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Abstract

Objective: Livestock workers are exposed to bioaerosols comprising pathogens 
including influenza D virus (IDV), influenza A (IAV), and methicillin-resistant 
Staphylococcus aureus (MRSA), all of which can colonize the upper airways 
(e.g., anterior nares) and pose public health risks. The role of the nasal 
microbiome in occupational exposure is not well understood.

Methods: Here, we characterized the nasal microbiomes of US dairy workers 
to investigate the microbiome’s effects on pathogen carriage. We collected 237 
lavages from 31 dairy workers to determine the presence of influenzas A, C, 
and D; methicillin-susceptible Staphylococcus aureus (MSSA); and MRSA. Nasal 
lavages were analyzed via PCR to quantify workers’ nasal microbiomes, and 
differences in microbiome characteristics were analyzed according to pathogen 
presence.

Results: Overall, 32.1% of lavages tested positive for MSSA, 11.4% tested 
positive for MRSA, 17.3% tested positive for IDV, 2.5% tested positive for IAV, 
and 1.3% tested positive for ICV. Nasal samples positive for IAV and those 
positive for MSSA clustered separately with robust Aitchison PCA, but no 
significant differences in alpha diversity were observed. Differential abundance 
analysis revealed significant differences in genera among lavages testing 
positive for MRSA, MSSA, IDV, and IAV (e.g., Staphylococcus, Streptococcus, 
and Bacillus).

Conclusions: Future work is needed to ascertain whether the microbiome 
might protect against pathogen exposures among livestock workers.

Key words: Pathogens, influenza virus, MRSA, nasal microbiome, zoonoses, 
cattle, agricultural health, bioaerosols, nasal lavage

INTRODUCTION

Agricultural workers experience a high 
burden of respiratory disease, proba-
bly because of repetitive and prolonged 
exposures to biological aerosols (i.e., bio-
aerosols) [1]. Dairy operations generate 
bioaerosols that vary substantially in size, 
spanning several orders of magnitude in 
aerodynamic diameter (i.e., <3–100 μm). 
The bioaerosols on dairy farms can orig-
inate from a variety of onsite sources, 

including animals, humans, feces, and 
feed/bedding [2-6]. Bioaerosol expo-
sures among dairy workers have been 
associated with risk of inf lammatory and 
obstructive lung diseases; diminished 
lung function; bronchial hyperrespon-
siveness; and respiratory symptoms such 
as coughing and wheezing [1-8]. More 
recently, interest in livestock exposures 
has shifted to opportunistic zoonotic 
pathogens and their implications in pub-
lic health.
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Dairy bioaerosols contain a taxonomically diverse set of 
bacterial species, inf lammatory constituents (e.g., endo-
toxin), and livestock-associated pathogens such as inf lu-
enza A (IAV), inf luenza C (ICV), the emerging inf luenza 
D virus (IDV), and methicillin-resistant Staphylococcus 
aureus (MRSA) [6,9,10]. MRSA strains can be divided into 
two broad groups, healthcare- and community-associated 
MRSA, which may pose potential threats to production 
animals (through zooanthroponosis) [11]. Improved sur-
veillance of exposures on dairy farms can help decrease 
the threat and burden of adverse outcomes among both 
people and animals [12]. For example, separate investiga-
tions have indicated that both IDV and the livestock-asso-
ciated MRSA CC-398 variant can infect individuals with 
no livestock exposures [13,14]. Given existing evidence 
of community spillover of viral and bacterial pathogens 
originating from livestock operations, better understand-
ing of these exposures and the subsequent host response 
is essential to protect workers and potentially mitigate 
future pandemics [14-17].

Unique and distinct bacterial communities compris-
ing those in the upper respiratory system, including the 
nasal microbiome, reside at this critical interface of expo-
sure between workers and the environment. According 
to current understanding, the nasal microbiome is more 
homogeneous between individual than other areas of the 
body; is often colonized by Staphylococcus, Corynebacterium, 
Alloiococcus, Haemophilus, Streptococcus, Granulicatella, and 
Moraxella; and often shows dysbiosis, marked by a lack 
of diversity, in various respiratory disease states [18-20]. 
Substantial bioaerosol exposures are likely to affect the 
nasal microbiome. For example, the nasal microbiomes 
in dairy workers has not been extensively studied, but 
has been shown to have high diversity in species rich-
ness and novel taxa found primarily at dairy farms [21]. 
Dairy workers acquiring unique bacterial taxa from the 
dairies where they work is consistent with previous find-
ings indicating that environmental factors substantially 
modulate the human microbiome [22,23]. Furthermore, 
the extended work shifts and increased task specialization 
common at modern dairies leave workers vulnerable to 
repetitive exposures over the course of the workweek.

The nasal microbiome in dairy workers may affect 
exposure to, and infection by, opportunistic pathogens 
including MRSA, IAV, and IDV, all of which are emerg-
ing biosafety concerns at livestock operations [4,6,17]. The 
high taxonomic diversity observed in dairy workers’ nasal 
microbiomes has been suggested to provide competition 
that inhibits Staphylococcus colonization [21]. However, 
the role of the nasal microbiome in viral colonization and 
infection is understudied in the context of viral exposures 
in dairy operations. Interestingly, Staphylococcus aureus 
in the airways has been found to protect against inf lu-
enza infection by recruiting peripheral CCR2+ CD11b+ 
monocytes through promotion of TLR2 signaling [24]. A 
recent epidemiological study has suggested that the bac-
terial community structure of the nasal microbiome can 

protect against inf luenza infections; however, supporting 
data suggest that this structure is uncommon in adults [25].

Here, we used nasal lavages collected from a longitu-
dinal intervention study to advance understanding of the 
nasal microbiome characteristics that might potentially 
affect occupational pathogenic exposures. The study design 
and associated nasal lavage specimens provided a unique 
opportunity to simultaneously quantify day-to-day patho-
gen presence within the upper respiratory system in dairy 
workers and to identify the bacterial communities that 
compose the nasal microbiome, both within and between 
workers. By identifying nasal lavages positive for IAV, ICV, 
IDV, methicillin-susceptible Staphylococcus aureus (MSSA), 
and/or MRSA, we were able to identify the nasal microbi-
ome characteristics that differed between exposures.

METHODS

Participant recruitment and sample collection
This study was nested within a larger intervention study 
in which participants were recruited among workers at 
five large herd dairies (>2,000 cows) in the Southwestern 
United States between May 2019 and January 2020, 
through a snowball sampling approach. The exclu-
sion criteria included recent use of immunosuppressive, 
anti-autoimmune, or chemotherapy medications; recent 
surgery; chest injuries; or a history of stroke or heart dis-
ease. Participants were asked not to perform their own 
nasal rinse before their work shift, and to refrain from 
smoking tobacco and e-cigarettes within 15 minutes 
before the lavage. Workers in all roles at the dairies were 
invited to participate, including those performing tasks 
such as milking, feeding, caring for animals, maintenance, 
operations, and office work. As part of the enrollment, 
the workers were asked to participate for five consecu-
tive workdays; however, workers unable to participate for 
five consecutive days were not excluded. From the parent 
study, the participants were split evenly into treatment and 
control groups, such that every other participant received 
treatment. Because of the design of the intervention study, 
half the participants received a hypertonic saline nasal lav-
age with an osmotic concentration of 400 milliosmole 
(mOsm), and the other half received a normotonic saline 
lavage with an osmotic concentration of 308 mOsm. 
All participants provided written consent, in English 
or Spanish, to participate, and all study protocols were 
approved by the Colorado State University Institutional 
Review Board.

Full biological sampling procedures were as previously 
described [26]. Brief ly, nasal lavages were collected before 
and after each shift, for a total of two lavages per partici-
pant per day. The participants therefore received as many 
as ten total lavages over the duration of the study. The 
participants were instructed to tilt their heads back while 
a trained researcher administered 5 ml lavage f luid into 
each nostril over a 10 second period. After the 10 sec-
onds, the participants tilted their heads forward to expel 
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the lavage f luid into a sterile specimen cup. The lavages 
were pipetted into a conical vial, and a protease inhibitor 
cocktail (PIC) was added onsite in a 1% volume-to-vol-
ume ratio. Lavages were transported on ice to a laboratory 
at Colorado State University, where they were divided 
into aliquots for viral analysis, Staphylococcus aureus analy-
sis, and polymerase chain reaction (PCR) amplification to 
identify bacterial communities. A 40% glycerol stock was 
added to each Staphylococcus aureus aliquot in a one-to-one 
ratio, to aid in deep freezing and storage, by limiting the 
formation of ice crystals that typically puncture cellular 
membranes and denature proteins. All aliquots were then 
immediately stored in −80°C freezers until analysis.

Analysis of bacterial and viral pathogens
MSSA analysis of the nasal lavages was performed at 
Colorado State University via culture-based methods. 
Brief ly, lavages were inoculated on tryptic soy agar and 
Mueller-Hinton agar plates with “lawn streaking” tech-
niques. After incubation, growth on selective and differ-
ential media was identified. If growth was present, posi-
tive colonies were transferred to BHI broth.

To determine the presence of MRSA in lavages, we per-
formed antibiotic sensitivity testing with the Kirby-Bauer 
disk diffusion susceptibility test protocol outlined by the 
American Society for Microbiology [27]. In the scope of this 
work, resistant samples are reported as positive and inter-
mediate, and susceptible samples are reported as negative.

The presence of IAV, ICV, and the novel IDV was 
determined by Professor Gray’s team at Duke University 
in 2020–2021, through previously described real-time and 
conventional reverse transcription polymerase chain reac-
tion methods (qRT-PCR and RT-PCR) [28]. Specific 
primers and probes for each virus of interest can be found 
in the supplementary materials.

Nasal microbiome analysis of nasal lavage fluid 
from participants
High-throughput 16S rRNA gene sequencing was per-
formed at the University of Oklahoma Health Sciences 
Center, to quantify the bacterial communities compos-
ing the nasal microbiome of the dairy workers. Bacterial 
genomic DNA from the nasal lavages was isolated with 
Quick-DNA kits from Zymo Research (Irvine, CA). 
According to the methods outlined in Illumina’s 16S 
Metagenomic Sequencing Library Preparation protocol, 
16S rRNA gene libraries were constructed with IDT 
DNA Technology primers and KAPA reagents. Individual 
libraries were constructed with 5 ng genomic DNA for 
PCR amplification of a ~460 bp product spanning the 
16S rRNA V3 and V4 regions. Libraries were indexed to 
multiplex for sequencing on the Illumina MiSeq platform 
with a MiSeq 600 Cycle Reagent Kit v2 to collect 300 
bp paired-end reads. The primers used for nasal micro-
biome quantification are available in the supplementary 
materials section. Quality control and quality assurance 
principles (including blank analysis and validation of 

sequences) were implemented and maintained according 
to the procedures at the sequencing core at the University 
of Oklahoma Health Sciences Center and Illumina’s 16S 
library preparation protocol [29].

Data analysis and nasal microbiome processing were 
performed with the qiime2–2022.2 (q2) platform [30]. 
The q2 DADA2 plugin was used to denoise sequences and 
generate a feature table, which was then filtered for mito-
chondria and chloroplasts [31]. A taxonomic classifier was 
then trained with SILVA 138 SSURef NR99 full-length 
sequences and SILVA 138 SSURef NR99 full-length tax-
onomy (primers in S1 Table) [32]. Taxonomic classifica-
tion of amplicon sequence variants was performed with 
this custom-trained classifier. To explore the evolutionary 
relationships among bacterial species, we generated a phy-
logenetic tree via the q2 sepp-fragment insertion plugin 
and SILVA’s 128 SEPP reference database. Sequences 
without a match were placed in the most representative 
branch point and denoted as unannotated sequences.

Statistical analysis
Each participant provided as many as ten repeated meas-
ures for analysis. We established individual positivity for 
each targeted pathogen by dividing the number of posi-
tive lavages by the total lavages collected. We determined 
the prevalence by dividing the number of participants 
testing positive for a pathogen during the study by the 
overall number of participants. Only one positive lavage 
throughout a participant’s workweek was required to be 
considered prevalent. An array of total lavages by partici-
pant and a heat map visually representing lavages at every 
time point was constructed. For both overall positivity 
and prevalence calculations, lavages were able to be posi-
tive for more than one pathogen.

To evaluate the relationships between bacterial path-
ogen positivity on day 1 of sampling and on subse-
quent sampling days, we performed separate McNemar’s 
Tests on samples for both MSSA and MRSA positivity. 
Contingency tables were then constructed by matching 
samples according to positivity and whether the samples 
were collected on day 1 of the study.

Diversity metrics and differential abundance analysis were 
then used to determine differences in nasal microbiome 
characteristics among samples testing positive for pathogens. 
First, alpha diversity was determined with the q2 breakaway 
package, which estimates species richness with frequency 
ratios [33]. Pairwise Kruskal-Wallis comparisons based on 
the presence and absence of pathogens were subsequently 
performed to identify significant differences in alpha diver-
sity. Next, analysis of beta diversity between samples was 
performed with the q2 DEICODE package, which uses the 
robust Aitchison distance to depict and display beta diversity 
via biplots [34]. Pairwise PERMANOVA comparisons of 
beta diversity were also performed in DEICODE to infer 
significant differences in samples positive for pathogens.

The taxonomy was then imported into R Studio (ver-
sion 2022.07.2), and quantitative ranking of abundance 
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was performed with the phyloseq package [35]. After the 
top 30 genera were identified, Wilcoxon signed-rank tests 
were performed according to the presence or absence of 
targeted pathogens. Significant results were identified for 
samples in which a particular genus was more or less likely 
to occur according to a pathogen’s positivity (p-value 
<0.05). These results were also visualized as boxplots with 
the microbiomeutilities package [36]. Significance thresh-
olds of p values <0.05 were used for all statistical analyses.

RESULTS

Sampling results
A total of 31 participants were recruited and sampled across 
a total of 119 working shifts. The participants were enrolled 
in the study for multiple days (range: 2–5 days) across the 
workweek. A total of 65% of participants enrolled for 4 
or 5 days. After pathogen analysis and nasal microbiome 
quantification, n = 237 lavages were included in this study.

Most enrolled dairy workers were experienced: 71% of 
participants reported that they had worked at their current 
dairy for 1 year or longer. More than half the workers 
(54.8%) reported direct animal contact during work, 9.7% 
reported milking as a responsibility, and 29% reported 
feeding or performing maintenance in parlors and stalls as 
a responsibility. Most workers identified as male (77.4%), 
and 16.1% of workers were current or previous smokers. 
Workers throughout the study reported performing a 
variety of tasks, including milking, facility maintenance, 
medical care, tending to sick or injured animals, hoof 
trimming, moving animals, mixing feed, feeding, rebed-
ding stalls, birthing, calving, breeding, and office work.

Bacterial and viral pathogens found in the nares 
of dairy workers
A total of 76 (32.1%) nasal lavage samples tested positive 
for MSSA, and 27 (11.4%) tested positive for MRSA. The 
viral results were described by Leibler et al. in 2023 [10]. 
Brief ly, six (2.5%) lavages tested positive for IAV, three 
lavages tested positive for ICV (1.3%), and 41 (17.3%) lav-
ages tested positive for IDV.

Examination of the prevalence of pathogen positivity 
over the course of the workweek indicated that 14 partici-
pants (prevalence 45.2%) tested positive for MRSA at least 
once, and eight participants had multiple positive lavages 
throughout the week. Moreover, 6 of 27 (22.2%) positive 
samples occurred on the first day of sampling. McNemar’s 
paired test indicated significantly more negative lavages 
on day 1 than on later sampling days (p = 0.0001). The 
elevated likelihood of positive lavages occurring on days 
2–5 suggested that MRSA presence in the dairy workers 
was exposure related. Because most participants started 
study participation after one or two days off from work, 
susceptible dairy workers might plausibly have cleared 
Staphylococcus aureus from their nares after an extended 
period away from the dairy, then again tested positive 
for MRSA after return to work. Fourteen of the MRSA 

positive lavages (51.9%) were collected pre-shift. Of the 14 
MRSA positive lavages observed pre-shift, six had corre-
sponding post-shift lavages positive for MRSA.

Throughout the workweek, 22 participants (preva-
lence 71%) had at least one nasal lavage positive for MSSA, 
and 17 of these participants had multiple positive lavages 
throughout the week. A total of 25 of 76 (32.9%) positive 
samples occurred on the first day of sampling. McNemar’s 
paired test did not indicate a significant difference in 
MSSA results between day 1 lavages and all lavages col-
lected on the first day (p = 0.09). Furthermore, only 34 
of the MSSA positive lavages (44.7%) were collected after 
the working shift. The lack of correlation between time of 
exposure and MSSA positivity suggested that these dairy 
workers had elevated risk of permanent nasal MSSA col-
onization. Nine participants (prevalence 29%) had four or 
more positive lavages throughout the week, and two par-
ticipants had nine positive lavages. In comparison, only 
two participants had four or more lavages positive for 
MRSA throughout the week, thus suggesting that per-
sistent MSSA carriage was more common than persistent 
MRSA carriage among the dairy workers. Eight partici-
pants (prevalence 25.8%) had at least one nasal lavage pos-
itive for both MSSA and MRSA.

Over the study duration, six workers had one nasal lav-
age positive for IAV (prevalence: 19.4%), three workers 
had one nasal lavage positive for ICV (prevalence: 9.7%), 
and 21 workers had at least one nasal lavage positive for 
IDV (prevalence: 67.7%).

Each lavage and the corresponding pathogen positivity 
are visualized in Fig 1. Of the 237 lavages collected, 29 
(12.2%) tested positive for two or more pathogens. During 
the workweek, six workers tested positive for more than 
one inf luenza (prevalence: 19.4%).

The nasal microbiome differs in dairy workers 
according to pathogen presence
PCR amplification of the 16S rRNA genes of the 237 
nasal lavages generated a total of 2,967,539 reads with an 
average of 12,154 reads per sample. The sequencing depth 
ranged from 1,244 to 89,085 reads. No significant dif-
ferences in alpha or beta diversity metrics were observed 
according to nasal lavage type (hypertonic vs normotonic).

On the basis of robust Aitchison principal components 
analysis (PCA) with the DEICODE package, we observed 
significant PERMANOVA pairwise differences in beta 
diversity among participants (p = 0.001), between pre- 
and post-shift lavages (0.001), and among lavages collected 
from participants working in the office (0.001). Kruskal-
Wallis pairwise comparisons calculated with the break-
away package revealed significant differences in alpha 
diversity among participants (p = 0.0003), and between 
lavages collected before and after shifts (p = 0.007).

The top five phyla represented in the nasal lavages were 
Firmicutes, Proteobacteria, Actinobacteriota, Bacteroidota, and 
Chloroflexi. The top 30 genera, ranked by pooled presence 
in the nasal lavages, were unknown genus, Staphyococcus, 
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Corynebacterium, Streptococcusm, Moraxela, Cutibacterium, 
Dolosigranulum, Anaerococcus, Antarcticibacterium, Psychrobacter, 
Prevotella, Puia, Peptoniphius, Bacillus, Turicibacter, Sphingomonas, 
Bacteroides, Lawsonella, Romboutsia, UCG-005, Enhydrobacter, 
JG30-KF-CM45, Acinetobacter, Neisseria, Methylobacterium-
Methylorubrum, Atopostipes, Porphyromonas, Clostridium_sensu_
stricto_1, Phyllobacterium, and Alloprevotella.

Role of the microbiome in resistance
We observed a significant difference (p = 0.04) in beta 
diversity between MSSA positive and MSSA negative lav-
ages with robust Aitchison PCA. A significant difference 
(p = 0.04) in beta diversity between IAV positive and IAV 
negative lavages was also found. No significant differences 
in alpha diversity were observed, although the largest dif-
ferences in alpha diversity were between IAV positive and 
IAV negative samples. All pairwise results for alpha and 
beta diversity differences in positive and negative lavages 
are shown in Fig 2.

At the genus taxonomic classification, Streptococcus (p = 
0.019), Alloprevotella (p = 0.005), Prevotella (p = 0.002), and 
Porphyromonas (p = 0.007) were significantly more abun-
dant in nasal lavages testing positive, rather than negative, 
for MRSA. Anaerococcus (p = 0.0004), Cutibacterium (p = 
0.006), Staphylococcus (p = 0.0001), and Peptoniphilus (p = 
0.005) were significantly more abundant in MSSA pos-
itive nasal lavages, whereas Streptococcus (p = 0.002) was 
significantly more abundant in MSSA negative lavages. 

Bacillus was significantly more abundant in nasal lavages 
testing positive rather than negative for IDV (p = 0.003). 
Methylobacterium-Methylorubrum was significantly more 
abundant in nasal lavages testing positive rather than neg-
ative for IAV (p = 0.035) and ICV (p = 0.045).

DISCUSSION

Our work demonstrated the presence of opportunistic 
pathogens in the nostrils of dairy workers. The timing 
of positive lavages and elevated prevalence suggested that 
workers are likely to be exposed to MRSA at dairies and 
that their carriage of MRSA is transient. These results are 
consistent with those of other investigations indicating 
that swine workers have high risk of S. aureus exposure 
[37-41]. Compared with occupations traditionally con-
sidered to pose high risk of MRSA prevalence, such as 
nursing, the 45.2% prevalence observed herein is notable. 
A recent systematic review of healthcare workers has esti-
mated a prevalence between 1.8% and 36%, depending 
on the setting (i.e., nursing home vs emergency depart-
ment) and occupation [42]. In a recent study of health-
care workers in an intensive care unit in Vietnam, 29.1% 
tested positive for MRSA on the hands or in the nose 
[43]. Because individuals with MRSA carriage have ele-
vated risk of skin and bloodstream infections, increased 
surveillance for dairy workers is warranted to ensure 
their health and safety, and consequently to increase 

FIGURE 1  |  Heatmap of positive lavages for each participant. Multiple samples tested positive for 2 or 3 pathogens. Time points without a 
sample were due to either no participation or incomplete data.
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productivity and decrease costs associated with health-
associated absenteeism.

The timing of MSSA positive lavages and repeated pos-
itive lavages for many participants indicated MSSA col-
onization in this workforce. The workers in our study 
were more than twice as likely to test positive for MSSA 
(observed prevalence of 71%) than the general public 
[44,45]. The presence of IDV and IAV, two viruses whose 
reservoirs are often livestock, provided further evidence of 
the transmission of viral pathogens between humans and 
animal hosts at livestock operations [10,16,46,47]. Given 
that only three nasal lavages tested positive for ICV, trans-
mission of this virus is likely to be infrequent at dairies. 
Interestingly, only 1 of the 31 participants (3.2%) never 
tested positive for a viral or bacterial pathogen during 
their workweek.

Colonization and transient carriage of Staphylococcus 
aureus have been associated with individual-to-individual 
infection incidents, which might have an important role 
in community spillover, as workers carry these pathogens 
into their homes and communities [48]. In contrast, the 
well-established theory of transmission of microorganisms 
between humans provides a direct route for the introduc-
tion of these pathogens to dairies; i.e., asymptomatic car-
riers may transmit pathogens to cows and surfaces during 
the work shift [49,50]. The implications of exposure to 
zoonotic IDV in workplaces on community-level infec-
tion with this emerging pathogen remain unclear. Future 
studies should consider testing family members of dairy 
workers for IDV seroprevalence. Because IDV infections 
are typically asymptomatic, hematologic community sur-
veillance would provide greater insight into the transmis-
sion dynamics occurring beyond the dairy.

Our results comparing pathogen presence to the nasal 
microbiome build on earlier findings from Shukla et al., 
elucidating a deeper understanding of the nasal micro-
biome characteristics that might have roles in pathogen 

susceptibility [21]. Significant differences in beta diver-
sity were observed between lavages testing positive for 
MSSA and IAV and lavages testing negative for MSSA and 
IAV. No significant differences in alpha diversity were 
observed according to the presence or absence of targeted 
pathogens. One interpretation of our diversity metrics is 
that specific bacterial taxa in a worker’s nasal microbiome 
might modulate pathogen exposures in the workplace. To 
test our hypothesis, we conducted compositional analy-
sis and identified several genera associated with pathogen 
susceptibility. Only one genus, Streptococcus, was associated 
with reduced MSSA prevalence in participants. In con-
trast, a positive association was found between Streptococcus 
and MRSA. A brief description of the significantly abun-
dant genera according to pathogen presence and the cur-
rent understanding of their roles in the nasal microbiome 
is provided below.

Paradoxically increased Streptococcus abundance in 
MRSA-positive samples and increased abundance in 
MSSA-negative samples is likely to be due to the ubiquity 
of this genus in the nose and upper respiratory tract in 
most humans [51-53]. This genus might not have a role in 
exposures, and observed differences might be attributable 
to individual factors and small sample sizes. Alloprevotella 
and Prevotella, which were positively associated with 
MRSA susceptibility in our cohort, are often observed 
to be in dysbiosis in various disease states [54]. For exam-
ple, patients with asthma have been shown to have higher 
Prevotella abundance than healthy controls [55]. In patients 
with early rheumatoid arthritis, Prevotella and Alloprevotella 
have been found to dominate the oral microbiome [56]. 
The elevated abundance of these genera among our 
cohort was interesting, given that dairy workers entering 
the workforce as adults have elevated risk of allergic and 
inf lammatory respiratory diseases [7,57].

Porphyromonas was also positively associated with MRSA 
susceptibility among our participants. The presence of this 
common but understudied genus in the nasal microbiome 
is positively associated with sleep apnea [52,58]. Sleep 
disorders have been shown not only to inf luence worker 
productivity but also to increase the risk of occupational 
injury twofold [59-62]. Given the high physical demands 
of the work and previous estimates that ~80% of dairy 
workers already have musculoskeletal symptoms, future 
investigations collecting self-reported data on sleep may 
be warranted [63].

Anae ro co c cus ,   Cutiba c t e r ium ,   Staphylo co c cus ,  and 
Peptoniphilus were significantly more abundant in nasal 
lavages that tested positive rather than negative for MSSA. 
The elevated presence of the Staphylococcus genus in samples 
that also cultured Staphylococcus aureus species is logical. 
Whereas pathogenic species within the Anaerococcus and 
Peptoniphilus genera are known to cause infections in the 
bloodstream, a relative decrease in these genera in the 
nasal microbiome has also been observed in patients with 
chronic rhinosinusitis [64-67]. Possibly the most interesting 
result was the positive association of Cutibacterium with 

FIGURE 2  |  Alpha and beta diversity comparing lavages testing 
positive or negative for pathogens. Alpha diversity comparisons rep-
resent Kruskal-Wallis pairwise comparisons and beta diversity shows 
PERMANOVA results. Significant results are below the dotted line.
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MSSA positive lavages, in agreement with previous in vitro 
assessments indicating that the most common porphyrin 
excreted by Cutibacterium species, coproporphyrin III, pro-
motes Staphylococcus aureus growth in the nose [53,68].

The elevated abundance of Bacillus in nasal lavages 
testing positive for IDV was unexpected, because many 
Bacillus strains have been shown to have antiviral proper-
ties. In a randomized controlled study of children infected 
with respiratory syncytial virus, a nasal spray of 5 billion 
Bacillus spores resulted in faster recovery times and symp-
tom alleviation [69]. In another study, B. subtilis success-
fully inhibited IAV replication in vitro and protected mice 
against IAV infection [70]. Although relatively less is known 
regarding Methylobacterium-Methylorubrum and potential 
viral interactions, one study has reported diminished rel-
ative abundance of Methylobacterium-Methylorubrum in the 
gut microbiome in HIV-infected men [71]. The differen-
tially enriched abundance of two potentially viral-resist-
ant genera in our inf luenza-positive lavages underscored 
the lack of understanding of the microbiome’s role in virus 
susceptibility [72].

Overall, the nasal microbiomes of dairy workers in 
this study were compositionally similar to those in the 
US dairy workers in Shukla et al.: both study cohorts 
shared four of the same top five phyla and four of the same 
top five identifiable genera [21]. Many of the top gen-
era observed in our participants have also been observed 
in US livestock workers enrolled in a microbiome study 
by Kates et al., although differences in methods between 
studies do not allow for direct comparisons [73]. Islam 
et al. conducted an investigation that grouped the nasal 
microbiomes of Danish swine workers, short-term visi-
tors, and pigs into separate community state types [39]. 
Again, although direct comparisons to community state 
types are inappropriate, the swine workers’ community 
state types were most likely to be dominated by similar 
genera to those observed in our study. Thus, our findings 
suggested that livestock exposure modulates the human 
nasal microbiome, and larger studies with different live-
stock exposures are needed to identify a potential nasal 
microbiome phenotype associated with livestock work.

Significant differences in beta diversity and the tax-
onomic composition of lavages that tested positive for 
opportunistic pathogens were observed. The differen-
tially enriched abundance of multiple genera in patho-
gen-positive lavages indicated that the presence of certain 
microbiota was likely to have increased worker suscep-
tibility to viral and bacterial pathogens common in the 
dairy environment. However, determining which gen-
era are key players and the exact mechanisms through 
which they act is difficult. Overall, a positive association 
was observed between lavages testing positive for MSSA 
or MRSA and several important genera. For individuals 
with a predisposition to elevated Cutibacterium, MSSA sus-
ceptibility was observed in both this study and previous 
work [53,68]. Nasal microbiome trends based on viral 
positivity were less evident. Future investigations should 

be aimed at understanding the characteristics of workers’ 
nasal viromes and how host factors might modulate path-
ogenic exposures.

To our knowledge, this work is the first to study the 
microbiome composition of dairy workers in the context 
of multiple viral and bacterial pathogens present at dair-
ies [10]. We observed differences in microbiome diversity; 
however, the consequences and implications are unclear. 
Further investigation is needed to improve understand-
ing of the role of the nasal microbiome in health and dis-
ease among livestock workers. Additional investigations 
focused on seasonal differences and virus exposures in 
dairies are necessary to support this hypothesis. Diversity 
characteristics and taxonomic composition are unlikely to 
fully account for the full picture of pathogenic exposures, 
and future studies using next-generation sequencing, 
including accurate species-level sequencing and metabo-
lites, are needed to parse the immunophysiology of expo-
sures in dairies.

LIMITATIONS

The relatively low species abundance in the nose and the 
large amount of lavage f luid collected in the intervention 
led to a lower 16S rRNA gene sequencing depth than 
desired. Low sequencing depth can potentially inf luence 
downstream analysis and consequently skew the findings. 
However, given the similarities in composition between 
our study vs Shukla et al. [21] and others, the nasal micro-
biomes represented in our samples appear to be represent-
ative of dairy workers at large. Administering two lavages 
per day and as many as ten lavages over the course of the 
week might also have contributed to the low sequenc-
ing depth, because some washout of bacterial communi-
ties is expected. Furthermore, significant differences in 
alpha and beta diversity were observed between pre- and 
post-shift lavages, but whether the differences were due 
to washout, exposures during work, or normal diurnal 
variation in the nasal microbiome is diff icult to deter-
mine. Future studies should include multiple time points 
in the day and should use nasal swabs for microbiome 
characterization.

Lavage blanks were not collected in the field to monitor 
background contamination; however, we used an optimal 
sampling strategy to ensure that the samples were col-
lected with fidelity to aseptic practices (minimizing back-
ground contamination). Furthermore, the pre-shift lavage 
from each participant served as a baseline/control.

The lack of recruited milkers might have led to under-
estimation of the burden of pathogenic exposures in dairy 
work. Milkers spend their entire shifts near cows, and the 
milking parlor is one of the most bioaerosol-rich envi-
ronments at dairies [6]. Interestingly, the inclusion of 
office workers in the data set probably did not add to this 
underestimation, because 13/30 (~43%) of the lavages col-
lected from office workers contained at least one targeted 
pathogen, and three of these lavages contained multiple 
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pathogens. Furthermore, office workers in this study 
had similar total inhalable dust and endotoxin exposures 
to workers performing other tasks (results not shown). 
These findings were not unexpected, given that all offices 
in this study were situated in or near dairy operations, 
and many shared buildings with milking parlors. Office 
workers at these operations are not strictly limited to their 
office environment, and they often assist with other tasks 
or speak to workers in other areas, thus increasing their 
exposures.

Ultimately, conclusions regarding MRSA colonization 
in this workforce are diff icult to draw from culture 
results. Although we did perform temporal analysis 
from our repeated measures, whether clonal MRSA 
was spread around a workgroup or zoonotic MRSA 
passed between animals and humans is diff icult to infer. 
Another unlikely possibility is that the lavage interven-
tion might have increased susceptibility to MRSA car-
riage, thus resulting in more common MRSA-positive 
lavages on days 2–5.

In summary, we found meaningful presence of path-
ogens of public health concern in the upper airways in 
dairy workers, with respect to published data for occupa-
tional groups with traditionally high levels of pathogen 
presence. Livestock workers might therefore act as vec-
tors and potentially introduce pathogens into communi-
ties or the farm environment. This study cannot indicate 
the directionality of the source-receptor relationship, 
but it highlights the concerns regarding pathogen trans-
mission and the need for optimized biosecurity control 
measures.

Nasal microbiome composition also appeared to differ 
among participants exposed to pathogens. Participants with 
nasal lavage samples positive for IAV and those positive for 
MSSA clustered separately via robust Aitchison PCA, thus 
indicating a difference in beta diversity according to path-
ogen positivity. Differential abundance analysis also indi-
cated differences in genera according to the positivity of 
selected pathogens. We observed no significant differences 
in alpha diversity according to pathogen positivity when 
estimating species richness via frequency ratios. Although 
our study indicated a relationship between the nasal micro-
biome and pathogen exposure in livestock facilities, further 
work is needed to identify the role of the nasal microbiome 
in modulating pathogen exposure.

DATA AVAILABILITY STATEMENT

All data generated or analyzed during this study are included in 
this published article (and its supplementary information files). Raw 
sequencing data are available on the NCBI Sequence Read Archive 
(SRA) under accession No. PRJNA1280724.

ETHICS STATEMENT

All participants provided written consent in English or Spanish, and 
all study protocols were approved by the Colorado State University 
Institutional Review Board (IRB approval #3015).

AUTHORS CONTRIBUTIONS

JS, GE, SM, and JWS conceptualized the study. ZA provided 
support on nasal microbiome data analysis and interpretation. JHL 
provided guidance on study design and analysis of viral pathogen 
data. JN assisted with sample collection and supervised MRSA/
MSSA laboratory analysis. GCG supervised viral laboratory analysis 
and data reporting. JS conducted data analysis and drafted the 
manuscript, to which all other authors contributed.

ACKNOWLEDGEMENTS

We thank Dr. Stephen Reynolds for guidance on the project. We 
also thank Mary Bradford for help with data collection, and Ken 
Jones, Jenny Gipson, and Anfal Abdelgadir for help with laboratory 
analysis. We thank the Institutional Research Core Facility at OUHSC 
for the use of the Core Facility, which provided 16S rRNA gene 
sequencing services. This project was supported by HICAHS and 
NIOSH U01 grant #1U01OH010840 and the CDC/NIOSH Mountain 
and Plains Education and Research Center (T42OH009229-07). 
Funding was also provided by CDC/NIOSH grant #K01OH0111432.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of interest.

SUPPLEMENTARY MATERIAL

Supplementary Material can be downloaded from https://zoonoses-
journal.org/wp-content/uploads/2025/09/zoonoses20250012_Suppl.
pdf.

REFERENCES

1.	 Reynolds SJ, Nonnenmann MW, Basinas I, Davidson M, Elfman 
L, Gordon J, et al. Systematic review of respiratory health 
among dairy workers. J Agromedicine. 2013;18(3):219-243.

2.	 Donham KJ, Cumro D, Reynolds SJ, Merchant JA. Dose-
response relationships between occupational aerosol exposures 
and cross-shift declines of lung function in poultry workers: 
recommendations for exposure limits. J Occup Environ Med. 
2000;42(3):260-269.

3.	 Garcia J, Bennett DH, Tancredi D, Schenker MB, Mitchell D, 
Reynolds SJ, et al. Occupational exposure to particulate matter 
and endotoxin for California dairy workers. Int J Hyg Environ 
Health. 2013;216(1):56-62.

4.	 Bailey ES, Fieldhouse JK, Choi JY, Gray GC. A Mini review of the 
zoonotic threat potential of influenza viruses, coronaviruses, 
adenoviruses, and enteroviruses. Front Public Health. 2018;6:104.

5.	 Schenker MB. Inorganic agricultural dust exposure causes 
pneumoconiosis among farmworkers. Proc Am Thorac Soc. 
2010;7(2):107-110.

6.	 Schaeffer JW, Reynolds S, Magzamen S, VanDyke A, Gottel 
NR, Gilbert JA, et al. Size, composition, and source profiles of 
inhalable bioaerosols from Colorado dairies. Environ Sci Technol. 
2017;51(11):6430-6440.

7.	 Seidel J, Magzamen S, Wang YH, Neujahr V, Schaeffer JW. 
Lessons from dairy farmers for occupational allergy and 
respiratory disease. Curr Allergy Asthma Rep. 2023;23(6): 
325-239.

8.	 Martenies SE, Schaeffer JW, Erlandson G, Bradford M, Poole 
JA, Wilson A, et al. Associations between bioaerosol exposures 
and lung function changes among dairy workers in Colorado. J 
Occup Environ Med. 2020;62(6):427-430.

9.	 Davidson ME, Schaeffer J, Clark ML, Magzamen S, Brooks 
EJ, Keefe TJ, et al. Personal exposure of dairy workers to 
dust, endotoxin, muramic acid, ergosterol, and ammonia on 

https://zoonoses-journal.org/wp-content/uploads/2025/09/zoonoses20250012_Suppl.pdf
https://zoonoses-journal.org/wp-content/uploads/2025/09/zoonoses20250012_Suppl.pdf
https://zoonoses-journal.org/wp-content/uploads/2025/09/zoonoses20250012_Suppl.pdf


10� Seidel et al.

large-scale dairies in the high plains Western United States. J 
Occup Environ Hyg. 2018;15(3):182-193.

10.	 Leibler JH, Abdelgadir A, Seidel J, White RF, Johnson WE, 
Reynolds SJ, et al. Influenza D virus exposure among US 
cattle workers: a call for surveillance. Zoonoses Public Health. 
2023;70(2):166-170.

11.	 Messenger AM, Barnes AN, Gray GC. Reverse zoonotic disease 
transmission (zooanthroponosis): a systematic review of seldom-
documented human biological threats to animals. PLoS One. 
2014;9(2):e89055.

12.	 Fox J. The Threat of MRSA. Copenhagen, Denmark; 2015.
13.	 Trombetta CM, Marchi S, Manini I, Kistner O, Li F, Piu P, et al. 

Influenza D virus: serological evidence in the Italian population 
from 2005 to 2017. Viruses. 2019;12(1):30.

14.	 Larsen J, Petersen A, Sørum M, Stegger M, van Alphen L, 
Valentiner-Branth P, et al. Methicillin-resistant staphylococcus 
aureus CC398 is an increasing cause of disease in people with 
no livestock contact in Denmark, 1999 to 2011. Euro Surveill. 
2015;20(37):9.

15.	 Bailey ES, Choi JY, Zemke J, Yondon M, Gray GC. Molecular 
surveillance of respiratory viruses with bioaerosol sampling in an 
airport. Trop Dis Travel Med Vaccines. 2018;4:11.

16.	 Khan SU, Anderson BD, Heil GL, Liang S, Gray GC. A 
systematic review and meta-analysis of the seroprevalence 
of influenza A(H9N2) infection among humans. J Infect Dis. 
2015;212(4):562-569.

17.	 Butaye P, Argudín MA, Smith TC. Livestock-associated 
MRSA and its current evolution. Curr Clin Microbiol Rep. 
2016;3:19-31.

18.	 Reynoso-García J, Miranda-Santiago AE, Meléndez-Vázquez 
NM, Acosta-Pagán K, Sánchez-Rosado M, Díaz-Rivera J, 
et al. A complete guide to human microbiomes: body niches, 
transmission, development, dysbiosis, and restoration. Front 
Syst Biol. 2022;2:951403.

19.	 Dimitri-Pinheiro S, Soares R, Barata P. The microbiome 
of the nose-friend or foe? Allergy Rhinol (Providence). 
2020;11:215265672091160.

20.	 Camarinha-Silva A, Jáuregui R, Chaves-Moreno D, Oxley APA, 
Schaumburg F, Becker K, et al. Comparing the anterior nare 
bacterial community of two discrete human populations  
using Illumina amplicon sequencing. Environ Microbiol.  
2014;16 (9):2939-2952.

21.	 Shukla SK, Ye Z, Sandberg S, Reyes I, Fritsche TR, Keifer M. 
The nasal microbiota of dairy farmers is more complex than 
oral microbiota, reflects occupational exposure, and provides 
competition for staphylococci. PLoS One. 2017;12(8):e0183898.

22.	 Baker D, Chappelle D. Health status and needs of Latino dairy 
farmworkers in Vermont. J Agromedicine. 2012;17(3):277-287.

23.	 Dong TS, Gupta A. Influence of early life, diet, and the 
environment on the microbiome. Clin Gastroenterol Hepatol. 
2019;17(2):231-242.

24.	 Domínguez-Díaz C, García-Orozco A, Riera-Leal A, Padilla-
Arellano JR, Fafutis-Morris M. Microbiota and its role on viral 
evasion: is it with us or against us? Front Cell Infect Microbiol. 
2019;9:256.

25.	 Lee KH, Gordon A, Shedden K, Kuan G, Ng S, Balmaseda A, 
et al. The respiratory microbiome and susceptibility to influenza 
virus infection. PLoS One. 2019;14(1):e0207898.

26.	 Erlandson G, Magzamen S, Seidel J, Reynolds S, Jones K, 
Sharp J, et al. Impacts of a nasal rinse on inflammation and 
microbiome diversity in dairy workers. ISES 2022 Annual 
Meeting. Lisbon, Portugal; 2022.

27.	 Hudzicki J. Kirby-Bauer disk diffusion susceptibility test 
protocol. Washington, DC: American Society for Microbiology; 
2009:55-63.

28.	 Gray GC, Robie ER, Studstill CJ, Nunn CL. Mitigating future 
respiratory virus pandemics: new threats and approaches to 
consider. Viruses. 2021;13(4):637.

29.	 Erlandson G, Magzamen S, Sharp JL, Seidel J, Poole JA, 
Bradford M, et al. Hypertonic saline nasal rinse intervention: 
immunomodulatory effects in dairy workers. J Agromedicine. 
2025;30(1):27-37.

30.	 Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, 
Al-Ghalith GA, et al. Reproducible, interactive, scalable and 
extensible microbiome data science using QIIME 2. Nat 
Biotechnol. 2019;37(8):852-857.

31.	 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, 
Holmes SP. DADA2: high-resolution sample inference from 
Illumina amplicon data. Nat Methods. 2016;13(7):581-583.

32.	 Robeson MS 2nd, O’Rourke DR, Kaehler BD, Ziemski M, 
Dillon MR, Foster JT, et al. RESCRIPt: Reproducible sequence 
taxonomy reference database management. PLoS Comput Biol. 
2021;17(11):e1009581.

33.	 Willis A, Bunge J. Estimating diversity via frequency ratios. 
Biometrics. 2015;71(4):1042-1049.

34.	 Martino C, Morton JT, Marotz CA, Thompson LR, 
Tripathi A, Knight R, et al. A novel sparse compositional 
technique reveals microbial perturbations. mSystems. 
2019;4(1):e00016-19.

35.	 McMurdie PJ, Holmes S. Phyloseq: an R package for 
reproducible interactive analysis and graphics of microbiome 
census data. PLoS One. 2013;8(4):e61217.

36.	 Shetty SA, Lahti L. Microbiomeutilities: utilities for microbiome 
analytics. 2020.

37.	 Cuny C, Wieler LH, Witte W. Livestock-associated MRSA: the 
impact on humans. Antibiotics (Basel). 2015;4(4):521-543.

38.	 Ingham AC, Urth TR, Sieber RN, Stegger M, Edslev SM, 
Angen Ø, et al. Dynamics of the human nasal microbiota and 
staphylococcus aureus CC398 carriage in pig truck drivers across 
one workweek. Appl Environ Microbiol. 2021;87(18):e0122521.

39.	 Islam MZ, Johannesen TB, Lilje B, Urth TR, Larsen AR, Angen Ø, 
et al. Investigation of the human nasal microbiome in persons 
with long- and short-term exposure to methicillin-resistant 
Staphylococcus aureus and other bacteria from the pig farm 
environment. PLoS One. 2020;15(4):e0232456.

40.	 Nadimpalli M, Stewart JR, Pierce E, Pisanic N, Love DC, Hall D, 
et al. Livestock-associated, antibiotic-resistant Staphylococcus 
aureus nasal carriage and recent skin and soft tissue 
infection among industrial hog operation workers. PLoS One. 
2016;11(11):e0165713.

41.	 Nadimpalli ML, Stewart JR, Pierce E, Pisanic N, Love DC, Hall 
D, et al. Face mask use and persistence of livestock-associated 
Staphylococcus aureus nasal carriage among industrial hog 
operation workers and household contacts, USA. Environ Health 
Perspect. 2018;126(12):127005.

42.	 Dulon M, Peters C, Schablon A, Nienhaus A. MRSA carriage 
among healthcare workers in non-outbreak settings in Europe 
and the United States: a systematic review. BMC Infect Dis. 
2014;14:363.

43.	 Duong TB, Duong MC, Campbell JI, Nguyen HVM, Nguyen HH, 
Bui HTB, et al. MRSA carriage among healthcare workers in a 
Vietnamese intensive care unit: a prospective cohort study. Drug 
Target Insights. 2022;16:71-77.

44.	 Mainous AG 3rd, Hueston WJ, Everett CJ, Diaz VA. Nasal 
carriage of Staphylococcus aureus and methicillin-resistant 
S aureus in the United States, 2001-2002. Ann Fam Med. 
2006;4(2):132-137.

45.	 Choi CS, Yin CS, Bakar AA, Sakewi Z, Naing NN, Jamal F, et al. 
Nasal carriage of Staphylococcus aureus among healthy adults. 
J Microbiol Immunol Infect. 2006;39(6):458-464.

46.	 Hause BM, Collin EA, Liu R, Huang B, Sheng Z, Lu W, et al. 
Characterization of a novel influenza virus in cattle and swine: 
proposal for a new genus in the Orthomyxoviridae family. mBio. 
2014;5(2):e00031-14.

47.	 Bailey ES, Choi JY, Fieldhouse JK, Borkenhagen LK, Zemke 
J, Zhang D, et al. The continual threat of influenza virus 



Potential Roles of the Nasal Microbiome in Pathogen Exposures in Dairy Workers� 11

infections at the human-animal interface: what is new 
from a one health perspective? Evol Med Public Health. 
2018;2018(1):192-198.

48.	 Cookson B, Peters B, Webster M, Phillips I, Rahman M, 
Noble W. Staff carriage of epidemic methicillin-resistant 
Staphylococcus aureus. J Clin Microbiol. 1989;27(7): 
1471-1476.

49.	 Brito IL, Gurry T, Zhao S, Huang K, Young SK, Shea TP, et al. 
Transmission of human-associated microbiota along family and 
social networks. Nat Microbiol. 2019;4(6):964-971.

50.	 Ursell LK, Metcalf JL, Parfrey LW, Knight R. Defining the human 
microbiome. Nutr Rev. 2012;70(Suppl 1):S38-S44.

51.	 Scher JU, Joshua V, Artacho A, Abdollahi-Roodsaz S, Öckinger J, 
Kullberg S, et al. The lung microbiota in early rheumatoid 
arthritis and autoimmunity. Microbiome. 2016;4(1):60.

52.	 Wu BG, Sulaiman I, Wang J, Shen N, Clemente JC, Li Y, et al. 
Severe obstructive sleep apnea is associated with alterations in 
the nasal microbiome and an increase in inflammation. Am J 
Respir Crit Care Med. 2019;199(1):99-109.

53.	 Kumpitsch C, Koskinen K, Schöpf V, Moissl-Eichinger C. The 
microbiome of the upper respiratory tract in health and disease. 
BMC Biol. 2019;17(1):87.

54.	 Choi EB, Hong SW, Kim DK, Jeon SG, Kim KR, Cho SH, et al. 
Decreased diversity of nasal microbiota and their secreted 
extracellular vesicles in patients with chronic rhinosinusitis based 
on a metagenomic analysis. Allergy. 2014;69(4):517-526.

55.	 Fazlollahi M, Lee TD, Andrade J, Oguntuyo K, Chun Y, Grishina 
G, et al. The nasal microbiome in asthma. J Allergy Clin 
Immunol. 2018;142(3):834-843.e2.

56.	 Wolff B, Boutin S, Lorenz H-M, Ueffing H, Dalpke A, Wolff D. 
FRI0698 Prevotella and alloprevotella species characterize the 
oral microbiome of early rheumatoid arthritis. Ann Rheum Dis. 
2017;76(Suppl 2):754.

57.	 Omland Ø, Hjort C, Pedersen OF, Miller MR, Sigsgaard T. New-
onset asthma and the effect of environment and occupation 
among farming and nonfarming rural subjects. J Allergy Clin 
Immunol. 2011;128(4):761-765.

58.	 Guilloux CA, Lamoureux C, Beauruelle C, Héry-Arnaud G. 
Porphyromonas: a neglected potential key genus in human 
microbiomes. Anaerobe. 2021;68:10223.

59.	 Hillman DR, Murphy AS, Pezzullo L. The economic cost of sleep 
disorders. Sleep. 2006;29(3):299-305.

60.	 Melamed S, Oksenberg A. Excessive daytime sleepiness and risk 
of occupational injuries in non-shift daytime workers. Sleep. 
2002;25(3):315-322.

61.	 Reynolds AC, Coenen P, Lechat B, Straker L, Zabatiero J, 
Maddison KJ, et al. Insomnia and workplace productivity loss 
among young working adults: a prospective observational study 
of clinical sleep disorders in a community cohort. Med J Aust. 
2023;219(3):107-112.

62.	 Hirsch Allen AJ, Park JE, Daniele PR, Fleetham J, Ryan CF, Ayas 
NT. Obstructive sleep apnoea and frequency of occupational 
injury. Thorax. 2016;71(7):664-666.

63.	 Douphrate DI, Nonnenmann MW, Hagevoort R, Gimeno Ruiz 
de Porras D. Work-related musculoskeletal symptoms and 
job factors among large-herd dairy milkers. J Agromedicine. 
2016;21(3):224-233.

64.	 Brown K, Church D, Lynch T, Gregson D. Bloodstream infections 
due to Peptoniphilus spp.: report of 15 cases. Clin Microbiol 
Infect. 2014;20(11):O857-O860.

65.	 Cobo F, Navarro-Marí JM. First description of Anaerococcus 
octavius as cause of bacteremia. Anaerobe. 2020;61:102130.

66.	 Kim JH, Kim SH, Lim JY, Kim D, Jeong IS, Lee DK, et al. 
Association between the sinus microbiota with eosinophilic 
inflammation and prognosis in chronic rhinosinusitis with nasal 
polyps. Exp Mol Med. 2020;52(6):978-987.

67.	 Mahdavinia M, Engen PA, LoSavio PS, Naqib A, Khan RJ, Tobin 
MC, et al. The nasal microbiome in patients with chronic 
rhinosinusitis: analyzing the effects of atopy and bacterial 
functional pathways in 111 patients. J Allergy Clin Immunol. 
2018;142(1):287-290.e4.

68.	 Wollenberg MS, Claesen J, Escapa IF, Aldridge KL, Fischbach 
MA, Lemon KP. Propionibacterium-produced coproporphyrin 
III induces staphylococcus aureus aggregation and biofilm 
formation. mBio. 2014;5(4):e01286-14.

69.	 Tran DM, Tran TT, Phung TTB, Bui HT, Nguyen PTT, Vu TT, et al. 
Nasal-spraying Bacillus spores as an effective symptomatic 
treatment for children with acute respiratory syncytial virus 
infection. Sci Rep. 2022;12(1):12402.

70.	 Starosila D, Rybalko S, Varbanetz L, Ivanskaya N, Sorokulova 
I. Anti-influenza activity of a Bacillus subtilis probiotic strain. 
Antimicrob Agents Chemother. 2017;61(7):e00539-17.

71.	 Li S, Su B, Wu H, He Q, Zhang T. Integrated analysis of gut 
and oral microbiome in men who have sex with men with HIV 
infection. Microbiol Spectr. 2023;11(6):e0106423.

72.	 Lehtoranta L, Pitkäranta A, Korpela R. Probiotics in respiratory virus 
infections. Eur J Clin Microbiol Infect Dis. 2014;33(8):1289-1302.

73.	 Kates AE, Dalman M, Torner JC, Smith TC. The nasal and 
oropharyngeal microbiomes of healthy livestock workers. PLoS 
One. 2019;14(3):e0212949.


