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ABSTRACT

Dairy farming involves frequent contact among animals, workers and farm environments. To explore the Staphylococcus spp.
diversity that occurs on dairy farms, a pilot study sampled dairy workers, cows and the farm environments from five farms,
two organic and three conventional farms, in Washington State. Samples were taken from the nares and hands of
consenting workers (n = 24), udders and nares of selected cows (n = 25) and representative environmental surfaces (n = 96)
from each farm. To increase diversity of the Staphylococcus spp. characterized, five distinct colonies were selected from each
sample for identification with 16S analysis. A total of 198 staphylococci were characterized representing 19 different
Staphylococcus spp. The diversity of species ranged from 9–15 Staphylococcus spp./farm with no difference between
conventional and organic farms. S. haemolyticus [n = 60 isolates] was the most common species and was isolated from all
farms and from cows, humans and environmental samples. Whole genome sequencing of selected S. haemolyticus found no
genetically related isolates among human, animal and environmental samples within the same farm. S. epidermidis, S.
saprophyticus, S. sciuri and S. xylosus were also found in ≥1 farms from human, animal and environmental samples.
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INTRODUCTION

Dairy farming involves direct contact betweenworkers and cows
during milking and moving animals, as well as, exposures to
manure, dust and liquid splashes all of which allow for the po-
tential bacterial transmission between humans, cows and the
farm environment. The level of human-cow interaction leading
to bacterial transfer in dairy farm operations is not clear. Stud-
ies have illustrated an inconsistency in infection control prac-

tices including variable use of gloves and other personal protec-
tive equipment [PPE] when handling animals and hand washing
after animal contact (Fenton et al. 2010b). The lack of PPE use
may explain why there have been studies of dairy workers as-
sociating a variety of skin disorders and gastrointestinal infec-
tions related to work in milking barns and contact with dairy
cow feces (Gilpin et al. 2008; Fenton et al. 2010a; Awadallah et al.
2016). Case reports have documented the development of skin
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Table 1. Farm Characteristics and Management Practices.

Farm
Organic vs.
conventional

Herd
Size

Total #
workers

# Workers
sampled Pasture access Manure management

Non-therapeutic
use antibiotics

1 Conventional 7000 52 7 No Hauled and spread daily, composted,
lagoon storage (time of yr dependent)

No

2 Conventional 875 9 3 Summer only Composted, lagoon storage No

3 Organic 409 10 6 Yes Hauled and spread daily, composted,
lagoon storage (time of yr dependent)

No

4 Organic 185 5 1 Yes Lagoon storage No

5 Conventional 2200 22 7 Summer only Composted, lagoon storage Yes

infections with Staphylococcus spp. among dairy workers and
family contacts (Tiwari and Tiwari 2007).

Staphylococcus aureus has been associated with mastitis in
cows (Keefe 2012; Boss et al. 2016; Capra et al. 2017), but
now other Staphylococcus spp. are associated with mastitis as
well (Keefe 2012; Kateete et al. 2013; De Visscher et al. 2014;
Srednik et al. 2017). As other species of Staphylococcus become
more commonly associated with disease it is of interest to learn
more about the distribution of these coagulase negative Staphy-
lococcus spp. [CoNS] in dairy farms (Levison et al. 2016; Nyman,
Fasth and Waller 2018).

In the current pilot study, we sampled five dairy farms [3
conventional and 2 organic] to assess the degree of diversity
and similarities among Staphylococcus spp. isolated from cow
noses and teats, human noses and hands and a variety of dairy
farm environments. Generalized growth for Staphylococcus spp.
was done rather than specific enrichment for S. aureus. We de-
termined whether there were differences in Staphylococcus spp.
present and/or number found in humans, cows and the farm
environment. We also determined whether for S. haemolyticus,
themost commonly isolated species, there was phylogenetic re-
latedness between isolates from different types of samples (hu-
man, animal and environment) on the same farm.

MATERIALS AND METHODS

Recruitment of farms and workers

We recruited five dairy farms in Washington State through the
assistance of a number of professional dairy-related contacts in
the area. These farms represented a convenience sample with
herd sizes ranging from 175 to 7000 head of cattle. Three out
of the five farms were considered conventional production sys-
tems with the remaining two following under the organic clas-
sification (Table 1). After gaining owner permission to visit the
farms, samples were collected from cows [one nose and one
teat sample from each cow and five cows from each farm] and
18–20 environment samples per farm. All cows were sampled
in the milking barn during milking operations. Thus none were
known to be sick or on antibiotic treatment at the time of sam-
pling. Sampling took place between May 2014– Feb 2015. Almost
all workers wore gloves during milking. Farm workers were in-
vited to volunteer to participate in the survey and sampling.
Study protocols were reviewed and approved by the University
ofWashington human subjects review board (#46 454) as well as
the Institutional Animal Care and Use Committee (IACUC) com-
mittee (#4335–01).

Microbial sampling of workers, cows and environments
The farms included in the study volunteered to be in the study
and included the first five that agreed to be sampled. For feasi-
bility in this pilot study, five cows from each farm were selected
for sampling, as well as, all workers who consented and could
be sampled during a field visit. We planned environmental sam-
pling based on taking at least two samples for each of a number
of high contact environments, such as enclosure railings, milk-
ing areas and feeding areas. The number of samples taken also
factored in how many samples could be processed in a single
time period. Nasal and hand swabs were collected from human
participants by trained study staff using SANICULTTM Transport
Swabs (Roberts et al. 2011). Nasal and teat swabs were collected
from cows currently in lactation by a veterinarian or trained
study staff member using 3MTM Sponge-Stick with neutralizing
buffer (3M Science Applied to Life, USA). From each farm, 18–
20 environmental samples were taken; including surface swabs
(milking equipment, washing machine and sinks in the milking
barn, towels to wipe the teats, etc.) and environmental media
(manure runoff, bedding, feed, etc.) from each farm using previ-
ously established methods (Soge et al. 2016). The same surfaces
and environmental media were sampled at each farm. All swab
samples were transferred to the laboratory where theywere pro-
cessed within 24 h of collection as previously described (Roberts
et al. 2011; Soge et al. 2016).

Microbial analysis

Sampleswere enriched in Bacto R© mStaphylococcus Broth (Difco
Laboratories, Division BD Sparks, MD), supplemented with 75
mg/L polymyxin B and 0.01% potassium tellurite (Sigma-Aldrich,
St. Louis, MO) and incubated at 36.5◦C with 5% CO2 (Soge et al.
2009, 2016; Roberts et al. 2011; Michael, No and Roberts 2016). At
48 h, all tubes with growth and black precipitate were streaked
for isolation on Staphylococcus medium 110 (Difco Laborato-
ries), as previously described (Soge et al. 2009, 2016; Roberts et al.
2011; Michael, No and Roberts 2016). One to five unique colonies
were selected fromeach plate and streaked on Brucella agar sup-
plemented with 5% sterile sheep blood (Difco Laboratories) and
incubated at 36.5◦C in 5% CO2 for 24 h to determine colony mor-
phology [rough vs smooth], colony color [white to gray or yel-
low] and hemolysin production (Michael, No and Roberts 2016).
Some samples had <5 Staphylococcus spp. on the plate and thus
had <5 colonies selected for characterization. When there was
multiple isolates selected and identified from the same sample,
especially with S. epidermidis, S. haemolyticus, S. saprophyticus and
S. xylosus only one isolate from any one species was selected for
inclusion in the study to prevent duplication of the same strain.
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Figure 1. Phylogenetic analysis reveals distant relationship among isolates. (A) Core genome SNP phylogeny of 13 Staphylococcus haemolyticus isolates sequenced in this
study. Branch lengths are labeled with the number of SNP differences. (B) Pairwise SNP difference map of isolates sequenced in this study. The SNP differences are

consistent with a lack of recent transmission between cow, workers and the environment.

This happened most often in the environmental samples. All
the coagulase-negative isolates either had no hemolysin or α-
hemolysin, while the six β-hemolytic isolates, in the study, were
identified as S. aureus using 16S sequencing and the Staphaurex
test as previously described (Remel, Lenexa, KS; Roberts et al.
2011).

Initially, isolates were tested using the API STAPH-IDENT
(BioMerieux, USA) because of relatively good identification of
coagulase-negative Staphylococcus spp. (Ameida and Jorgensen
1983). However, >50% of the initial isolates could not be ade-
quately identified. Therefore, we chose to test all isolates us-
ing PCR assays for 16S sequencing using Proteinase K (pK) treat-
ment cells as previously described using the Standard Sanger
method (Soge et al. 2009, 2016; Roberts et al. 2011). The PCR am-
plicons were sequenced in both directions by Eurofins Genomics
(Louisville, KY) and compared to the 16S database to character-
ize Staphylococcus spp. isolates as previously described (Soge et al.
2009). Only isolates that showed high homology in the 16S PCR
assay, 99–100%, were included in the study. In addition, if any
isolate show sequence homology to ≥1 species that isolate was
not included in the final study to increase the accuracy of the
coagualase-negative Staphylococcus spp.(CoNS) identification. All

of the isolates that gave good identification using the API system
had the same species identification using the 16S PCR system.
With this system, 198 isolates were speciated and used for fur-
ther testing.

Whole genome sequencing

DNAwas prepared from the 13 S. haemolyticus forWhole Genome
Sequencing (WGS) using UltraClean Microbial DNA Isolation Kit
(MO BIO Laboratories, Inc. now owned by QIAGEN Inc. German-
town, MD). The S. haemolyticus came from three different farms,
all of which had S. haemolyticus isolated from cows, humans
and the environment (Table 3). One pair of isolates from the
same person’s nose and hand were selected to determine if
they carried a single clone. Then randomly selected S. haemolyti-
cus isolates from cow nose and teat samples, human hand and
nose and two environmental sites were included for comparison
(Figure 1). Creation of whole genome libraries was performed
as previously described (Greninger, Langelier and Cunningham,
2015, 2016). One ng of bacterial genomic DNA [gDNA] was used
as input for dual-indexed Nextera XT library preparation with
14 cycles of amplification and sequenced on a 1 × 185bp run
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Table 2. Staphylococcus spp. Identified, by Sampling Type.

Staphylococcus spp.
identification

Cow nose
(n = 25)

Cow teat
(n = 25)

Human
hand

(n = 24)

Human
nose

(n = 24)

Environment
surface
(n = 48)

Environment
media
(n = 48) Total

S. arlettae – 1 – – 1 – 2
S. aureus 1 – 1 4 – – 6
S. chromogenes 2 4 – 1 – 1 8
S. cohnii 1 1 – 1 – – 3
S. devriesei – 1 1 – – 1 3
S. epidermidis 3 2 2 8 – 4 19
S. equorum 1 – – 1 2 3 7
S. fleurettii 1 – 1 – – – 2
S. haemolyticus 10 7 9 5 15 14 60
S. hominis – – 1 1 1 – 3
S. lentus – – – – 1 2 3
S. nepalensis – – – – 2 – 1
S. pasteuri – – 2 – – – 2
S. saprophyticus 2 – 4 7 1 8 21
S. sciuri 6 3 – 1 – 5 15
S. succinus 1 1 – – 1 12 15
S. vitulinus – – 1 – – – 1
S. warneri – – – – – 1 1
S. xylosus 5 5 4 2 8 – 24
TOTALS 33 25 26 31 32 51 198

on an Illumina MiSeq to achieve approximately 1 million reads
per isolate. Readswere trimmed using trimmomatic, de novo as-
sembled using SPAdes v3.11 and annotated using prokka v1.11
(Bankevich et al. 2012; Bolger, Lohse and Usadel 2014; See-
mann 2014). Core genome hqSNP phylogenies were created as
described previously using bwa-mem, samtools and vcftools
based on mapping to the S. haemolyticus strain JCSC1435 ref-
erence genome [NC 0 07168] using minDP 10, minQ 200 and
minGQ 10 parameters in vcftools (Li and Durbin 2010; Kozyreva
et al. 2016; Goncalves da Silva et al. 2017). In this manner,
WGS was performed on 13 S. haemolyticus isolates. A median of
1,036,488 reads [range 637 812–2297 414 reads] were sequenced
per isolate, yielding a median depth of 69X [range 42–154X].
The Whole Genome Shotgun project has been deposited at
DDBI/ENA/GenBank under the access PRJNA450870. Accession #
are SAMN08950978 [isolate Farm 5 Cow82 Teat] to SAMN0895090
[isolate Farm 5 Env80–2].

Data analysis

We performed descriptive analysis of isolate frequencies in an-
imal, human and environmental samples at the farm level. In
manuscript preparation, we followed the COHERE checklist for
one health epidemiological reporting of evidence for One Health
studies (Davis et al. 2017).

RESULTS

Farm characteristics

The characteristics of the five farms in the study are in Table 1.
Year round pasture access took place only in the two organic
farms, while seasonal access to pasture took place on two of
the three conventional farms. All farms used manure lagoons
as part of waste management.

Isolation and characterization of Staphylococcus spp.

A total of 24 workers agreed to be sampled, with a range of
1–7 workers/farm (Table 1). A total of 194 samples were col-
lected during the study and included: 50 cow samples (25 nasal,
25 teat), 48 human samples (24 nasal, 24 hands) and 96 en-
vironmental samples. From these 198 different staphylococci
were isolated including; 33 cow nasal and 24 cow teat isolates,
26 human hand and 31 human nasal isolates and 83 environ-
mental isolates. These isolates were classified into 19 different
Staphylococcus spp. (Table 2). On the organic dairies, the num-
ber of different species of Staphylococcus ranged from 9–11 dif-
ferent species while conventional dairies had between 10–15 dif-
ferent Staphylococcus spp. We found 4–7 different Staphylococcus
spp. among the cow samples, 2–9 different Staphylococcus spp.
among the worker samples, and 6–8 different Staphylococcus spp.
in the environmental samples (Table 3). For the environmen-
tal samples, 32 positive Staphylococcus spp. isolates came from
swab surface samples and 51 isolates fromenvironmentalmedia
(Table 2).

S. haemolyticus was the most commonly isolated Staphylococ-
cus spp. overall (n = 60), followed by S. xylosus (n = 24), S. sapro-
phyticus (n = 21), S. sciuri (n = 15) and S. succinus (n = 15) (Table 2).
The S. haemolyticus included: 17 isolates from cows, 14 isolates
from human and 29 isolates from the environment (Table 3).
In Farms #2, #3 and #5, S. haemolyticus was isolated in cow, hu-
man and environmental samples.While in Farm #1, S. haemolyti-
cus was isolated from human and environmental samples and
Farm #4 isolated from cow and environmental samples. S. epider-
midis isolates were cultured from Farm #5 from all three sectors
(Table 3). From organic Farm #3, S. haemolyticus, S. saprophyticus
and S. xylosuswere isolated in all three sectors [cow, human and
environment]. The organic Farm#4 had S. saprophyticus and S. xy-
losus isolated in all three sectors, while conventional farms had
≥1 of the following in all three sectors; S. haemolyticus, S. sapro-
phyticus or S. epidemidis (Table 3).
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Table 3. Staphylococcus spp., Across Sectors, by Farm.

Cow Human Environment

Farm 1
S. chromogenes S. chromogenes
S. cohnii

S. epidermidis
Cow (5) S. haemolyticus S. haemolyticus
Human (7) S. hominis
Environment (17) S. lentus

S. nepalensis
S. saprophyticus S. saprophyticus S. saprophyticus
S. sciuri

S. xylosus

Farm 2 S. aureus S. aureus
S. chromogenes S. chromogenes
S. cohnii S. cohnii

S. epidermidis S. epidermidis
Cow (5) S. equorum
Human (3) S. haemolyticus S. haemolyticus S. haemolyticus
Environment (19) S. pasteuri

S. saprophyticus
S. sciuri

S. xylosus S. xylosus

Farm 3 S. aureus
S. devriesei S. devriesei

S. epidermidis
S. equorum

Cow (5) S. fleurettii
Human (6) S. haemolyticus S. haemolyticus S. haemolyticus
Environment (20) S. hominis

S. saprophyticus S. saprophyticus
S. sciuri S. sciuri S. sciuri
S. succinus S. succinus
S. xylosus S. xylosus S. xylosus

Farm 4 S. arlettae
S. devriesei

S. epidermidis
S. equorum

Cow (5) S. haemolyticus S. haemolyticus
Human (1) S. saprophyticus S. saprophyticus S. saprophyticus
Environment (20) S. sciuri S. sciuri

S. succinus S. succinus
S. xylosus S. xylosus S. xylosus

Farm 5 S. arlettae
S. aureus

S. chromogenes S. epidermidis S. epidermidis
Cow (5) S. epidermidis S. equorum
Human (7) S. equorum S. fleurettii
Environment (20) S. haemolyticus S. haemolyticus S. haemolyticus

S. lentus
S. pasteuri

S. saprophyticus S. saprophyticus
S. sciuri
S. succinus

S. vitulinus
S. warneri

S. xylosus

Species in bold were found in human, cow and environmental samples at the same individual farm.
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There were six S. aureus isolates identified, of which fivewere
fromworkers and one from a cow nose. No S. aureuswas isolated
in Farms #1 and #4. In Farm #2 (conventional) one cow nose and
one human S. aureus isolate was cultured. In Farms #3 (organic)
and #5 (conventional) only human S. aureus isolates were iden-
tified (Table 3).

Whole genome analysis of S. haemolyticus

Whole genome sequencing was done on 13 selected S. haemolyti-
cus isolates (Farm #5, 4 cow and 2 human; Farm #2, 2 cow and 3
humans; Farm #3, 2 environmental isolates) (Figure 1). The core
genome hqSNP phylogeny revealed a median 830 SNPs [range,
33–9053 SNPs] between isolates, consistent with a lack of re-
cent transmission with the bar representing 1000 SNP differ-
ences (Figure 1). Two isolates with 16 SNP differences were iso-
lated from the hand and nose of human 81 at the same time.
These differences suggests that these two isolates were genet-
ically related. The phylogenetic tree showed some grouping by
farm of S. haemolyticus, however, the overall phylogeny, in terms
of SNP distances, demonstrated minimal clustering of isolates
by farm.

DISCUSSION

This pilot study aimed to characterize the diversity of the
staphylococcal populations and their movement within a farm
setting between humans, animals and the environment. A to-
tal of 19 different Staphylococcus spp. from five dairy farms in
Washington were identified. There was co-occurrence of S. epi-
dermidis, S. haemolyticus, S. saprophyticus, S. sciuri and S. xylosus
across humans, cows and environments on ≥1 farms. There
were no significant differences in the number of different Staphy-
lococcus spp. identified in cows, environment or workers on or-
ganic vs conventional farms (Table 2). However, the number of
farms was not large and it is possible that with a larger number
of farms there may be a trend with specific Staphylococcus spp.
associated with either organic or conventional farms. Finding of
certain species occurring simultaneously in cows, workers and
the dairy environment suggest the potential for transmission of
the same bacteria between the three sectors. However, the WGS
data from S. haemolyticus did not show a close genetic relation-
ship between isolates taken from cows, the environment and
the dairy workers on any one farm (Figure 1). The number of
isolates examined in the study was low and it is possible that
if larger numbers of S. haemolyticus were isolated and character-
ized some genetic relationships between isolates within a farm
might be found as has occurred with S. aureus ST398 between
pigs and pig farm workers (Reynaga et al. 2016). There are other
strain types of S. aureus found among cows around the world,
however only a few are common and limited studies have been
performed in the USA (Price et al. 2012; Li et al. 2017).

The finding of coagulase-negative Staphylococcus spp. (CoNS)
in cow, workers and the dairy environment is not surprising,
since previous reports have indicated that in some settings CoNS
are becoming the most common causes of intramammary in-
fections in cows. For example, in one European study on three
farms, both S. haemolyticus and S. sciuri were identified in all
three herds, andwere frequently found inmilk samples (DeViss-
cher et al. 2014). Another study in Uganda, found CoNS in human
nasal samples from dairymen and cows with clinical mastitis
though the strains in humans and cows were genetically differ-
ent (Kateete et al. 2013) as occurred in the current study.

The abundance of S. aureus in the cows, humans and envi-
ronmental samples were likely under estimated because we did
not specifically enrich or select for S. aureus. This hypothesis is
supported by the low [10%] of the human samples that were S.
aureus positive. This value is at the lower end of carriage rate
found in general populations (Hanis et al. 2017). By focusing on
Staphylococcus spp. and isolating only the most common species
thatwere present and able to growwith the currentmethods, we
would not have detected low levels of other species of Staphylo-
coccus spp. We did not look for the presence of the mecA gene or
antibiotic resistance, thus it is unclear what level of antibiotic
resistance the CoNS carried in the current study.

The study took a ‘One Health’ approach by examining
staphylococci in humans, animals, as well as, the environment,
in order to better understand the interactions of microbial com-
munities and the possible impact of such interactions. This ap-
proach required assembling a study team with expertise in hu-
man, animal, environmental health and sampling methods. In
future studies, it would be of value to culture and characterize
both CoNS and S. aureus, as well as, determine antibiotic resis-
tant phenotypes and genotypes. The increase in the number of
isolates characterized in a longitudinal fashion along with in-
creased number of organic and conventional dairy farms would
help better characterize if there is CoNS movement between
dairy cows, workers and their farm environment.
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