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Abstract

Background: Bovine mastitis is the most common infectious disease in dairy cattle with major economic implications
for the dairy industry worldwide. Continuous monitoring for the emergence of antimicrobial resistance (AMR) among
bacterial isolates from dairy farms is vital not only for animal husbandry but also for public health.

Methods: In this study, the prevalence of AMR in 113 Escherichia coli isolates from cases of bovine clinical mastitis in
Canada was investigated. Kirby-Bauer disk diffusion test with 18 antibiotics and microdilution method with 3 heavy
metals (copper, zinc, and silver) was performed to determine the antibiotic and heavy-metal susceptibility. Resistant
strains were assessed for efflux and ß-lactamase activities besides assessing biofilm formation and hemolysis. Whole-
genome sequences for each of the isolates were examined to detect the presence of genes corresponding to the
observed AMR and virulence factors.

Results: Phenotypic analysis revealed that 32 isolates were resistant to one or more antibiotics and 107 showed
resistance against at least one heavy metal. Quinolones and silver were the most efficient against the tested isolates.
Among the AMR isolates, AcrAB-TolC efflux activity and ß-lactamase enzyme activities were detected in 13 and 14
isolates, respectively. All isolates produced biofilm but with different capacities, and 33 isolates showed α-hemolysin
activity. A positive correlation (Pearson r = + 0.89) between efflux pump activity and quantity of biofilm was observed.
Genes associated with aggregation, adhesion, cyclic di-GMP, quorum sensing were detected in the AMR isolates
corroborating phenotype observations.

Conclusions: This investigation showed the prevalence of AMR in E. coli isolates from bovine clinical mastitis. The
results also suggest the inadequacy of antimicrobials with a single mode of action to curtail AMR bacteria with multiple
mechanisms of resistance and virulence factors. Therefore, it calls for combinatorial therapy for the effective
management of AMR infections in dairy farms and combats its potential transmission to the food supply chain through
the milk and dairy products.
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Background
Bovine mastitis is a common and very costly infectious
disease that has a high prevalence in the global dairy in-
dustry. In the US and Canada, bovine mastitis results in
a net annual loss of about $2 billion (USD) and $794 mil-
lion (CAD), respectively [1]. Clinical management of
mastitis is challenging because of the multiple etiological
agents including Staphylococcus aureus, non-aureus
staphylococci (NAS), Escherichia coli, Klebsiella spp.,
and Streptococcus spp. [2]. E. coli is one of the most
common environmental bovine mastitis pathogens,
found in almost 80 % of the cases of coliform mastitis
which infects the mammary glands during the dry period
[3]. While intramammary infection (IMI) involving E.
coli are usually short-lived, 5–20 % are reported to per-
sist due to their ability to adhere and survive intracellu-
larly [4, 5].
Antibiotics have been used extensively in animal agri-

culture for infection control and as growth promoters
[6]. Heavy metals are also widely used in farms as thera-
peutics, in feed, and to improve reproductive efficiency
[7]. Indiscriminate use of antimicrobials in farms has
been suspected as a major factor in the emergence of
antimicrobial resistance (AMR) among pathogenic bac-
teria. Prevalence of AMR bacteria in IMI is not only a
challenge for clinical management of mastitis but also a
public health concern is given the possibilities of transfer
of AMR bacteria or genetic determinants from animals
to humans via the food chain [7–9].
Identified mechanisms of resistance to clinically im-

portant drugs used in bovine mastitis treatment in
Canada include extended-spectrum β-lactamases
(ESBLs), plasmid-mediated AmpC β-lactamases, carba-
penemases, and generalized efflux pump activity [10,
11]. Due to a wide range of substrate specificity and
high levels of constitutional expression under physio-
logical conditions, the RND-based tripartite efflux
pump- AcrAB-TolC is considered the most significant
contributor to intrinsic multidrug resistance in E. coli
[11]. In addition to AMR, other virulence factors
favor the survival of bacteria in host tissue. For in-
stance, E. coli survives and colonizes bovine udder by
hemolysis and biofilm formation [5].
Biofilms protect resident bacteria from the antibiotic

activity and host defenses leading to bacterial persistence
in hostile host tissues and increase the risk of disease
transmission [2, 3]. Secretory virulence factors, such as
hemolysin, are also reported to be responsible for pore
formation and cellular necrosis which involve a cell-to-
cell interaction during bacterial biofilm formation, in-
crease in inflammatory responses, and decrease in
macrophage function [3, 5].
The Canadian Bovine Mastitis Research Network

maintains a culture collection of bacterial isolates from

mastitis infected dairy cows - Mastitis Pathogen Culture
Collection (MPCC). These isolates were collected from
91 dairy farms across Canada over 2 years in 2007 and
2008 [12]. In this study, we assessed the prevalence of
AMR and virulence characteristics of 113 E. coli isolates
obtained from MPCC using phenotypic assays. Further,
the presence of genes corresponding to the identified
AMR and virulence characteristics were verified from
the whole genome data reported recently [13, 14].
Knowledge about the prevalence of AMR and virulence
factors involved in the survival and persistence of E. coli
causing IMI is pivotal for clinical management of disease
as well as for designing new therapeutic agents.

Results
Antibiotic and metal resistance profiles of the E. coli
isolates
Out of 113 isolates, 32 isolates (28.31 %) showed resist-
ance to either single (13/32) or multiple (19/32) antibi-
otics (Fig. 1). Based on their responses against the
antibiotic classes, 13 out of the 32 antibiotic-resistant
isolates were labeled as multi-drug resistant isolates, 6
were marked as extensively drug-resistant, whereas the
rest 13 isolates were designated to be single drug-
resistant (Table 1). The frequency of resistance among
the tested E. coli isolates was highest towards strepto-
mycin (17.7 %) followed by tetracycline (15.93 %) and
ampicillin (11.5 %), whereas less than 10 % resistance
was seen towards the remaining antibiotics (supplemen-
tary table S2.b.). Out of 113 isolates, 1.76 and 4.42 % of
them showed resistance towards cefotaxime and cefazo-
lin, respectively. 1.76 % of the isolates showed resistance
against colistin. None of the isolates showed resistance
to quinolones (ciprofloxacin and ofloxacin) and amino-
glycosides (gentamycin and tobramycin). Out of the 32
resistant isolates, 28.12 and 50.00 % of them were col-
lected from the cattle with mastitis severity score 2 (ab-
normal milk, swollen quarter) and 3 (abnormal, milk,
swollen quarter, and sick cow), respectively.
Of the 113 isolates, 19 isolates were resistant to all the

tested heavy metals, 67 isolates showed resistance to-
wards two heavy metals, whereas 21 isolates showed sin-
gle metal resistance. These bacterial isolates showed the
highest resistance towards ZnSO4 (85.87 %) followed by
CuSO4 (61.96 %) and AgNO3 (38.93 %) (Fig. 2). In the
case of ZnSO4, 50.44 % of the isolates showed weak re-
sistance, whereas 26.55 % of the isolates were moderately
resistant. Similarly, 31.86 % of the isolates showed weak
resistance towards CuSO4, whereas 25.66 % were moder-
ately resistant. The least resistance was seen towards
AgNO3 where 7.96 % of the isolates were weakly resist-
ant, 18.58 % were moderately resistant and the rest
showed strong resistance (supplementary table S5.b).
Out of 32 antibiotic-resistant isolates, 29 isolates were
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observed to be resistant towards AgNO3 where 40.62 %
of them were moderately resistant, 34.37 % showed
strong resistance and the rest were weakly resistant. It
was followed by ZnSO4 (87.50 %) where 50 % of the iso-
lates showed weak resistance, 37.5 % showed moderate
resistance and the rest were susceptible. Lastly, 53.13 %
of antibiotic-resistant isolates were weakly resistant to
CuSO4, 37.50 % were susceptible and less than 7 % were
either strong or moderately resistant (Table 2).
Antibiotic and metal resistance genes were identified

from whole genomes of E. coli isolates (Tables 1 and 2,
supplementary table S4 and S5.b). Clinically important
AMR genes were identified from these isolates. For ex-
ample, ESBL producing genes (blaTEM−B; 6/113 blaCARB
−3; 1/113), plasmid-mediated AmpC ß-lactamase gene
(blaCMY−59; 2/113), aminoglycoside resistance genes
(aph(3’)-Ia; 5/113, aph(3’’)-Ib; 14/113, aph(6)-Id; 15/113,
aadA2; 2/113 kdpE; 28/113), tetracycline resistance
genes (tetA; 7/113, tetB ; 7/113, tetC ; 1/113, emrK ; 18/
113, emrY ; 18/113, mdfA ; 20/113,), chloramphenicol
resistance genes (floR; 2/113), trimethoprim/sulfameth-
oxazole resistance genes (sul1; 1/113, sul2; 10/113,
dfrA1; 1/113, dfrA5; 4/113, dfrA12; 1/113, dfrA16; 1/113)

and multi-drug efflux pump genes (acrA, acrB, acrD; 28/
113, tolC, baeR, emrA; 10/113, emrB; 10/113) were all
identified from WGS data. We identified 42 different
sequence types (ST) covering 113 isolates where ST
10 was significant in 25 isolates followed by ST 1125
(10 isolates), ST 58 (8 isolates), ST 731 (6 isolates),
ST 88 and 1121 (5 isolates). Of the 42 different STs,
isolates from 16 STs showed resistance towards at
least one antibiotic. More specifically, 36 % of the iso-
lates from ST 10, 30 % from ST 1125, 50 % from ST
58, and 60 % from ST 88 showed either single/multi/
extensive drug-resistance.
Genomic studies revealed the distribution of both ac-

quired and intrinsic metal resistance genes among the
isolates (Table 2). Acquired copper and silver resistant
genes such as pcoC, pcoE, copB, copD, and silE, silP re-
spectively were detected in 6 out of 113 isolates. Cat-
ionic efflux system protein genes such as cusA, cusB,
cusC, cusF, cusS, cusR were detected in 98.23 % of the
isolates. Intrinsic copper resistant genes such as copA
and cueO, and zinc resistant genes such as zntA, zntB,
znuA, znuB, znuC, zitB, zraP were identified in all the
isolates.

Fig. 1 Response pattern of 113 E. coli isolates toward 18 antibiotics. E. coli isolates were subjected to Kirby-Bauer disk diffusion susceptibility
tests. The scores, based on CLSI guidelines for susceptibility or resistance to an antibiotic, were generated for each isolate. Abbreviations used -
AK Amikacin, AMP Ampicillin, APR Apramycin, CZ Cefazolin, CTX Cefotaxime, C Chloramphenicol, CIP Ciprofloxacin, CT Colistin, CNGentamycin,
K Kanamycin, N Neomycin, OFX Ofloxacin, SH Spectinomycin, S Streptomycin, TE Tetracycline, TIC Ticarcillin,
TOB Tobramycin, SXT Trimethoprim/Sulfamethoxazole
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Efflux pump and ß-lactamase enzyme activities among
the AMR isolates
We calculated the time required for the E. coli cells to
extrude half of the probe molecule (Nile Red) and de-
noted it as tefflux50 % (Table 1 and supplementary figure
S1). Isolate 41602577 had the fastest extrusion (6.05 s),
whereas isolate 40816739 had the slowest extrusion
(18.09 s) (Fig. 3a-c).
We detected 14 out of 32 AMR isolates exhibiting ß-

lactamase enzyme activity (Table 1 and supplementary
figure S2). Isolates 21317859 and 21309335 showed the
highest (76.23 U/mL) and lowest (27.40 U/mL) enzyme
activities, respectively (Fig. 4). Out of 14 isolates with ß-
lactamase activity, 10 isolates were also identified with
functional AcrAB-TolC efflux genes. Out of 14 isolates
showing ß-lactamase activity, 42.85 % of them carried
blaTEM−1, 14.28 % of the isolates carried blaCMY−59, and
7.14 % isolates had blaCARB−3. We observed a discrep-
ancy between the phenotypic observations and WGS
analysis as no particular gene was detected in 5 out of
the 14 isolates exhibiting ß-lactamase activity.

Production of hemolysis and correlation between efflux
activity and biofilm formation
Out of 113 E. coli isolates, 33 isolates (29.20 %) produced
the exotoxin α-hemolysin out of which 10 isolates were
either single or multiple-antibiotic resistant (Table 3).
hlyE was identified in all 113 isolates, whereas 32 isolates
that produced α-hemolysin had hlyA, hlyB, hlyC, and
hlyD (Table 3 and supplementary table S6.b.).
We detected biofilm-forming ability in all 113 E. coli

isolates (supplementary table S6.b.). Specifically, 19.46 %
of the isolates were observed to be strong biofilm for-
mers, whereas 49.55 % of them were moderate biofilm
formers and 30.99 % of the isolates were weak biofilm
formers (Fig. 5). We didn’t find any conclusive correl-
ation between the mastitis severity scores and the
biofilm-forming ability of the isolates. However, 51.4 %
(out of 35) and 47.7 % (out of 65) of the isolates from
mastitis scores 2 and 3 respectively formed moderate
biofilms, whereas 17.1 % (from mastitis score 2) and
18.5 % (from mastitis score 3) formed strong biofilms.
All antibiotic-resistant isolates (n = 32) were either

moderate (n = 18) or strong (n = 14) biofilm formers
(Table 3). Genomic characterization revealed the pres-
ence of several genes that are responsible for adhesion,
aggregation, c-di-GMP formation, stress response, and
autoinducer-2 quorum sensing (Table 3).
We also investigated a possible relationship between

efflux pump activity and the biofilm-forming ability of E.
coli. The biofilm formation of all the 13 isolates with
functional efflux pump was significantly lowered (p <
0.05) when they were subjected to the efflux-pump in-
hibitor, CCCP, while the biofilm-forming ability of the

Table 1 Antibiotic resistance patterns (denoted in Black), efflux
pump, ß-lactamase activity, and gene profile of the 32
antibiotic-resistant E. coli isolates

Abbreviations used- AK Amikacin, AMP Ampicillin, APR Apramycin,
CZ Cefazolin, CTX Cefotaxime, C Chloramphenicol, CT Colistin, K Kanamycin,
N Neomycin, SH Spectinomycin, S Streptomycin, TE Tetracycline, TIC Ticarcillin,
SXT Trimethoprim/Sulfamethoxazole, MDR Multi-drug resistant, EDR Extensively
drug-resistant, SDR Single drug-resistant
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QC strain (without efflux pump activity) wasn’t affected
by CCCP (supplementary figure S3 and S4). Figure 3d-f
shows the impact of CCCP on the biofilm-forming
ability of isolate 41602577 (with the fastest extrusion),
isolate 40,816,739 (with the slowest extrusion), and QC
strain (with non-functional AcrAB-TolC). The efflux
activity showed a significant positive correlation (p <
0.0001, Pearson r = + 0.89) with the biofilm-forming abil-
ity of the 13 isolates (Fig. 3g).

Discussion
In this study, we evaluated the prevalence of AMR in E.
coli isolates from the cases of clinical bovine mastitis in
Canada. Several strains showed resistance towards one
or more antibiotics and metals. Interestingly, the study
found that irrespective of the non-resistant responses by
many E. coli isolates towards antibiotics could still pos-
sess metal resistance properties and virulence character-
istics. Further investigation identified efflux pump
activity and ß-lactamases along with corresponding
genes (ß-lactamase producing genes: blaTEM−1, blaCARB
−3, blaCMY−59, efflux pump inducing genes: acrA, acrB,
acrD, tolC, baeR, emrA, emrB). Apart from AMR prop-
erties, we also found virulence factors such as biofilm
formation and hemolysis and associated genes in several

isolates that support bacterial survival in host tissues.
Notably, there was a positive correlation between efflux
pump activity and biofilm formation.
Of the 113 isolates included in this study, 28.31 % were

shown to be resistant to at least one antibiotic. The rate
of resistance seen in our study was comparable with pre-
vious studies that had examined a larger library of E. coli
isolates from bovine mastitis [15]. All isolates showed
susceptibility towards ciprofloxacin and ofloxacin, which
was in agreement with earlier observations [15, 16]. The
effectiveness of these antibiotics was possibly due to
their less frequent application in Canadian dairy farms.
In Canada, the use of these antibiotics has been re-
stricted for farm applications to minimize the chance of
resistance emergence against these last-resort drugs for
human applications [17].
Although antimicrobial susceptibility testing for Can-

adian E. coli isolates from cases of bovine mastitis has
been performed in the past, this study went on to iden-
tify the genes that confer AMR including the ones that
are transmissible through horizontal gene transfer [4].
Out of the fourteen isolates with β-lactamase enzyme ac-
tivity, two isolates carried blaCMY−59, three isolates car-
ried blaTEM−1B, one carried blaCARB−3. This was one of a
few cases that identified cmy and tem genes in the

Fig. 2 Response pattern of 113 E. coli isolates toward metal salts. Serial dilutions of metal salts added to MH broth were prepared in 96 well
plates and each well was innoculated with live bacteria. After overnight incubation, bacterial viability was assessed using the Resazurin assay.
E. coli ATCC 25922 was used as a QC strain. The IC50 values of each metal salt against every E. coli isolate was calculated using GraphPad Prism
7 software. The IC50 value of each metal salt against the QC strain was considered as the cut-off concentration. E. coli isolates with IC50 values
less or equal or non-significant (p>0.05) to the cut-off were considered as susceptible whereas, statistically significant (p≤0.05) non-susceptible
isolates were categorized into weakly resistant isolate(WRI) (QCIC50cut-off < WRI ≤ 1.5 folds of QCIC50cut-off ), moderately resistant isolate (MRI)
(1.5 folds of QCIC50cut-off < MRI ≤ 2 folds of QCIC50cut-off) and strongly resistant isolate (SRI) (SRI > 2 folds of QCIC50cut-off)
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isolates from Holstein dairy cattle among other two
studies which identified these genes in E. coli isolates
from colostrum and feces of the cattle in New Bruns-
wick [10, 18]. Other important emerging resistance
genes found in our study included tetracycline resistance
genes (tetA, tetB, tetC) and aminoglycoside resistance
gene (aadA2) which were not identified from any iso-
lates from CM by the previous studies although the

phenotypic resistance to corresponding drugs was identi-
fied [4].
The isolates 10,800,294 and 21,914,232 showed resist-

ance to cefazolin and cefotaxime without ESBL or
plasmid-mediated AmpC β-lactamase genes. The expres-
sion of their β-lactamase enzyme activities was less than
that of other isolates that had blaCMY−59, blaTEM−1B, and
blaCARB−3. Their resistance might be due to extrusion by

Table 2 Metal resistance pattern and gene profile of the 32 antibiotic-resistant E. coli isolates

Abbreviations used- CuSO4 Copper sulfate, ZnSO4 Zinc sulfate, AgNO3 Silver nitrate. Color codes: Weakly resistant isolates-Light Grey; Moderately resistant isolates-
Dark Grey; Strongly resistant isolates-Black
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efflux pump and biofilm-forming ability: Isolate 10,800,
294 was a strong biofilm former and had an active
AcrAB-TolC, whereas isolate 21914232 was a moderate
biofilm former (tefflux50 %=11.35 s) [19, 20]. Interestingly,
two other isolates, 40611099 and 31801812 showed re-
sistance to colistin while none of them harbored MCR
genes and plasmid-mediated colistin determinants genes.
This also might be due to complex mechanisms by
efflux pump in the case of isolate 31801812 which
had a strong efflux pump activity (tefflux50 %=7.03 s)
[21]. Therefore, despite the ESBL, plasmid-mediated
AmpC β-lactamase, and MCR as emerging resistance,
the assessment of the efflux pump mediated

resistance to clinically important drugs such as β-
lactams and colistin is required for a better under-
standing of AMR emergence and its potential increase
in dairy farms. Isolates 40611099 and 21914232 had
no AcrAB-TolC efflux activity and it might employ
several other previously reported strategies against
polymixins including a variety of lipopolysaccharides
(LPS) modifications, such as modifications of lipid A
with phosphoethanolamine and 4-amino-4-deoxy-L-
arabinose, and overexpression of the outer membrane
of protein OprH [21]. Ampicillins and cephalosporins
resistant isolates without any acquired β-lactamase
genes could be because of the mutations in the

Fig. 3 Efflux-pump activity, and the impact of efflux inhibitor on biofilm formation. Representative data on efflux activities of E. coli QC
strain (a), isolate 41602577 (b), and isolate 40816739 (c). Nile red efflux assay was performed using 50 μM of CCCP and 10 μM of Nile red. The
fluorescent intensity (544 nm/650 nm) of bacterial cells prior exposed to Nile red was monitored for 120 s before triggering the efflux pump by
glucose addition. The fluorescence intensity was monitored for another 300 s. Likewise, a crystal violet assay was performed to assessthe relation
between biofilm-forming ability and the efflux activity of the bacterial isolates (d-f). * indicates a significant decrease in biofilm formation when
compared with the control. One-way ANOVA was performed to check the statistical significance of the obtained data where a p-value ≤ 0.05 was
considered significant. g. Depicting a significant positive correlation (p<0.0001, Pearson r = +0.89) between efflux activity and biofilm-
forming ability of the isolates. GraphPad Prism 7 software was used to perform the statistical analysis
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promoter regions of the chromosomal E. coli AmpC
gene [22]. Efflux or ß-lactamase enzyme activities
were not identified in 15 of the 32 AMR isolates. The
existence of alternate resistant mechanisms such as
limiting hydrophilic drug uptake or drug-target modi-
fications via the acquisition of the plasmids carrying
16S rRNA methyltransferases and other enzymes
could be the possible reasons [23].
We observed 33 isolates with hemolysin activity. Of

the hemolytic isolates, 10 were also resistant to one or
more antibiotics. The hemolysin phenotype corre-
sponded with the presence of genetic determines HlyA/
E/C/B/D, which were also identified in our genomic ana-
lysis. α-hemolysis is an important secretory virulence
factor that is reported to be produced by 20–50 % of
strains from bovine IMI [3].

The E. coli isolates produced biofilms, that included
weak (n = 35), moderate (n = 56), and strong (n = 22)
biofilm formers. Different sets of genes that confer bio-
film formation were identified which encode adhesion,
aggregation, c-di-GMP formation, stress inducer, and
autoinducer-2. The potential contributions of csgB/A
and csgD/E/F/G as a host cell adhesion and invasion me-
diator, and inducers of the host inflammatory responses;
pde, bdc, bcs, and pga gene involvement in chemotaxis,
surface colonization, and persistence have already been
established [24, 25]. The transcription factors; marA,
soxS, and rob found in our study are reported to play a
crucial role in mediating MDR by up-regulating the ex-
pression of the AcrAB-TolC efflux pump [26].
Efflux systems have been established to be a contribut-

ing factor in the intrinsic antibiotic resistance by E. coli

Fig. 4 ß-lactamase enzyme activity. Bacterial cultures in MHB media were exposed to ampicillin and incubated under constant shaking. The
cell suspensions were further washed and centrifuged. The cell-free extract was obtained and used as the source of ß-lactamase enzyme for the
Nitrocefin assay. The absorbance of the cell-free extract mixed with nitrocefin and buffer solution was immediately detected in kinetic mode
at 390 nm for 10 mins using a plate-reader. The ß-lactamase enzyme activity was calculated using the formula: ß-lactamase enzyme activity =
{Sa/(Reaction time x Sv)}s
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[27]. The decreased biofilm formation in the 13 AMR
isolates by inhibiting their efflux activity showed a pos-
sible role of efflux pump in E. coli biofilm formation.
Generally, four possible roles of efflux pumps in biofilm
formation are postulated: indirect regulation of genes in-
volved in biofilm formation, efflux of extra-polymeric
substances/quorum sensing (QS) and quorum quench-
ing molecules to facilitate biofilm matrix formation and
regulate QS respectively, efflux of threatening antibiotics
and metabolic intermediates, promote aggregation or
prevent adhesion to surfaces and other cells [28]. The
QseBC regulator found in our study has previously been
reported to upregulate the transcription of the efflux-
pump-associated genes in E. coli isolated from mastitis
cases [27].
Of the 113 isolates, 107 of them were resistant to at

least one metal tested. The antibacterial efficiency of
copper and zinc against E. coli isolates identified in our
study contradicts significantly by more than 80 and 60-
folds respectively, from a study reported by Hoque et al.
with E. coli isolates from mastitis cases of Bangladesh
[2]. However, less is known about the use of these heavy
metals in Canadian dairy cow feed and their content in
raw milk [29]. Therefore, it is difficult to identify the sig-
nificance of the metal-resistant E. coli from bovine mas-
titis which requires more investigations on the use of
heavy metals to correlate with its resistance. The identi-
fied copper and silver resistant genes such as pcoC, pcoE,
copB, copD and silE, silP respectively and cationic efflux
system proteins such as CusA, CusB, CusC, CusF, CusS,
CusR in our study are previously reported to be involved
in the detoxification of copper and silver in E. coli as a
part of the CusCFBA copper/silver efflux system [30].
Genes such as zntA, zntB, znuA, znuB, znuC, zitB, zraP
identified in the E. coli chromosome are also reported to
be one of the key factors for zinc resistance [31].

Conclusions
Unlike other pathogens, intramammary infections caused
by E. coli rarely require antibiotic interventions but are re-
ported to cause persistent infection [5]. Given the possibil-
ity of shedding of E. coli in milk and AMR transmittance
to other pathogenic bacteria, the finding that resident E.
coli harbors multiple/extensive drug resistance and viru-
lence characteristics have implications for public health.
Further, unveiling prevalent mechanisms of AMR in
pathogenic bacteria from animal farms is vital for design-
ing novel drugs and treatment strategies. Results from our
study suggest the inadequacy of antimicrobials with a sin-
gle mode of action to curtail AMR bacteria with multiple
mechanisms of resistance and virulence factors and there-
fore, calls for combinatorial-therapy for effective manage-
ment of AMR infections in dairy farms and combat its
potential transmission to the food supply chain through

Table 3 Patterns associated with the virulence factors and gene
profile of the 32 antibiotic-resistant E. coli isolates

Color codes: Weak biofilm-formers-Light Grey; Moderate biofilm formers-Dark
Grey; Strong biofilm formers-Black; Hemolysis manifestation-Light Black
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the milk and dairy products. As biofilm formation and ef-
flux activity play a major role in the persistence of bacteria
in bovine udders and resistance towards several antimi-
crobials, the relation between efflux property and biofilm-
forming ability is shown in our study would possibly open
up a new horizon in the development of combinatorial-
therapeutic strategies.

Methods
Isolation of the E. coli isolates from cases of clinical
mastitis
E. coli isolates used in this study were a part of the mas-
titis pathogen culture collection (MPCC) across Alberta,
Ontario, Quebec, and Atlantic provinces (Prince Edward
Island, Nova Scotia, and New Brunswick) [12]. Each iso-
late was obtained as previously described [4, 32]. The
metadata including number and location of the herd,
cow ID, quarter position, sampling date, mastitis severity
score, days in milk (DIM) at sampling, and cow’s parity
is summarized in Supplementary table S1 [33].
Single colonies of 113 bacterial isolates grown in

Tryptic Soy Agar (TSA) plates containing 5 % sheep
blood agar (Hardy Diagnostics, Canada) was inoculated
in Mueller-Hinton broth (MHB) (Millipore Sigma,
Canada) and kept for incubation at 37 °C under shaking
(4 x g) for 18 h for obtaining freshly grown bacterial
cells for conducting assays.

Susceptibility testing of E. coli isolates against a panel of
antibiotics
The E. coli isolates were subjected to Kirby-Bauer disk
diffusion susceptibility tests following the protocol in the
Clinical and laboratory standard institute (CLSI) guide-
lines [34]. Eighteen antibiotics (Oxoid, Thermo Fischer
Scientific, Canada) relevant to human and animal health
from the classes of ß-lactams, aminoglycosides, cephalo-
sporins, quinolones, tetracycline, chloramphenicol,
sulphonamide, and polymyxin were included in this
study. The list of antibiotics tested and their correspond-
ing MIC values are given in supplementary table S2.a. E.
coli ATCC 25,922, S. aureus ATCC 25,923, and P. aeru-
ginosa ATCC 27,853 (Oxoid company, Canada) were
used as the quality control (QC) strains. As previously
described, the isolates were labeled as multidrug-
resistant (non-susceptible to ≥ 1 antibiotic in ≥ 3 anti-
biotic classes), extensively drug-resistant (non-suscep-
tible to ≥ 1 antibiotic in all but ≤ 2 antibiotic classes),
and single drug-resistant (non-susceptible to 1 antibiotic)
based on their responses towards the selected antibiotic
classes [35].

Susceptibility testing of E. coli isolates against heavy
metals
The sensitivities of the E. coli isolates to metals were
assessed using the broth microdilution method as

Fig. 5 Distribution and diversity biofilm formation for 113 E. coli isolates. Bacterial cultures were normalized to 0.5 McFarland standard and
added to MH broth. The plates were incubated without shaking. The biofilm formation was assessed using crystal violet assay and the levels of
biofilm formation were categorized based on OD. The biofilm-forming ability was further classified as: Biofilm breakpoint (%) ≤ 100% = Non-
biofilm formers (NBF), 100% < Biofilm breakpoint (%) ≤ 200% = Weak Biofilm formers (WBF), 200% < Biofilm breakpoint (%) ≤ 400% = Moderate
Biofilm formers (MBF), Biofilm breakpoint (%) > 400% = Strong Biofilm formers (SBF)
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previously reported [2]. Three metal salts viz. copper
sulfate (CuSO4), zinc sulfate (ZnSO4), and silver nitrate
(AgNO3) were used in this assay. Ten-twofold serial di-
lutions of metal salts were prepared in 100 µL of auto-
claved Mueller-Hinton broth (MHB) (Millipore Sigma,
Canada) in a 96 well plate (Millipore Sigma, Canada)
wherein the final concentrations were 5, 5, and 2 mg/mL
for CuSO4, ZnSO4, and AgNO3, respectively. Wells in
these plates were added with 10 µL of freshly prepared
bacterial culture in MHB adjusted to 0.5 McFarland
standard. E. coli ATCC 25922 was used as the quality
control (QC) strain. These 96 well plates were incubated
for 18 h at 37 °C in a shaking incubator.
The bacterial viability was monitored by resazurin

assay [36]. Briefly, 30 µL of resazurin solution (0.5 % in
PBS) was added to each of the wells and further incu-
bated for 2 h at 37 °C under shaking. The fluorescent in-
tensity (530 nm for excitation and 590 nm for emission)
was measured using a plate reader (SpectraMax-i3X,
Molecular Devices, USA).
Background corrected fluorescence intensity data were

used to generate a dose-response curve. The inhibitory
concentration (50 %) or IC50 values of each metal salts
against each E. coli isolate were calculated using Graph-
Pad Prism 7 software where IC50 is the ability of the
metal salts to inhibit 50 % of bacterial growth. The IC50

value of each metal salt against the QC strain was con-
sidered as the cut-off concentration. E. coli isolates with
IC50 values less or equal or non-significant (p > 0.05) to
than that of the cut-off were considered as susceptible,
whereas significant (p ≤ 0.05) non-susceptible isolates
were categorized into weakly resistant isolates (WRI)
(QCIC50cut − off < WRI ≤ 1.5 folds of QCIC50cut − off ),
moderately resistant isolates (MRI) (1.5 folds of QCIC50-

cut − off < MRI ≤ 2 folds of QCIC50cut − off) and strongly re-
sistant isolates (SRI) (SRI > 2 folds of QCIC50cut − off).

Assessing efflux pump activity in antibiotic-resistant E.
coli isolates
Quantification of efflux pump activity in the AMR E. coli
isolates was carried out by Nile red efflux assay as previ-
ously described [37]. Briefly, 1 mL of bacterial cells in
MHB was centrifuged at 2,300 x g for 10 min at room
temperature (RT). The supernatant was discarded, and
the cell pellet was re-suspended with 20 mM potassium
phosphate buffer (pH 7) containing 1 mM MgCl2 (PPB).
Cells washed and suspended in PPB (1.0 McFarland
standard) in glass test tubes were added with carbonyl
cyanide 3-chlorophenylhydrazone (CCCP) (50 µM) and
incubated for another 15 min at RT. Subsequently, Nile
red (10 µM) (dissolved in 10 % dimethyl formamide-
90 % ethanol (v/v)) was added to each of the tubes, incu-
bated for 2 h at 37 °C under shaking, and then kept at
RT for an hour. After incubation, the cell suspensions

were centrifuged, washed twice, and resuspended in
PPB. The suspension (140 µL) was transferred to the
wells of the 96 well plate. The fluorescent intensity (544
nm for excitation and 650 nm for emission) was moni-
tored for 120 s using the plate reader. Nile red efflux
was triggered by rapid energization with 10 µL of glu-
cose (25 mM) and fluorescence was monitored for an-
other 300 s. PPB without cell suspension was used as
blank and E. coli ATCC 25,922 was used as a control.
Data from the experiments were plotted using Graph-

Pad Prism 7. Time-dependent efflux of Nile red was
fitted using a single exponential decay equation:

Y ¼ Y� � Plateauð Þ � exp �K � Xð Þ þ Plateau

where Y is the Y value when X (time) is zero, the
plateau is the Y value at infinite times and K is the rate
constant. Efflux was initiated at t = 0 by energization
with glucose and reached 50 % complete at tefflux50 %.
The equation was used to calculate the tefflux50 % which
indicates the time required for the E. coli cells to extrude
half of the preloaded Nile red molecules.

Detection of ß-lactamase activity in antibiotic-resistant E.
coli isolates
Bacterial isolates grown for 18 h in MHB were used for
preparing 1.0 McFarland standard in 1 mL of fresh
MHB. Ampicillin (50 µg/mL) was added to each of the
cell suspensions and incubated for 3 h at 37 °C under
constant shaking. After incubation, the cell suspensions
were centrifuged at 8,900 x g for 10 min, suspended in
sodium phosphate buffer (pH7.0), and washed. The sus-
pensions were resuspended again in the buffer, sonicated
for 3 min in the presence of ice, and centrifuged at 17,
500 x g for 25 min to obtain the cell-free extract, which
was used as the source of ß-lactamase enzyme for Nitro-
cefin assay as detailed previously [38, 39]. Briefly, 10 µL
of nitrocefin (Abcam, Canada), a chromogenic cephalo-
sporin dissolved in 5 % DMSO (stock concentration of
0.5 mg/mL), was mixed with 10 µL of the cell-free ex-
tract and the volume was adjusted to 100 µL using buf-
fer solution in a 96-well plate. The absorbance was
immediately detected in kinetic mode at 390 nm for
10 min using a plate-reader. Nitrocefin added to buffer
solution without cell-free extract and E. coli ATCC
25922 was used as a media and negative control,
respectively.
A nitrocefin standard curve (concentration ranging

from 125 µg/mL to 0.49 µg/mL) was plotted against ab-
sorbance (390 nm). The ß-lactamase enzyme activity
was calculated using the formula: ß-lactamase enzyme
activity = {Sa/(Reaction time x Sv)}s.
where, Sa is the amount of Nitrocefin (in µM) hydro-

lyzed in the unknown sample well between T1 and T2
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of the standard curve, Reaction time is the difference
between absorbance detected in two-time intervals
(T1 and T2 in minutes), Sv is the sample volume (in mL)
added to the well. ß-lactamase activity is reported as
U/mL.

Assessing virulence factors and evaluating the
relationship between efflux activity and biofilm-formation
in AMR isolates
Detection of hemolysis was carried out as previously re-
ported [40]. A loopful of E. coli from agar plates was in-
oculated into 10 mL of sterile TSB media and incubated
overnight. The isolates were then streaked in Tryptic
Soy Agar (TSA) plates containing 5 % sheep blood. The
pattern of hemolysis was detected by visual inspection
for the translucency around the bacterial colony that oc-
curs due to the lysis of red blood cells.
The biofilm-forming ability was assessed by crystal

violet assay [36]. Briefly, 100 µL of autoclaved MH broth
was transferred to each of the wells of a 96 well plate
and 10 µL of the bacterial culture maintained at 0.5
McFarland standard was added to each of the wells. The
plates were incubated for 24 h at 37 °C without shaking.
After 24 h of incubation, the media was removed from
the wells and washed twice with pre-autoclaved saline to
remove non-adherent cells. A 100 µL of 99 % methanol
was added to each well to fix the biofilms and kept un-
disturbed for 15 min at room temperature. The wells
were further washed with saline and air-dried and added
with 200 µL of crystal violet (0.4 %) and left undisturbed
for 2 h. The wells were again washed with saline, air-
dried followed by the addition of 30 % acetic acid. The
absorbance was detected at 570 nm using a plate reader.
The classification of the biofilm-forming ability of

E. coli isolates was obtained by using the following
formula as previously mentioned by Hoque et al.:
ODcut−off = ODavg of control + 3 x standard deviation
(SD) of ODs of control; OD ≤ODcut−off = Non-
biofilm-former (NBF); ODcut−off < OD ≤ 2 × ODcut−off

= Weak biofilm-former (WBF); 2 × ODcut−off < OD ≤
4 × ODcut−off = Moderate biofilm-former (MBF);
OD > 4 × ODcut−off = Strong biofilm-former (SBF) [2].
A similar assay was performed with a concentration
range of CCCP (from 100 µg/mL to 0.19 µg/mL) to
assess the relation between biofilm-forming ability
and efflux activity of the bacterial isolates. Media with
bacteria but no efflux inhibitor were included as a
negative control, and wells without bacteria and efflux
inhibitor were included as media controls. E. coli
ATCC 25,922 was used as a control strain to check
the difference in biofilm formation. Pearson correl-
ation test was performed between efflux activity of
each isolate at a saturation point (considering 180 s
after re-energization) and the biofilm-forming capacity

of the corresponding isolates at 50 µM of CCCP. The
Pearson’s correlation and One-way ANOVA (p-value ≤
0.05 was regarded as significant) tests were per-
formed using GraphPad Prism 7 software. Irrespective
of the E. coli isolates, the biofilm inhibitory concen-
trations below the MIC of CCCP (checked at OD600)
were considered as the concentrations of interest to
demonstrate an antibiofilm effect rather than a gener-
alized growth inhibition [41].

Identification of sequence type, antibiotic, and metal
resistance genes
Extraction and quantification of DNA of each isolate, DNA
library preparation, whole-genome sequencing, assembly,
and annotation of sequenced reads were conducted as
previously described (supplementary table S3) [13, 14].
Assembly was conducted using ProkaryoteAssembly ver-
sion 0.1.6 (https://github.com/bfssi-forest-dussault/
ProkaryoteAssembly) [42–44]. The coverage and the num-
ber of contigs were identified and the contigs shorter than
1 kbp were discarded using Qualimap, whereas Prokka was
used to annotate the assembled reads [45, 46].
Sequence types (STs) of each isolate were identified

using the tool most (https://github.com/tseemann/mlst)
which incorporates data from the PubMLST database
[47]. Antibiotic resistance genes were identified by
Prokka and ABRicate v1.0 (https ://gi thub.com/
tseemann/abricate) with CARD and ResFinder databases
[46]. Metal resistance genes were identified by Prokka
v.1.14.5 and ABRicate with MEGAres database [46, 48].
Minimum coverage and identity settings for all the
screening was set to 90 %.
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