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Abstract

Purpose of Review Exposure to bioaerosols at dairies has long been associated with allergy, respiratory disease, and decreases
in lung function. Recent advancements in exposure assessments have aided our understanding on the size distribution and
composition of these bioaerosols, but investigations focusing solely on exposures may overlook important intrinsic factors
impacting worker’s susceptibility to disease.

Recent Findings In our review, we discuss the most recent studies examining the exposures and genetic factors that contribute to
occupational disease in dairy work. We also review more recent concerns in livestock work associated with zoonotic pathogens,
antimicrobial resistant genes, and the role of the human microbiome.

Summary The studies highlighted in this review demonstrate the need for further research to better understand bioaerosol
exposure—response relationships in the context of extrinsic and intrinsic factors, antibiotic-resistant genes, viral pathogens,
and the human microbiome to help inform effective interventions that improve respiratory health among dairy farmers.

Keywords Dairy workers, Bioaerosol exposures - Respiratory health - Influenza - Antibiotic resistance - Microbiome

Introduction

Respiratory allergy and an increased burden of respiratory
disease have been recognized in dairy workers for decades
[1, 2]. Increased prevalence of chronic obstructive pulmo-
nary disease (COPD), chronic bronchitis, asthma, respira-
tory pneumonitis, and asthma-like reductions in pulmonary
function in dairy workers has been well-documented in the
literature, while respiratory pathogens and antimicrobial
resistance continue to develop as health concerns for agri-
cultural workers [3—7]. Respiratory diseases in this work-
ing population are likely to be associated with occupational
exposure and have been largely unexplained by lifestyle
choices as dairy workers are more active and smoke less
and have similar body masses compared to the general popu-
lation [8-12].

Our current understanding is that incidence of respiratory
disease in dairy workers is driven by exposures to bioaerosols
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at dairies [13—-18]. Fundamentally, dairy bioaerosols are com-
prised of dust and biologically derived particulate matter
generated by a variety of sources present at dairies [19-22].
These bioaerosols also contain rich and abundant communi-
ties of viruses, archaea, fungi, and bacteria, that when upon
stress or death, can shed toxins and pro-inflammatory cellular
components (e.g., Gram-negative endotoxin, Gram-positive
peptidoglycan, and fungal p-D-glucans) [8, 13, 23e, 24-27].
These viable and nonviable microbial constituents are capa-
ble of eliciting respiratory symptoms and health effects rang-
ing from infection and inflammation to sensitization and tox-
icity [28, 29, 30ee, 31-35].

While our knowledge in dairy worker exposures has
steadily advanced, the precise pathologies in which these
exposures cause respiratory disease are less understood [1,
36]. Differences in intrinsic factors, such as genetics and
critical periods of susceptibility when exposures occur, are
now believed to modulate these diseases [37ee, 38]. Fur-
thermore, it appears that seasoned workers adapt to these
exposures over some period and that workers entering the
dairy industry may experience acute adverse health effects
— severely limiting their ability to continue working in the
industry. This “healthy worker effect” likely undermines the
true prevalence of respiratory disease associated with dairy
work [39].
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This review highlights some recent developments in the
ongoing attempt to integrate the holistic picture of exposure,
allergy, and respiratory disease in dairy workers. We begin
by discussing what is known about the extrinsic (exposures)
and intrinsic factors (genetics) in dairy work and how these
factors contribute to disease incidence. We then discuss
emerging issues such as pathogens and antimicrobial resist-
ant genes found at dairies within the context of potential pub-
lic health concerns. The human microbiome is also briefly
introduced, before discussing future directions and areas we
believe should be emphasized in new research. Ultimately,
the work presented here extends beyond dairies in its appli-
cability in exposure assessments, analytical techniques, and
intrinsic investigations. Bioaerosols hold an unprecedented
interest in the public eye, and improving our ability to quan-
tify exposures and understand differences in infection may
positively impact future public health responses.

The Burden of Bioaerosol Exposures
on Dairy Farms

Dairy workers are at the nexus of exposure to dust that con-
tains a high microbial load. Dust and its microbial constitu-
ents are referred to as bioaerosols [40]. It is widely recog-
nized that bioaerosol exposures are associated with a range
of health effects due to the presence of pathogenic and non-
pathogenic agents [41-43]. Given the complexity of bioaero-
sols, dairy farmers are at an increased risk for respiratory
and infectious diseases. Determining which constituents are
most physiologically and pathologically relevant has proven
to be a longstanding challenge among researchers and prac-
titioners — further perpetuated by the threat of antibiotic
resistance bacteria and viruses with pandemic potential.
Accordingly, goals and priorities across occupational health
agencies and organizations remain focused on the conduct
of etiologic and surveillance research to address knowledge
gaps related to the onset and exacerbation of respiratory dis-
eases in the agricultural sector [44-47]. As noted in the stra-
tegic goals published by NIOSH, transmission of infectious
pathogens between agriculture workers and livestock is not
well understood. Given the breadth of the issue, coopera-
tive research efforts and activities across the basic-to-applied
continuum will be critical to reduce the burden of respiratory
disease among dairy workers. Below, we review the recent
literature on bioaerosol exposures.

Inhalable Bioaerosols
Bioaerosols on a dairy farm emanate from a variety of

sources (e.g., anthropogenic and biogenic, including,
ambient environmental, livestock, feed, bedding, and
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avian) [22]. Given the range of these sources, dairy bio-
aerosols are a heterogenous mixture of bacterial, fungal,
and archaeal species along with associated cellular com-
ponents, including endotoxin, pB-glucans, and muramic
acid [8, 21, 24, 48, 49]. Endotoxin is a marker for Gram-
negative bacteria and is a known respiratory inflammagen
[27, 50-53]. While there has been a large focus on the del-
eterious effects of endotoxin, other markers (e.g., muramic
acid) are just as likely to elicit inflammatory responses [8,
28, 34, 54]. Further, bioaerosols contain particles of vary-
ing shape and size [22, 34]. As such, the microbial payload
is present across fine and coarse particulate comprising the
inhalable fraction. The inhalable fraction has been defined
as those particles with an aerodynamic diameter of up to
100 pm that can impact in the nasopharyngeal region,
including the nose, mouth, and larynx [56]. Further, res-
pirable particles, with a cutoff of approximately < 10 pm,
comprise a subfraction of inhalable aerosols. In general,
assessments based on the inhalable convention provide a
more physiologically relevant estimate of a dairy worker’s
bioaerosol exposure given the inferred respiratory deposi-
tion. However, continued research on the fate, transport,
and inhalation of these inhalable particles on a dairy farm
is critical to help improve our understanding of exposures,
especially as it relates to dose, effect, and the design and
development of control strategies.

Exposure Concentrations

Over the past decade, there have been at least 14 studies in
the peer-reviewed literature focused on assessing personal
exposures to inhalable bioaerosols on dairy farms. While
fixed-site monitoring at an operation provides important
information regarding the aerial transport of bioaerosols,
these area-based measurements tend to be lower and not
representative of a worker’s actual exposure [49]. There-
fore, sampling strategies designed to assess personal
exposures are more accurate. The mass concentrations
of personal exposures to inhalable bioaerosols observed
in recent studies are comparable to those reported before
2013. The exposure concentrations range from 0.22 to
9.8 mg/m? (Table 1). Although some standard-setting
organizations have published occupational exposure lim-
its for inhalable dust, there are no enforceable standards
for bioaerosol exposures. Instead, researchers and agen-
cies have published recommended limits. For example,
exposure limits of 2.4 mg/m?® and 90 EU/m? have been
suggested for bioaerosols and endotoxin, respectively [46,
47, 55]. Based on the reported bioaerosol concentrations,
dairy farmers/workers are exposed to concentrations that
exceed recommended exposure limits. Hence, concerns
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regarding bioaerosol exposures among dairy farmers
remain high given the concentrations and presence of
pathogenic and non-pathogenic agents.

Task-Based Exposures

As noted in the reported range above, bioaerosol concentra-
tions are highly variable on a dairy farm. Bioaerosol con-
centrations appear to be independent of herd size: similar
concentrations were observed on farms with less than 500
lactating cows and those farms considered as large-herd
operations (i.e., those with > 500 cows). The variability of
dairy bioaerosol concentrations has been largely attributed
to the tasks performed on the farms. For example, those
workers assigned to milking (automatic v. parlor), moving
of animals, and handling of bedding, feed, and manure are at
a greater risk of exposure to high concentrations of bioaero-
sols. In 2014, Basinas et al. noted that the milking method
was an important determinant in worker exposure based on
the duration of the task and the ratio of animals to worker
[48]. Specifically, those operations adopting robotic methods
increased bioaerosol concentrations twofold as compared to
worker exposures encountered in traditional parlors. This
finding is especially noteworthy as operations continue to
modernize and integrate new technology to meet demand
from a rapidly growing human population. Additionally,
Davidson et al. characterized task-based exposures at mod-
ern dairies and found that 14% of the exposures monitored
exceeded the recommended exposure limit [8]. They also
noted that bioaerosol concentrations were the highest in the
milking parlor. Last, Pfister et al. identified that mechanical
handling of bedding, grain, and feed increases the exposure
to bioaerosols, especially those particles ranging from 3 to
10 um [24]. As the dairy industry continues to modernize,
bioaerosols will remain a concern until worker protection
strategies that are proven to reduce exposure across the
inhalable fraction are implemented.

Respiratory Diseases
Allergy and Intrinsic Factors

In the last decade, the scope of investigations has broadened
to include the influence of host factors on the pathology
of chronic conditions like asthma and the innate immune
response. Briefly, Stein et al. found that the Amish and Hut-
terite communities, while having a similar genetic makeup,
had drastically different immune responses that are attributed
to differences in farming practices [37¢e]. The Amish, who
practice traditional farming, were found to have lower levels
of serum IgE and no cases of asthma while paradoxically

being exposed to higher levels of endotoxin and common
household allergens. When subjected to exposures in their
homes, Amish children expressed more tumor necrosis factor
and interferon regulatory factor 7 signaling proteins while
simultaneously having elevated neutrophils and decreased
eosinophils in their white blood cells — indicating an innate
immune response as opposed to an allergic response. Addi-
tional studies have corroborated the benefits of childhood
bioaerosol exposures and its protection against the onset
of atopy. Omland et al. followed a cohort of Danish farm-
ing school students between 1994 and 1998 and found a
decreased risk (OR 0.5, 95% CI: 0.3-0.98) for developing
adult-onset asthma among those that grew up on a farm [38].
Employment in the dairy industry as an adult, however, was
associated with an increased risk for developing asthma (OR
2.47,95% CI: 1.14-5.34). Two years later, the same research
group published findings that exposure to cattle starting in
adulthood conferred protection against adult onset of aller-
gic sensitization [58]. While questions and concerns remain
about specific factors, spatiotemporal dynamics, and atopic
outcomes regarding the time of life in which exposures first
occurred, early childhood exposures appear to be associated
with reduced risks of developing asthma and sensitization.
Workers’ genetics may also modulate exposure-response
to dairy bioaerosols. Genetics influence individual sus-
ceptibility to the effects of certain bioaerosol constituents
common at dairy farms. For example, endotoxin inhalation
triggers toll-like receptor-4 (TLR4) proteins via the NF-xB
and AP-1 intracellular signaling pathways [59, 60]. This
pulmonary response increases pro-inflammatory cytokine
and chemokine production that typically culminates in an
acute airway obstruction observable through spirometry [59,
60]. Genetic mutations in TLR4, specifically the missense
polymorphisms Asp299Gly and Thr3991le, may have local-
ized protective properties that promote a hyporesponsive
reaction to endotoxin inhalation [58]. Individuals possess-
ing this genetic mutation performed better in spirometry
parameters following subjection to endotoxin than similarly
exposed non-mutated individuals in a small (n=283) non-
occupational study [60, 61]. Reynolds et al. found a preva-
lence of TLR4 mutations Asp299Gly and Thr399lle to be
6.7% and 8.8%, respectively, in a group of 134 agricultural
workers from Colorado and Nebraska [62]. In this study,
spirometry was performed on participants before and after a
typical shift at a cattle feedlot, dairy farm, grain elevator, or
corn farm. Unlike the non-occupational study, workers with
TLR4 mutations Asp229Gly and/or Thr399lle experienced
a larger cross-shift reduction in both FEV1 and FVC — but
the authors did note the effect could be explained by a small
sample size [62]. A separate study involving 434 Dutch
agricultural workers, none of whom worked in proximity
to animals, did not find a relationship between endotoxin
exposure, TLR4 mutation, and prevalence of a wheeze [63].
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CD14, an additional endotoxin receptor in the human
genome, has polymorphisms that may modulate host and
exposure interactions [64]. Smit et al.’s study of Dutch farm-
ers revealed three CD14 polymorphisms that increased the
inflammatory response to endotoxin exposure [63]. Indi-
viduals with these polymorphisms performed worse when
comparing FEV1 spirometric values following exposure to
endotoxins. Furthermore, whole blood samples obtained
from these individuals expressed greater levels of pro-
inflammatory cytokine IL-1B following ex vivo endotoxin
exposure [63]. Toll-like receptor-2 (TLR?2) is the trans-
membrane protein responsible for activation of the NF-xB
pathway following exposure to Gram-positive bacteria [65].
In an experimental model, Poole et al. subjected wild-type
mice and TLR2-deficient mice to Gram-positive bacteria-
containing organic dust collected from a swine confinement
feeding operation [28]. TLR2-deficient mice exhibited less
bronchial inflammation and subsequently reduced cytokine
expression following exposure to the organic dust [28].

Fixed Airways Diseases

Despite individual differences in susceptibility to bioaero-
sols, exposure concentration and time of exposure are pri-
mary drivers of fixed airway disease associated with dairy
work. Over the last 40 years, nearly every epidemiologi-
cal study involving dairy workers has shown dairy work to
be associated with an increased risk of developing COPD,
chronic bronchitis, asthma, and asthma-like reductions in
pulmonary function. A brief overview of some selected stud-
ies and reported prevalence of these diseases is available in
Table 2. Modern farming practices may be improving dis-
ease prevalence in dairy workers, as noted by the reduction
of COPD from 10.7 to 8.4% in Macedonian workers between
2019 and 2014 and lower COPD in French dairy workers
in 2019; however, these reductions appear to be deviations
from the norm [14, 66].

The healthy worker bias theorized to occur in dairy work
limits our ability to characterize the true burden of fixed
airway disease in this working population. Because dairy
bioaerosols commonly contain allergens and inflammatory
constituents that impact certain individuals more than oth-
ers, a subset of workers entering the industry experience
significant respiratory effects earlier in their career. Workers
experiencing these effects are thought to self-select out of
the industry over some period — often before their disease
can be captured via cross-sectional surveys. This “healthy
worker effect” undermines the true prevalence of respiratory
disease associated with dairy work. Reynolds et al. reported
a prevalence of respiratory disease among dairy workers
to be approximately 9% to 17.2%. In their 2020 review of
livestock workers and respiratory disease, Sigsgaard et al.
found odds ratios of 2.5 (95% CI: 1.1-5.3) for dairy workers
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to develop asthma and 1.8 (95% CI: 1.1-3) for developing
chronic bronchitis [1, 2].

Cross-Shift Decrements in Lung Function

One area for greater research focus is the association
between dairy bioaerosol exposures and unexpected reduc-
tions in pulmonary function occurring over a short amount
of time. Longitudinal studies have historically shown the
link between duration of employment, smoking, and age
with decreases in forced expiratory volume in 1 s (FEV1),
forced vital capacity (FVC), and the subsequent ratio (FEV 1/
FVC). Recent efforts to determine changes in dairy workers’
lung function have focused on acute “cross-shift” changes,
comparing pre- and post-shift pulmonary function. Circa-
dian rhythms impact pulmonary function in most people
leading to a natural variability among test outcomes depend-
ing on the time of the day. Bagg and Hughes observed this
diurnal variation among 40 individuals with asthma over
a 10-day period and coined the occurring phenomenon as
a “morning dip.” In their study, 30 individuals showed a
consistent morning dip in peak expiratory flow rate and sub-
sequent higher peak expiratory flow rates during evening
tests [74]. Cross-shift changes in lung function have also
shown to be useful biomarkers for respiratory inflamma-
tion, and short-term changes in lung function are accurate
indicators for potential long-term changes in occupationally
exposed individuals [75]. In a high-turnover workforce like
dairy workers, cross-shift changes can measure respiratory
impact before the traditional onsets of disease.

Exposure to inflammatory constituents of dairy bio-
aerosols may modify expected diurnal variations in lung
function. A cross-sectional study of 210 workers at large-
herd dairies in California found that dairy workers expe-
rienced a mean change of —65.2 mL and —103.1 mL for
FEV1 and FVC, respectively [15]. When compared to 46
vegetable workers, dairy workers had lower baseline spirom-
etry values and experienced greater cross-shift declines.
Approximately 30% of the dairy participants experienced
cross-shift declines in FEV1 and FVC were more than 3%.
Only 12-15% of the control workers experienced a similar
decline. Self-reported asthma-like symptoms in dairy work-
ers emerged as a major indicator of cross-shift decline in
pulmonary function [15]. Conversely, Nonneman et al. did
not find significant changes in post-shift pulmonary function
in a cross-sectional study of 62 workers at large-herd dairies
in Iowa, Minnesota, Wisconsin, and South Dakota. While
the post-shift change in FEV1 was only —3 ml, a statisti-
cally significant portion of workers did report an increase
in respiratory symptoms following work [13]. In a study of 35
dairy workers in the High Plains region of the USA, Martenies
et al. observed similar results, with participants averag-
ing negligible increases in pulmonary function following
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Table 2 Reported prevalence of fixed airways diseases among dairy workers from selected studies

Study Health outcome  Year Region Sample size Results (statistical significance bolded)

Eduard et al. [67] COPD 2009 Norway 1183 OR 1.30 of developing COPD compared to crop farmers

Stoleski et al. [66] COPD 2015 Macedonia 75 10.7% of dairy workers had COPD compared to 2.7% of
office workers (p =0.023)

Stoleski et al. [14] COPD 2019 Macedonia 83 8.4% of dairy workers had COPD compared to 3.8%
office workers (p >0.05)

Marescaux et al. [68] COPD 2016 Doubs, France 575 Prevalence of COPD of 12% +2.7%

Jouneau et al. [9] COPD 2019 Brittany, France 1203 Prevalence of COPD of 1.3%

Babbott et al. [69] Chronic bronchitis 1980 Vermont, USA 198 25% of dairy workers had chronic sputum production
compared to 17% production/construction workers
(»<0.05)

Dalphin et al. [70] Chronic bronchitis 1993 Doubs, France 5703 9.3% dairy workers had chronic bronchitis compared to
4.1% of general population (OR 19.5)

Huchon et al. [71] Chronic bronchitis 1994 Western France 51 Significant differences in fits of coughing and chest
tightness in dairy workers compared to general popula-
tion

Chaudamanche et al. [11] Chronic bronchitis 2003 Doubs, France 215 6.5% of dairy workers had chronic bronchitis compared
t0 0.9% of controls (p <0.025)

Thaon et al. [16] Chronic bronchitis 2011 Doubs, France 213 OR 4.66 of developing chronic bronchitis compared to
controls

Eduard et al. [67] Chronic bronchitis 2009 Norway 1183 6.4% of dairy workers reported chronic bronchitis com-
pared to 4.4% of crop workers

Jenkins et al. [29] Asthma 2005 New York, USA 1140 OR 1.54 of developing asthma compared to general
population

Eng et al. [72] Asthma 2010 New Zealand 102 OR 0.4 for current asthma, but OR 1.4 for adult-onset
asthma

Omland et al. [38] Asthma 2011 Denmark 59 OR 2.47 for adult-onset asthma in dairy farmers; being
raised on farm significantly reduced adult-onset asthma
OR 0.5

Rask-Andersen [73] Asthma 2011 Sweden 461 Dairy farmers more likely to develop adult-onset asthma

Thaon et al. [16] Asthma 2011 Doubs, France 213 OR 1.54 (95% CI) of doctor-diagnosed asthma; OR 1.60
of self-reported asthma compared to controls

Stoleski et al. [14] Asthma 2019 Macedonia 83 7.2% of dairy workers had asthma compared to 5% of

office workers p>0.05

Boldface indicates statistical significance

their shift [20]. Future studies should continue examining
potential cross-shift changes in pulmonary function to better
understand exposure—response relationships.

Viruses

Recently, our research group detected viral pathogens in
the nares of US dairy workers [30ee]. The most common
pathogen was the novel influenza D virus (IDV) — a virus
first isolated in a sample taken from a US pig farm in
2011 [76]. IDV may be an emerging pathogen among cat-
tle workers, with an observed seroprevalence of 94-97% in
this working population [77, 78]. Several studies have sug-
gested cattle as a natural reservoir and possible involve-
ment of IDV in the bovine respiratory disease complex
[79]. In our study, twice-daily lavages were collected from

31 participants at 5 dairies over a 3—5-day working period.
Overall, 29% of lavages contained molecular evidence of
IDV, and 68% of participants had at least one positive
nasal lavage during their workweek. While our results sug-
gest that IDV is endemic at US dairy operations, public
health implications of the virus are not clear. Bailey et al.
isolated the virus from ambient bioaerosol samples taken
from an airport in Raleigh, NC, but not a single study we
are aware of has reported serious human health effects
resulting from IDV infection [80]. Notwithstanding, our
results coupled with Su et al.’s hypothesis that IDV would
only have to undergo a slight genetic change to infect the
lower respiratory tract merit increased surveillance [81].
In addition to IDV, we identified the presence of influ-
enza A virus (IAV) in a subset of the collected lavages.
IAV was only present in 4% of participant lavages, but
Basic Local Alignment Search Tool (BLAST) taxonomic
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classification confirmed one IAV-positive sample was
HO9N2 — an avian flu strain first isolated from chickens.
Due to the ease in which IAV horizontally integrates
genetic traits from other viruses, HIN2 is considered a
pre-pandemic virus [82]. AV likely travels to dairies via
different avian species that are known to frequent farms.
Influenza C virus (ICV) and nonspecific pancoronaviruses
were also discovered in the lavages taken from dairy farms
— indicating sources of airborne viruses in this environ-
ment are not limited to cows and birds. As such, improved,
rapid tools for identification and surveillance of pathogens
that lead to a better understanding of clinical importance
and prevention are critical to public and occupational
health, as well as dairy owners and managers.

Antibiotic Resistance

The emergence of antimicrobial resistance is one of
the most important challenges facing society today: as
the magnitude of burden and costs are projected to cost
over $100 trillion in mortality and morbidity by 2050.

Fig. 1 The epidemiologic trian-
gle highlighting the intercon-
nectedness of animals, people,
environment, and the potential
transmission of antimicrobial
resistance

@ Springer

Antibiotic-resistant bacteria are evolving at the human—ani-
mal interface (Fig. 1), which has broad health and economic
implications for producers [83]. For example, workers may
pose a threat to the animals, such as introducing strains of
multi-drug resistant tuberculosis (TB). Though the evolu-
tion and adaptation of microbiota are natural phenomena,
emergence and spread of antibiotic-resistant genes (ARG)
and bacteria (ARB) have been accelerated by the selective
pressure exerted by use and misuse of antibiotics in human
and animal populations. Increased community fitness and
horizontal gene transfer promotes the spread of ARG (e.g.,
genes encoding for resistance to compounds such as tetracy-
cline and aminoglycoside) and ARB among animals, animal
products, and the environment. It is estimated that 30-80%
of veterinary antimicrobials administered to livestock are
excreted into the environment as the parent compound or
metabolites through urine and feces. Concentrations of
antibiotics as high as 10 mg kg™! have been observed in
animal manure with potential for increased abundance and
transfer of ARG. Recently, novel and diverse ARGs were
identified in cow manure with implications for dispersal and
bioaerosol exposures.

AMR Transmission
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Practical application of polymerase chain reaction (PCR)
sequencing has revolutionized efforts to detect viral and bac-
terial pathogens present in dairy bioaerosols. Further, ampli-
fication of specific DNA regions has ushered in an exciting
“omics” era in occupational health where communities of
microbes and genetic composition can be examined in a sin-
gle bioaerosol, tissue, or swab sample. Targeted PCR and
whole-genome sequencing of pathogen isolates have also
provided researchers and practitioners with key insights
regarding pathogen morphology and transfers of genetic
material between microbes. Collectively, these techniques
offer unique opportunities to expand investigations on the
role of workplace exposure to pathogens, including resistant
genes, on the respiratory health of dairy workers.

Bioaerosol distribution of diverse microbial commu-
nity structures, antibiotics, and ARG has been demon-
strated across cattle operations [84]. Our team conducted a
metagenomic analysis of size-segregated bioaerosol sam-
ples and demonstrated the aerial transport of ARGs across
the inhalable range (i.e., 0—100 pm) on a dairy (unpublished
data, Fig. 2.) We found evidence for resistance for several
common antibiotics used in dairy cattle. We also character-
ized the distribution of ARGs in bioaerosols across a dairy

farm in two different sampling campaigns (unpublished
data). Of the 24 samples sequenced, 203 unique ARGs were
identified, which comprised 68 groups, 25 mechanisms,
and 11 classes of resistance. The overall environmental
resistome across the entire sample set was predominantly
comprised of reads that aligned with tetracycline resistance
genes (65.5% of all resistome reads). Genes encoding resist-
ance to macrolide, lincosamide, and streptogramin antibiot-
ics accounted for 23.5% off all reads. Even within a dairy
operation, large separations of the resistome were observed
from air samples collected at the manure lagoon, fresh cow
pen, and calving area.

Conceptualizing the practical impact of zoonotically
transferred ARG may be difficult in practice, but the effects
of bacteria acquiring this genetic material are already felt.
Globally, livestock-associated methicillin-resistant Staphy-
lococcus aureus (MRSA) has emerged as a pathogen of
interest present at both dairies and swine farms [85-87].
Identified via polymorphic variable number tandem repeats
(VNTR) of the S. aureus-specific staphylococcal protein A
(spa), the clonal complex 398 (CC398) is quickly becom-
ing a public health concern. In Denmark, 34% of hospital-
ized MRSA CC398 infections occurred in persons with no
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Fig.2 The presence of antibiotic resistance detected across four aero-
dynamic size fractions with the following cutpoints: >30, 10—30,
310, and <3 pm. These size fractions were collected using a high-
volume cascade impactor capable of collecting size-segregated bio-
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aerosol samples across the inhalable range (i.e., up to 100 pm). As
such, these fractions represent particles that could potentially deposit
in the pulmonary, tracheo-bronchial, and upper regions of the respira-
tory system. It is important to note that these data are not published
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livestock exposures [88]. Similar disease reporting in the
USA is not available, but investigators have found CC398
and other livestock-associated strains to be endemic in US
operations [89, 90, 91e]. Traditional hygienic practices such
as doffing coveralls at the farm and showering post-shift
do not appear sufficient in preventing community spillover
[86]. With persistent nasal carriage even after 96 h away
from work, workers likely spread these pathogens outside
of occupational settings [89, 90].

Human Microbiome

The human body and its distinct organ systems host diverse
communities of microorganisms known as the human micro-
biome [92-94]. Interdisciplinary and translational research
over the last 20 years has provided evidence that these
microbial communities impact human health and interhuman
differences in microbial composition may explain certain
disease states [95]. A steady decrease in sequencing costs
has led to opportunities for occupational health researchers
to apply this technology in exposure science. While pre-
vious research has spent tremendous time and effort into
distinguishing which microbes and metabolites in dairy bio-
aerosols impact disease pathology, we now believe that the
microbes and metabolites in the workers’ bodies may also
play a role.

At the interface between the dairy worker and their envi-
ronment resides the nasal microbiome. The nose hosts com-
plex commensal and pathobiont bacterial communities that
comprise the nasal microbiome, and this nasal microbiome
may play a role in affecting innate immunity [96]. From an
occupational perspective, extensive exposure to bioaerosols
appears to significantly change a worker’s nasal microbi-
ome. Cross-sectional studies of livestock workers, including
dairy workers, have shown exposed workers to have a greater
species richness (alpha diversity) in their nasal microbiome
compared to unexposed populations — meaning a relatively
larger number of bacterial species reside in their nares [97,
98]. Zohorul Islam et al. demonstrated the temporality of
this change by taking previously non-exposed individuals
to pig farms in Denmark and comparing their nasal micro-
biome 2 h before, immediately after, and 48 h after exposure
to the nasal microbiome of workers on the farm during the
same period [99e]. These “short-term” visitors experienced
significant changes immediately after exposure, but their
nasal microbiome returned to pre-exposure baselines 48 h
after. Interestingly, workers experienced a larger change in
their nasal microbiome composition following exposure and
experienced less changes in their nasal microbiome than
short-term visitors after 48 h. Indeed, livestock-associated
bioaerosol exposures not only modify the nasal microbiome
of workers, but the nares of workers provide a potential
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means of exposure of zoonotic pathogens to community
members as the workers may asymptomatically “carry”
these microbes back home and in close contact with non-
exposed individuals. Alternatively, transmission of patho-
gens originating in the community may also be carried onto
the farm and have an impact on worker health and pose a
threat to the animals.

In dairy farmers, increased species abundance in the nares
is attributed to prolonged exposure to bioaerosols. Shukla
et al. found significantly less Bacteroidetes, Tenericutes, and
Verrucomicrobia in non-exposed individuals’ nasal micro-
biomes compared to dairy workers [97]. Furthermore, the
nasal microbiome of dairy workers contained significantly
more exclusive bacterial genera associated with cows, such
as Ruminococcaceae. Dairy workers with higher species
richness were also afforded protection against staphylococci
— an unsurprising result as a common theory of microbial
resistance is that more species provides great competition
for opportunistic pathogens that perturb microbiota systems.
These findings also give credence to the hygiene hypothesis;
i.e., increased bioaerosol exposures may provide protection
against atopic disease such as asthma and allergic rhinitis.

As mentioned, our research group recently showed that
opportunistic pathogens such as influenza D and MRSA are
commonly found in the nares of US dairy workers. By com-
paring culture-based and species-level targeted PCR results
of pathogens to the nasal microbiome of the same samples,
we are beginning to elucidate what nasal microbiome char-
acteristics might impact pathogen infection and carriage. We
observed significant differences in beta diversity (between
communities) in samples testing positive for MSSA and IAV
and those negative for MSSA and IAV; however, no signifi-
cant differences in alpha diversity were observed based on
the presence or absence of targeted pathogens [100]. One
interpretation of our diversity metrics is that specific bac-
terial communities in a worker’s microbiome may protect
against pathogens, while overall species abundance is less
important. Significant differences in species richness and
beta diversity were also observed in workers’ nasal microbi-
omes pre- and post-shift, which further supports the theory
that dairy exposures modulate the microbiome [101].

Ultimately, our findings align with the future of micro-
biota investigations at large: taxonomic composition of
communities alone does not explain exposure-associated
health outcomes. Increased accessibility to next-generation
sequencing (NGS) means more predictive indicators like
microbial molecular function and strain-specific makeup
can be employed to explore the host—microbe relationship
at dairies [102, 103]. For example, evidence suggests that
S. aureus presence in the nasal microbiome induces anti-
inflammatory IL-10 production — a cytokine that down-
regulates pro-inflammatory responses. Recent studies
implementing NGS have also shown microbiome-associated
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modulations are necessary for mounting an appropriate
immunological response (including IgA and IL-1f). By
leveraging NGS technology with exposure assessments and
biomarker collection, advancements in our understanding
of occupational disease pathology for dairy workers are on
the horizon.

Controls

Control of bioaerosols in the dairy setting is a major occu-
pational health challenge. As compared to other agricultural
sectors, the dairy industry is quite unique given the con-
tinuous 24-h production schedules, long work shifts, close
contact with large animals, and operation of heavy machin-
ery. Previous technical innovation in dairies has focused pri-
marily on milk production and secondarily on ergonomic
concerns for workers. The introduction of herringbone and
rotary milking parlors represents two of the biggest changes
in how dairy work is performed over the past 50 years, but
exposure assessments show neither milking configurations
reduce the burden of inhalable-sized bioaerosols. Choudry
et al. demonstrated a significant reduction in bioaerosol
exposure by increasing the frequency of parlor washing;
however, a large increase in water use is not a sustainable or
economical solution [104]. Attempts to provide traditional
personal protective equipment (PPE) to dairy workers have
been largely unsuccessful, with dissatisfaction and noncom-
pliance in respiratory protection programs being attributed
to long and strenuous working hours [105]. Safety concerns
in dairies also emerge when introducing bulky respirators to
workers. Unlike other industries where hazard recognition
and material handling can be confined to a designated space
and well-predicted, dairy cows move freely in their envi-
ronment and sometimes behave erratically. The dangerous
nature of dairy work is highlighted in ergonomic cross-sec-
tional studies of dairy workers, where over 80% of workers
reported being kicked or stepped on by a cow at least once in
the last 5 years [10]. As such, substantial barriers have hin-
dered the design and implementation of controls in the dairy
industry focused on the attenuation of bioaerosol exposures.

When considering both the size fraction of bioaerosols
and organizational challenges faced by dairies, an interven-
tion targeting the nasopharyngeal region seems appropriate.
Our research team has recently developed and tested a low-
cost hypertonic saline nasal lavage designed to reduce the
burden of respiratory inflammation experienced by dairy
workers. Hypertonic saline was chosen as it has been shown
to attenuate inflammation both in vitro and in medical use
as a resuscitation fluid for trauma patients. We recently pub-
lished results from pilot testing and found that the hypertonic
nasal lavage, when compared to a normotonic saline control,
reduced pro-inflammatory cytokines while simultaneously

upregulating beneficial anti-inflammatory cytokines [19].
Additional testing of the intervention including cross-shift
spirometry and pathogen presence is currently underway, but
our intervention only addresses health outcomes following
exposures. As indicated by NIOSH in their strategic goals
to reduce fixed airway disease and infection incidence in
livestock workers, additional innovations will have to be
developed and implemented to protect dairy workers.

Conclusion

While increased prevalence of respiratory disease has been
observed for decades among dairy workers, exposures and
disease pathologies have not been as well defined. In our
review of the most recent investigations of dairy work, we
discussed findings related to both extrinsic and intrinsic fac-
tors that likely play a role in allergy and fixed airway disease
development. Future exposure assessments should also focus
on antibiotic-resistant genes, viral pathogens, and the human
microbiome, as these areas have significant implications for
public health beyond the farm. Development of effective
controls that consider these concerns will be the final step
in the basic-to-applied research continuum for the practical
protection of dairy workers and community members.
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