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Abstract

Biofilm formation enhances bacteria’s ability to colonize unique niches while protecting
themselves from environmental stressors. Escherichia colithat colonize the urinary tract
can protect themselves from the harsh bladder environment by forming biofilms. These bio-
films promote persistence that can lead to chronic and recurrent urinary tract infections
(UTI). While biofilm formation is frequently studied among urinary E. coli, its association with
other pathogenic mechanisms and adaptations in certain host populations remains poorly
understood. Here we utilized whole genome sequencing and retrospective medical record
analysis to investigate associations between the population structure, phenotypic resis-
tance, resistome, virulome, and patient demographic and clinical findings of 104 unique uri-
nary E. coliand their capacity to form biofilms. We show that population structure including
multilocus sequence typing and Clermont phylogrouping had no association with biofilm
capacity. Among clinical factors, exposure to multiple antibiotics within that past 30 days
and a clinical history of recurrent UTls were positively associated with biofilm formation. In
contrast, phenotypic antimicrobial reduced susceptibility and corresponding acquired resis-
tance genes were negatively associated with biofilm formation. While biofilm formation was
associated with increased virulence genes within the cumulative virulome, individual viru-
lence genes did not influence biofilm capacity. We identified unique virulotypes among dif-
ferent strata of biofilm formation and associated the presence of the tosA/R-ibeA gene
combination with moderate to strong biofilm formation. Our findings suggest that E. coli
causing UTl in dogs utilize a heterogenous mixture of virulence genes to reach a biofilm phe-
notype, some of which may promote robust biofilm capacity. Antimicrobial use may select
for two populations, non-biofilm formers that maintain an arsenal of antimicrobial resistance
genes to nullify treatment and a second that forms durable biofilms to avoid therapeutic
insults.
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Introduction

Extraintestinal Escherichia coli (ExXPEC) are a group of pathogenic E. coli that cause infections
outside of the intestinal tract [1]. EXPEC are often classified based on the organ system they
infect and the unique set of virulence genes that permits these infections. Specific pathogenic
types of EXPEC include those that cause neonatal meningitis and septicemia in humans and
systemic infections like avian pathogenic E. coli in veterinary species [1, 2]. EXPEC that can
colonize the urinary tract, commonly referred to as uropathogenic E. coli (UPEC), are the lead-
ing cause of urinary tract infections (UTIs) in humans and dogs [3]. UTIs are among the most
common reasons for dogs to see their primary care veterinarian, affecting nearly 1 in 6 dogs in
their lifetime [4]. While most of these infections are sporadic, UPEC UTI can recur in up to
20% of dogs [5, 6]. In addition, antimicrobial resistance (AMR), including multidrug resis-
tance and resistance to last lines of therapy, is an emerging and increasing concern among
UPEC UTI in both humans and dogs [5]. Together, recurrence and AMR puts clinicians, cli-
ents, and patients in uncomfortable scenarios that include treatment failures, prolonged mor-
bidity, client/patient frustration, and increased financial burdens [7].

Biofilms are dynamic communities of heterogeneous microorganisms that transition from a
free-swimming, planktonic state to a sessile state that is embedded in an extracellular matrix [8].
Approximately 60-80% of UPEC causing UTI have been reported to be capable of forming a bio-
film [9]. Biofilms can serve as hotspots for intra- and interspecies transfer of genetic material that
can harbor AMR, virulence, and fitness genes that promote subpopulation diversity and resistance
to antimicrobial treatment and environmental stressors. These adaptations can promote persis-
tence in environmental niches and are associated with recurrent and chronic UPEC UTI [10].

Biofilm formation is initiated by bacterial attachment followed by progression to microcol-
ony formation and biofilm maturation [11]. Several studies identified key virulence genes asso-
ciated with biofilm formation in mouse models of UPEC UTI including flagella, adhesins,
siderophores and autotransporters. However, the significance of these genes in biofilm forma-
tion is not always reproducible across observational studies of infecting UPEC strains. Viru-
lence gene redundancy is common in UPEC strains and this redundancy can rescue biofilm
phenotypes when individual biofilm-associated genes are non-functional [12]. These observa-
tions suggests that UPEC may mix-and-match virulence traits to express biofilm phenotypes.
Similarly, certain antimicrobial resistance phenotypes and genes, particularly those that confer
fluoroquinolone resistance, have been associated with biofilm formation [10, 13]. However,
the relationship between AMR and biofilms is inconsistently reported across the literature and
suggest that the true relationship is unknown [14, 15].

The capacity of biofilm formation of canine UPEC and its relation to virulence genes and
AMR phenotypes and genotypes is not well understood. Because canine UPEC can represent
different strains with different antimicrobial and virulence capacities when compared to typi-
cal human UPEC, a broad survey of canine UPEC would generate needed information on the
relationship between AMR, virulence and biofilm formation. Here we describe a whole
genome survey of 104 canine UPEC isolates and associate their population structure, AMR
phenotype and genes, and virulence gene with biofilm capacity. In addition, we report the rela-
tionship of patient demographic and clinical characteristics with isolate’s biofilm formation.

Materials and methods
Sample collection and retrospective medical record review

E. coli isolates were collected from post-diagnostic cultures of canine patients with a confirmed
clinical UTL. Isolates were selected to represent diagnostic E. coli recovered from UTI by the
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OSU Veterinary Medical Center Diagnostic and Clinical Microbiology Laboratory from 2018-
2020. All isolates were collected via cystocentesis and were confirmed to be E. coli at the time
of diagnosis and prior to molecular and phenotypic characterization using MALDI-TOF. Iso-
lates were frozen in a 1:1 mixture of tryptic soy broth and 60% glycerol at -80° C until pheno-
typic and molecular characterization. Isolate collection for this project was determined to be
exempt from IACUC review because the samples were originally collected for diagnostic pur-
poses and only used for research following their diagnostic utility.

The medical record for each dog included in the study was reviewed for patient information
including age, breed, sex/neuter status, comorbidities known or suspected to increase the risk of
UTI, history of a recurrent UTI, currently in a recurrent UTT state which was defined using
guidelines previously established in veterinary medicine, current use of psychotics/sedatives,
analgesics, and/or immunosuppressive medication, a diagnosis or suspicion of pyelonephritis
made by the clinician and diagnostic team, the presence of clinical signs indicative of a urinary
tract infection and antimicrobial use within the past 30 days [16]. Comorbidities, history of
recurrent UTI, currently in a recurrent UTI state, use of psychotics/ sedatives, analgesics, or
immunosuppressive medication, pyelonephritis, presence of clinical signs and previous antimi-
crobial use were collected as binary data points. Sex/neuter status and breed were categorized as
intact female, spayed female, intact male and castrated male and small (<12 kg), large (> 12kg)
and mixed breed. Age was collected as a continuous variable. Dogs that lacked a complete his-
tory or medical record or that could not be traced back 30 days from their initial infection using
their medical record were removed from any analyses that involved this clinical feature.

Biofilm capacity characterization

The ability of isolates to form biofilms was determined using a slightly modified version of an
assay that has been previously described [17]. In brief, 20 ul of E. coli suspension adjusted to a 0.5
MacFarland standard was inoculated in 180 pl of tryptic soy broth (TSB) and allowed to aerobi-
cally grow at 37 C for 24 hours under static conditions. After incubation, the broth was removed,
and each well was washed three times with sterile phosphate-buffered saline. Plates were allowed
to dry at room temperature in an inverted position overnight. Wells were then stained with 200 pl
0f 0.1% crystal violet for 15 minutes at room temperature. Each well was washed three times with
distilled water and then dried for 30 minutes in a 37 C incubator. Once completely dry, 200 pl of
96% ethanol was added and incubated for 30 minutes at room temperature. Plates were read
using an Epoch microplate spectrophotometer (BioTek Instruments, Winooski, VT, USA) at an
optical density of 570 nm. Biofilm formation was methodically replicated three times, with each
replication consisting of four technical replicates. A positive control using E. coli ATC2273, and
negative control wells consisting of 200 pl of uninoculated TSB, were included on each plate.
The twelve optical density readings were averaged to obtain a mean OD 570 reading for
each strain. Biofilm formation was qualitatively graded in four categories based on OD values
compared to a cut-off OD (cOD). cOD was defined as the mean OD of the negative control
plus three standard deviations. The cutoffs were as follows: sample OD < cOD = non-bioiflm
producer; cOD < sample OD < 2*(cOD) = weak biofilm producer; 2*(cOD) < sample
OD < 4*(cOD) = moderate biofilm producer; sample OD > 4*(cOD) = strong biofilm pro-
ducers. For the purpose of data analysis, moderate and strong biofilm producers were col-
lapsed into a strong/moderate biofilm category.

Antimicrobial resistance phenotype characterization

Minimum inhibitory concentrations (MIC) to a panel of antimicrobial drugs important to
human and veterinary medicine were determined using the Sensititre Vizion (COMPGNI1F
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plate; Thermo Fisher Scientific, Oakwood Village, OH, USA) broth micro-dilution system fol-
lowing Clinical and Laboratory Standards Institute (CLSI) guidelines [18]. MICs for 16 antibi-
otics—ampicillin, amoxicillin with clavulanic acid, cefazolin, cefpodoxime, ceftazidime,
imipenem, chloramphenicol, tetracycline, doxycycline, enrofloxacin, pradofloxacin, marbo-
floxacin, gentamicin, amikacin, piperacillin tazobactam, and trimethoprim sulfamethoxazole-
were used for analysis. The antibiotics were tested at predetermined dilution ranges according
to the manufactured MIC plate (COMPGNI1E). Isolates were classified as susceptible or
reduced susceptible (RS), including those with an “intermediate” classification, using the CLSI
breakpoints [18]. E. coli strains ATCC 25922 and 35218 were used as quality controls. The def-
inition of multidrug-reduced susceptibility (MDRS) was modified from the definition of mul-
tidrug-resistance and defined as reduced susceptibility to at least one antimicrobial from three
or more drug categories [19].

Whole genome sequencing and molecular characterization

Total DNA was extracted from E. coli using the Qiagen DNeasy Blood and Tissue Kit (Qiagen
Inc., Valencia, CA, USA). DNA was checked for quality and quantity using a NanoDrop 2000
(Thermo Fisher Scientific, Wilmington, DE, USA) spectrophotometer and Qubit 2.0 fluorom-
eter (Life Technologies, USA), respectively. Sequencing libraries were prepared with the Nex-
tEra XT library preparation kit (Illumina Inc., San Diego, CA, USA). All isolates underwent
short-read sequencing using the Illumina MiSeq platform. Adapter sequences were trimmed,
and sequencing data were quality assessed using TrimGalore and FastQC, respectively [20,
21]. The resulting sequences were assembled using Unicycler and contigs were annotated
using Prokka [22, 23]. Assembled sequences were assessed for acquired antimicrobial resis-
tance genes using the ResFinder 4.1 online database with default parameters from the Center
of Genomic Epidemiology [24]. Annotated contigs were compared to a library of UPEC-spe-
cific virulence protein sequences acquired via EcolVF [25]. Virulence genes were considered
present if there was at least 80% coverage and 80% identity to the reference protein.

Whole-genome sequences were analyzed for phylogroup composition using the Clermont
Phylotyper [26]. Isolates were further characterized into sequence types and sequence type
complexes using the Achtman MLST criteria [27]. SNP phylogenetic analysis and genomic
comparisons was conducted with CSIPhylogeny using default parameters [28]. The laboratory
strain E. coli str. K12, substr. MG1655 (Genbank ID: LR881938), was used as reference
sequence for SNP phylogenetic analysis. Maximum likelihood trees were visualized using the
Interactive Tree of Life interface (iTOL) [29].

Co-occurrence network analysis and virulotype identification

Co-occurrence network matrices were generated for individual levels (none, weak, moderate/
strong) of phenotypic biofilm production using Spearman’s correlation with post-hoc Sidak
corrected P-values. Only unique gene pairs with corrected P-value < 0.05 and a rho > 0.6
were included in the network analysis. Networks were constructed and described using the
Igraph package in R and virulence gene virulotypes/communities were partitioned using the
fast_greedy_algorithm [30]. Final networks were visualized using Gephi [31]. Enriched viru-
lence genotypes were analyzed for associations with biofilm phenotype using logistic
regression.

Data analysis

We utilized ordinary logistic regression models to estimate the association between biofilm
formation and population structure, patient demographics and clinical history. Logistic
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regression models for patient demographic variables only used demographics at the time of
initial urinary isolate collection to control for multiple samples collected from individual dogs.
Biofilm formation was dichotomized into two groups for comparison—any biofilm (weak,
moderate/strong) production and strong biofilm (moderate/strong) production. Logistic
regression models were constructed using any or strong biofilm production as the outcome
variable. A forward selecting model building approach was utilized by conducting univariate
analysis initially. Those variables with a P-value < 0.2 or that were considered as known bio-
logical or clinical confounders were included in the final multivariable model. Variables in the
multivariate model were then excluded if they had a P-value > 0.05 and did not alter the
remaining variables coefficients by > 20%, indicative of confounding effects. The final models
were tested for parsimony using a likelihood ratio test.

Additional logistic regression models were constructed using a similar forward selection
approach to test for associations between reduced phenotypic susceptibility and multidrug
resistance and for differences in the proportion of individual virulence genes and resistance
genes. For analysis that utilized multiple logistic regression models such as those evaluating
associations between individual virulence genes and AMR genes, a post-hoc correction using
the Yekutieli method was employed to calculate false discovery rates. False discovery rates at a
g-value < 0.10 were used to control type I error. Forward constructed Poisson regressions
were utilized to identify relationships between counts of resistance and virulence genes and
biofilm capacity. All statistical analysis was conducted using STATA v.15 (StataCorp LLC, Col-
lege Station, TX, USA).

Results

Population structure is not associated with biofilm formation

A total of 104 unique UPEC isolates from 94 different dogs were collected and tested for their
capacity to form biofilms. Of those, 20.2% (21/104) were not capable of forming a biofilm. The
remainder (79.8%; 83/104) could form a biofilm with a distribution of 55.8% (58/104) forming
weak biofilms and 24% (25/104) forming moderate or strong biofilms (Fig 1). Core genome
SNP analysis of the phylogenetic structure of our UPEC isolates included 3,397,874 nucleotide
positions covering approximately 73.5% of the reference genome. The UPEC population was
composed of six different phylogroups with most isolates representing phylogroup B2 (75/104;
72%), followed by B1 (14/104; 13.5%) and D (11/104; 10.6%). Phylogroup A, E, and F were
also represented, but combined for only four isolates (3.8%). Utilizing Achtman MLST, we
identified 45 different sequence types. While most ST were only represented by less than three
isolates, ST372 and ST12 represented 26% (27/104) and 9.6% (10/104) of our isolate popula-
tion, respectively. Other ST with three or more isolates included ST131, ST2622, ST646, ST963
and ST73. These ST combined to represent 21% (22/104) of the UPEC strains. There was no
difference in biofilm formation between phylogroup (any: P = 0.33; strong: P = 0.94) or MLST
(any: P = 0.66; strong: P = 0.81). When all other phylogroups were compared to the typical
UPEC pathogenic phylogroup, phylogroup B2, there was no association with any (P = 0.25) or
strong (P = 0.60) biofilm capacity.

UTI recurrence is associated with biofilm formation

Retrospective medical record analysis was utilized to obtain patient demographic and clinical
history information and to investigate the association of these factors with the capacity to form
biofilms (Table 1). Most patient epidemiologic characteristics were not associated with the
capacity of urinary E. coli to form in vitro biofilms. However, isolates from dogs that had a his-
tory of chronic/recurrent urinary tract infections were at 8.5 times the odds of forming a
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Fig 1. Maximum likelihood tree of 104 canine UPEC isolates. Maximum likelihood phylogenetic tree of core SNP variation among 104 canine UPEC isolates and their
associated phylogroup (innermost ring), most frequent MLST sequence types (middle ring), and biofilm capacity (outermost ring). Biofilm formation was categorized
(none, weak, moderate/strong) based on a qualitative scale separated by specific optical density value cut-offs.

https://doi.org/10.1371/journal.pone.0270461.g001

biofilm (95% CI: 1.07, 67.6; P = 0.043) compared to isolates from dogs with no history of
chronic UTI. Similarly, dogs that were currently in a state of recurrence were at 3.73 times the
odds of having an isolate form a strong biofilm compared to dogs not actively in recurrence
(95% CI: 1.37, 10.20; P = 0.01).

Multiple drug exposures increase the odds of strong biofilm formation

Approximately 85% (88/104) of the UPEC were from dogs with medical records that allowed a
30-day history review. Among those 88 patients, 43 (48.9%) had been exposed to at least one
antibiotic in the past month. More detailed examination of the history identified 43 samples
that had adequate history to accurately determine if patients had received more than one
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Table 1. Univariate logistic regression analysis of patient factors and biofilm formation.

Predictor Variables

Patient Demographics

Age

Sex

Spayed Female

Intact Female

Castrated Male

Intact Male

Breed

Small

Large

Mixed

Therapeutic History

Short-term Antimicrobial Exposure (<3 days)
Long-term Antimicrobial Exposure (<30 days)
>1 Antimicrobial Past 30 days
Current NSAID Usage

Current Immunosuppressive Usage
Patient Findings

Clinical Signs of UTI

Recurrent UTI (Current)
Recurrent UTI (History)
Comorbidities

Pyelonephritis

Any Biofilm Formation Moderate/Strong Biofilm Formation

OR 95% CI P-value OR 95% CI P-value
0.89 0.77,1.02 0.088 1.02 091,1.14 0.749
0.71 0.81
Referent . . Referent .
2.6 0.30, 22.19 0.382 0.6 0.12, 3.07 0.541
0.715 0.20, 2.62 0.612 0.98 0.28 3.51 0.98
1.04 0.11,10.11 0.13
0.13 0.88
Referent . . Referent . .
1.69 0.40,7.12 0.472 1.17 0.35,3.97 0.797
0.52 0.14,1.94 0.329 0.9 0.24, 3.31 0.869
0.52 0.18,1.47 0.217 0.38 0.10, 1.39 0.143
0.94 0.34, 2.66 0.914 0.94 0.35,2.50 0.896
1.91 0.34,10.68 0.462 4.69 1.05, 20.90 0.043
0.89 0.28,2.77 0.839 0.51 0.16, 1.65 0.261
0.83 0.24,2.85 0.764 2.11 0.72,6.13 0.172
1.81 0.62, 5.31 0.276 0.46 0.19, 1.26 0.131
1.17 0.38, 3.58 0.779 3.88 1.48,10.18 0.006
5.09 1.11,23.48 0.037 0.82 0.31,2.23 0.704
1.17 0.56, 2.45 0.685 1.23 0.64, 2.38 0.54
0.58 0.78 0.08,7.33 0.829

Measures of association between patient risk factors and the UPEC isolates capacity for any or strong biofilm formation. Odds ratios, 95% confidence intervals and P-

values are provided.

https://doi.org/10.1371/journal.pone.0270461.t001

antibiotic in the past 30 days. Of these patients, 14 (32.6%) had received more than one antibi-
otic in the past 30 days. While biofilm formation was not associated with a 30-day history of
antibiotic exposure (P > 0.05), isolates from dogs exposed to more than one antibiotic in the
past 30 days had 4.7 times the odds of forming a strong biofilm compared to those that were
exposed to only one antibiotic (95% CI: 1.05, 20.9, P = 0.043) (Table 1).

Reduced susceptibility to antibiotics is negatively associated with biofilm
production

Phenotypic reduced susceptibility (RS) to at least one antimicrobial drug was present in 40
(38.5%) of the 104 isolates collected (Fig 2). RS was most prevalent against ampicillin (26%,
27/104), followed by chloramphenicol (17.3%, 18/104) and amoxicillin-clavulanic acid (14.4%,
15/104). All of the isolates were susceptible to imipenem, a drug of last resort. Phenotypic RS
decreased the odds of developing a biofilm (OR: 0.34, 95% CI: 0.13, 0.89; P = 0.029). Similarly,
isolates with RS were at decreased odds of forming a strong biofilm, but this finding was of
marginal statistical significance (OR: 0.42, 95% CI: 0.15, 1.16, P = 0.094). A total of 15 isolates
had multidrug reduced susceptibility (14.4%) which was not associated with biofilm formation
(Any: P = 0.573; Strong: P = 0.693). When individual RS phenotypes were examined, RS to tet-
racyclines (P = 0.008), fluoroquinolones (P = 0.029), trimethoprim-sulfamethoxazole
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Reduced Susceptibility of UPEC Isolates by Biofilm
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Fig 2. Phenotypic reduced susceptibility of UPEC isolates to 15 antimicrobials. Percentage of isolates with reduced
susceptibility (RS) to the 15 antimicrobials tested stratified by biofilm capacity. Asterisk (*) indicate RS phenotypes that were
negatively associated with biofilm formation (P<0.10) prior to correcting for multiple comparisons. Amox = Amoxicillin-
clavulanic acid; Amp = Ampicillin; Faz = Cefazolin; Pod = Cefpodoxime; Taz = Ceftazidime; Chlor = Chloramphenicol;

Tet = Tetracycline; Doxy = Doxycycline; Enro = Enrofloxacin; Marbo = Marbofloxacin; Prado = Pradofloxacin;

Gent = Gentamicin; Amik = Amikacin; PipTaz = Piperacillin Tazobactam; SMZ-TMP = Trimethoprim Sulfamethoxazole;
RS = Reduced susceptibility; MDRS = Multidrug reduced susceptibility.

https://doi.org/10.1371/journal.pone.0270461.9002

(P =0.052) and gentamicin (P = 0.094) were all negatively associated with biofilm formation
(Fig 2). However, after correcting for multiple comparisons, none of the specific resistance
phenotypes were associated with biofilm production.

The acquired resistome is negatively associated with biofilm production

The acquired resistome varied widely among UPEC with a mean of 0.95 genes per isolate (SD:
2.38), a median of 0, and a range of 0 to 14 genes (Fig 3). A comparison of resistance gene and
biofilm capacity showed that those isolates that formed any type of biofilm were 64% less likely
to harbor resistance genes compared to those that did not form biofilms (IRR: 0.36; 95% CI:
0.24, 0.53; P < 0.001). Moreover, strong biofilm producers were 68% less likely to have resis-
tance genes (IRR: 0.32; 95% CI: 0.16, 0.63; P = 0.001) compared to weak and non-biofilm pro-
ducers. Isolates that carried an allele of tet, dfrA, or aph or the parC gene were at decreased
odds of producing a biofilm (P<0.05). An additional three genes—sul, aac, and aadA-were
negatively associated with biofilm formation. However, these associations were present at mar-
ginal statistical significance (P < 0.1) (Fig 3). After controlling for multiple comparisons, none
of the resistance genes were significantly associated with biofilm capacity.

Co-occurrence of unique virulence genes predicts biofilm formation

We characterized the virulome using 82 virulence genes identified as significant to ExXPEC or
UPEC pathogens. Isolates that could form a biofilm had a slightly higher likelihood of harboring
more virulence genes than non-biofilm producers (IRR: 1.07; 95% CI: 0.99, 1.15; P = 0.094).
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Isolate ID
CUPECD04
CUPECD09
CUPECD20
CUPECO25
CcUPECD3S
CcUPECDA8
CUPECDSS
CUPECO74
CUPECD01
CUPEC006
CUPECD33
CUPECD34
CcUPECDA9
CUPECDB4
CUPECO71
CUPECO72
CUPECD7S
cUPECO77
CcUPECO78
CUPEC083
CUPECOS4
CUPECD02
CUPECD03
CUPECD13
CUPECD18
CUPECD23
CcUPECD27
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Fig 3. The acquired resistome profile of the 104 canine UPEC isolates. The resistome profiles of UPEC isolates
stratified by biofilm formation and 30-day history of antibiotic exposure. Sample prevalence of dogs exposed to
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https://doi.org/10.1371/journal.pone.0270461.9003

There was no difference in the number of virulence genes between strong biofilm producers

when compared to weak and non-biofilm producers (P = 0.481). Despite this marginal
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association of the virulome to biofilm production, none of the virulence genes identified were
associated with biofilm production (P > 0.05). Nine unique virulotypes were identified among
isolates that formed any type of biofilm (Fig 4). However, none of these virulotypes predicted
biofilm formation. Conversely, seven unique virulotypes were identified among moderate/
strong biofilm producers. Isolates that carried the ibeA-usp-vat-ygiL-cdiB-yqil-tosA-tosR virulo-
type were at 3.13 times the odds of forming a moderate/strong biofilm compared to isolates that
did not harbor this virulence genotype. An analysis of gene pairs within this virulotype identi-
fied ibeA-tosA (OR: 3.42; 95% CI: 1.34, 8.75; P = 0.01) and ibeA-tosR (OR: 2.64; 95% CI: 1.05,
6.64, P = 0.039) as predictors of isolates with a moderate/strong biofilm phenotype.

Isolates from repeat UTI have variable biofilm production

Nine dogs contributed one UPEC isolate from multiple UTIs throughout the study—eight dogs
submitted two isolates and one dog submitted three isolates (Fig 5). Among these 19 samples,
isolates from the same patient were frequently categorized in the same phylogroup. While each
isolate was genetically unique with individual virulence signatures, five pairs of isolates had
greater than 99.9% genetic similarity. Two pairs (cUPEC65-cUPEC66 and cUPEC95-cU-
PEC109) were recovered from the same patient. However, the other pairs (cCUPEC65-cU-
PEC89, cUPEC66-cUPEC89 and cUPEC48-cUPEC93) were recovered from different patients
across the study period. Phenotypic biofilm formation varied among genetically similar UPEC
pairings. There was no association between biofilm formation and the presence of individual
virulence genes, antimicrobial RS, or whether an isolate was from an initial or repeat UTI
(adjusted P > 0.05). Conversely, when initial E. coli isolates were compared to isolates from
repeat UTIs, later isolates were at greater risk of harboring more resistance genes (IRR: 2.6;
95% CI: 0.58, 4.63; P = 0.012) and a lower quantitative virulome (IRR: 0.15; 95% CI: 0.002,
0.29; P = 0.046).

Any Biofilm Capacity Moderate/Strong Capacity

Fig 4. Co-occurrence networks of the unique virulence gene relationships among different levels of biofilm production. (A) Virulence co-occurrence network of
unique gene relationships among isolates forming any type of biofilm. Only significant co-occurrences with a Spearman’s rho >0.6 are shown. (B) Virulence co-
occurrence network of unique gene relationships among isolates forming moderate/strong biofilms. Only significant co-occurrences with a Spearman’s rho >0.6 are
shown. Nodes are color coded to represent virulotype clusters based on community partitioning analysis.

https://doi.org/10.1371/journal.pone.0270461.9004
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Fig 5. Maximum-likelihood tree of isolates from dogs that submitted two or more UPEC during the study period. Maximum likelihood phylogenetic tree of core
SNP of 19 separate UPEC isolates. Metadata of the samples are present to the left of the tree including within-patient isolate clusters, isolate phylogroup, biofilm capacity
and a heat map of between-isolate whole genome similarity.

https://doi.org/10.1371/journal.pone.0270461.9g005

Discussion

Here we characterized the capacity of E. coli isolated from canine UTT to form in vitro biofilms
and observed that nearly 80% can form at least a weak biofilm. These findings suggest that E.
coli isolated from canines have a slightly higher capacity to form biofilms compared to current
estimates of 45-70% among uropathogenic bacteria in humans [32, 33]. While our findings
show higher percentages of biofilm formation at 24 hours compared to a previous survey
among canines, our prevalence of biofilm formation aligned with a previous study of urinary
associated E. coli using a similar methodology [13, 14].

The isolate population consisted of diverse sequence types that primarily composed three
phylogroups, B2, Bl and D. This phylogroup distribution is similar to previous reports and
likely reflects the pathogenic potential of certain strains as phylogroup B2 is considered most
uropathogenic, followed by phylogroup D [34]. Phylogroup B1 is considered a commensal
group that can occasionally colonize the urinary tract and cause UTIs [35]. The lack of differ-
ence in biofilm capacity between phylogroups and ST is expected, as biofilm formation is used
by commensals and pathogens alike to colonize advantageous niches and respond to environ-
mental cues. However, the variability in biofilm formation within phylogroup could be associ-
ated with horizontal gene transfer as biofilm are often associated with mobile genetic elements.
Our results disagree with the previous observation that isolates from ST372, a common ST
among canines, form strong biofilms while ST131, a common human ST, was associated with
weak or no biofilm formation [14, 36].

Patient factors like comorbidities and immune response influence the strains, virulotype
and disease course of UPEC UTI. These factors may influence and select for strains with
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varying degrees of biofilm formation [37, 38]. However, our findings show that basic patient
information, including comorbidity status, is not associated with biofilm capacity. Similar rela-
tionships between biofilm capacity and canine patient factors have been previously reported
[13]. In addition, human patients with diabetes were infected with UPEC strains that did not
differ in their biofilm capacity compared to non-diabetic UPEC UTI [39]. However, our study
found that patients with a chronic history of UTT or that were actively in a recurrent state were
more likely to harbor a biofilm forming isolate, a finding not previously reported in dogs. Bio-
film formation is thought to contribute to recalcitrant, chronic UTT in humans. Women with a
biofilm forming UPEC UTI are at greater odds of developing recurrent UTI [10]. Our findings
provide evidence for a similar relationship in canine patients.

E. coli frequently form biofilms in the context of antimicrobial exposure to resist the oxida-
tive stress and damage caused by some antimicrobials [40]. Here we show that antibiotic use
within 30 days prior to infection did not influence the biofilm capacity of the colonizing UPEC
strain. However, if the patient was exposed to more than one antibiotic over the course of 30
days prior to UTI the infecting UPEC strains were at greater odds of forming a strong biofilm.
The physical properties of the extracellular matrix covering biofilms creates an environment
that inhibits permeation of antimicrobials to the underlying bacteria [41]. In addition, bacteria
can enter a stationary or dormant growth phenotype, which can increase their resistance to
antibiotics targeting growth/reproduction/nutritional pathways [40]. Moreover, biofilms can
be comprised of multiple heterogeneous subpopulations that support the generation of resis-
tant strains and serves as hotspots for horizontal transfer of resistance genes [40, 42]. All these
factors may be involved in the capacity of multidrug exposure to elicit a biofilm phenotype.

Isolates with reduced susceptibility to antimicrobials were at lesser odds of forming bio-
films, however this association was not apparent with multidrug-reduced susceptibility pheno-
types. Specific RS phenotypes associated with decreased biofilm production were tetracyclines,
fluoroquinolones, trimethoprim-sulfamethoxazole and aminoglycosides. We also corrobo-
rated the association of reduced susceptibility and biofilm formation with resistomics data.
Phenotypic antimicrobial resistance, including those to fluoroquinolones and trimethoprim-
sulfamethoxazole, has been negatively associated with biofilm formation [12, 14]. UPEC with
biofilm capacity may not require costly antimicrobial resistance genes because the extracellular
matrix serves as a barrier to antimicrobial diffusion. However, other studies in canines found
that fluoroquinolone resistance was positively associated with biofilm formation, a common
finding among the human literature [10, 43, 44]. This suggests that some strains have adapted
the capacity to harbor antimicrobial resistance genes and biofilm formation genes despite their
duplicity in AMR. UPEC from canine sources can harbor antimicrobial resistance genes,
including fluoroquinolone resistance genes, that are linked to virulence genes associated with
biofilm formation in rat models [45]. Application of whole genome surveys with phenotypic
findings is required to further understand the relationship of antimicrobial resistance and bio-
film formation.

While marginal increases in the overall virulome increased with biofilm forming capacity,
independent virulence genes were not associated with biofilm phenotype. Moreover, geneti-
cally similar organisms differed in biofilm capacity. However, even genetically related organ-
isms maintained heterogenous virulotypes. Together, these findings support previous
observations that E. coli, especially uropathogenic strains, utilize a “mix-and-match” formula
to form biofilms. In part, this redundancy and heterogeneity complicates attempts to accu-
rately predict biofilm phenotypes among UPEC isolates [12]. This is apparent in the human
and canine literature where independent virulence genes including adhesins, iron acquisition
systems and toxins are inconsistently associated with greater biofilm capacity [13, 14, 46, 47].
Co-occurrence and community analysis offers a unique approach to identify virulence gene
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pairs or communities, instead of single genes, that are associated with isolates forming moder-
ate/strong biofilms. Using this approach, two gene combinations (ibeA-tosA and ibeA-tosR)
were associated with biofilm capacity. The tos operon mediates fimbrial adhesins necessary for
adhesion and biofilm formation while ibeA is an invasin that promotes biofilm adhesion by
interacting with surface epithelium [48, 49]. Approaches that identify gene communities and
pairings may offer a more sensitive approach at predicting biofilm formation, but further stud-
ies are required.

Future studies using broad and targeted genomic surveys will help to identify novel UPEC
virulence genes that contribute to biofilm formation. Large-scale genomic approaches that
attempt to associate mobile genetic elements with biofilm formation will also provide insight
on how horizontal gene transfer impact biofilm phenotype. RNA sequencing of UPEC under a
variety of environmental conditions, such as those that include antibiotic selective pressure,
and in vivo states will further our understanding of the complex pathogen-environment and
host-pathogen interactions that underlie biofilm formation.

Conclusions

Here we identified patient and pathogen factors that are related to biofilm formation in vitro.
Dogs with a history or active recurrent UTI that receive multiple rounds of antibiotics are at
increased odds of being infected with a biofilm forming isolate. However, urinary E. coli with
phenotypic resistance were negatively associated with biofilm formation. We posit that the use
of antimicrobials can select for two types of populations, one that resist antibiotics as plank-
tonic, free-living species via acquired antimicrobial resistance genes and a separate population
that resist antibiotic therapy by establishing mature, slow growing biofilms. In both cases these
pathogens can cause recurrent infections that lead to more selective pressure from antibiotic
use. This environment can create a vicious cycle of UTIs and antibiotic use that contributes to
recurrence. While virulence genes are necessary for colonization, infection, and biofilm forma-
tion, the diverse and redundant virulome of UPEC and urinary-associated E. coli creates
numerous genetic combinations that all reach a similar phenotypic endpoint.

Supporting information
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