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An observational study demonstrates i

human-adapted Staphylococcus aureus strains
have a higher frequency of antibiotic resistance
compared to cattle-adapted strains isolated
from dairy farms making farmstead cheese
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Abstract

Background Staphylococcus aureus is a multi-host zoonotic pathogen causing human and livestock diseases.

Dairy farms that make artisan cheese have distinctive concerns for S. aureus control. Antimicrobial-resistant (AMR)
S.aureus is a public and animal health concern. There is a need to study the population structure of AMR S. aureus

at the human-animal interface and understand the path of zoonotic transmission. This cross-sectional observational
study aimed to assess the genetic diversity and AMR patterns of S. aureus isolated from cattle and humans on conven-
tional and organic Vermont dairy farms that produce and sell farmstead cheese.

Results A convenience sample of 19 dairy farms in Vermont was enrolled, and 160 S. aureus isolates were collected
from cow quarter milk (COM), bulk tank milk (BTM), human-hand and -nasal swalbs. After deduplication, 89 isolates
were used for the analysis. Sequence types (STs) were determined by multilocus sequence typing and cataloged

to the PUbMLST database. Nine defined and five novel STs were identified. For BTM and COM samples, six STs were
identified within cow-adapted CC97 and CC151. Two human-adapted STs were isolated from BTM and CQM. Seven
human-adapted clonal complexes with eight STs were identified from human samples. One cow-adapted ST was iso-
lated from a human. Antimicrobial susceptibility of the isolates was tested using disc diffusion and broth micro-
dilution methods. Approximately 27% of the isolates were beta-lactam resistant and blaZ gene-positive. S. aureus
isolates from human swabs were more likely to carry blaZ compared to isolates from CQM or BTM. S. aureus isolated
from cows and humans on the same farm belonged to different STs.

Conclusion Humans were more likely to carry beta-lactam-resistant S. aureus compared to cows, and on organic
farms only human-adapted blaZ positive STs were isolated from BTM. Moreover, we identified potential spillover
events of S. aureus sequence types between host species. The presence of penicillin-resistant-human-adapted S.
aureus on both organic and conventional dairy farms highlights a “One Health” concern at the junction of public
and animal health requiring further surveillance.
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Background

Staphylococcus aureus is a major cause of bovine
intramammary infection on dairy farms. Infected mam-
mary glands are the primary source of contagious S.
aureus mastitis transmission among quarters and cows
during milking. Other body sites and housing environ-
ments can also act as reservoirs for S. aureus and may
be associated with sporadic or incidental intramam-
mary infections [1, 2]. Farm workers are another poten-
tial source of S. aureus on dairy farms [3-6]. S. aureus is
commonly present in the anterior nares of approximately
30% of the human population and causes food poison-
ing, skin infections, bacteremia, endocarditis, and other
diseases in humans [7-9]. S. aureus is also a “Priority 2
pathogen” on the World Health Organization’s (WHO)
list of global antibiotic-resistant bacteria [10]. Staphy-
lococcal infections are defined as amphixenoses, infec-
tions transmitted in both directions, i.e., from animals
to humans and vice versa [11]. Other terms have been
used to describe the directionality of transmission (i.e.,
anthropozoonoses and zooanthroponoses), however, the
WHO Joint WHO/FAO expert committee on zoonoses
recommended “zoonoses” are “diseases and infections
which are naturally transmitted between vertebrate ani-
mals and man” [12].

Globally, most antimicrobial use on dairy farms is
attributed to mastitis control [13]. An exception is US
organic dairy farms where antimicrobial use is prohib-
ited, and animals receiving antibiotic treatments must
be permanently removed from organic production [13].
The usage of antibiotics creates selective pressure, driving
antimicrobial resistance (AMR) in both human and vet-
erinary medicine [14, 15]. The spread of AMR S. aureus
strains between livestock and humans underscores the
need for a One Health approach, with several studies
indicating the zoonotic potential of certain S. aureus line-
ages [4, 16, 17]. Since cattle domestication, the proximity
of humans and cows or the consumption of raw milk and
dairy products have increased the risk of S. aureus spillo-
vers [16, 18—20]. This necessitates continued monitoring
of the genetic diversity of S. aureus at the human-animal
interface to inform potential spillover events. Multilocus
sequence typing (MLST) has greatly advanced our under-
standing of the population structure of S. aureus strains
and their epidemiology and host specificity [5, 21-23].

Artisan or artisanal cheese is produced in part by hand,
in small batches, using traditional methods. Farmstead
cheeses are made on the same farm where the animals

that supply the milk are raised and milked [24]. Farm-
stead cheese production systems may be especially
unique because the farm workers may engage in all seg-
ments of the dairy production chain, from animal man-
agement and milking to cheese production. Farmstead
cheese producers may be a source of S. aureus milk con-
tamination during harvest or cheese production [24, 25].

Despite efforts to address the issue of AMR, there is
limited surveillance data on S. aureus strain diversity and
AMR profiles of isolates from farm workers and cattle
on dairy farms that produce and sell farmstead or arti-
san cheese in the United States [18]. This lack of informa-
tion hampers the ability to effectively implement the One
Health approach to prevent the spread of AMR patho-
gens [26]. Understanding the epidemiology, ecology, and
antibiotic resistance of S. aureus is crucial to improving
our knowledge of the factors driving the selection, main-
tenance, and spread of AMR pathogens in farm systems.
To address this gap, our study aimed to assess the strain
diversity and antimicrobial susceptibility of S. aureus iso-
lated from humans and cows on dairy farms producing
and selling farmstead or artisan cheese. We were espe-
cially interested in antimicrobial sensitivity to common
antibiotics used in veterinary and human medicine and
evaluating the relationship between epidemiological pre-
dictors (such as isolate host source, strain type, and farm
type) and AMR phenotypes and genotypes among S.
aureus isolates on these farms. An exploratory objective
was to identify potential evidence of S. aureus spillover
events occurring on the enrolled dairy farms.

Results

Descriptive Analysis

This study included 41 human participants (1 to 4 per
farm) from 19 farms, bulk tank milk (BTM) samples from
all 19 farms, 589 cows (3 to 204 per herd) from 17 of the
participating farms, and 13 dogs from 9 of the farms. The
distribution of isolates collected by source is summarized
in Table 1. S. aureus was isolated from 15 (36.6%) humans
from either hand (#=8) or nasal (=13) swabs on 13
farms. S. aureus was found in 44 quarters of 35 cows on
11 farms. The frequency of S. aureus in BTM was 63.1%
(12/19 farms). At the herd level, for the 17 farms where
we have samples from all three sources, S. aureus was
isolated from the bulk tank milk on 11 farms, from one
or more human samples on 10 farms, and from one or
more individual cows on 11 farms. When the individual
human and cow level samples are clustered at the farm
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level, the frequency of positive farms did not differ by
source; S. aureus was isolated from humans on 13/19
(68%) of farms and from individual cows on 11/17 (65%)
of farms (Additional file 1). S. aureus was rarely isolated
from the dog-nasal swabs, with only 2 isolates identi-
fied as S. aureus. One dog isolate was lost to follow-up.
In summary, 162 isolates were confirmed to be S. aureus
(i.e., gram-positive, catalase-positive, coagulase-posi-
tive, nuc-PCR-positive cocci). Overall, 94.73% (18/19)
of herds were S. aureus positive from at least one of the
three sources (Human, BTM, or CQM), and five herds
were positive from all three sources. The single available
dog isolate was not included in our analysis, leaving 160
isolates for further analysis. Because multiple isolates of
the same strain type were collected from individual sam-
ples, deduplication of the 160 isolates was performed to
avoid over-representation of strain diversity and provide
unbiased antimicrobial resistance prevalence estimates.
reducing the total number of isolates to 89. The list of the
89 isolates, their metadata, and the number of duplicates
per isolate is included in additional file 1. Of these, 79.7%
(71/89) of S. aureus isolates were collected from 15 con-
ventional farms and 20.2% (18/89) from 4 organic dairy
farms.

MLST Profiles

The 89 deduplicated S. aureus isolates were classified into
14 different MLST sequence types (STs) and eight clonal
complexes (CCs) (Fig. 1). Of these, 9 were known STs
(ST5, ST7, ST8, ST30, ST45, ST72, ST151, ST352, and
ST398) and 5 were novel STs (ST3021, ST3028, ST5956,
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ST5957, and ST5958). The distribution of STs and CCs
varied among different sources and farms, with multi-
ple STs and CCs present on some farms. The dominant
STs were ST151 (n=23), ST3028 (n=15), ST5 (n=10),
and ST5958 (n=38). The strains isolated from the organic
farms were CC5, CC8, CC30, CC45, CC97, and CC151,
and CC5, CC7, CC8, CC30, CC97, CC151, and CC398
were isolated from the conventional farms (Fig. 2).

Five STs (ST3021, ST151, ST5956, ST3028, and
ST5958) belonging to CC97 and CC151 were isolated
from bovine sources (BTM and CQM). Six STs (ST45,
ST30, ST72, ST5957, ST7, and ST398) were isolated from
human sources. These STs clustered within clonal com-
plexes CC45, CC30, CC7, CC5, CC8, and CC398. The
remaining STs (ST5, ST8, and ST352) were isolated from
bovine and human sources on these farms (Fig. 2). The
single dog isolate available was ST45, and this strain type
was not identified from any other source on the farm
(farm 2) where this dog lived. However, ST45 was iso-
lated from a human-nasal swab sample from a different
farm (farm 8).

Antibiotic Susceptibility Tests

Isolates were resistant to sulfadimethoxine (67%, 60/89),
beta-lactams (27%, 24/89), erythromycin (9%, 8/89), lin-
comycin (2%, 2/89), tetracycline (1%, 1/89), and pirlimy-
cin (1%, 1/89). Twenty of 30 (67%) human isolates were
resistant to two or more antibiotic classes. These iso-
lates were resistant to penicillin and sulfadimethoxine
(ST5 n=9, and ST8 n=3), or penicillin and erythro-

ST3028

[ ST5958
2l— ST3021

ST352

mycin (ST30, n=3), penicillin, erythromycin and

cC Source Farm Freq Resist Farm type
ccas H 1 1 0 Org
CC398 H 1 3 0 Conv
cCc151 CB 1 S 0 Conv
cc1s1 GB 8 23 0 Org, Conv
cc3o H 3 B 100% Org, Conv
7 H 1 1 100% Conv

ccs H 1 2 100% Org

ccs H 3 8 100% Org, Conv
ccs H,B 4 10 70% Org, Conv
ccs H,C 2 2 100% Conv
Ccco97 C,B 6 15 0 Org, Conv
cc97 CB 1 8 0 Conv
cco7 B 2 3 0 Conv
cco7 H,B,C 4 6 0 Conv

Fig. 1 Phylogenetic relationship of S. aureus MLST profiles. Dendrogram based on sequence variation in 7 core genes of the S. aureus MLST scheme,
showing the frequency and number of farms where a strain type was isolated and the association between specific STs and beta-lactam antibiotic
resistance. Freq: Frequency; CC: Clonal Complex; Resist: percentage of isolates for the respective strain types resistant to ampicillin/penicillin

and positive on blaZ PCR; Source: Sample source from which the strains were isolated; H: Human Nose/Hand. B: Bulk Tank Milk, C: Cow quarter milk;

Farm type: Org: Organic Farm, Conv: Conventional Farm
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BTM isolates

CQM isolates

Human isolates

Fig. 2 Minimum spanning tree of S. aureus isolates. Eighty-nine deduplicated S. aureus isolates from BTM (bulk tank milk), COM (cow quarter milk)
and farm workers based on MLST profiles. Each node represents a sequence type (ST) with the size of diameter representing the number of isolates
belonging to that ST. The color represents the source of the isolates. The number on the lines shows the number of allelic differences between ST

nodes

sulfadimethoxine (ST5 n=4), and penicillin, tetracy-
cline, and sulfadimethoxine (ST7 n=1). None of the cow
source isolates were resistant to more than one antibi-
otic class (Additional File 1). One BTM isolate (ST5) was
resistant to penicillin and sulphadimethoxine (Additional
File 1). The remaining isolates were sensitive to all antibi-
otics tested. The presence of blaZ was detected in all 24
beta-lactam-resistant isolates. Antimicrobial susceptibil-
ity was tested by MIC and disc diffusion methods and the
results were 100% concordant.

No isolates were mecA-positive or phenotypically
resistant to cefoxitin. Beta-lactam-resistant S. aureus
isolates were found on 47.36% (9/19) of the farms. In the
tests of association, ST and CC (Clonal Complex) and
farm type were not predictors of blaZ status. However,
the source was a significant predictor. On organic farms,
1/13 isolates obtained from CQM and BTM were blaZ-
positive, while 4/5 isolates from human swab samples
were blaZ-positive. On conventional farms, 1/46 iso-
lates obtained from CQM and BTM were blaZ-positive,
while 18/25 isolates from human swab samples were
blaZ-positive (Fig. 3). The blaZ-positive isolates were
cultured from 2/3 humans working on organic farms
and 8/11 humans working on conventional farms (one
isolate collected from a human on a conventional farm
was lost in storage before AST). Pearson’s chi-squared

and Likelihood Ratio G tests showed strong evidence of
an association between S. aureus blaZ PCR status and
the source from which the bacterium was isolated, with
blaZ more prevalent among human isolates (73%) com-
pared to CQM isolates (2.63%) or BTM isolates (4.76%).
The beta-lactam-resistant isolates belonged to 6 STs and
4 CCs (CC5, CC7, CC8, and CC30). All CC151 isolates
obtained from CQM and BTM were beta-lactam sus-
ceptible and blaZ negative (Fig. 4). Tetracycline- and
erythromycin-resistant S. aureus strains were isolated
from only one and three farms, respectively. All three
ST398 isolates were erythromycin-resistant, and one
was lincomycin-resistant. One ST151 isolated from
BTM was pirlimycin- and lincomycin-resistant (i.e.,
lincosamide-resistant).

Discussion

Frequency of S. aureus on dairy farms

The frequency of S. aureus-positive BTM samples in
our study is consistent with earlier studies from Minne-
sota and Ohio, which reported 63% and 69% prevalence,
respectively [27, 28]. Because cows with S. aureus masti-
tis shed into milk, BTM samples are considered helpful
for estimating the herd status of S. aureus and evaluating
milk quality and udder health [29, 30].
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blaZ positive S. aureus in different farm types
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Fig. 3 Frequency of the beta-lactam resistance among S. aureus isolates by farm type and isolate source. S. aureus frequency stratified

by beta-lactam gene amplicon PCR results, the farm type (Organic Vs. Conventional) of the isolate origin, and the three different sources of isolates
on the farms. (BTM: Bulk tank milk, COM: Cow quarter milk, Human: hand and nasal swabs)
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Fig. 4 Frequency of the beta-lactam resistance among S. aureus isolates by isolate source and clonal complex. Frequency of the beta-lactam
resistance gene presence (blaZ positive) among S. aureus isolates from 3 different sources stratified by MLST clonal complex. (BTM: Bulk tank
milk, COM: Cow quarter milk, Human: hand and nasal swabs). The human and cow icons identify potential spillover isolates, which are defined
as host-adapted isolates associated with one host species and isolated from a different host species
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The cow-level frequency of S. aureus in our study was
5.9% (35/589), similar to earlier studies that reported
a prevalence of 4.8% in conventional farms and 6.8%
in organic farms [31]. The frequency estimate of our
research is likely biased upwards as nine participating
herds submitted farmer-collected quarter milk samples
from suspect mastitis cases. Among this subset of cows,
the S. aureus prevalence was 10%. In contrast, we com-
pleted whole herd sampling of all lactating cows from
eight participating herds, where the cow level S. aureus
prevalence for this subset of herds was 4%.

The frequency of S. aureus carriers among farmers was
36.6%, which is consistent with a study showing a preva-
lence of 38% among animal caretakers [5]. While these
studies provide numerical estimates of colonization of
farm works that are greater than estimates of 25-30%
often reported for the general population [8], further
study is needed to determine if farmstead cheese pro-
ducers are colonized at greater frequencies than the gen-
eral population. Other studies have indicated that some
professions, such as hospital workers [32], veterinarians
[33], and cheese plant workers [34], have higher frequen-
cies of S. aureus colonization, suggesting additional stud-
ies of dairy farm workers are justified. Further, in future
studies, US organic farms may represent a comparator
farm population where livestock antibiotic use is severely
limited.

Overall, we observed higher frequency of isolation of
S. aureus from the BTM samples compared to humans
or individual cattle. This finding is not surprising given
that the bulk tank milk is a composite sample of mul-
tiple lactating cows in a herd so a single cow in a herd
shedding S. aureus into their milk can result in a positive
BTM culture [19, 30]. Further, BTM may be S. aureus
negative despite having S. aureus infected cows in a herd
due to intermittent milk shedding of cows with S. aureus
intramammary infections [30]. When the individual cows
or humans were clustered at the farm level, then the
frequency of isolating S. aureus from each of the three
sources (humans, cows, or BTM) did not differ on the
participating Vermont farms.

Multi Locus Sequence Typing (MLST) profiles

Strain typing of S. aureus isolates from the three sources,
humans, cow quarter milk and comingled bulk tank milk,
demonstrated an association between strain type and
source, consistent with prior studies suggesting S. aureus
strains are host-adapted [3-5, 23]. In our study, with rare
exceptions, we isolated different strains from humans
compared to cows and milk on the farms (i.e., the strain
types were associated with the source of the isolates).
Further, the strains isolated from bulk tank milk repre-
sented the strains isolated from individual cow quarter
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milk samples within a farm. These results suggest that
there may be barriers to spillover and host switching of
S. aureus host-adapted strains between humans and cat-
tle, such as the acquisition of virulence factors allowing
adaptation to the new host species [16, 20, 35], (further
discussed below under potential spillover events).

Like other studies, we observed multiple S. aureus
strains from dairy cattle and milk in a defined geo-
graphic region [36, 37]. In Ireland, 18 STs were identified
from mastitis-associated isolates on 26 farms, with 84%
in CC97 and CC151 [36]. In Pennsylvania, 16 STs were
identified from isolates of BTM and mastitis cases on
77 herds, with 94% in CC97 and CC151 [37]. Similarly,
we found eight STs from BTM and CQM samples on 14
farms, with 96% in CC97 and CC151. In our research
and a previous study from Pennsylvania, the STs found
in BTM appeared to be the same STs causing intramam-
mary infections. Four STs belonging to CC97 were iso-
lated from 63.15% of the farms (n=12), demonstrating
the preponderance of this S. aureus lineage in cheese-
making Vermont dairy farms. The dominance of CC97
among bovine isolates has also been observed globally
[35]. Four of the five novel strains found in this study
belonged to bovine-associated CC97 and CC151, further
demonstrating the dominance of these bovine-associated
lineages in our sample population of dairy cattle.

Previous studies have sampled farm workers on dairy
farms, identifying ST398, ST45, ST8, ST30, ST25, ST5,
ST72, and ST121 [3, 4]. Our study is novel in that we col-
lected isolates from workers on conventional and organic
dairy farms and identified similar STs from farm workers
on both farm types. CC5 was the most dominant human-
associated CC, comprising ST5 and ST5957. We also
isolated ST398 from human nose and hand swabs from
a single farm. ST398 was first isolated from pig farmers in
Europe [38] and has been isolated from humans in stud-
ies conducted in the USA [39, 40].

Antimicrobial Sensitivity
In our study, most isolates were sulfadimethoxine-resist-
ant, which is consistent with other studies [41, 42]. This
high level of resistance could be attributed to using sul-
fadimethoxine to treat pneumonia and foot infections
in veterinary medicine in the USA [43]. We also found
isolates resistant to beta-lactams, tetracycline, and eryth-
romycin, which is in line with other studies that have
reported similar resistance patterns for S. aureus on dairy
farms [4, 37, 42]. We isolated erythromycin-resistant
MSSA ST398 from farm workers, which is consistent
with a previous study [4].

We identified no methicillin-resistant isolates based on
phenotypic testing of cefoxitin and oxacillin and mecA-
PCR amplicon screening. We did not screen for mecC
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DNA sequences in this study, as phenotypic screening
revealed no cefoxitin resistance. While mecA-gene-posi-
tive isolates may display phenotypic susceptibility to oxa-
cillin, phenotypic susceptibility to cefoxitin is sufficient to
screen for the presence of mecA- and mecC-MRSA [45].

The beta-lactam-resistant isolates in our study were
more likely to be collected from farm workers on both
organic and conventional farms. These isolates belonged
to CC5, CC8, CC7, and CC30, defined as human host-
adapted lineages, consistent with previous studies
conducted on dairy farms [4, 17, 44]. In comparison,
beta-lactam resistance was infrequent among cow and
BTM-sourced isolates belonging to cattle host-adapted
strains CC97 and CC151.

We observed two challenges with testing associa-
tions between beta-lactam resistance, source, and STs
or CCs. First, the contingency table, tabulating the iso-
late source and CCs, contained several null values (e.g.,
no CC7, CC30, CC45, or CC398 isolated from cows or
no CC151 isolated from humans). This is presumably due
to the host-specific nature of CCs, coupled with the fact
that we defined the source of isolates according to the
host (human, cow, or BTM). Because CCs are host-asso-
ciated, we explored the association between CC and the
source of isolates, which indicated a moderate to strong
association (Cramer’s V=0.67). This result created a sec-
ond challenge of multicollinearity between predictors
of interest in our modeling approach. Here, we took the
simple approach to resolving this issue by considering the
source as a predictor in a univariate model. Our obser-
vation that beta-lactam resistance was more frequently
identified in human host-adapted clonal complexes
deserves additional study. A limitation of our current
study is the small sample size relative to the number of
CCs, perhaps explaining the lack of association between
CCs and beta-lactam resistance. The presence of beta-
lactam-resistant isolates among humans on US organic
dairy farms offers an opportunity to study antibiotic-
resistant pathogen transfer between humans and cattle
without antibiotic use in livestock. In the United States,
antibiotic use is not allowed on organic dairy farms, and
cows requiring antibiotic treatment are removed from
the farm [9], suggesting that organic dairy farms have
reduced selective pressure for developing or spreading
resistant bacteria. Therefore, the study of organic farm
systems may be used to quantify the potential for humans
to be a source of resistant pathogens in agriculture.

Taken together, these results provide additional evi-
dence that dairy farms serve as reservoirs for antibi-
otic-resistant S. aureus strains that can spread between
cattle, humans, and the environment. Integrated sur-
veillance platforms and mitigation strategies guided
by One Health principles are essential to control the
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selection and dissemination of antibiotic resistance
across interconnected animal and human populations.
Implementing antimicrobial stewardship on dairy
farms may reduce the pressure for selection and main-
tenance of antibiotic-resistant S. aureus at the human-
cattle interface, and Ruegg has outlined an approach to
implementing antimicrobial stewardship on dairy farms
[46]. Additional research is needed to understand the
potential One Health benefits of antimicrobial stew-
ardship on dairy farms making farmstead cheeses, and
the potential role that humans may play disseminating
resistant elements to livestock.

Potential Spillover Events

Yebra et al., distinguished transient spillover (jump
between host species without onward transmission to
other individuals in the new host species) from host
switching (jump between species with onward trans-
mission in the new host population) [35]. Our study
found instances of possible spillover, defined as the
isolation of a host-associated ST in an alternative host
species. For example, an isolate belonging to ST352
(CC97) was cultured from a human-hand swab, and
human-associated CC5 was present in a BTM sample.
An isolate belonging to CC8 was cultured from a CQM
sample. CC8 has been isolated from cows with mas-
titis and is speculated to have recently jumped from
humans to cattle in other geographic regions [3, 6, 47,
48]. Other studies have also documented the recent
transfer of CC5 and CC97 between humans and cows
[3, 4, 6, 47]. The pathways to zoonotic spillovers and
host switching have been reviewed [49, 50]. In the dairy
farm environment, many steps in the path to spillover
are met. Humans and dairy cattle are in frequent close
contact, with multiple direct daily contacts, especially
during milking. Further, during cheese making, humans
directly contact milk and cheese. Both humans and cat-
tle can be colonized or infected with and shed S. aureus.
S. aureus strains may have or can acquire the capacity
to overcome host-specific barriers to infection [47, 48,
51]. Contacts between humans and cattle are especially
close during hand-milking or milking preparation when
udders are stripped by hand. Wearing and frequently
changing disposable gloves during milking are recom-
mended milking hygiene practices to reduce contagious
mastitis pathogen transmission between cows, which
might also contribute to reduced frequency of spillo-
vers or host switching [52]. A limitation of our study
is we only conducted single farm visits, which makes
it impossible to confirm whether the isolates were
transiently present or permanently colonized in their
alternative hosts. Future studies should include longi-
tudinal designs to identify transient spillovers or host



Chakrawarti et al. BMC Veterinary Research (2024) 20:75

switching in real time and identify best practices to
prevent spillover events. We speculate that some cur-
rent best practices for miking time hygiene such as pre-
and post-milking teat disinfection and milkers wearing
disposable gloves while milking cows are key practices
to limiting between host transmission. All farms in this
study reported implementation of these practices and
some of the farms had implemented active S. aureus
mastitis surveillance and control practices in their
herds. Our work provides additional support to the
concept that strain typing of S. aureus can help iden-
tify potential sources of infection or contamination in
humans and cattle on dairy farms [53].

S. aureus spillover has implications for antibiotic resist-
ance spread [50]. Antibiotic use in farm systems contrib-
utes to the emergence of antibiotic-resistant pathogens of
human and animal health concern. While our study did
not identify MRSA strains, livestock-associated MRSA
CC398 causes human infections with evidence for bidi-
rectional exchange [54, 55]. In our research, antimicro-
bial resistance was infrequent among cattle-associated
S. aureus strains. Both cases of possible spillover of
human-associated S. aureus strains isolated from milk
samples were beta-lactam resistant, suggesting humans
as a potential reservoir of antibiotic-resistant S. aureus in
dairy production systems, consistent with prior conclu-
sions of Schmidt et al. [6, 17]. To the best of our knowl-
edge, no previous studies of AMR staphylococci isolated
from cattle and humans on the same farms could infer
the direction of transmission [3, 56-58]. It is a logical
hypothesis that dairy farm milker hygiene and biosecu-
rity practices are critical for mitigating spillover risk.

Conclusions

Our study provides insights into the prevalence and
clonal diversity of S. aureus strains among hand skin and
nasal swabs of dairy workers and milk of cows on cheese-
making farms in Vermont. We found that humans were
more likely to carry beta-lactam-resistant S. aureus than
cows. On organic farms, only human-adapted blaZ-pos-
itive STs were isolated from BTM. Moreover, we identi-
fied potential spillover events of S. aureus sequence types
between host species. These findings support the impor-
tance of the One Health Initiative for continued monitor-
ing of S. aureus at the human-animal interface.

Methods

The Strengthening the Reporting of Observational Stud-
ies in Epidemiology—Veterinary Extension (STROBE-Vet)
statement guidelines were followed in the reporting of
this study [59].
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Study design, setting, and participants

In this observational study, 19 Vermont dairy farms that
produce farmstead cheese or milk for artisan cheese pro-
duction were selected through a non-probability conven-
ience sample design. No formal sample size calculation
was performed before the start of this study, although a
priori, our goal was to sample more than 15 herds and
40 farm workers (2 to 3 people per herd). Eligible farms
were identified from a publicly available member list of
a cheese producer organization and a contact list of pro-
ducers who previously participated in research projects
with the University of Vermont. Certified organic and
conventional dairy herds from Vermont were eligible to
participate. There were no restrictions based on other
demographics (e.g., herd size, breed, age of farm, or
farmer characteristics). During the study period, the total
number of dairy farms in Vermont ranged from approx-
imately 850 in 2015 to 725 in 2018, and the number of
on-farm dairy processors ranged from 71 (2015) to 63
(2018). An estimated 50 farms made farmstead cheese,
and 25 farms provided milk to off-farm artisan cheese
producers during the study period. Thirty-seven herds
were contacted with information on the study objec-
tives. Nineteen herds, approximately 25% of Vermont
farms producing milk for farmstead or artisan cheese,
volunteered to participate, and samples were collected
in February and March between 2013 and 2015 (5 herds)
and from June to August 2018 (14 herds). Each farm was
visited once for sample collection. Informed consent
was obtained from all participants, and the study was
approved by the University of Vermont’s Committee on
Human Subjects Research (protocol CHRMS 14-512)
and Institutional Animal Care and Use Committee (pro-
tocol 13—-033).

Sample Collection

The samples included human-nasal and -hand swabs,
quarter milk (CQM) from lactating cows, and com-
posite bulk tank milk (BTM). The farm employees
self-swabbed both anterior nares with a single sterile
nylon-flocked swab (FLOQSwabs #502CS01, Copan
Diagnostics Inc., or PurFlock Ultra #25-3506-U, Puri-
tan Medical Products) according to the procedures
described by Gamblin et al. [60]. Laboratory person-
nel collected hand swab samples from employees and
nasal swabs from farm dogs. All swab samples were
refrigerated for up to 48 h or stored at -20 °C for up to
90 days before processing.

Individual CQM samples were collected a) by farmers
from selected cows with known or suspected mastitis
or previous intramammary infections (n=9 herds), or
b) by laboratory personal sampling all lactating cows in
the herd (n =8 herds). The sampling was performed using



Chakrawarti et al. BMC Veterinary Research (2024) 20:75

guidelines from the University of Minnesota Laboratory
for Udder Health Milk Sample Collection Guide [61]. For
farmer-collected samples, the samples were stored frozen
on the farm for up to 2 weeks before being transported
to our research laboratory. For quarter milk samples col-
lected by laboratory personnel, the samples were held on
ice during transport back to the laboratory, refrigerated
overnight, and cultured within 24 h of collection. Two
farms did not contribute CQM samples.

Farm visits were scheduled when the bulk tanks con-
tained milk from at least two consecutive milkings. Lab-
oratory personnel collected 250 ml herd-level bulk tank
milk samples after 5 min of agitation of the bulk tank and
stored them in a sterile single-use vial (Sterlin™ Dippa"™
#192, Thermo Scientific). All specimens were transported
on ice to the laboratory and stored at -20 °C up to 90 days
before processing.

Bacterial culture

The samples collected from humans, dogs, and BTM
were grown on non-selective tryptic soy agar with 5%
sheep blood (TSAWB) as well as three selective media:
mannitol salt agar (MSA), chromogenic S. aureus agar
(CHRSA), and chromogenic MRSA agar (CHRMRSA).
Individual CQM samples were cultured on TSAWB
according to established guidelines [62]. All plates were
incubated at 37 °C for 24 h, except for TSAWB plates,
which were incubated for 48 h. For swab samples, the
swabs in transport solution were first vortexed, asepti-
cally removed from the vial using flame-sterilized for-
ceps, and then directly swabbed onto TSAWB plates.
Serial dilution of remaining swab suspension (undiluted,
tenfold, and 100-fold in sterile water) was prepared, and
100 pl of each solution was spread onto TSAWB (undi-
luted, 1:10, 1:100), MSA (undiluted, 1:10, 1:100), CHRSA
(undiluted), and CHRMRSA (undiluted) using L-shaped
stick. Additionally, 500 pl of the swab inoculated suspen-
sion was inoculated into 4.5 ml sterile Mueller—Hinton
broth containing 6.5% sodium chloride for enrichment.
After enrichment at 37 °C for 24 h, serial dilutions of
1:1000 and 1:10,000 were prepared, and 100 pl was
spread on TSAWB, CHRSA, and CHRMRSA. For bulk
tank milk samples, the methods for inoculation on dif-
ferent plates with and without dilution was as described
above for swab samples.

Presumptive Isolation and Identification of Staphylococcus
aureus

Individual colonies resembling staphylococci based on
their growth characteristics (i.e., colony morphology,
color, size, hemolysis pattern, mannitol fermentation on
MSA, and pigmentation on CHRSA and CHRMRSA)
were picked and inoculated onto new TSAWB plates to
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isolate for purity. Between 2 and 6 representative colo-
nies of presumptive S. aureus isolates were selected
from each primary culture plate. Presumptive identifica-
tion criteria for staphylococci included: round colonies
2-3 mm in diameter, opaque greyish white, white, pale
yellow, or golden yellow colonies generally hemolytic on
TSAWB; clear to white or yellow colonies that ferment
mannitol on MSA; mauve to pink colonies on CHRSA
and CHRMRSA. After incubation at 37 °C for 48 h, the
hemolytic pattern on TSAWB was observed, followed by
gram staining, catalase, and coagulase tests of each pre-
sumptive isolate. Presumptive S. aureus was gram-posi-
tive, catalase and coagulase tests positive, and cocci with
complete and/or partial hemolysis on blood agar plates.
Occasional non-hemolytic, gram-positive, catalase-
positive, and coagulase-positive isolates were identified
and stored for subsequent species identification by PCR.
Presumptive isolates that were gram-positive, catalase-
positive, and coagulase-negative cocci (e.g., non-aureus
staphylococci) and gram-positive pleomorphic rods
(e.g., Corynebacteria spp.) were also occasional selected
from the primary culture plates and stored. Presump-
tive isolates were frozen at -20 or -80 °C in sterile tryp-
tic soy broth with 15% glycerol until further processing.
Isolates were revived from frozen stock by plating 10 pl
on TSAWB, incubating for 48 h, and passing in cul-
ture to a new plate to confirm purity before subsequent
identification.

DNA extraction and Multiplex PCR

The genomic DNA of the isolates was extracted using the
Qiagen DNeasy Blood and Tissue Kit. Multiplex PCR,
using three pairs of primers, was performed to con-
firm presumptive isolates to be S. aureus with the pres-
ence of thermonuclease (nuc) gene and to identify blaZ
and mecA gene carried by those confirmed isolates (see
Additional file 1). Positive DNA template controls (S.
aureus ATCC 25923, ATCC 29213, and ATCC 33591)
and negative template controls (nuclease-free PCR water)
were included for each amplification. The presence of
PCR products of the approximate size was determined
by visualizing SYBR Safe-stained 1.5% agarose gels after
electrophoresis.

Multilocus Sequence Typing (MLST)

For MLST analysis, genomic DNA from all nuc-positive
isolates was subjected to PCR using primers for seven
housekeeping genes specific to S. aureus [21]. The ampli-
fied DNA was cleaned using ExoSAP-IT PCR clean-up
(Affymetrix) and then subjected to Sanger sequencing
at the University of Vermont Genomics Core Facility.
The reverse and forward chromatograms were aligned
and screened for quality using Geneious Prime® software
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(version 2022.1.1, Biomatters Ltd.). Amplicons with
poor-quality sequences or alignments with mismatches
were re-sequenced. Consensus sequences were queried
against the S. aureus MLST database (https://pubmlst.
org/) to determine allele and sequence type matches.
Novel alleles or allelic profiles were submitted to the
MLST database curator for new allele and ST number
assignment. All identified isolates were submitted to the
database.

Antimicrobial susceptibility testing (AST)

Antimicrobial sensitivity testing was performed using
agar disc diffusion (DD) and broth microdilution assays,
following CLSI guidelines [63] with 20 antibiotics (see
Additional file 1). Broth microdilution assays were per-
formed using a commercially available 96-well plate
(Sensititre Mastitis MIC plates, CMV1IAMAF, Trek
Diagnostic Systems), while agar disc diffusion assays
were performed using commercially available discs.
S. aureus ATCC 25923 and ATCC 29213 were used
as quality control strains for disc diffusion and broth
microdilution assays, respectively. The disc diffusion
and Sensititre plate results were interpreted accord-
ing to CLSI guidelines [42, 63]. Because CLSI does not
provide breakpoints for S. aureus from mastitis cases
for many of the antibiotics tested, no categorical break-
point definitions were applied for those antibiotics, and
the observed quantitative results (MIC or zone diam-
eter) were reported for all antibiotics tested. We defined
multi-drug resistant isolates as those resistant to two or
more antibiotic classes.

Data management and Statistical analysis

In this study, we defined isolates as bacterial colonies
selected from primary culture plates and subcultured
on secondary plates showing homogenous morphology.
Sequence types (STs) were defined as isolates with a com-
mon MLST allelic profile, and clonal complex (CC) was
defined as a group of closely related STs with five or more
similar alleles [21, 53].

Isolates of the same MLST type, with the same AMR
profile, isolated from the same individual source on the
same farm were defined as duplicates and excluded from
statistical analysis to avoid over-representation of strain
diversity and provide unbiased antimicrobial resistance
prevalence estimates [64—66]. The number of duplicate
isolates within ST, cow, and farm was recorded (see Addi-
tional file 1). For example, if we collected four isolates
from an individual quarter of a cow on one farm, and
these isolates had the same ST and AMR profile, then
one representative isolate was used in the analysis. For
each isolate, nominal categorical variables included the
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source of isolate (human, CQM, or BTM), originating
farm type (conventional or organic), CC, and blaZ PCR
status (negative or positive).

Geneious Prime® software (version 2022.1.1, Biomatters
Ltd.) was used to create pseudogenes by concatenating
the allele sequences of the housekeeping genes. A phy-
logenetic tree of pseudogenes was created using MEGA
(Molecular Evolutionary Genetics Analysis) version 6.0
[67]. The minimum spanning tree was constructed using
PHYLOViz [68]. Statistical tests of association were done
using R (R version 4.2.2, The R Foundation for Statistical
Computing Platform). In a forward stepwise regression
approach, we explored the association between the pres-
ence of blaZ (as a proxy for antimicrobial resistance of
human and animal health concern) and each categorical
independent variable (source, farm type, and strain type
or clonal complex) in univariate models. Variables with
P<0.20 were brought forward to a multivariable regres-
sion model. In the final models, interactions or asso-
ciations were considered significant with a P<0.05. The
degree of association between the predictor variables
clonal complex and source was tested using Cramer’s V
statistic for categorical variables.
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