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RESUMO

O Brasil € o terceiro maior produtor de leite do mundo e doencas infecciosas, como a
mastite bovina, trazem grandes prejuizos para o setor lacteo. Além disso, alguns
patdégenos envolvidos no desenvolvimento da doenca, também podem causar
enfermidades em seres humanos, sendo um problema de saude publica. Assim, estudos
moleculares que avaliam a dindmica de evolucdo desses patdgenos, bem como sua
distribuicdo espacial e fatores de risco associados sdo fundamentais para propor medidas
de controle. Essas informagOes permitem monitorar a interface entre cepas bacterianas de
origem humana e de animais. Diante disso, para melhor compreender a epidemiologia e
a evolucao de dois importantes patdgenos causadores de mastite bovina e potencialmente
“zoonoticos” (Staphylococcus aureus e Escherichia coli), foram realizados dois estudos
com cepas isoladas de bovinos criados em fazendas leiteiras em Minas Gerais, Brasil. O
primeiro objetivou avaliar a diversidade genética de isolados de S. aureus provenientes
de vacas leiteiras utilizando Multi-locus sequence typing (MLST) e o perfil de
susceptibilidade antimicrobiana. O segundo, por sua vez, teve como objetivo comparar o
perfil de viruléncia e os gendtipos (utilizando REP-PCR) de cepas de E. coli isoladas de
bovinos com mastite subclinica e mastite clinica, e do ambiente de fazendas leiteiras,
além de identificar os fatores de viruléncia e os gen6tipos potencialmente associados a
persisténcia subclinica da bactéria no uUbere. Os resultados mostraram uma alta
diversidade entre os isolados de S. aureus e um alto nimero de novos Sequence Types
(STs) . Também foi observada proximidade genética entre S. aureus de origem humana
e animal, bem como alta resisténcia a penicilina, tetraciclinas e isolados resistentes a
meticilina (MRSA). Em relacdo aos resultados do estudo com a E. coli, observou-se que
o flagelo foi um fator de viruléncia frequente e pode ser um importante fator para o
desenvolvimento de infeccBes subclinicas e persistentes de E. coli na glandula mamaria
bovina. Os resultados da tipagem molecular por REP-PCR sugerem menor diversidade
genética dos microrganismos isolados de E.coli de mastite subclinica do que os de mastite
clinica e os do ambiente de fazendas leiteiras, embora ndo tenha sido possivel determinar
um genotipo especifico associado a mastite por E. coli.

Palavras-chave: MLST. REP-PCR. Zoonose. Multirresisténcia. Producéo de leite.



ABSTRACT

Brazil is the third largest milk producer in the world and infectious diseases, like bovine
mastitis, are extremally important, since causes several economic losses to dairy industry.
Besides that, some pathogens involved in mastitis pathogeny can also cause illness in
humans, being a public health issue. Therefore, molecular studies that evaluate the
dynamic of evolution of these pathogens, as well as distribution and risk factors, are
critical to propose control measures and to monitor the interface between human and
animal strains. In other to better understand the epidemiology and evolution of two
important and zoonotic pathogens of bovine mastitis (Staphylococcus aureus and
Escherichia coli) two studies were conducted with strains isolated from dairy farms in
Minas Gerais state, Brazil. The first aimed to evaluate the genetic diversity of S. aureus
isolated from dairy cows, using Multi-locus sequence typing (MLST), and the
antimicrobial susceptibility profiles of these isolates. The second, in turn, aimed to
compare the virulence profile and REP-PCR genotypes of E. coli isolated from
subclinical mastitis, clinical mastitis isolates and dairy farm environment, and to access
the virulence factors and genotypes potentially associated with the subclinical persistence
into udder. Results showed a high diversity among bovine mastitis S. aureus and a great
number of new STs were found. Proximity between S. aureus isolates from human and
animal origin was also observed, as well as high resistance to penicillin and tetracyclines
and isolates resistant to methicillin (MRSA). Regarding E. coli, it was observed that
flagella seems to be a determinant virulence factor in subclinical and persistent infections
by this pathogen in bovine mammary gland. Results of molecular typing by REP-PCR
suggest that subclinical mastitis isolates are less genetically diverse than clinical mastitis
and dairy farm environmental isolates, although it was not possible to determine a specific
genotype associated with subclinical and persistent E. coli mastitis (MPEC).

Key words: MLST. Zoonotic. Multi-drug resistance. Dairy Industry. REP-PCR.
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1. INTRODUCTION

Brazil is the third largest milk producer in the world (FAO, 2019), with about 1,1
millions of dairy farms (IBGE, 2017). Thus, infectious diseases like bovine mastitis are
extremally important to Brazilian dairy industry, resulting in several economic losses
(GUIMARAES et al., 2017). The losses are mainly related to milk production decrease,
costs with diagnosis and treatment, veterinary service expenses, discarded milk, future
milk production loss, reproduction failures and premature culling, and replacement of
cows (HEIKKILA et al., 2018).

Traditionally, the disease is classified as “contagious mastitis” or “environmental
mastitis”, according to the microbial agent involved, primary reservoir and mode of
transmission (KULKARNI; KALIWAL, 2013). Pathogens classified as contagious are
transmitted during milking process and normally cause infection without clinical signs,
but increase in somatic cells contain (SCC) is observed. Environmental mastitis
pathogens, on the other hand, are present in the environment of dairy farms and the
disease usually has intense clinical signs, which might result in the animal to death
(RUEGG, 2012).

Among contagious pathogens, Staphylococcus aureus stands out as one of the
most important, being responsible for milk production losses of 2.3 kg/day (HEIKKILA
et al., 2018). Usually, this bacteria is associated with subclinical mastitis cases high
somatic cells counts (CCS) in milk (RAINARD et al., 2017). Escherichia coli, another
pathogen of mastitis, is normally an environmental and opportunistic agent, associated
with severe and acute cases, although persistent infections have been reported (BLUM,;
HELLER; LEITNER, 2014; BURVENICH et al., 2003; DOPFER et al., 1999). Both
pathogens can also cause disease humans, being relevant public health issues.

With the advent of molecular technologies, a great genetic diversity has been
observed among both contagious and environmental bacterial strains, evidencing that
mastitis epidemiology is more complex than proposed by ‘“classic classification”
(RUEGG, 2012). In views of that, molecular epidemiological studies are critical to
understand the microevolution of the microorganisms, dynamic of transmission of the
disease, potential reservoirs and to propose control measures (TIBAYRENC, 2009). In
addition, due to the zoonotic potential of these pathogens, it is also possible to evaluate

the interface between strains associated with human and animal infections.
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There are several molecular typing techniques with different discriminatory
powers that can be used according to the objective of the study. Multi-locus sequence
typing (MLST) is a sequencing-based genotyping method that assess the polymorphisms
in seven housekeeping genes, providing unique allelic profiles, known as sequence types
(STs). In S. aureus, the level of discrimination (resolution) of MLST allows the
assessment of a detailed picture of the global dissemination of this pathogen, supporting
insights into its origin and evolution (SAUNDERS; HOLMES, 2007).

REP-PCR is a molecular typing technique based on the Polymerase Chain
Reaction (PCR) that use primers that anneal in intergenic repetitive elements described
in several bacterial species, mainly enterobacteria such as E. coli. These sequences are
palindromic and repeated throughout the DNA, generating PCR fragments with different
sizes and visualization of specific band patterns (fingerprints) in agarose gel
electrophoresis (VERSALOVIC et al., 1994). Different linages of bacteria have variation
in the quantity and position of these sequences, presenting different patterns, which
allows to obtain epidemiological insights (DOMBEK et al., 2000).

To better understand epidemiology of mastitis, evolution of microorganisms
involved in and interface with human health, this work contains two articles about two
important bovine mastitis pathogens. The first aimed to evaluate the genetic diversity of
S. aureus isolated from dairy cows in Minas Gerais state, Brazil, using MLST, and the
determination of antimicrobial susceptibility profiles of these isolates. The second article
aimed to compare the virulence profile and REP-PCR genotypes of E. coli isolated from
bovine with subclinical and clinical mastitis isolates, and from dairy farm environment in
Minas Gerais state, Brazil, and to identify the virulence factors and genotypes potentially

associated with E. coli subclinical persistence into the udder.

13



2. CONCLUSION

Bovine mastitis is a dynamic and complex disease and the pathogens associated are in
constant evolution to adapt to the mammary gland. In this study it was observed a high
diversity among bovine mastitis S. aureus strains isolated from bovines from dairy farms
in Minas Gerais state, Brazil, and a great number of new STs were found. Moreover,
proximity between S. aureus strains from human and animal origin was also observed, as
well as high resistance to penicillin and tetracyclines and de detection of MRSA isolates.
These findings highlight the importance of epidemiological and molecular studies about
this pathogen, mainly to the human and animal interface. Regarding E. coli study, flagella
seem to be a determinant virulence factor in subclinical and persistent infections in bovine
mammary gland by this pathogen. Results of molecular typing using REP-PCR in E. coli
strains from bovines and environment of farms in Minas Gerais state, Brazil, suggest that
subclinical mastitis strains are less genetically diverse than clinical mastitis and
environmental isolates, although it was not possible to determine a specific genotype
associated with subclinical and persistent E. coli mastitis.

14
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ARTICLE 1

Journal: Brazilian Journal of Microbiology

Genetic diversity and antimicrobial susceptibility of Staphylococcus

aureus isolated from bovine mastitis in Minas Gerais, Brazil

Maysa Serpa!, Elaine Maria Seles Dorneles!, Marcos Bryan Heinemann?, Maria

Aparecida Vasconcelos Paiva e Brito?, Alessandro de Sa Guimaréaes®”
! Departamento de Medicina Veterinaria, Universidade Federal de Lavras, Lavras, Brazil

2 Departamento de Medicina Veterinaria Preventiva e Salde Animal, Faculdade de

Medicina Veterinaria e Zootecnia, Universidade de Sdo Paulo, Sdo Paulo, Brazil.

3 Nucleo de saide animal e qualidade do leite, Empresa Brasileira de Pesquisa

Agropecuéria, Embrapa Gado de Leite, Juiz de Fora, Brazil.

*corresponding author — alessandro.guimaraes@embrapa.br

Abstract

The aims of this study were to evaluate the genetic diversity and antimicrobial
susceptibility of Staphylococcus aureus strains isolated from dairy cows in Minas Gerais,
Brazil. Thirty-seven strains isolated from eight herds from five cities were used and
susceptibility to 12 antimicrobial agents was tested using disk-diffusion method. All
strains were genotyped using multi-locus sequence typing (MLST). High resistance rates
for ampicillin [70.27% (26/37)], penicillin [75.68% (28/37)], and tetracycline [70.27%

(26/37)] were detected. Multidrug resistance was observed in seven [18.92% (7/37)]
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isolates, and two were classified as Methicillin-resistant Staphylococcus aureus (MRSA).
MLST identified thirty-three novel STs and two known STs (ST126 and ST746). The
clonal complexes more frequently observed were: CC97 [78.38%; (29/37)], CC1 [8.11%j;
(3/37)], CC5 [5.40%; (2/37)]. Minimum-spanning tree (MST) analysis according to data
from municipalities, herds, and resistance patterns for all isolates did not show any
clustering pattern. However, the MST using ST data from all Brazilian S. aureus
deposited in PubMLST database depicted an association between the genotype and strain
origin of isolation. Isolates from this study that belong to CC97 showed similarity with
database strains isolated from milk and dairy products, while those that belong to CC1
and CC5 were similar to database strains isolated from human sources and environment
of dairy farm or industry. In conclusion, our results showed a high rate of resistance to
penicillins and tetracyclines and a great genetic diversity among the S. aureus strains from

bovine mastitis genotyped in the present study.

Keywords: staphylococci; MLST; multidrug resistance; dairy industry; zoonosis
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1. Introduction

Staphylococcus aureus is a pathogen of humans and animals, which has ability to
become resistant to antimicrobials and is considered an important public and animal
health issue [1-4]. Due to its high capacity of adaptation to the host and genetic diversity,
specific linages evolved to infect particular mammalians species, although transmission

between species, including zoonotic transmission, have been reported [5].

In animal health, S. aureus stands out as one of the most important pathogen of
dairy cattle [6, 7], responsible for causing bovine mastitis. S. aureus mastitis causes milk
production losses of 2.3 kg/day, in addition to costs with discarded milk, diagnosis and
treatment, future milk production loss, premature culling and replacement of cows,
among others [9]. In Brazil, the agent is highly prevalent in dairy cattle herds and in the
state of Minas Gerais, the prevalence in herdsranging from 28 to 93% have been reported

[8, 10, 11].

S. aureus is mainly associated with subclinical mastitis cases, causing high
somatic cells counts (CCS) detection in milk [3]. The infection among animals is
primarily transmitted during the milking process [3, 12], and the bacteria then spread
furtively within the herds. To understand the dynamic of the disease transmission,
reservoirs, of infections and to propose more effective control measures, it is critical to
perform classical and molecular epidemiological studies, which allow the assessment of
the frequency, distribution and risk factors associated with staphylococcal mastitis, as
well as the characterization of the strains involved [13]. In these studies, it is also possible
to evaluate the microevolution of the pathogen and the interface between specific-human

and specific-animal strains.
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One of the most used epidemiological molecular techniques on S. aureus is the
multi-locus sequence typing (MLST), which is a sequencing-based genotyping method
that assess the polymorphisms in seven housekeeping genes (arcC, arokE, glpF, gmk, pta,
tpi, and yqiL), providing unique allelic profiles known as sequence types (STs). The level
of discrimination (resolution) of MLST allows the assessment of a detailed picture of the
global dissemination of this pathogen, supporting insights into its origin, pathogenicity
and evolution [14]. Thus, the aims of the present study were to evaluate (i) the genetic
diversity of S. aureus isolated from dairy cows located in Minas Gerais state, Brazil, using
MLST, (ii)to determine the antimicrobial susceptibility profiles of these isolates, and (iii)

the possible association between these variables and epidemiological data of the isolates.

2. Material and Methods

2.1.Strains

Thirty-seven strains of S. aureus previously isolated from milk samples of dairy
cows with mastitis and S. aureus ATCC 259237 were used in the present study. Isolation
and microbiological characterization of the strains were performed according to described
by Brito and Brito [15]. The strains belong to the Collection of Microorganisms of Interest
to the Milk Agribusiness (Embrapa Gado de Leite, Brazil), and were isolated between
2009 and 2011from eight herds localized in five municipalities in Minas Gerais state. The
municipalities were: Bias Fortes (Herd A n=3 isolates); Bicas (Herd H, n=4); Lima Duarte
(Herd D, n=10), Rio Preto (Herd E, n=5; Herd F, n=8; Herd G, n=2), and Santa Rita do

Ibitipoca, (Herd B, n=3; Herd C, n=2).
2.2.Antimicrobial susceptibility test

Twelve antimicrobial agents were used to assess antimicrobial susceptibility of

the isolates using the disk-diffusion method, according to VET01-A4 manual from
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Clinical and Laboratory Standards Institute (CLSI 2018) [16]. To classify the isolates as
resistant, intermediate, or sensitive to the antimicrobials tested, the CLSI manual VET08
was used (CLSI, 2018) [17]. Multidrug resistance (MDR) was defined as resistance to
three or more antimicrobial groups [18]. The antimicrobial groups were as follows:
penicillins (ampicillin, oxacillin, and penicillin G); cephems (cephalothin and ceftiofur);
lincosamides (clindamycin); macrolides (erythromycin); quinolones (enrofloxacin);
aminoglycosides (gentamicin); folate pathway inhibitors (sulfonamide and
trimethoprim/sulfamethoxazole); and tetracyclines (tetracycline). Oxacillin resistant S.

aureus strains were classified as methicillin-resistant S. aureus (MRSA) [19].

2.3.MLST

MLST was performed based on the DNA sequences of seven conserved
housekeeping genes, arcC (carbamate kinase), aroE (shikimate dehydrogenase), glpF
(glycerol kinase), gmk (guanylate kinase), pta (phosphate acetyltransferase), tpi
(triosephosphate isomerase) and yqiL (acetyl coenzyme A acetyltransferase), which were
amplified using specific primers as described by Enright et al. (2000) [20]. DNA
fragments were sequenced using DYEnamic ET dye terminator cycle sequencing kit and
the automatic sequencer DNA MegaBACETM 1000 (GE Healthcare). The quality of
sequence was evaluated using Phred software (reliability index > 20) [21] and the

consensus sequences were determined using the program CAP3 [22].

Alleles and STs were determined comparing the sequences obtained with those
deposited in PUbMLST online database (https://pubmlst.org/). Alleles sequences were
aligned using MEGA-X version 10.1.8 (Tamura, Stecher, Kumar, 2020) to assess the
polymorphisms observed. Isolates that shared four or more identical alleles were grouped

in the same clonal complex (CC), according to PubMLST database
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(https://pubmist.org/organisms/staphylococcus-aureus/clonal-complexes). The Hunter
and Gaston Diversity Index (HGDI) was calculated to each locus and to MLST technique
(Hunter & Gaston, 1988)

(http://insilico.ehu.eus/mini_tools/discriminatory_power/index.php).

To evaluate population structure and patterns of evolution, genetic comparisons
among the isolates  were  performed using  goeEburst  algorithm
(https://online.phyloviz.net/index) [23]. The same software was used to build the
minimum-spanning tree (MST) and to assess possible clustering patterns of the isolates,
considering the antimicrobial susceptibility profiles, herds, MDR, and municipalities.
Isolates were also compared with all 336 MLST sequence types from Brazilian S. aureus

strains deposited in PubMLST database (access on 19" September 2020).
Statistical analysis

Descriptive analyses were performed with MLST results, antimicrobial
susceptibility profile, municipalities and herds of the 37 using Microsoft Excel®

(Microsoft Corporation, Redmond, Washington, EUA).

3. Results

3.1.Antimicrobial susceptibility

The percentages of isolates classified as resistant, intermediate, or susceptible for
each antimicrobial tested are shown in Table 1. Resistance was observed mainly to
penicillin [75.68% (28/37)], ampicillin [70.27% (26/37)], and tetracycline [70.27%

(26/37)].

Susceptibility profiles were constructed based on the antimicrobial groups and
eleven profiles were classified (Fig. 1). Multidrug resistance was observed in seven

[18.92% (7/37)] isolates and two isolates [2/37; (5.40%)] were classified as MRSA.
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3.2.MLST

Thirty-five STs were identified among the 37 genotyped isolates, being two
previously described (ST126; n = 3; ST746; n = 1) in PubMLST database
(pubmlst.org/saureus/) and 33 classified as novel STs. These novel STs were identified
based on either the presence of a novel allele not described in the PUbMLST database
[32/33, (96.97%)] or a unique combination of known alleles [(1/33, 3.03%)]. The number
of alleles or STs, the alleles or ST most frequents and the HGDI values are shown in
Table 2. The number of alleles per locus varied from 7 (pta) to 22 (yqgiL) and the number
of novel alleles per locus varied from 4 (pta) to 15 (ygiL). The novel alleles were

characterized mostly by nonsynonymous point mutations [41/52 (79%)] (Fig. 2).

Three clonal complexes were observed: CC97 [78.38%; (29/37)], CC1 [8.11%;
(3/37)], CC5 [5.40%; (2/37)]; whereas three (5.40%) isolates could not be classified in a

clonal complex (Table 5). Different STs and CCs were found in the same herd (Table 3).

The isolates from this study were compared with each other (Fig. 3a) and with all
336 S. aureus isolates from Brazil available in MLST database (Fig. 3b) using MSTs.
These MLST data were obtained from Brazilian strains isolated between 1997 and 2017
and distributed in all Brazilian regions: Southeast [233/336 (36.35%)], Midwest [61/336
(18.15%)], Northeast [19/336 (5.65%)], South [10/336 (2,98%)], and North [3/336
(0.89%)]. For ten (2.98%) strains information on geographical origin was not available.
These strains were isolated from: milk or dairy products (cow, goat, sheep or buffalo)
[101/336 (30.06%)], environmental of dairy farm or dairy industry [23/336 (6.85%)],
animal [3/336 (0.89%)], other sources (mainly human disease cases) [24/336 (24.40%)]
and unknowing sources [127/336 (37.80%)]. Among the isolates it was observed 115

different STs.
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MST analysis according to municipality, herd, and antimicrobial resistance
profiles considering only the isolates from this study did not show any clustering pattern.
On the other hand, MST performed using the isolates from this study and the other
Brazilian S. aureus isolates deposited in PUbMLST showed a clustering pattern for the
isolate source of isolation. Most of the isolates from this study were close to Brazilian
strains previously isolated from milk and dairy products (CC97), although some isolates
exhibited ST similar to isolates from other sources, such as human staphylococcal

diseases (CC5) or dairy farms and industry environment (CC1).

Discussion

Genetic characterization of pathogens bovine associated with mastitis is
fundamental to understand the epidemiology of the disease, routes of transmission,
reservoirs and to trace control measures. For this, it is necessary to use typing techniques
with high discriminatory power and good epidemiological concordance [13]. In this
study, using the MLST technique, a high genetic diversity was found among S. aureus
strains isolated from bovine mastitis, and of the 35 STs identified, 33 (94.28%) STs has

not being previously described in Brazil (Table 2).

Many of these new STs are characterized by point mutations in known alleles,
which suggests a microevolution of this pathogen to adapt to bovine mammary gland. In
fact, a study conducted by Feil et al. [24] conclude that point mutations give rise to new
alleles at least 15-fold more frequently than does recombination and that these mutations
are mainly nonsynonymous, as observed in our study (Fig. 3). In Brazil and especially at
Minas Gerais state, which is characterized mainly by small properties, this
microevolution of S. aureus strains may be even more accelerate, considering the milk

production profile with an intense animal trade between herds [25]. This intense trade
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combined with inefficient mastitis control measures in the farms favors the constant
transmission of strains among cows and herds, which may intensify the selection pressure

on the pathogen and thereby the emergence of new STs, as observed in the present study.

On the other hand, it is also important to consider that these new STs found in the
present study may be quite common in Brazilian herds (mainly in Minas Gerais state),
however had not yet been described, since very few MLST profiles are available at
PubMLST database. Indeed, there is only 336 (distributed in 115 different STs) Brazilian
S. aureus strains deposited in PUubMLST of 35,737 S. aureus MLST total records.
Moreover, of these 336 ST of Brazilian origin deposited, only 47 were identified from
bovine mastitis strains (24 STs). This highlights the great scientific contribution of this
study to understand the genetic diversity and epidemiology of mastitis caused by S.

aureus in Brazil.

In contrast, the great number of new alleles and ST observed also resulted in a
high genetic diversity among the typed strains, which precluded the observation of
clustering patterns that could indicate transmission routes or sources of infection among
herds and municipalities. However, it was possible to observe that most of the isolates
typed belong toto ST126 and ST746 or were very close to them (Figure 4b). These STs
are poorly distributed linages of S. aureus around the world and are associated with
mastitis in ruminates [2] but mainly described in studies realized in Brazil [2, 26, 27],
although ST126 strains have been described causing mastitis in United States [28] and
ST746 in Argentina [29]. All S. aureus ST746 and most of ST126 strains deposited in
PubMLST are isolated from bovine mastitis in Brazil, suggesting that these strains may
be adapted to Brazilian dairy herds (milk production system) and thereby easily spread

among the properties, as mentioned above.
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ST126 is a triple locus variant (TLV) and ST746 is single locus variant (SLV) of
ST97, which is the central genotype of CC97, considered a bovine-specific linage [26,
30, 31]. Although transmission of CC97 strains between cattle and humans are considered
relatively rare, reports on human infections caused by strains of this linage are increasing
[32]. Because of that, CC97 S. aureus has been considered an emerging cause of human
infections and the cows a potential reservoir for the emergence of new clones with the
capacity for pandemic spread [32], although the epidemiological link is still unclear [5,
32, 33]. The large number of isolates with MLST profiles genetically close to CC97 are
of particular concern to Brazil, since CC97 was already detected in strains isolated from
samples of fresh Minas cheese (artisanal Brazilian cheese made using raw milk) [34], a
potential source for human disease caused by S. aureus. Furthermore, another
transmission form that cannot be overlooked is from cows to farmers workers, who have

constant and direct contact with potentially infected animals [5].

Other relevant issue about CC97 is the emergence of MRSA strains among the
isolates that belong to this clonal complex [32, 35, 36], which is a great public health
problem concerning zoonotic transmission. In fact, the two MRSA strains identified in
the present study, both from Lima Duarte municipality, belonged to CC97. In addition,
these two MRSA strains and other isolates also exhibited resistance to other penicillins
[28/37 (75.68%)], most of CC97 profile [24/29 (82.76%)], which highlight the concern

of zoonotic infections by strains of this CC.

Despite the ccow-to-cow transmission be the most commonly source of infections
in bovine mastitis by S. aureus,the frequent occurrence of multiple strains with low
prevalence or incidence in infected herds suggests that this is not the only route of
infection [3]. In this study, in addition to CC97, two other clonal complexes were

observed, CC1 [3/37 (8.11%] and CC5 [2/37 (5.40%)]. The two clonal complex are
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common and widespread, usually detected in human infections caused by S. aureus, but

also described in mastitis cases worldwide [27, 37-42].

The evidence of cattle infected with S. aureus linages commonly associated with
human diseases draws attention to the role of human-to-bovine transmission in bovine
mastitis. In fact, according to Boss et al. (2016) [31], S. aureus strains of animal origin
evolved from human-adapted strains. In the MST analysis, comparing all Brazilian S.
aureus isolates deposited in PUbMLST database and those from the present study (Fig.
4b), it is observed a great similarity among some strains from milk and dairy products
and isolates from human infections and environment, most belonging to CC1 and CC5,
which also reinforce this epidemiological link. These findings underline the difficult to
control and eradicate S. aureus from dairy production system, since the farm workers may
constitute a stable source of this pathogen. In this sense, specific-human and specific-
bovine linages were observed at the same herd, suggesting that different reservoirs can

be found in these farms, including humans (Table 5).

The isolates showed high resistance to penicillins and tetracycline (Table 1),
which are commonly antimicrobials used for treatment of mastitis in Brazilian dairy
cattle, although we could not access the records of commercialization of veterinary drugs
available. About other antimicrobial classes tested, most of the isolates were susceptible,
suggesting that these classes are not used as much to treat mastitis in this region as
penicillins and tetracyclines. On the other hand, as MDR was observed in 18.92% of the
isolates, it is possible suppose that other antimicrobial bases have been used as
alternatives to penicillins and tetracyclines, which increases selective pressure and favors
the emergence of multidrug resistant strains and hinders mastitis control. This emergence

is also a public health issue since S. aureus may cause disease in humans.
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In conclusion, a high genetic diversity and a great number of new STs and alleles
were observed among S. aureus isolated from dairy cows in Minas Gerais, Brazil,
suggesting a dynamic of evolution of this pathogen and a proximity between S. aureus
isolates from human and animal origin. Moreover, our results also showed high resistance
to penicillin and tetracyclines, as well as MRSA isolates, a potential threat to both animal

and human health.

Funding

This study was supported by Coordenacdo de Aperfeicoamento de Pessoal de Nivel
Superior -Brasil (Capes) (Finace Code 001), Fundacdo de Amparo a Pesquisa de Minas
Gerais (Fapemig), Conselho Nacional de Desenvolvimento Cientifico e Tecnologico
(CNPq) and Empresa Brasileira de Pesquisa Agropecuaria (Embrapa) - Gado de Leite.

MS thanks Capes for her fellowship.

Conflicts of interest

Not applicable.

Ethics approval

Not applicable.

References

1. Sobral D, Schwarz S, Bergonier D, et al (2012) High throughput multiple locus
variable number of tandem repeat analysis (MLVA) of Staphylococcus aureus
from human, animal and food sources. PLoS One 7-.

https://doi.org/10.1371/journal.pone.0033967

2. Aires-de-Sousa M, Parente CESR, Vieira-da-Motta O, et al (2007)

Characterization of Staphylococcus aureus isolates from buffalo, bovine, ovine,

29



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

and caprine milk samples collected in Rio de Janeiro State, Brazil V. Appl

Environ Microbiol 73:3845-3849. https://doi.org/10.1128/ AEM.00019-07

Rainard P, Foucras G, Fitzgerald JR, et al (2017) Knowledge gaps and research
priorities in Staphylococcus aureus mastitis control. Transbound Emerg Dis 1—

17. https://doi.org/10.1111/tbed.12698

Pérez VKC, Costa GM da, Guimarées AS, et al (2020) Relationship between
virulence factors and antimicrobial resistance in Staphylococcus aureus from
bovine mastitis. J Glob Antimicrob Resist 22:792—-802.

https://doi.org/10.1016/j.jgar.2020.06.010

Sung JML, Lloyd DH, Lindsay JA (2008) Staphylococcus aureus host
specificity: Comparative genomics of human versus animal isolates by multi-
strain microarray. Microbiology 154:1949-1959.

https://doi.org/10.1099/mic.0.2007/015289-0

De Vliegher S, Fox LK, Piepers S, et al (2012) Invited review: Mastitis in dairy
heifers: Nature of the disease, potential impact, prevention, and control. J Dairy

Sci 95:1025-1040. https://doi.org/10.3168/jds.2010-4074

Viguier C, Arora S, Gilmartin N, et al (2009) Mastitis detection: current trends
and future perspectives. Trends Biotechnol 27:486-493.

https://doi.org/10.1016/j.tibtech.2009.05.004

Mesquita AA, Rocha CMBM, Bruhn FRP, et al (2019) Staphylococcus aureus
and Streptococcus agalactiae: Prevalence, resistance to antimicrobials, and their
relationship with the milk quality of dairy cattle herds in minas gerais state,
Brazil. Pesqui Vet Bras 39:308-316. https://doi.org/10.1590/1678-5150-PVB-

5821

30



301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

10.

11.

12.

13.

14.

15.

16.

Heikkila AM, Liski E, Pyorald S, Taponen S (2018) Pathogen-specific
production losses in bovine mastitis. J Dairy Sci 101:9493-9504.

https://doi.org/10.3168/jds.2018-14824

Da Cunha AF, Braganca LJ, Quintdo LC, et al (2016) Prevalence, etiology and
risk factors of clinical mastitis in dairy cattle of VIgosa-MG. Acta Vet Bras

10:48-54. https://doi.org/10.21708/avb.2016.10.1.5476

Oliveira EF de, Brito MAV, Lange CC, et al (2013) Prevalencia de patogenos
contagiosos em rebanhos da associacao dos criadores de gado holandes do estado

de Minas Gerais. Vet e Zootec 20:265-268

Kulkarni AG, Kaliwal BB (2013) Bovine Mastitis: A Review. Int J Recent Sci

Res 4:543-548

Tibayrenc M (2009) Microbial Molecular Epidemiology : An Overview. In:
Caugant DA (ed) Molecular Epidemiology of Microorganisms, 1st ed. Humana

Press, Totowa, New Jersey, pp 1-12

Saunders NA, Holmes A (2007) Multilocus Sequence Typing (MLST) of
Staphylococcus aureus. Methods Mol Biol 391:71-85.

https://doi.org/10.1007/978-1-59745-468-1_6.

Brito MAVP e, Brito JRF (1999) Diagndstico Microbioldgico da Mastite.

Embrapa Gado de Leite, Juiz de Fora, MG

Clinical and Laboratory Standards Institute (CLSI) (2018) Performance
Standards for Antimicrobial Disk and Dilution Susceptibility Tests for Bacteria
Isolated From Animals. 5th ed. CLSI standard VETO01, 5th ed. Clinical and

Laboratory Standards Institute, Wayne

31



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

17.

18.

19.

20.

21.

22.

23.

Clinical and Laboratory Standards Institute (CLSI) (2018) Performance
Standards for Antimicrobial Disk and Dilution Susceptibility Tests for Bacteria
Isolated From Animals This VETO08, 4th ed. Clinical and Laboratory Standards

Institute, Wayne

Magiorakos AP, Srinivasan A, Carey RB, et al (2011) Multidrug-resistant,
extensively drug-resistant and pandrug-resistant bacteria: An international expert
proposal for interim standard definitions for acquired resistance. Clin Microbiol

Infect 18:268-281. https://doi.org/10.1111/j.1469-0691.2011.03570.x

Dorneles EMS, Fonseca MDAM, Abreu JAP, et al (2019) Genetic diversity and
antimicrobial resistance in Staphylococcus aureus and coagulase-negative
Staphylococcus isolates from bovine mastitis in Minas Gerais, Brazil.

Microbiologyopen 8:1-7. https://doi.org/10.1002/mbo3.736

Enright MC, Day NPJ, Davies CE, et al (2000) Multilocus sequence typing for
characterization of methicillin-resistant and methicillin-susceptible clones of
Staphylococcus aureus. J Clin Microbiol 38:1008-1015.

https://doi.org/10.1128/jcm.38.3.1008-1015.2000

Ewing B, Hillier L, Wendl MC, Green P (1998) Base-Calling of Automated
Sequencer Traces Using Phred. I. Accuracy Assessment. Genome Res 8:175-85.

https://doi.org/DOI: 10.1101/gr.8.3.175

Huang X, Madan A (1999) CAP3: A DNA Sequence Assembly Program.

Genome Res 9:868-877. https://doi.org/10.1101/gr.9.9.868

Francisco AP, Bugalho M, Ramirez M, Carri¢o JA (2009) Global optimal
eBURST analysis of multilocus typing data using a graphic matroid approach.

BMC Bioinformatics 10:1-15. https://doi.org/10.1186/1471-2105-10-152

32



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

24.

25.

26.

27.

28.

29.

30.

31.

Feil EJ, Cooper JE, Grundmann H, et al (2003) How Clonal Is Staphylococcus

aureus? J Bacteriol 185:3307-3316. https://doi.org/10.1128/JB.185.11.3307

Alves CM (2009) Caracterizagdo do perfil produtivo da pecuéria bovina do

estado de Minas Gerais, 2002. Universidade Federal de Minas Gerais

Rabello RF, Moreira BM, Lopes RMM, et al (2007) Multilocus sequence typing
of Staphylococcus aureus isolates recovered from cows with mastitis in Brazilian
dairy herds. J Med Microbiol 56:1505-1511.

https://doi.org/10.1099/jmm.0.47357-0

Silva NCC, Guimarées FF, Manzi MP, et al (2013) Molecular characterization
and clonal diversity of methicillin-susceptible Staphylococcus aureus in milk of
cows with mastitis in Brazil. J Dairy Sci 96:6856—6862.

https://doi.org/10.3168/jds.2013-6719

Smith EM, Green LE, Medley GF, et al (2005) Multilocus sequence typing of
Staphylococcus aureus isolated from high-somatic-cell-count cows and the
environment of an organic dairy farm in the United Kingdom. J Clin Microbiol

43:4731-4736. https://doi.org/10.1128/JCM.43.9.4731-4736.2005

Srednik ME, Usongo V, Lépine S, et al (2018) Characterisation of
Staphylococcus aureus strains isolated from mastitis bovine milk in Argentina. J

Dairy Res 85:57-63. https://doi.org/10.1017/S0022029917000851

Sakwinska O, Giddey M, Moreillon M, et al (2011) Staphylococcus aureus host
range and human-bovine host shift. Appl Environ Microbiol 77:5908-5915.

https://doi.org/10.1128/AEM.00238-11

Boss R, Cosandey A, Luini M, et al (2016) Bovine Staphylococcus aureus:

33



371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

32.

33.

34.

35.

36.

37.

38.

Subtyping, evolution, and zoonotic transfer. J Dairy Sci 99:515-528.

https://doi.org/10.3168/jds.2015-9589

Spoor LE, McAdam PR, Weinert LA, et al (2013) Livestock origin for a human
pandemic clone of community-associated methicillin-resistant Staphylococcus

aureus. MBio 4:1-6. https://doi.org/10.1128/mBi0.00356-13

Monecke S, Coombs G, Shore AC, et al (2011) A field guide to pandemic,
epidemic and sporadic clones of methicillin-resistant Staphylococcus aureus.

PLoS One 6:. https://doi.org/10.1371/journal.pone.0017936

Alves VF, Nifio-Arias FC, Pitondo-Silva A, et al (2018) Molecular
characterisation of Staphylococcus aureus from some artisanal Brazilian dairies.

Int Dairy J 85:247-253. https://doi.org/10.1016/}.idairyj.2018.06.008

Feltrin F, Alba P, Kraushaar B, et al (2016) A livestock-associated, multidrug-
resistant, methicillin-resistant Staphylococcus aureus clonal complex 97 lineage
spreading in dairy cattle and pigs in Italy. Appl Environ Microbiol 82:816-821.

https://doi.org/10.1128/AEM.02854-15

Benton BM, Zhang JP, Bond S, et al (2004) Large-scale identification of genes
required for full virulence of Staphylococcus aureus. J Bacteriol 186:8478-8489.

https://doi.org/10.1128/JB.186.24.8478-8489.2004

Budd KE, McCoy F, Monecke S, et al (2015) Extensive genomic diversity
among bovine-adapted Staphylococcus aureus: Evidence for a genomic
rearrangement within CC97. PLoS One 10:1-17.

https://doi.org/10.1371/journal.pone.0134592

McMillan K, Moore SC, McAuley CM, et al (2016) Characterization of

34



394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

39.

40.

41.

42.

Staphylococcus aureus isolates from raw milk sources in Victoria, Australia.

BMC Microbiol 16:. https://doi.org/10.1186/s12866-016-0789-1

Zhang L, Li Y, Bao H, et al (2016) Population structure and antimicrobial profile
of Staphylococcus aureus strains associated with bovine mastitis in China.

Microb Pathog 97:103-1009. https://doi.org/10.1016/j.micpath.2016.06.005

Yang X, Yu S, Wu Q, et al (2018) Multilocus sequence typing and virulence-
associated gene profile analysis of Staphylococcus aureus isolates from retail
ready-to-eat food in China. Front Microbiol 9:1-8.

https://doi.org/10.3389/fmicb.2018.00197

Cortimiglia C, Bianchini V, Franco A, et al (2015) Short communication:
Prevalence of Staphylococcus aureus and methicillin-resistant S. aureus in bulk
tank milk from dairy goat farms in Northern Italy. J Dairy Sci 98:2307-2311.

https://doi.org/10.3168/jds.2014-8923

Haran KP, Godden SM, Boxrud D, et al (2012) Prevalence and characterization
of Staphylococcus aureus, including methicillin-resistant Staphylococcus aureus,
isolated from bulk tank milk from Minnesota dairy farms. J Clin Microbiol

50:688-695. https://doi.org/10.1128/JCM.05214-11

35



411

412

413

Table 1. Antimicrobial susceptibility of Staphylococcus aureus isolated from bovine mastitis in Minas Gerais, Brazil, between 2009 and 2011.

Antimicrobials Disk concentration? Resistant Intermediate Susceptible
Ampicillin 10 ug 70.27% (26/37) 0.00% 29.73% (11/37)
Oxacillin 1 pg 5.41% (2/37) 0.00% 94,59% (36/37)
Penicillin G 10U 75.68% (28/37) 0.00% 24.32% (9/37)
Cephalothin 30 ug 0.00% 0.00% 100% (37/37)
Ceftiofur 30 ug 0.00% 0.00% 100% (37/37)
Clindamycin 2 ug 8.11% (3/37) 0.00% 91.89% (34/37)
Erythromycin 15 pg 8.11% (3/37) 2.70% (1/37) 89.19% (33/37)
Enrofloxacin 5pug 0.00% 0.00% 100% (37/37)
Gentamycin 10 ug 5.41% (2/37) 0.00% 94,59% (36/37)
Sulfa + Trimethoprim 1.25/23.75 pg 0.00% 0.00% 100% (37/37)
Sulfonamide 300 pg 13.51% (5/37) 10.81% (4/37) 75,68% (28/37)
Tetracycline 30 ug 70.27% (26/37) 0.00% 29.73% (11/37)

Lall purchased from Oxoid, UK
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Table 2. Number of different alleles by MLST-locus and MLST profiles observed

Staphylococcus aureus strains isolated from bovine mastitis in Minas Gerais, Brazil,

2009-2011.

Locus/ST zllLljé?eZ/eSr‘IE): Novel ?(I)E)I es/STs Mode?! HGDI?
arcC 8 5 (62.5%) 3 (70.27%) 0.5030
aroE 14 8 (57.1%) 1 and 68 (32.43% each) 0.8003
glpF 9 6 (66.7%) 1 (75.68%) 0.4309
gmk 9 3 (33.3%) 1 and 4 (40.54% each) 0.6847

pta 7 4 (57.1%) 1 (81.08%) 0.3453
tpi 13 10 (76.9%) 5 (59.46%) 0.6441
yqiL 22 15 (68.2%) 92 (21.62%) 0.9309
MLST 35 33 (94.3%) 126 (8.11%) 0.9955

Most frequent allele or ST. ?Hunter and Gaston Diversity Index (HGDI)

Table 3. Number of Staphylococcus aureus isolated from bovine mastitis according to

clonal complexes (CC) and municipalities, Minas Gerais, Brazil, 2009-2011.

. Number Clonal Complex (CC)

City Herd  tisolatess  CCI  CC5 cco7  UD*
Bias Fortes A 3 2 - - 1
) - B 3 — - 2 1
Santa Rita do Ibitipoca C 2 _ 1 1 _
Lima Duarte D 10 — 1 9 —
E 5 - - 4 1
Rio Preto F 8 - - 8 -
G 2 1 - 1 —
Bicas H 4 — _ 4 _
Total — 37 3 2 29 3

*UD = undefined.
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Figure captions

Fig. 1. Antimicrobial susceptibility profiles of Staphylococcus aureus isolated from cows
with mastitis, in Minas Gerais, Brazil, 2009-2011 Penicillins (PEN), Cephalosporins
(CEF), Quinolones (QUI), Tetracyclines (TET), Macrolides (MAC), Lincosamides

(LIN), and Folate Pathway Inhibitors (FPI).

Fig. 2. Mutation type by locus of Staphylococcus aureus MLST performed in isolates

from bovine mastitis, Minas Gerais, Brazil, 2009-2011.

Fig. 3. (a) Minimum-spanning trees (MST) of the 37 isolates of Staphylococcus aureus
isolated from cows with mastitis in dairy herds in Minas Gerais state, 2009-2011, and
compared with epidemiological data of municipalities and herds. (b) MST generated with
MLST data of all Brazilian entries of Staphylococcus aureus available in PUbMLST
(https://pubmist.org/) and isolates of this study, associated to isolates sources. Circles
represent clonal complexes found in this study. Only isolates from this study are identified
by numbers. Both MSTs presented was performed using goeBURST algorithm disponible

online (https://online.phyloviz.net/index).
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Summary

This Research Communication aimed to genotype using REP-PCR and evaluate the
virulence profile of 93 Escherichia. coli strains isolated from clinical (37) and subclinical
mastitis (35), and strains obtained from farm environment (31), in order to assess patterns
that are potentially associated with the subclinical persistence of mammary pathogenic E.
coli - MPEC into de udder. The virulence profile was obtained by prospection of five
virulence genes: IpfA, fliC, F17, icm, and escN. Subclinical mastitis showed mainly only
fliC (profile 3) [12/35 (34.28%)] and fliC + escN genes [10/35 (28.57%)], whereas clinical
mastitis isolates exhibited mainly fliC + escN genes [12/27 (44.44%)] and dairy farm
environment isolates the IpfA + escN genes [13/31 (41.93%)]. Strains isolated from
subclinical mastitis demonstrated 7-fold more chances to be positive to fliC than dairy
farm environment isolates (DFEI) (p < 0.05). Thirty-four genotypes were observed in
REP-PCR dendrogram, and clinical mastitis isolates showed more genetic proximity to
dairy farm environment isolates than subclinical mastitis isolates. Similar clustering was
observed in the minimum-spanning tree (MST). The results suggest that flagella are an
important virulence factor for MPEC and that the subclinical persistence of E. coli in

mammary gland is not related with a specific REP-PCR genotype.

Key words: MPEC, mammary pathogenic Escherichia coli, bovine mastitis, REP-PCR,

intramammary infection
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Introduction

Bovine mastitis is the most important and defiant disease in dairy industry, resulting in
several economic losses (Ruegg, 2012). The losses are mainly related to milk production
decrease, costs with diagnosis and treatment, veterinary service expenses, discarded milk,
future milk production loss, reproductive failure and premature culling, and replacement
of cows (Heikkil& et al., 2018).

Traditionally, the disease is classified as “contagious mastitis” or ‘“environmental
mastitis”, according to the microbial agent involved, primary reservoir and mode of
transmission (Ruegg, 2012; Kulkarni & Kaliwal, 2013). Pathogens classified as
contagious are transmitted during milking process and normally cause infection without
clinical signs but with increase in somatic cells contain (SCC) in milk. Environmental
mastitis pathogens are present in the environment of dairy farms and the disease caused
by them usually has intense clinical signs, which can lead to the animal death (Ruegg,
2012).

In this context, Escherichia coli is one of the main pathogen causing mastitis in cows
(Bradley, 2002), decreasing milk production of approximately 3.5 kg/day (Heikkila et al.
2018). As E. coli is easily found in dairy farm’s environment (such as bedding of housed
cows, feces, and soil), this agent is classified as an environmental pathogen and is usually
associated with severe and acute cases (Burvenich et al. 2003). However, cases of
persistent and subclinical mastitis have been reported and may represent 4.8% of mastitis
cases caused by E. coli (Dopfer et al. 1999; Blum et al. 2014).

Some E. coli strains have acquired abilities that allow chronic permanence in the
mammary gland and, therefore, the transmission to other animals during milking process,
a characteristic of contagious pathogens (Dopfer et al. 1999; Shpigel et al. 2008). In fact,
E. coli is a very versatile microorganism and strains adapted to specific niches and species
have been reported and classified in pathotypes (Sousa, 2006; Coura et al. 2014; Robins-
Browne et al. 2016). Nowadays, there is an initiative to describe a pathotype adapted to

bovine mammary gland as mammary pathogenic E. coli (MPEC) (Shpigel et al. 2008).

The main characteristic associated with MPEC is high capacity of adherence and invasion
of bovine epithelial mammary gland cells (Dopfer et al. 2000; Almeida et al. 2011; Zhou

et al. 2019). However, it is still not clear whether exist a specific genotype that exhibits

44



74
75

76
77
78
79
80

81

82

83

84
85
86
87

88
89
90
91
92
93
94

95
96
97
98
99
100
101
102

103

this ability or whether the MPEC strains share a common set of virulence factors that
allows the persistent infections (Blum et al. 2015).

Hence, the objectives of this study were (i) to compare the virulence profile and REP-
PCR genotypes of subclinical mastitis isolates (SMI), clinical mastitis isolates (CMI) and
dairy farm environment isolates (DFEI) of E. coli from dairy farms in Minas Gerais State,
Brazil, and (ii) to determine the virulence factors and genotypes potentially associated

with the subclinical persistence into udder.

Material & Methods
Bacterial strains and culture conditions

Ninety-three E. coli strains isolated from milk samples of dairy cows showing clinical (n
= 27) and subclinical (n = 35) mastitis, and from dairy farm environment (feces) (n = 31)
were used in this study. All strains were isolated from dairy farms localized in Minas
Gerais state, Brazil, between 2004 and 2017.

E. coli strains were isolated from bovine milk samples sent to the Bacteriology Laboratory
to diagnosis. All E. coli strains isolated from mastitis cases available in the collection
were used in this study. Environmental strains were isolated from dairy cow feces
collected in ten dairy farms localized in South of Minas Gerais State. The samples were
collected directly on fresh feces of lactating cows using sterile swabs. Around three
samples were collected in each farm and one E. coli strain was isolated in each fecal

sample.

Milk samples were plated in tryptic soy agar (Sigma-Aldrich Corporation, Saint Louis,
MO, USA) enriched with 5% equine blood and incubated for 24 hours at 37° C. Feces
were plated onto MacConkey agar incubated for 24 hours at 37° C (Sigma-Aldrich
Corporation, Saint Louis, MO, USA). Suggestive Gram-negative colonies were tested
using KOH (potassium hydroxide) and oxidase tests. The isolates presumptively
identified as E. coli were submitted to identification by phenotypic tests according to
Chair et al., 2004. The strains were maintained frozen at - 80 °C in Brain Heart Infusion
broth (Sigma-Aldrich Corporation, Saint Louis, MO, USA) with 20% glycerol.
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DNA extraction

DNA extraction was performed using Wizard® Genomic DNA Purification Axygen kit
(Promega Corporation, Madison, WI, USA), according to the fabricant recommendations.
DNA quality and concentration were determined using NanoVue Plus™
spectrophotometer (GE Healthcare, Chicago, IL, USA).

Species-specific PCR

To confirm the isolates as E. coli, all strains were submitted to PCR assays using primers
derived from the nucleotide sequences flanking the gene encoding the universal stress
protein (uspA), according to described by Chen & Griffiths (1998), with adaptations on
the thermocycling: 5 min initial denaturation at 95 °C, 35 cycles of 1 min at 95 °C, 1 min
at 66.4 °C and 1 min at 72 °C, followed by 7 min final extension at 72 °C. The primers
used, and the size of the fragments are presented in Supplementary material (Table S1).
E. coli strain ATCC 25922 was used as positive control and PCR mix without DNA
template was used as negative control in all assays. Amplicons were separated by
electrophoresis in 1.2% agarose gels (w/v) and visualized using 0.5 x Gelred® (Biotium,
Inc., Fremont, CA, USA).

Detection of virulence genes

PCR for five E. coli virulence factors were performed: IpfA (long polar fimbriae)
according to Blum & Leitner (2013); flagella fliC (flagella) according to Dego et al
(2012); F17 (fimbriae) according to Cid et al (1999); icm (type VI secretion system)
according to Ma et al (2013); escN (type Il secretion system) according to Kyaw et al
(2003). The primers used, and the size of the fragments are presented in Supplementary
material (Table S1). Strains of the laboratory collection that were identified as positive
previously to each gene were used as positive and negative control, respectively. DNA
template was used as negative control in all assays. PCR mix without DNA template was
also used as negative control in all assays. Amplicons were separated by electrophoresis
in 1.2% agarose gels (w/v) and visualized using 0.5 x Gelred® (Biotium, Inc., Fremont,
CA, USA).
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REP-PCR

REP-PCR reactions were performed using PCR Ludwig® kit (Ludwig Biotecnologia
Ltda., Alvorada, RS, Brazil) in a final volume of 25 according to Mohapatra et al. (2007).
PCR conditions were: 5 min initial denaturation at 95 °C, 30 cycles of 30 s at 95 °C, 1
min at 40 °C, 8 min at 65 °C, followed by a 16 min final extension at 65 °C. Amplicons
were separated by electrophoresis 1% (w/v) agarose gels and visualized by ethidium

bromide staining (0.5 mg/mL) (Ludwig Biotecnologia Ltda, Brazil).

Fingerprints were analyzed using the software BioNumerics® 7.5 (Applied Maths, Sint-
Martens-Latem, Belgium) and dendrograms analyzes were performed using Dice
coefficient and the unweighted pair group method with arithmetic mean (UPGMA). The
minimum-spanning tree (MST) was generated using the same software and compared
with data for presence of virulence genes, source (milk or dairy farm environment) and
mastitis clinical presentation (clinical or subclinical) to assess clustering patterns of the
strains. MST was performed using the UPGMA to calculate the distance matrix Prim’s
algorithm associated with the priority rule and the permutation resampling. The tree with
highest reliability score was presented.

Statistical analyzes

Descriptive analyzes to compare presence of virulence genes and the source of the isolate
(SMI, CMI or DFEI) were performed using Microsoft Excel® (Microsoft Corporation,
Redmond, Washington, EUA). Chi-square test and the odds ratio were calculated using
the Epilnfo™ software 7.2.2.6 (Centers for Disease Control and Prevention-CDC,
Atlanta, Georgia, USA) to analyze possible association between these variables.

Results

The occurrence of five tested virulence genes according to source of isolation and the

association between these variables are shown in Table 1.

All isolates were negative to F17 and icm genes. All DFEI were positive to escN and CMI
exhibited 3.5 times more chance to be positive to escN gene compared with SMI. On the

other hand, SMI showed 7.3 times more chance to harbor the fliC gene than DFELI.
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Regarding the IpfA gene, DFEI showed 4.7 times more chance to exhibit this gene
compared with SMI.

Eight virulence profiles were constructed from the results of the five genes analyzed
(Supplementary material, Figure S1). SMI exhibited mainly only the fliC gene (profile 3)
[12/35 (34.28%)] and fliC + escN (profile 5) genes [10/35 (28.57%)]. CMI exhibited
mainly fliC + escN genes (profile 5) [12/27 (44.44%)] and DFEI IpfA + escN genes
(profile 7) [13/31 (41.93%)].

Thirty-four genotypic profiles were observed in the dendrogram among the isolates
studied (Figure 1a). The dendrogram and the MST (Figure 1b) showed genetic proximity
between CMI and DFEI and segregation of some SMI. Similar clustering could also be
seen in the MST.

Discussion

The dynamic and interaction among parasite, host and environmental in infectious
diseases are very complex, being hard to define one of these links as determinant to the
clinical presentation of bovine mastitis. Because of that, studies about MPEC have been
drawing conflicting conclusions (Shpigel et al. 2008; Blum et al. 2015; Leimbach et al.
2017). Our results demonstrated a clustering of SMI using REP-PCR results (Figure 1),
suggesting that these strains are less genetically diverse than CMI and DFEI. Blum &
Leitner (2013) observed less genetic diversity in MPEC using multi-locus sequence
typing (MLST) and pulsed-field gel electrophoresis (PFGE) when compared with
environmental E. coli strains. However, these evidences are not enough to support the
existence of an E. coli genotype adapted to the mammary gland causing subclinical
disease. On the other hand, our results strongly suggest that flagella are an important
factor in subclinical infections caused by E. coli. Thus, it is possible to speculate that
MPEC may be determined by a set of virulence factors, including flagella, the allows the
persistence in the mammary gland (Blum et al. 2008) and not by a specific genetic profile

determined by fingerprint typing methods or house-keeping genes.

Flagellum is The flagella are an important virulence factor for E. coli, which mainly
allows mobility in liquid environments, but is also related with adhesion and invasion of

host cells, including mammary gland cells (Zhou et al. 2015). Compared to DFEI, SMI
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exhibited 7-fold more chances to be positive to fliC gene, which encodes bacterial
flagellin protein. In this sense, according to a study performed by Almeida et al (2011)
comparing chronic and acute E. coli mastitis strains, the chronic strains were more
capable to adhere, invade and multiplicate in epithelial mammary gland cells. In
agreement with these results, adhesion and invasion abilities of MPEC were also reported
in other studies (Dopfer et al. 2000; Dogan et al. 2006). Altogether, these and our
findings, strongly suggest that flagella are a key virulence factor in infections caused by
MPEC, probably by giving great mobility in milk, which allows to reach mammary gland
cells more quickly, besides collaborating to adhesion and invasion of these cells.
Additionally, the low expression of TLR-5 in bovine mammary gland (Porcherie et al.,
2012) can explain the absense of strong immune response and clinical signals infections
caused by MPEC, which was expected at first sight. Moreover, bacterial flagellin is not
also recognized by bovine mammary epithelial cells (Porcherie et al. 2012), allowing
subclinical and chronic permanence of the pathogen inside the udder without being
detected.

Beyond flagella, long polar fimbriae (IpfA) is an E. coli virulence factor related with
adhesion and invasion of host cells and have been mentioned as a key virulence factor in
infections by MPEC (Dogan et al. 2012; Blum & Leitner, 2013; Zhou et al. 2019).
Nonetheless, curiously, this gene was poorly found in SMI, possibly indicating that
MPEC needs a virulence factor that allows the adhesion e invasion in epithelial mammary
cells, but this factor does not necessarily have to be the long polar fimbriae and may be
the flagella. Likewise, type VI secretion system (SST6) is a virulence factor previously
related with MPEC (Richards et al. 2015) that it was not identified in our study. Another
secretion system — type I11, prospected by PCR to escN gene — was found in about half of
SMI, albeit it was more frequent in CMI and DFEI. These results suggest that secretion
system is a common virulence factor in pathogenic E. coli, as already described in
literature (Buttner, 2012), but is not exclusively associated with in infections caused
byMPEC, since most of the subclinical isolates did not harbor neither the two systems

prospected.

Persistent E. coli strains probably pass to stages of subclinical disease between the clinical
episodes (Dopffer et al. 1999), then is probably that some strains causing subclinical
mastitis can be MPECs. However, although CMI showed more genetic proximity to DFEI

when compared with SMI (Figure 1) in REP-PCR results — evidencing the environmental
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route of transmission of these pathogens — we cannot state that all CMI strains are
opportunistic pathogens and strictly related with acute and transient cases. Actually,
regarding virulence profile, CMI were more similar to SMI than to DFEI and 59.3% of
the isolates showed the flagella gene. Then, assuming that MPEC is defined by a set of
virulence factors and strains present in the environmental could have these factors (Blum
et al. 2008), these strains also may adapt to mammary gland and cause persistent and
contagious infections (Ruegg, 2012). This fact highlights the role of environmental as a
source of MPEC to mammary gland, although less important that cow-to-cow

transmission.

This epidemiological link (environmental of dairy farm as source of mastitis clinical and
subclinical isolates) may explain the high genetic proximity among most of the isolates
(> 90% of similarity) (Figure 1) in REP-PCR, although it is possible to observe greater
proximity between CMI and DFEI and a segregation of some SMI. On the other hand, it
is important to consider that even highly genetically similar strains can cause disease with
variable degrees of severity and clinical signs, according to capacity of immune response
and other factors attributed to the cows infected (Burvenich et al. 2003). Other issue that
can explain the high silimilarity among the isolates is the REP-PCR lower power of
discrimination when compared to others molecular techniques, as PFGE (Bae et al. 2014).
This explanation is less likely, since REP-PCR techniques was already used to molecular
typing of E. coli from different sources (Dombek et al. 2000; Mohapatra et al. 2007;
Chapaval et al. 2010).

Conclusion

Flagella seems to be a determinant virulence factor in subclinical and persistent infections
by E. coli. Results of molecular typing by REP-PCR realized with E. coli from farms
localized in Minas Gerais state, Brazil, suggest that subclinical mastitis isolates are less
genetically diverse than clinical mastitis and dairy farm environmental isolates, but it was
not possible to determine a specific genotype associated with subclinical and persistent
E. coli mastitis (MPEC).
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367 Tables

368  Table 1. Frequency of virulence genes by source in Escherichia coli isolated from cows with subclinical and clinical mastitis and from dairy farm

369 environment, Minas Gerais, Brazil, 2004-2017.

Gene Source Positive Negative OR Cl1 (95%) P-value
SMI 0/35 35/35 - - -
F17 CMI 0/27 27127 - - -
DFEI 0/31 31/31 - - -
SMI 8/35 (22.9%) 27135 (77.1%) Base category - -
IpfA CMI 3/27 (11.1%) 24/27 (88.9%) 0.4219 0.1003 - 1.7741 0.2230
DFEI 18/31 (58.1%) 13/31 (41.9%) 4.6731 1.6131 - 13.5379 0.0035
SMI 0/35 35/35 - - -
ICM SST6 CMI 0/27 27127 - - -
DFEI 0/31 31/31 - - -
DFEI 11/31 (35.5%) 20/31 (64.5%) Base category - -
fliC SMI 28/35 (80%) 7135 (20%) 7.2727 2.4020 - 22.0205 0.0002
CMI 16/27 (59.3%) 11/27 (40.7%) 2.6446 0.9132 - 7.6588 0.0702
SMI 14/35 (40%) 21/35 (60%) Base category - -
escN CMI 19/27 (70.4%) 8/27 (29.6%) 3.5625 1.2249 - 10.3609 0.0175
DFEI 31/31 (100%) 0/31 - - -

370  SMI = subclinical mastitis; CMI = clinical mastitis; DFEI = dairy farm environment; OR = Odds Ratio; Cl = confidence interval.
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Figures legends
Figure 1.

Dendrogram (a) and minimum-spanning tree (MST) (b) performed using REP-PCR
fingerprints of Escherichia coli isolated from cows showing subclinical and clinical

mastitis and from dairy farm environment, Minas Gerais, Brazil, 2004-2017.
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Figures

Figure 1:

(a)

n_
o
m

L

ECO01M
EGA20M
ECO2414
ECozam
EGO28M
ECO37IM
EGA27M
ECO361
ECOTIM
ECO0SA
ECO33M

ECO03M
ECO35H
EGOS2M
EC008A

EGA02M
ECO10M
ECO30M
ECO341
ECO351
EC156M
ECO144
EGA01A
EC1571
ECOT7A

ECO33M
ECO55M
ECo238
ECO11M
EGO12A

ECO18A
ECO19A
ECO20A

ECO214
EGO224
ECO254
ECosa
EC1721
EC173M
EC181
ECOZ44
ECO03A

ECOZ7A
EGa028
ECO811
ECO3411
ECosai
ECO871
ECOsSM
EC18414
ECas21
EC145M
ECO13A
EGA26A
EC18411

EC1a31
ECO81M
EG1821M
EC1a5H
ECO154
EC1™

ECO104
EGa11A
ECO34M
EC1341
EGASaM
ECO451
ECO4a1
ECO50M
EC133M
ECO32A
EC1521
ECA294
ECO31A
EGA30A
ECO181
ECO09A
ECO04A
ECO53M
ECO45M
ECO521
EGASSM
ECO58M
EGO16A
ECoaTA

0SS0 00RO P P00 0P PR OO0 R0 0P R 00000000000 000000000000 PR00RNO0RRRRR00CRRCROROROROROOORBRORSOBSRS

@ ECO4TI
® EGITIN
® ECO41N
® EC135K

(b)

subclinical mastitis mastitis
dairy farm environment
clinical mastitis

58



10

11
12
13

14

15
16
17

18

Supplementary material

Table S1. Fragment sizes, primers sequences and methodology references used to
prospect virulence genes in Escherichia coli isolated from cows with mastitis and from

dairy farm environment.

Gene Primers sequences Methodology references

IpfA (879bp) E-55’?gégézggiﬂzﬁcci%%%%ii% (Blum and Leitner, 2013)
F- 5" CCGGTGGTGATAACGATGGG

R - 5" CAGGTGTACCGCCTGAAGTG

F -5 TATCCTTGGAATACTGGCGG

R -5 CCAGTGGTGTAATCCGTGTT

F - 5’ AGAAACCTCCTGACTGAGTTGG
R - S TTTCATTCCGTTATCCACTTTAAG
F - 5°CGCCTTTTACAAGATAGAAC

R -5’CATCAAGAATAGAGCGGAC

fliC (146bp) (Dego et al. 2012)

F17 (254bp) (Cid et al. 1999)
icm (495bp) (Maet al. 2013)

escN (815bp) (Kyaw et al. 2003)

Figure S1. Virulence profiles obtained prospecting five virulence genes (IpfA, fliC,
F17, icm and escN) in Escherichia coli isolated from cows with subclinical and clinical
mastitis and from dairy farm environment, Minas Gerais, Brazil, 2004-2017.
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