation and not artifactual.

2.5. Comparative sequence analysis

For 241/514 E. coli strains assessed here, gDNA was extracted and
contig-level whole genome sequences were obtained as described above

(NCBI BioProject PRJNA819016) [33]. For the nlpI and hfq loci, nucle-
otide sequences were extracted via Blastn (v. 2.12.0+). Percent identity
(nucleotide and translated amino acid sequences) was compared among
the strains mapped to a maximum-likelihood tree built on the shared
core genome (using Parsnp v. 1.7.4).

2.6. Proteomic analyses

Relevant bacterial constructs were analyzed by liquid chromatog-
raphy with tandem mass spectrometry (LC-MS-MS). Large-volume bac-
terial cultures were propagated overnight in YESCA broth (37οC with
shaking), to ensure abundant biomass for downstream extraction. Cul-
tures were pelleted and resuspended in EDTA-PMSF buffer, with 1 h
incubation at 4 ◦C, followed by 3-fold passage through an Emulsiflex.
This suspension was subjected to ultracentrifugation (40,000 RPM, 1hr,
4 ◦C), followed by addition of 0.5 % Sarkosyl to separate inner and outer
membrane fractions. Each fraction was resuspended in 1 mL Tris (20
mM, pH 7.4), from which 25 μg total protein was prepared for spec-
trometry via S-trap columns and tryptic digest (Protifi, according to
manufacturer instructions). The resultant peptides were quantitated by
280-nm absorbance (Nanodrop) and 100 ng of each specimen was
analyzed by LC-MS-MS on a Q Exactive Plus Orbitrap spectrometer
(ThermoFisher). Peptides were autosampled onto a 200 mm × 0.1 mm
self-packed analytical column (Jupiter 3 μm, 300 Å), resolved with an
aqueous-to-organic gradient over a 90-min acquisition time. Peptides
were ionized via direct nanoelectrospray; both the intact masses (MS)
and fragmentation patterns (MS/MS) of the peptides were collected with
dynamic exclusion to maximize depth of coverage.

The resultant spectra were analyzed in the MaxQuant software
package [34], referenced to an E. coli UTI89 database (Uniprot) in which
common contaminants and reversed versions of each protein were
added. Peptide spectral matches were collated, filtered, and visualized
in Scaffold. Label-free quantitative comparisons were performed in the
MSstats v4.0 statistical analysis package [35] with 3 biological repli-
cates per condition.

2.7. Real-time reverse transcription polymerase chain reaction

To assess relative transcript abundance at EPS-related loci, cultures
were propagated overnight statically at room temperature in YESCA
media and pelleted. Total RNA was extracted via RNasy Mini Kits
(Qiagen) and treated on column with RNase-Free DNase Set (Qiagen).
Each RNA specimen was prepared with at least three to six biological
replicates, each diluted to two concentrations and analyzed via three
technical replicates. Targeted RNA samples and replicates were con-
verted to cDNA via TaqPath™ 1-Step RT-qPCR Master Mix, CG (Applied
Biosystems). Followed by real-time reverse transcription polymerase
chain reaction (RT-qPCR) conducted on a QuantStudio 3 (Applied Bio-
systems), with probe/primer sequences summarized in Table S1. Across
mutant bacterial constructs, the fold-difference in abundance for each
transcript was calculated using the ΔΔCt method, normalized against
rrsH (i.e. 16S rRNA) levels and presented relative to the abundance in
the wildtype [36].

2.8. Ethics statement

This work with clinically derived bacterial strains was performed
under protocols approved by the Vanderbilt University Institutional
Review Board.

3. Results

3.1. Intra-strain heterogeneity in the EPS of clinical UPEC isolates

Among wild-type strains of urinary E. coli, significant variability can
exist in their colony biofilm morphology on YESCA-CR agar, driven
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primarily by expression patterns of curli and cellulose [3,37]. These
morphological differences include the biofilm’s CR-uptake, which de-
termines its gross visual coloration (from white to pink to red). In
addition, a subset of CR-philic (pink/red) colony biofilms can demon-
strate topologic contours, leading to a rugose or rough appearance [21].
To investigate the strain-to-strain heterogeneity within UPEC, we
leveraged a collection of 514 urinary E. coli isolates obtained from
diagnostic cultures at Vanderbilt University medical center. Not sur-
prisingly, these wildtype strains demonstrated colony biofilm morpho-
types across the spectrum previously described [21,37], including:
smooth and white, smooth and CR-philic, and rugose and CR-philic
(Fig. 2A). Given the observed continuum of redness across biofilms in
the latter two groups – especially with the large number of isolates
characterized for this study – pink/red colonies are classified together
here as ‘CR-philic’. (Images of all strains are depicted Supplementary
Data 2.) Across these morphotypes, most strains (404/514, 78.6 %)
demonstrated a traditional homogenous appearance, with uniform
CR-staining and rugosity over the surface of the colony biofilm.

Interestingly, a significant minority of strains (110/514, 21.4 %)
consistently displayed distinct intra-strain heterogeneity in their YESCA-

CR morphology. Grossly, these heterogeneous morphologies could be
binned into two distinct classes, which we have colloquially termed ‘dew
drop’ (48/514, 9.3 %) and ‘peppermint’ (62/514, 12.1 %) colony bio-
films. In the dew drop, numerous subpopulations would develop on top
of the surface of parental colony biofilms (Fig. 2B), each demonstrating
less prominent CR-uptake. In peppermint colony biofilms, one or more
macroscopic regions would emerge as slices around the circumference of
the biofilm (Fig. 2C), with either increased or decreased rugosity/CR-
uptake relative to the predominant parental phenotype. Overall, these
observations demonstrate that colony biofilms of many wild-type uri-
nary E. coli strains do not conform to traditional homogeneous
morphotypes.

For subsequent work in the current manuscript, we focus on the
peppermint phenomenon and its underlying genetic basis. This decision
was motivated by two factors. First, the diversity of emergent pheno-
types for the peppermint subpopulations was notable, including the
common emergence of subpopulations with increased EPS elaboration.
This contrasts with the appearance of dew-drop subpopulations that
exhibit reduced CR-staining. Accordingly, we chose to focus on the dy-
namics of enhanced CR-staining in peppermint subpopulations, espe-
cially considering that it serves as an indicator of curli and cellulose
abundance (notable host-interaction factors) [16–18]. Moreover, when
reviewing available metadata on the source-patients, we observed a
trend between peppermint biofilm strains and patients with a docu-
mented history of recurrent UTI (rUTI), as opposed to isolated infections
(odds ratio = 2.18, 95 % CI: 0.92–5.19; Fig. S1). Admittedly, we view
this clinical finding (based on retrospective chart review and limited
sample size) as preliminary, and believe future studies are needed to
establish the pathogenetic implications of peppermint colony biofilms
(see Conclusion for additional discussion). Nevertheless, this combina-
tion of factors leads us to prioritize the peppermint phenomenon for
further investigation, while acknowledging that defining the basis of
dew-drop heterogeneity is also an attractive target for additional
research.

3.2. Additional phenotypic characterization of peppermint biofilms

Before exploring the genetic basis of the peppermint phenomenon,
we first sought to better define conditions under which these sub-
populations emerge. For instance, this includes when/where (physi-
cally) biofilm heterogeneity arises for peppermint strains. As a colony
biofilm expands radially from its inoculated circumference, the emer-
gence of a subpopulation is macroscopically apparent at a given
spatiotemporal location on the agar surface. In fact, both across and
within individual peppermint strains, the radial distance at which a
peppermint slice can emerge is variable. Some of these subpopulations
are apparent immediately adjacent to the location of the initial inoc-
ulum, while others do not appear until the colony biofilm has already
expanded beyond this point, suggesting their emergence on the plate
itself. In theory, however, cellular subpopulations could theoretically
arise either/both within the maturing colony biofilm itself (i.e., on the
agar surface) or within the colony-derived liquid culture from which the
biofilm was initially spotted as a 10-μl inoculum. Conversely, on the
level of individual bacterial cells, a subpopulation could arise that fails
to proliferate/compete to the point of a macroscopically discrete region.

To evaluate these issues, additional experiments were conducted
with several peppermint strains (VUTI7, VUTI225, VUTI148) that each
displayed emergent subpopulations with increased CR-uptake, relative
to the predominant parental morphology. Here, liquid starter-cultures
were diluted onto YESCA-CR agar to generate individual colonies
(each derived from a single bacteria), rather than a traditional 10-μl
patch (containing on the order of ~107 cells). While most of these col-
onies demonstrated the predominant biofilmmorphotype of their parent
strain, a minority displayed an emergent CR-uptake phenotype. On
average, the proportion of emergent colonies overlapped between these
3 strains, albeit with substantial variability for each between biological

Fig. 2. E. coli Colony Biofilm Phenotypes. Representative clinical isolates are
depicted here that generate different phenotypic patterns of colony-biofilm
growth on YESCA-CR agar. [A] Homogenous colony biofilm phenotypes:
smooth and white (upper left); smooth and CR-philic (upper middle); rough and
CR-philic (upper right). Heterogenous colony biofilms: [B] Dew-drop colony
biofilms; [C] Peppermint colony biofilms.
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replicates (Fig. 3A). Interestingly, within a given CFU, the emergent
morphologic phenotype could appear either homogenously or hetero-
geneously. In the latter case, again reminiscent of a peppermint biofilm,
a peripheral slice(s) demonstrates the emergent morphology after some
initial radial expansion (Fig. 3B). Again, this strongly suggest that sub-
populations arise during growth on the agar surface, especially given the
colony’s single-CFU origin here. Conversely, in the homogenous sce-
nario, subpopulations would have emerged within liquid culture, prior
to plating. Of note, homogenous emergent colonies were not observed
when the liquid inoculum was not first incubated overnight.

In addition, for VUTI148, the incubation period of the liquid starter-
culture was varied prior to plating on YESCA-CR agar as a 10-μl inoc-
ulum, followed by the standard 11-day period of colony biofilm matu-
ration. Here, emergent subpopulations were more abundant when the
starter culture was incubated for 48 h prior to plating, accumulating
during this second day of incubation (Fig. 3C). Combined, these findings
demonstrate that a significant minority of wild-type UPEC strains can
develop colony biofilms with intra-strain heterogeneity, and that sub-
populations can emerge both during sessile growth in the biofilm itself,
as well as during liquid-phase planktonic growth.

Finally, we sought to define the colony biofilm behavior of pepper-
mint strains under additional culture conditions. While the conditions
utilized above (i.e. YESCA agar with ambient, room-temperature incu-
bation) represent the traditional in vitro conditions for propagating/
evaluating E. coli colony biofilms, we sought to evaluate methodologic
variants that simulate additional aspects of the urinary environment.
Towards this goal, VUTI 148 was incubated on urine agar supplemented
with CR. After incubation at room temperature and ambient atmo-
sphere, VUTI 148 continued to display a peppermint phenotype on urine
agar, including subpopulations with increased CR staining (Fig. S2A).
These features likewise remained for VUTI 148 when temperature/

atmospheric conditions were further varied on urine-CR agar, including
37 ◦C in a 4 % O2 hypoxic chamber (Fig. S2B) and 37 ◦C with 5 % CO2
supplementation (Fig. S2C). Of note. O2 levels in the bladder typically
range from 4 to 5.5% in healthy individuals [38]. Overall, these findings
indicate that intra-strain heterogeneity in VUTI 148 is not merely a
function of the YESCA medium, as it remains under in vitro conditions
that mimic what UPEC encounters in the bladder.

3.3. Identification of mutations associated with peppermint heterogeneity

We next sought to explore the basis for intra-strain heterogeneity and
subpopulation emergence, focusing on strain VUTI148 (originally iso-
lated from a symptomatic pregnant female with a history of recurrent
UTIs). Twenty-six independently emerging subpopulations – each with a
stronger CR uptake than parental VUTI148 – were isolated and sub-
cultured for several generations on YESCA-CR agar (Fig. 4 and S3).
Each such subpopulation was selected fromwithin a distinct peppermint
slice. As noted in the Methods (section 2.2), comparator sub-cultures
were generated in parallel, selected from regions of the predominant
parental biofilm-phenotype. Following sub-culture, the increased CR
staining/rugosity of the peppermint-selected subpopulations became
homogeneous and remained stable over further sub-cultured genera-
tions, suggesting an underlying genetic basis for the phenotypic change
(Fig. S3). Likewise, no further emergence of colony biofilm heteroge-
neity was observed in these subpopulations (including across the various
associated genetic mutations described below). By contrast, comparator
sub-cultures of the predominant parental phenotype continued to
generate subsequent peppermint phenotypes (Fig. 4).

Genomic DNA was isolated from each of the 26 emergent sub-
populations and subjected to Illumina sequencing to identify the asso-
ciated mutation(s), via whole-genomic comparison with parental
VUTI148. In each case, the whole-genome sequence of the emergent
subpopulation was compared to that of a parental pair – as well as
aforementioned subpopulations selected from the predominant parental
region – to ensure these emergent polymorphisms were not detected
artifactually. A single mutation was identified in 18/26 emergent sub-
populations; 2 separate mutations were identified in 4/26 sub-
populations; and no emergent mutations were identified in 4/26
subpopulations (summarized in Supplementary Data 3). Across all
subpopulations, the affected loci encompassed 16 protein-encoding
genes and 1 intergenic region; the putative functions of these genes
are summarized in Table 1. The most observed mutations, across all
subpopulations, were those encoding the RNA-binding protein hfq (6
subpopulations) and the OM protein nlpI (4 subpopulations).

Of note, both loci are components of the E. coli core genome, and we
surveyed their sequences across a large subset of the isolates profiled
here. We determined the nlpI and hfq sequence for 241 parental VUTI
isolates of the following colony biofilm phenotypes: 64 smooth and
white, 95 smooth and CR-philic, 32 rugose and CR-philic, 22 dew drop,
and 26 peppermint (Supplementary Data 4). Both genes were encoded
by all isolates with minimal nucleotide and amino acid variability (~99
%+) (Fig. S4). A single amino acid substitution was present in 22/241
strains for nlpI (7 F156C and 12 K187R) and 13 strains for hfq (G76S).
Likewise, premature nlpI truncations were observed in 2 isolates (1
rugose and CR-philic, 1 smooth and CR-philic).

Several of the disrupted loci in emergent VUTI 148 subpopulations
have been implicated, directly or indirectly, in the regulation of curli or
cellulose in E. coli. For example, eutL is involved in ethanolamine
degradation, while yciR encodes a phosphodiesterase of cyclic di-GMP
(c-di-GMP) [39–41]. Disruption of these factors could lead to greater
EPS production through an increase in available ethanolamine, for the
modification of cellulose, or c-di-GMP, which positively regulates EPS
production [42–45]. Likewise, mutations in a gene such as hfq could
impart pleiotropic effects on bacterial growth and physiology, given the
diversity of regulatory pathways in which it interacts [45,46]. In this
light, and because of previous work exploring the role of these genes in

Fig. 3. Emergence of Subpopulations in Liquid Culture. [A] Summarized
here, across several peppermint strains, is the proportion of colonies displaying
an emergent biofilm phenotype following liquid culture and CFU-plating. [B]
For VUTI148, this image depicts colonies with emergent biofilm phenotypes in
a homogeneous (blue/left panel) and heterogeneous (red/right panel) manner.
[C] VUTI148 colony biofilms (10 μl patch-based, not individual colony-based)
are depicted after incubation of liquid cultures for 0 h, 24 h, and 48 h.
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E. coli biofilm formation [47], we chose to focus efforts on the second
most frequently disrupted locus, nlpI.

Within E. coli, the nlpI gene is located between the pnp (poly-
nucleotide phosphorylase) and deaD (dead-box RNA helicase) genes,
although not as a discrete operon [48]. It encodes N-terminal motifs
required for inner membrane folding and translocation to the OM [49].
The resultant NlpI lipoprotein forms a homodimer anchored to the inner
leaflet of the OM, where it can interact with the peptidoglycan layer and
additional membrane/periplasmic proteins (via its C-terminus),
including the Prc protease [50,51]. This scaffold has been shown to
mediate peptidoglycan synthesis and degradation in E. coli, while nlpI
orthologs in other Enterobacterales species (Salmonella typhimurium and
Erwinia amylovora) have been implicated in the negative regulation of
EPS production [48,52]. Nevertheless, the role of NlpI in the uropa-
thogenesis and biofilm elaboration of E. coli remains poorly studied.

3.4. NlpI imparts a negative effect on EPS production in multiple E. coli
strain backgrounds

In each of 4 independent subpopulations of VUTI148 with a nlpI
mutation, the peppermint phenomenon was lost on YESCA-CR agar,
with homogenously increased rugosity (particularly in a concentric
pattern) and more intense CR staining (Fig. 5A). Three of these muta-
tions (R1.3, R2.3, R2.5) entailed a single-nucleotide substitution in the
N-terminal region, while one (R1.2) involved an early 7-nucleotide
insertion (Fig. S5). In each case, these changes resulted in massive
truncations and presumptive inactivation of resultant protein, with two
mutations (R1.3 and R2.3) disrupting even the inner membrane trans-
location sequence (Fig. S6).

To confirm this interpretation, genetic complementation was per-
formed in all 4 nlpImutants. Each subpopulation was transformed with a
high-copy pTrc99A plasmid (under ampicillin selection), encoding wild-
type nlpI under control of its native promoter. Although transformation
with empty vector did not alter the colony biofilm of the subpopulations,
complementation with nlpI consistently generated a lower-staining
background and reemergent peppermint features, reminiscent of
parental VUTI148. In fact, intra-strain heterogeneity was more promi-
nent in the context of complementation, with many new subpopulations
displaying increased rugosity/CR-uptake (Fig. 5B). Together, these
findings indicate that disruption of nlpI leads to increased EPS produc-
tion in VUTI148, implying NlpI as a negative effector of EPS. We next
sought to generalize this observation in E. coli beyond the wild-type
VUTI148 background, by exploring the effect of NlpI inactivation in
the UPEC model strain UTI89 (Fig. 5C). At its baseline, UTI89 already
generates colony biofilms with intense CR-uptake and prominent
concentric rugosity. In this background, a clean deletion of nlpI (ΔnlpI)
further accentuated the phenotype. This included even greater rugosity
–with prominent concentric and radial counters – along with a resultant
increase in colony biofilm diameter (Fig. 5D). In control analyses, bio-
film diameters were not attributable to an increase in cellular replication
(Fig. S7). Interestingly, the colony biofilm morphology of UTI89ΔnlpI
greatly resembled a (previously uncharacterized) construct from a his-
torical Tn5 transposon library of UTI89 [14], one with a disruption of
the yjcC phosphodiesterase gene (Fig. 5C-D and S7). This observation is
notable as previous findings in Salmonella found expression of YjcC
positively correlates with NlpI expression [48].

Finally, complementation of the UTI89ΔnlpI (with the same
pTrc99A-nlpI construct employed for VUTI148) abrogated the baseline

Fig. 4. Schematic Workflow of Peppermint Subpopulation Isolation/Characterization. [A] For VUTI 148, the original peppermint colony biofilm was sampled
and sub-cultured from both the predominant parental region and from within the emergent peppermint ‘slices’ with increased CR uptake. [B] Isolation-streaking of
the latter yielded agar growth that maintained increased CR uptake over generations (indicated by successive arrows). Further, when emergent populations were
propagated as 10-μl inoculated colony biofilms, they demonstrated increased CR uptake and rugosity (relative to the predominant phenotype of parental VUTI 148).
[C] Finally, the parental population (both original and following subculturing) and the emergent subpopulations were all analyzed via next-generation sequencing to
evaluate for the presence of single nucleotide polymorphisms, indels, or larger deletions – ones that were present within the emergent subpopulations, but not any
parental samples.
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rugosity of UTI89 altogether, but with the striking peppermint-like
emergence of new subpopulations (Fig. 5E). Transcriptional analysis
indicated the basis of this overcomplemented pattern, with higher
expression of nlpI in UTI89ΔnlpI/pnlpI versus the original parental strain
(Fig. 5F). Overall, these data for UTI89 reflect the same patterns
observed for VUTI148, with nlpI expression negatively associated with
EPS elaboration, but also a propensity for subpopulation emergence and
intra-strain heterogeneity.

3.5. Proteomic and transcriptional effects of nlpI deletion

With this effect of nlpI-deletion on UPEC colony biofilms, we next
sought to define the corollary impact on other members in the NlpI
network. Semi-quantitative tandem mass spectrometry was applied to
the outer membrane fraction of UTI89, given its closed genomic
sequence with complete protein-encoding coverage [53] (Supplemen-
tary Data 5). NlpI-derived peptides were only detected at low abun-
dance, even in parental UTI89, with complete abrogation in ΔnlpI.
Nevertheless, several notable proteins were differentially detected in
UTI89-versus-ΔnlpI (Fig. 6A). As mentioned above, NlpI interacts with
Prc to degrade the Spr peptidoglycan endopeptidase [50,54,55].

Accordingly, a higher abundance of Spr would be expected in ΔnlpI,
from decreased degradation, and this phenomenon was observed
prominently. Among other proteins with increased detection for ΔnlpI
were the YddW outer membrane protein and YhjL/BcsC, the porin of the
E. coli cellulose transport system [3,56] (Fig. 6A). The latter finding is
highly consistent with the observed changes in colony biofilm pheno-
type. A limited number of proteins showed reduced detection in ΔnlpI.

One protein not detected in these analyses was CsgA, the extracel-
lular component of curli amyloid. However, this finding is not unex-
pected for LC-MS-MS approach, given the resistance of these fibers to
SDS or protease digestion [57,58]. As a result, we instead utilized
RT-qPCR to examine the differential transcription of csgA in wild-type
and nlpI-deleted strains. In UTI89 (wild type versus ΔnlpI) strain back-
grounds, loss of nlpI was associated with upregulated transcription of

csgA (Fig. 6B). Furthermore, nlpI-complementation of the mutant strain
returned observed csgA transcript levels to the parental baseline
(Fig. 6B). Together, these findings connect the nlpI associated changes in
colony biofilm morphology to a network of physiologic processes that
govern the EPS elaboration.

4. Conclusion

Clinical isolates of UPEC of isolates demonstrate tremendous geno-
typic and phenotypic heterogeneity from strain to strain, including in
their biofilm morphology. Notably, EPS components that define E. coli
colony biofilms, curli and cellulose, are also important virulence factors
that help mediate adherence to bladder epithelial cells and urinary
catheters [4]. In this study, we observed that a significant minority of
urinary E. coli isolates generate colony biofilms that consistently develop
subpopulations with phenotypic variability, which remain stable after
further subculturing. Overall, this phenomenon raises intriguing ave-
nues for further investigation in the area of pathogenesis, including
whether intra-strain biofilm heterogeneity impacts a strain’s potential
for urinary tract virulence or persistence. These studies could help define
how this particular manifestation of genotypic/phenotypic heteroge-
neity (with variable curli/cellulose elaboration) could impart a fitness
advantage or impact pathogenicity.

For instance, we envision follow-up work that explore the in vivo
dynamics of peppermint strains following murine urinary inoculation.
These could include experiments that gauge how peppermint isolates
evolve in situ during infection, and whether parental versus emergent
subpopulations demonstrate an advantage in the animal bladder, both in
and outside the context of antibiotic therapy. Complementary studies
could likewise address these issues in the context of human subjects, to
clarify how intra-strain biofilm heterogeneity impacts the propensity for
recurrent infections. As reported here, we observed an association (from
retrospective chart review) between UPEC strains that demonstrate
peppermint phenotypes and source-patients with a history of recurrent
UTIs. One could hypothesize that this manifestation of intra-strain het-
erogeneity serves as a bet-hedging mechanism, providing certain strains
with an advantage in surviving the host environment and leading to
recurrence [59]. More extensive clinical studies are needed, to evaluate
this possibility directly, for instance studies larger cohort sizes and
prospective follow-up. Of note, other phenotypic examples of
intra-strain heterogeneity (outside of biofilm growth) have been
recognized for clinical UPEC isolates, with potential implications for
pathogenesis or treatment-response. For example, Bermudez et al.
recently described the prevalence of heteroresistant UPEC strains during
antimicrobial susceptibility testing (AST), specifically the emergence of
Fosfomycin non-susceptible subpopulations [60–62]. Like the pepper-
mint biofilm phenomenon reported here, these subpopulations arise due
to the real-time emergence of (subsequently stable) genetic mutations.

On a more basic (mechanistic) level, future studies could likewise
examine the underlying pressures that predispose certain E. coli strains
to the emergence of colony biofilm subpopulations in the first place.
Despite the focus on nlpI within the current manuscript, it was not the
only locus in VUTI148 associated with the emergence of intra-strain
biofilm heterogeneity. As described in the Results, these mutations
included other genes connected to the regulation of curli/cellulose.
More broadly, many of the mutations arose in genes that may be ratio-
nally associated (directly or indirectly) with dynamics at the bacterial
cell envelope. These lead us to speculate that VUTI148 (and potentially
peppermint strains more broadly) could experience higher baseline
levels of cell envelope stress, and that the emergence of subpopulations
represents the selection of emergent mutants where such stress is alle-
viated. For instance, through its interactions with proteins in periplas-
mic space, NlpI could contribute to total cell-envelope stress, such that
nlpI mutants experience nullified levels. In general, envelope stress
response is primarily regulated by sigma factor E (rpoE/σ32) and the two-
component system CpxAR, which recognize misfolded outer-membrane

Table 1
Increased Congo red emergent events analyzed for genomic polymorphisms:
Twenty-six increased-CR emergent events were analyzed for genomic mutations
via next generation sequencing techniques. Twenty-two isolated subpopulations
contained genomic mutations, some occurring in multiple events as shown by
frequency. Asterisk (*/*) indicate shared mutation within one emergent back-
ground. Hyphen (~) indicates mutation shared with nlpI emergent. Plus (+)
indicates mutation shared with hfq emergent.

Gene Hits Protein Function

nlpI 4 Outer membrane lipoprotein Cell Envelope
regulator Proteinsprc 1 Tail-specific protease

*uvrY 1 Reponse Regulator Two Component
System*barA 1 Histidine Kinase

hfq 6 RNA-binding protein Small RNA Binding
MoleculesdksA 1 RNA polymerase-binding

transcription factor
yciR 1 Cyclic di-GMP phosphodiesterase Secondary Signal

Messengersicc 1 3′,5′-cyclic adenosine
monophosphate
phosphodiesterase

ompA 1 Peptidoglycan binding protein Outer membrane
ProteinssurA 1 Chaperone protein

nirB 1 Nitrite reductase (NADH) large
subunit

Energy Production/
Other Functions

rne 2 Endoribonuclease
~carB 1 Carbamoyl-phosphate synthase

large chain
*eutL 1 Ethanolamine degradation
+speC 1 Ornithine decarboxylase
*ygfT 1 Putative oxidoreductase
intergenic
region

1 Hypothetical protein

N/A 4 No mutational differences
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Fig. 5. Mutations in nlpI Alter Colony Biofilm Morphology. [A] The colony biofilm phenotype of parental VUTI148 (peppermint) is compared to the 4 nlpI
emergent subpopulations. [B] For each of these mutational events in VUTI148, the colony biofilm of the original subpopulation (left) is compared to a nlpI-
complemented construct (middle) and an empty vector control (right). [C] Within the UTI89 strain-background, the wildtype colony biofilm morphotype is
compared to a targeted nlpI-deletion and an yjcC mutant from a transposon library. [D] The colony diameters of the UTI89 strains of [C] are summarized. [E] nlpI-
complementation in UTI89-ΔnlpI leads to emergence of intrastrain heterogeneity. [F] mRNA transcript abundance of nlpI in the UTI89 strain-background, assessed
via RT-qPCR. Statistical analyses were performed via 1-way Anova (*P < 0.05; **P < 0.01; ****P < 0.0001, NS - not significant; ND - not detected).
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proteins and the accumulation of proteins in the periplasm/inner-
membrane, respectively [46,63,64]. For instance, it would be of inter-
est to study the impact of NlpI expression on rpoE and CpxAR function.
In this way, even beyond biofilm regulation, further investigation of
NlpI in E. coli could represent a valuable avenue to explore the regula-
tion of cell-envelope integrity and maintenance.

Ultimately, one of the most direct implications of intra-strain het-
erogeneity is it represents a naturally occurring tool for dissecting the
genes/proteins that impact biofilm formation. The network of loci
implicated in curli/cellulose production is already known to be diverse
[45,65,66], and this phenomenon provides a means of defining these
components in the context of wild-type strain biology, with the current
manuscript focusing on NlpI lipoprotein as a case-in-point example.
Within VUTI148, four mutations associated with
subpopulation-emergence were (independently) observed in nlpI, all
involving the introduction of a pre-mature stop codon. These sub-
populations each demonstrated increased rugosity and CR uptake
compared to the dominant parental phenotype, and a clean deletion of
nlpI in the model isolate UTI89 (ΔnlpI) recapitulated this pattern. Like-
wise, complementation of nlpI reestablished (or in the case of UTI89,
established for the first time) the peppermint phenomenon.

Regarding the underlying mechanism by which NlpI influences EPS

elaboration, potential steps in this pathway may be inferred from both
previous work in E. coli, as well as other members of Enterobacterales
(which encode homologous genes) (Fig. 7) [48,52]. As discussed above,
NlpI interacts with the Prc protease, and this complex is responsible for
degrading DD-endopeptidase Spr [50,55]. Within Salmonella, it has been
shown that expression of the YjcC phosphodiesterase (PDE) positively
correlates with NlpI/Prc expression [48]. Moreover, back in E. coli, YjcC
acts as a general negative regulator of EPS production through its
cleavage of c-di-GMP [67–69]. Further downstream, as studied in
Erwinia amylovora, the small RNA proQ positively regulates yjcC
expression in Erwinia amylovora [52]. More broadly, the transcription
factor CsgD serves as a master regulator of >20 genes during
stationary-phase growth, including curli/cellulose-associated loci [6,70,
71]. Among intestinal E. coli strains, for example, Uhlich et al. observed
naturally occurring derivative strains with altered YESCA-CR pheno-
types, demonstrating mutations in the promoter region of csgD. There-
fore, we hypothesize that NlpI-levels could play a countervailing role to
the positive regulatory effect of CsgD on curli/cellulose production.

To these ends, future investigations could profile the relative
transcript-levels for nlpI and csgD across diverse clinical isolates of
E. coli, with cross-comparison to their respective colony biofilm phe-
notypes. Importantly, such work could help specify the extent of nlpI
involvement in the organism’s natural physiologic network of biofilm
elaboration. Through both spontaneous and engineered mutagenesis,
the present work clearly demonstrates that NlpI levels exert a prominent
impact on a E. coli strain’s elaboration of EPS. However, additional
research could further characterize the extent of NlpI-level variability as
a dedicated biofilm regulatory mechanism. Although truncation mu-
tants were observed in a small fraction of parental VUTI isolates (i.e.
prior to any subpopulation emergence - Fig. S4), the norm for this spe-
cies appears to be an intact nlpI gene within the core genome. Thus, by
defining strain-specific transcript variability, one could evaluate the
prominence of nlpI among the various genes/proteins that govern bio-
film formation in vivo.

By incorporating the phenomenon of intra-strain heterogeneity, this
manuscript attempts to expand the classes and criteria by which E. coli
colony biofilms can be evaluated. Looking ahead, future research could
continue to expand these paradigms in other important ways. For
instance, the underlying method for assigning strains into different
categories (i.e. smooth and white, smooth and CR-philic, rugose and CR-
philic, dew drop, and peppermint) could evolve beyond the current
standard of visual inspection. Admittedly, this approach entails some
level of interpretative subjectivity, and we believe future methodologies
incorporate pixel-based image analysis and computational evaluation.
Toward this goal, we are currently engaged in follow-up work to digitize
colony biofilm analysis through colorimetric, topologic, spatial, and
temporal parameters. Although this work entails various analytic and
statistical intricacies, it could provide a valuable framework to assess
colony biofilm phenotypes in a more quantitative manner, while uti-
lizing these categories to define their underlying genetic regulation.

In summary, this work describes the emergence of intra-strain colony
biofilm heterogeneity within a substantial minority of UPEC isolates
obtained from clinical care. Evaluation of 26 stochastic events in the
VUTI148 strain background (via next generation sequencing) identified
22 subpopulations with genomic mutations, including 4 within the outer
membrane lipoprotein NlpI. Our characterization of nlpI mutants – in
both VUTI148 and UTI89 backgrounds – points to this lipoprotein as a
negative effector of curli and cellulose in E. coli, extending past findings
in other Enterobacterales species. Overall, these findings highlight the
complexity of E. coli biofilm regulation, while reporting a wildtype
phenomenon that can be exploited to further map these processes.
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