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Abstract

Mastitis occurrence in dairy cows is a broad topic that involves several sectors, from antimicrobial resistance and virulence
of strains to economic implications and cattle management practices. Here, we assessed the molecular characterization
(antimicrobial resistance determinants, virulence genes, sequences type, serotypes, and plasmid types) of 178 Escherichia
coli strains isolated from milk samples from cows with clinical mastitis using a genome-based k-mers approach. Of these,
53 (29.8%) showed multidrug resistance by disc diffusion. We selected eight multidrug-resistant mastitis-associated E. coli
for whole-genome sequencing and molecular characterization based on raw data using k-mers. We assessed antimicrobial
resistance genes, virulence factors, serotypes, Multilocus Sequence Typing (MLST), and plasmid types. The most antimicro-
bial resistance gene found were blaygy 15 (7/8), tetA (6/8), strA (6/8), strB (6/8), and gnrB19 (5/8). A total of 25 virulence
factors were detected encoding adhesins, capsule, enzymes/proteins, increased serum survival, hemolysin, colicins, and
iron uptake. These virulence factors were associated with Extraintestinal Pathogenic E. coli. Three pandemic clones were
found: ST10, ST101, and ST69. Two E. coli were assigned in the O117 serogroup and one in the O8:H25 serotype. The
most common plasmid groups were IncFII (7/8) and IncFIB (6/8). Our findings contribute to the knowledge of virulence
mechanisms, epidemiological aspects, and antimicrobial resistance determinants of E. coli strains obtained from clinical
mammary infections of cows.

Introduction

Mastitis is a growing and serious problem in dairy farms due
to the effects it has on animal health, milk quality, and losses
to the dairy industry. Among the infectious agents related
to mammary infections of environmental origin, Escheri-
chia coli is the most common, followed by Klebsiella and
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Enterobacter species [1]. In this context, antimicrobials have
been routinely used to treat clinical mastitis cases (thera-
peutic use) and prevent future infections (prophylactic use)
using the dry cow therapy [2].

Antimicrobial use on dairy farms has been associated
with antimicrobial resistance, and these farms have been
indicated as sources of antimicrobial resistance genes, acting
as a dissemination hotspot together with human medicine
and agriculture [3].

Classical molecular investigations use laborious and
expensive methodologies for the characterization of bacteria,
e.g., polymerase chain reaction (PCR) test, agglutination for
serotyping, and enzyme restriction patterns. Usually, these
approaches show incomplete results since they depend on
the previous selection of genetic determinants.

Thus, we aimed to investigate the molecular characteriza-
tion of E. coli strains isolated from clinical bovine mastitis
using a genome-based approach by k-mers to assess antimi-
crobial resistance determinants, virulence genes, Multilocus
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Sequence Typing (MLST), serotypes, and plasmid types
using whole-genome sequencing (WGS).

Materials and Methods

Escherichia coli strains were isolated from 4,275 milk sam-
ples of cows that showed clinical signs of mastitis on ten
farms located in the states of Sdo Paulo and Minas Gerais,
in Southeast Brazil, from September 2017 to March 2019
(Ethics Committee on Animal Use—CEUA, Sio Paulo State
University, protocol No. 2015/19688-8).

The calves were from medium-scale farms (20-200 hec-
tares), with different average size of herds and breeding with
similar nutrition, management, technical level, and sanitary
conditions. All cows were housed in sand-bedded frees-
talls and were milked three times per day. Farms eligibil-
ity criteria included the following: (1) Holstein or Holstein
crossbreed cows, (2) mastitis control programs with data
recorded in management software, (3) somatic cell count
(SCC)< 400,000 SCC/mL, (4) production > 20 L/cow/day,
(5) at least 200 lactating cows in each farm, (6) mechanical
milking system, and (7) history of clinical mastitis.

The diagnosis of clinical mastitis was performed at every
milking. The first milk streams were visually inspected in
strip cup test or deposited on the floor with black rubber to
identify any abnormalities. Mild (Score 1) signs of clinical
cases were characterized by any abnormal appearance in
milk (presence of flakes, blood, pus, or color changes). Mod-
erate clinical cases (Score 2) were characterized by macro-
scopic changes of milk and udder inflammation (local pain,
swelling, or redness in the affected mammary gland). Cases
with additional signs such as inappetence, fever, tachypnea,
tachycardia, decubitus, or abnormal ruminal motility were
identified as severe (Score 3) [4].

After milking, technicians carried out the udder hygiene
procedures (examination of the first milk streams, pre-dip-
ping, and drying of the teats), the teat end was disinfected
using cotton pads soaked with 70% alcohol solution. Then,
the first streams of milk were discarded, and 15 mL of milk
were collected in a sterile plastic vial and kept in refriger-
ated conditions (4—8 °C) in isothermal boxes until transport
to the laboratory for further bacteriological and molecular
analyses.

The samples were cultivated onto MacConkey agar, and
lactose-positive colonies were identified as E. coli using bio-
chemical tests, namely, glucose fermentation, urea hydroly-
sis, hydrogen sulfide production, deamination of tryptophan,
motility, lysine decarboxylase and indole production, and
Simmons citrate utilization [5].

Antimicrobial susceptibility was performed by disk dif-
fusion test according to Clinical and Laboratory Standards
Institute (CLSI) guidelines [6, 7] using ampicillin (10 pg),
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amoxicillin (10 pg), ceftiofur (30 pg), cefoperazone (30 pg),
ciprofloxacin (5 pg), enrofloxacin (5 pg), streptomycin
(10 pg), florfenicol (30 pg), gentamicin (10 pug), neomycin
(30 pg), sulfamethoxazole/trimethoprim (25 pg), tetracycline
(30 pg), and erythromycin (15 pg). E. coli ATCC 25922
was used as a sensibility control. Multidrug-resistant E. coli
(MDR E. coli) were characterized by showing resistance to
three or more antimicrobial classes [8]. Intermediate results
from the disk diffusion test were considered resistant and
included in multidrug resistance analysis.

Genomic DNA was extracted from E. coli culture in
brain heart infusion broth using AccuPrep® Genomic
DNA Extraction Kit (Bioneer). DNA samples were sent
to Life Sciences Core Facility (LaCTAD) of the Univer-
sity of Campinas (UNICAMP), Brazil, for whole-genome
sequencing using Illumina MiSEQ platform 2 X 300 paired-
end reads. The paired-end reads quality was verified using
FastQC 0.11.4 [9]. Raw genome data were analyzed based
on k-mers using tools from Center Genomic Epidemiol-
ogy from Technical University of Denmark (CGE) (https://
cge.food.dtu.dk/services): ResFinder 4.1, VirulenceFinder
2.0, MLST 2.0, SerotypeFinder 2.0, and PlasmidFinder
2.1. Reads were submitted to the NCBI, Sequence Read
Archive—SRA (BioProject PRINA831284).

Results and Discussion

In total, 178 E. coli were isolated from all clinical cases
of bovine mastitis among the ten farms studied. Of these,
53 (29.8%) isolates revealed multidrug resistance in disk
diffusion tests, mainly beta-lactam-aminoglycoside-tetracy-
cline-macrolide resistant profile. The most commonly found
antimicrobial resistances were erythromycin (44/53), strep-
tomycin (37/53), ampicillin (35/53), amoxicillin (33/53), and
neomycin (31/53). For the purpose of the study, we showed
the genome-based results for eight multidrug-resistant E.
coli isolates (Table 1). To our knowledge, this is the first
whole-genome sequencing (WGS) report of mastitis-asso-
ciated E. coli in Brazil.

The k-mers approach, available on CGE services (https://
cge.food.dtu.dk/services), allowed us to characterize the
strains regarding antimicrobial resistance determinants, viru-
lence genes, sequences type (ST), serotypes, and plasmid
types. Table 1, Figs. 1 and 2 show the results.

Of the eight strains, the most frequent antimicrobial
resistance genes were blagy 5 (7/8), tetA (6/8), strA (6/8),
strB (6/8), and gnrB19 (5/8). Figure 1 shows two clusters
based on antimicrobial resistance genes. The cluster with
strains 23 T-166, 68 T-1, 109 T-18, 111 T-10, and 134 T-2
presents resistance genes to beta-lactam, aminoglycoside,
quinolone, and tetracycline. All five strains on this cluster
harbored blargy, 5 and one gnrB gene. Indeed, blargy. g
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Fig. 1 Heatmap showing hier-
archical clustering of antimi-
crobial resistance genes found
in multidrug-resistant Escheri-
chia coli isolated from bovine
mastitis in Brazil. The columns
represent genes, and the rows
represent sample name and ST
(sequence type from Multilocus
Sequence Typing, MLST). Dark
blue cells indicate gene pres-
ence, and light blue its absence.
Hierarchical clustering was
performed using the software
Morpheus (https://software.
broadinstitute.org/morpheus),
binary distance matrix, and
Pearson’s correlation
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Fig.2 Heatmap showing hier-
archical clustering of virulence
genes found in multidrug-
resistant Escherichia coli
isolated from bovine mastitis in
Brazil. The columns represent
genes, and the rows represent
sample name and ST (sequence
type from Multilocus Sequence
Typing, MLST). Dark blue cells
indicate gene presence, and
light blue its absence. Hierarchi-
cal clustering was performed
using the software Morpheus
(https://software.broadinstitute. —
org/morpheus), binary distance
matrix, and Pearson’s correla-
tion

HEEEEEENN ompT

gene is common in E. coli from animals, conferring resist-
ance to beta-lactams, such as ampicillin, amoxicillin, and
cefoperazone [10]. Moreover, an increase in the reports
of quinolone resistance genes in Latin America has been
observed, with the gnrB19 being the most detected gnrB
variant [11].

The five strains that harbored plasmid-mediated qui-
nolone resistance genes (gnr genes) did not show phenotype
resistance by disk diffusion. The strain with gyrA and parC
mutation (01 T-32, Table 1) was the only showing phenotype
resistance to quinolone. The absence of the resistant phe-
notype can be due to the low level of resistance expressed
in plasmid-mediated genes [12] or due to providing resist-
ance to first-generation quinolones not tested in this study.
The genes sul2 and aadA2 found in three strains (23 T-166,
68 T-1, 109 T-18) (Table 1) also did not show a sulfonamide
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and aminoglycoside resistant phenotype, respectively. This
result could be attributed to plasmid-mediated resistance to
other drugs not tested, or just non-expression of the genes.
We believe that the erythromycin resistances found here
were provided by low permeability in E. coli, since erythro-
mycin-resistant determinants were not found [13].

We found five MLST types (ST10, ST101, ST1049,
ST4138, ST69), and the ST10, ST101, and ST69 were found
to be associated with pathogenicity and antimicrobial resist-
ance spread [14-16].

The strain 01 T-32 (ST10) harbored ten of the 19 antimi-
crobial resistance genes detected (Table 1). These 10 genes
encode beta-lactam, quinolone, aminoglycoside, trimetho-
prim, phenicol, sulfonamide, and tetracycline resistance.

The ST10 clone belongs to the group with worldwide
spread. According to Fuga et al. [14]—which studied E.
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coli isolated from humans, animals, food, and the environ-
ment—this lineage has been circulating in Brazil since 1989,
predominantly in environmental isolates. Here, we identified
multidrug-resistant E. coli ST10 from bovine mastitis simi-
lar to those reported in other countries [17-19].

ST101 was found on three farms (A, D, and E). Strains
from farm D (111 T-10) and farm E (134 T-2) showed the
same plasmid profile (Inc group) (Table 1). These strains
also showed a similar profile of antimicrobial resistance and
virulence genes forming a cluster (Figs. 1 and 2). There are
no reports of ST101 in mastitis isolates to date. However,
this lineage is widespread among humans, animals, and the
environment [15].

The strain belonging to the ST69 (138 T-3) harbored 20
of the 25 virulence genes detected (Table 1, Fig. 2); encod-
ing adhesins, capsule, enzymes/proteins, increased serum
survival, hemolysin, colicins, and iron uptake. The pandemic
clone ST69 is associated with Extraintestinal Pathogenic E.
coli (ExPEC) and has been isolated predominantly from
human urinary tract infections [14, 16, 19]. Recently, the
circulation of ST69 was reported in dairy cattle, suggesting
the dissemination to other hosts [19]. On the other hand, the
detection of air (enteroaggregative immunoglobulin repeat
protein) and the eilA gene (Salmonella HilA homolog) can
designate the strain ST69 (138 T-3) as Enteroaggregative E.
coli (EAEC) harboring EXPEC typic virulence factors [20]
or a combination of both pathotypes [21]. EAEC strains are
associated with pathogenicity in humans, and there are no
EAEC reports on animal infections. EAEC findings from
environmental samples have been associated with human
pollution [21].

Two strains were assigned to the O117 serogroup and
one to the O8:H25 serotype, which harbored hlyF gene
(hemolysin F) (112 T-8). This serotype has been associated
with atypical enteropathogenic E. coli isolated from meat in
Southeast Brazil [22], a relevant fact for local epidemiology.

The plasmid groups found were IncFII (7/8), IncFIB
(6/8), Col(pHAD28) (4/8), IncX1 (3/8), p0111 (1/8), IncR
(1/8), IncY (1/8), and IncP1 (1/8). The IncFIB and IncFII
have been identified as the most frequent plasmids circulat-
ing in Brazil [14].

Genetic diversity was found for virulence genes, mainly
in strains 112 T-8 (ST4138) and 138 T-3 (ST69) (Fig. 2).

Most virulence genes were related to the EXPEC patho-
type, except for the genes hra (heat-resistant agglutinin),
air, eilA, and terC (tellurium ion resistance protein) [23].
We highlight the identification of virulence genes associated
with human pathogenic E. coli: hra (heat-resistant aggluti-
nin, Enteroaggregative E. coli), hlyF (hemolysin F, Neonatal
meningitis—associated E. coli), and air (enteroaggregative
immunoglobulin repeat protein, Enteroaggregative E. coli).

Although our isolates did not harbor any of the genes
proposed by Jung et al. [24] as mastitis pathogenic E. coli
(MPEC) markers, our results showed some virulence fac-
tors reported in bovine mastitis-associated E. coli. These
genes are iss (increased serum survival), /pfA (long polar
fimbriae), traT (outer membrane protein complement
resistance), F17 (fimbrial adhesin), fyuA (siderophore
receptor), irp2 (yersiniabactin biosynthetic protein), and
cva (microcin) [25]. This result supports the hypothesis of
MPEC as a subgroup of ExXPEC [25].

There are few data on virulence factors associated with
E. coli mastitis in Brazil [26, 27] and few studies aimed at
detecting specific markers. However, these markers may
not be directly involved in the infection, given the diversity
of virulence factors observed in these isolates [25]. In this
context, broader studies using WGS raw data analysis can
improve the monitoring and provide data for the etiology
and epidemiology of mastitis in dairy herds.

We used k-mers to facilitate the molecular characteriza-
tion of the mastitis-associated E. coli and thus contribute
to the epidemiological studies. We showed that genome-
based characterization using WGS raw data provides com-
plete information that can be applied in the absence of
resources for sophisticated bioinformatics analyses. Our
objective is not to refute the analyses elaborated since they
are crucial for the understanding of the genetic, evolution-
ary, and epidemiological contexts.

Conclusion

Overall, we observed that raw data evaluated by k-mers
allowed us to characterize the antimicrobial resistance
determinants, virulence genes, serotypes, MLST, and
plasmid types of mastitis-associated E. coli strains. We
found antimicrobial resistance genes for the main antimi-
crobial classes used in humans and animals, and virulence
factors associated with EXPEC and EAEC. Additionally,
three pandemic clones (ST10, ST101, and ST 69) were
identified as well.

Our results may contribute to the knowledge of viru-
lence, epidemiology, and antimicrobial susceptibility
pattern of E. coli strains obtained from clinical cases of
bovine mastitis. The use of raw data and online tools avoid
complex bioinformatics processing and analysis that are
not yet the expertise of many laboratories in Brazil and in
other developing countries.
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