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Abstract

The main goal of this preliminary study was to quantify airborne particles and characterize the dominant cultivable bacterial
species as well as some Gram-positive species, and their antibiotic resistance pattern, from environmental samples taken inside
and outside of a dairy milking parlour. Sampling was performed over 2 days, in different seasons. The small viable particulate
matter < 10 pm (bioaerosols) and cultivable bacteria reached their highest concentrations in the milking parlour. The majority of
airborne bacteria in the milking parlour belonged to the genera Staphylococcus (41.9%) and Bacillus (20.9%). A total of 32
different bacterial species of Staphylococcus, Aerococcus, Bacillus, Pseudomonas, Serratia and Acinetobacter were identified.
Many of these bacteria may be opportunistic pathogens, causing disease in humans or animals. We found low levels of acquired
resistance to the antibiotics commonly used in human or animal infections caused by these opportunistic bacteria. More specif-
ically, resistance to tetracyclines (13.4%), penicillin G (13.4%) and macrolides (7.5%) was identified in Staphylococcus sp. as
was a methicillin-resistant S. hominis and resistance to spiramycin (n = 1), lincomycin (z=1) and streptomycin (n=2) in
Aerococcus sp. An assessment of the occupational risk run by dairy farmers for contracting infections after long- or short-term
exposure to micro-organisms requires further studies on the concentration of opportunistic pathogenic bacteria in dairy farm
environments.
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Impact

We report data on the exposure of dairy farmers to airborne bacteria found
in a milking parlour, and those are potentially opportunistic pathogens or
resistant to antibiotics.

High concentrations of cultivable bacteria were found in the milking
parlour, and there were significant differences in the bacterial diversity
between indoor and outdoor environments.

Most of these bacteria were opportunistic pathogens and had low levels of
acquired resistance. However, resistance to tetracyclines, penicillin G and
macrolides was identified in Staphylococcus sp., and a methicillin-
resistant S. hominis was observed.
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Introduction

France is the second-most important milk producer in Europe,
after Germany. Nationwide, 61,733 dairy farms deliver cow’s
milk. On dairy farms, cows are milked twice a day, and
farmers therefore work for more than 3 h a day in a milking
parlour. Inhalation of micro-organisms found in bioaerosols or
airborne organic dust may be a health concern for workers in
this confined environment, particularly in milking parlours
where organic dusts are generated from faecal matter and an-
imal skin (Roque et al. 2016) and suspended in the air by
animal movements. In addition, airborne contamination in a
milking facility is not only hazardous to workers and animals
but is also a source of milk contamination (Piessens et al.
2011; Vacheyrou et al. 2011). Particulate matter (PM) can
be inhaled and accumulate in the respiratory system. The link
between PM10 and respiratory and other disease has been
established (Mukherjee and Agrawal 2017). Dust particles
ranging from 2.0 to 3.3 pm are associated with an increased
incidence of cattle pneumonia (Wilson et al. 2002a).
Bioaerosols from bacteria are typically smaller than 10 pm
in diameter (Li et al. 2011; Millner 2009). Previous studies
have reported that airborne bacteria from cow barns are often
opportunistic pathogens (Dutkiewicz et al. 1994; Vacheyrou
et al. 2011; Wilson et al. 2002b; Zucker et al. 2000). These
bacteria are not associated with severe infections, but they can
become pathogenic under certain conditions (e.g. disease,
wound, medication, prior infection, immunodeficiency or ad-
vanced age). One recent study conducted in France illustrated
that Curtobacterium, Bacillus, Corynebacterium,
Aerococcus, Staphylococcus and Pseudomonas were the most
predominant bacterial genera identified in the aerial environ-
ment of milking parlours (Vacheyrou et al. 2011).

The growing prevalence of antibiotic-resistant micro-or-
ganisms in this environment makes for an additional increas-
ing health concern. Antibiotic resistance can be intrinsic
(natural) or acquired through acquisition of resistance genes
or bacterial mutation. The main risk involves the spread of
acquired antibiotic resistance to pathogenic bacteria. In partic-
ular, multidrug-resistant (MDR) bacteria, including
Escherichia coli resistant to extended-spectrum cephalospo-
rins and methicillin-resistant Staphylococcus aureus (MRSA),
are considered a major public health issue. The spread of
antibiotic resistance genes to previously susceptible bacteria
via PM has recently been reported in beef cattle feed yards
(McEachran et al. 2015). Characterization of the airborne bac-
terial species in milking parlours can therefore provide impor-
tant information for human and animal health. The main goal
of this study was a preliminary study presenting the charac-
teristics of the airborne flora over 2 days in different seasons
by quantifying the PM from a dairy milking parlour. This
study focused on the characterization of the dominant cultiva-
ble species and some Gram-positive species to screen for
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acquired antibiotic resistance phenotypes. The comprehensive
airborne bacterial microflora was not quantified here.
Bacterial species and PM concentrations inside and outside
the milking parlour were compared on two sampling dates.

Materials and methods

The experiment was conducted on a typical dairy cow farm
located in the Rhone-Alpes region of France, housing approx-
imately 20 Montbéliarde cows aged from 3 to 10 years of age.
The cows on this farm are milked twice daily in a 70-m?
milking facility containing six automatic milk samplers.
Manually opening of windows and doors in this milking par-
lour maintained the ventilation. Pipeline milkers transport the
milk directly from the cow’s udder to the milk cooler and milk
tank. Aerial samples were taken twice, once on 24 July (C1)
and once on 2 October 2018 (C2). Outdoor air samples taken
downstream wind milking parlour within a distance of 100 m
away, in the early morning before milking, have been used for
comparison with indoor aerial samples. These outdoor sam-
ples might be contaminated by the milking parlour source.
The indoor air samples were collected during milking from
7:00 AM to 8:00 AM and just after milking. The outdoor air
temperatures and relative humidity (%) during these two sam-
pling sessions were extracted from data provided by the
French weather observation association (https://asso.
infoclimat.fr) (Table S1). The indoor relative humidity and
temperature were monitored using the Testo 174H data logger
only during C2, for which the mean values + standard devia-
tion (SD) were 14.3+£0.9 °C and 63 +3%, respectively.
Indoor humidity remains relatively stable over time, because
the floor is systematically hosed down before milking.

Particulate matter (PM) with sizes ranging from 0.5 to
25 um was monitored using the BioTrak 9510-BD particle
counter (TSI Incorporated, ville, pays). This counter uses
laser-induced fluorescence, which is based on the detection
of the fluorescence of the NADH, flavin and tryptophan mol-
ecules to determine whether a particle is viable or non-viable
(micro-organism or inert). Our results were based on counts of
particles ranging from 0.5 to 10 um (PM10), which are typical
of the aerodynamic diameters of bioaerosols (Li et al. 2016).

For bacterial counts, air samples were collected at 2 m
above the ground using a STREAM Air sampler (AC-
SPerhi, Saint Laurent des Arbres, France), containing a Petri
dish filled with culture media and operating at a flow rate of
0.2 m*/min. The sampling volume was 0.4 m> of air for the
non-selective media and 1 m* for selective media.

Aecrobic bacteria were plated in Petri dishes on different
non-selective and selective culture media. Non-selective me-
dia consisted of Columbia agar with 5% sheep blood (COS).
Selective media were used to detect resistant bacteria:
ChromID ESBL for the selective growth of extended-
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é s é 8 spectrum beta-lactamase-producing bacteria, Chapman2 for
g g S 2 % the detection of coagulase-positive staphylococci and
_%; Iy & x S § ChromID Granada for Group B Streptococcus (bioMérieux,
SV v 8 A E ville, France). A total of 86 aerial samples were collected. All
@é :3 Petri dishes were incubated at 37 °C for 18 h. After incubation,
% § to determine the quantitative bacterial count (CFU/m>), the
i i é B countable numbers of colonies (10400 colonies) on COS
o 2 % k= g plates were scored. From all Petri dishes, one to five colonies
S Tl4d4d RS with different morphology, shape or colour were individually
o N E 8 re-isolated on COS plates and identified using matrix-assisted
% =8 desorption ionization time-of-flight (MALDI-TOF) mass
E o m,g\ 2 spectrometry (Vitek®MS, ville, pays).
S| § :\E) 2 §D Antimicrobial susceptibility was tested using the disk dif-
é § 3 S % ; fusion method on Mueller-Hinton agar (Bio-Rad, Marne-la-
I L5 S ‘g g Coquette, France). The antibiotic disks (Mast Diagnostics,
% E i i i‘r g);g Amiens, France) tested in this study are listed in
% 3 g § § % g % Supplementary Table S2, and results were interpreted accord-
g E g ing to the zone diameter breakpoints recommended by the
£ S French committee on antimicrobial susceptibility testing
gl g ® 2 2 (Comité de I'antibiogramme de la Société Francaise de
2| E S 3 —q'; microbiologie; CA-SFM 2019). The isolates presenting inter-
= a g S S s 2 6 . . . .
2| o3 X x = S 2 mediate resistance were classified as resistant. For all staphy-
; g2 2 & %E lococci presenting a resistance phenotype to cefoxitin, the
_§ -V - g S{% mecA gene was specifically screened for using a previously
§ g E described method (Klingenberg et al. 2001).
2 Elea =, 9 =
F O I Results
Bls Zls89 |23
% Am eV ?i The sizes of both outdoor and indoor airborne particles were
) S mostly (99.8-100%) equal to or less than 10 pum (PM10). The
% g _Q%: S outdoor and indoor mean PM10 concentrations were signifi-
- | 2 "E =8 cantly lower during the second air sampling date (Table 1).
§ % ) :i § Indoor PM10 levels were 1.4-1.5 times higher than outdoor
5|3 S SN =a PMI10 levels, during both sampling dates, C1 and C2
B é ;28 |28 (Table 1). The variability of viable particles was higher in
}é L= = = S =~ C2 (indoor SD =48%, outdoor SD = 46%) than in C1 (indoor
= g8 - SD =28%, outdoor SD = 13%) (Fig. 1). The mean proportion
S| . o S E § of viable PM10 particles smaller than or equal to 10 pm
QEJ :; Z 2 _:E % £ ranged from 0.08 (outdoors) to 0.49% (indoors). For both
g § g RS > % i~ % sar.np.ling dat.es,. the concentration of airborne cultigable.bac-
s|lzs % § g £ %‘ g teria in the rsnllkmg p?rlour ranged from 360 CFU/m" to higher
Vi S v S = S ; £ & than 2 X 10° CFU/m" of air. The proportion of viable particles
% E & % in the cultivable airborne bacteria ranged from 0.8 to higher
5 283 than 19%. PM10 and viable particles were significantly higher
%;j ;\”’: § 7 Z| ; g in the milking parlour during milking hours (Table 1, Fig. 1).
g £l == % ! %_g Among the 222 selected colonies, reliable identification
y § 2!.: § é Q E_E é was obtained for 157 isolates (70.7%) using MALDI-TOF
g A~ O |8 TV 20 g MS. Staphylococcus and Bacillus were the most frequently
2 2 % i identified genera from the non-selective COS medium
_ o :% g £ (41.9% and 20.9%, respectively) and from the selective
2 = = g § Chapman medium (67.3% and 25.5%, respectively) (Fig. 2).
e 9 A c% 23 Aerococcus viridans were detected on the Granada medium at
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a high frequency (61.1%), and Pseudomonas mendocina,
P. putida and P. fluorescens were mainly isolated from the
ESBL medium (70.6%). We did not find any Streptococcus
on Granada media. For all media and sampling dates, Gram-
positive bacteria were the most frequent airborne cultivable
bacteria isolated on the growth media tested (Fig. 2). A total
of 8 Gram-negative bacteria species and 24 Gram-positive
species were identified (Figs. 2 and 3). A total of 12 bacterial
species were identified both outdoors and indoors (Fig. 3a).
However, 17 species were associated specifically with the
milking parlour (Fig. 3a). Only three bacterial species were
specifically detected outdoors (Fig. 3a). Interestingly, the most
frequently isolated bacterial species (S. haemolyticus,
B. altitudinis/pumilus, B. altitudinis/pumilus, A. viridans,
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Fig. 1 Distribution of particulate matter less than or equal to 10 pm in
diameter (PM10) (a, ¢) and viable particles (b, d) inside and outside the
milking parlour. The boxplot shows the distribution and variability of
PM10 and viable particles (<10 pum) recorded during the sampling on
24 July 2018 (C1) and on 2 October 2018 (C2). The box stretches from
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A. lwoffii) (Fig. 2) were identified on both sampling dates
(Fig. 3b), and the less prevalent species were specifically re-
lated to a unique sampling date (Fig. 3b).

The patterns of resistance to the antibiotics commonly used
to treat human or animal infections caused by the dominant
microflora Aerococcus sp. and Staphylococcus sp. are given in
Tables 2 and 3. We also found that 6 of 13 Pseudomonas
isolates identified on selective ESBL media were resistant to
ticarcillin in combination with clavulanic acid or to
fosfomycin. One of five Serratia isolates was resistant to
chloramphenicol. Some bacterial species showed a multiple
resistance profile, such as one isolate of P. putida resistant to
fosfomycin, ticarcillin-clavulanic acid and one A. baumannii
isolate resistant to fosfomycin, piperacillin, ceftazidime and
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the first to the third quartile; the median is indicated by the thick black line
in the box. The two lines outside the box extend to the highest (95th
percentile) and lowest (5th percentile) observations. Circles indicate ex-
treme values
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aztreonam. One S. hominis isolate was methicillin resistant
(MRS) and showed the associated resistance to penicillin G,
tetracycline, erythromycin fusidic acid and cefoxitin.
Cefoxitin resistance was confirmed by the presence of the
mecA gene. All isolates of Bacillus sp. tested here were sus-
ceptible to aminoglycosides, vancomycin and tetracyclines.
All the other isolates not mentioned here were susceptible to
the tested antibiotic.

Discussion

The highest concentrations of PM10, viable particles and cul-
tivable bacteria were reported in the milking parlour. The av-
erage concentrations of PM10 and viable particles were about

Micrococcus luteus
Microbacterium flavescens
Lactococcus lactis
Enterococcus hirae
Staphylococcus sciuri

the same level as that reported in previous studies for dairy
confinements (Lee et al. 2006).

The higher variability of viable particle number observed in
C2 compared to C1 could be linked to dust resuspension pro-
cesses due to increased air humidity related to seasonal vari-
ability (Clements et al. 2018) and binding of dust on walls and
floors (Basinas et al. 2014).

The increased number of viable particles among PM10
recorded in the milking parlour during the second sampling
date (C2) may be associated with changes observed in mete-
orological conditions (increased air humidity, reduced air
temperature, Table S1). Indeed bioaerosol (bacteria, viruses,
pollens) concentrations and morphological characteristics of
PM10 may undergo considerable changes according to envi-
ronmental parameters, such as temperature, relative humidity

Staphylococcus xylosus
Staphylococcus hyicus
Staphylococcus hominis
Staphylococcus haemolyticus

Staphylococcus gallinarum
Staphylococcus equorum
Staphylococcus epidermidis
Staphylococcus chromogenes
Staphylococcus auricularis
Staphylococcus aureus
Dermatophilus congolensis
Corynebacterium tuberculostearicum
Bacillus megaterium

Bacillus licheniformis

Bacillus circulans

Bacillus cereus group

Bacillus altitudinis/pumilus
Bacillus

Gram +

B C2 Indoor
C2 Outdoor

H C1 Indoor
C1 Outdoor

Aerococcus viridans

Stenotrophomonas maltophilia
Serratia marcescens
Pseudomonas oryzihabitans
Pseudomonas mendocina
Pseudomonas putida
Pseudomonas fluorescens
Acinetobacter Iwoffii
Acinetobacter baumannii complex

Gram -

o
u

10 15 20 25 30 35 40 45 50
% of positive air samples

Fig.2 Frequency ofisolation of bacterial species in air samples. C1 sampling was conducted on 24 July 2018 and C2 on 2 October 2018. The percentage
of isolates not identified was 22% on C1 and 36% on C2. A total of 42 samples were collected on C1 and 44 on C2
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Fig.3 Distribution of cultivable airborne bacterial species inside the milking parlour and outdoors (a) and on C1 and C2 (b). C1 sampling was conducted
on 24 July 2018 and C2 on 2 October 2018. The number of isolates is shown in parentheses

and wind velocity (Lighthart 2000). However, the most im-
portant meteorological factors in the viability of airborne bac-
teria are temperature and UV radiation (Li et al. 2011).

In this study, the multi-channel instrument use for the mon-
itoring the number of PM 10 and viable particles was useful for
rapid analysis in the field. However, the variation observed in
the number of viable particles was not correlated with the
number of cultivable bacteria. We can make the hypothesis
that the proportion of cultivable bacteria among the viable
particles was too low to allow comparison between these

Table 2  Resistance patterns of airborne Aerococcus

Class of antibiotic Antimicrobial disk Aerococcus (n=32)

Aminoglycosides Kanamycin 0 (0.0) HC
Streptomycin 2 (6.25) HC
Tetracyclines Tigecycline 0(0.0)
Tetracycline 0(0.0)
Fluoroquinolones Enrofloxacin 28 (87.5)
Penicillins Piperacillin 0(0.0)
Ampicillin 0(0.0)
Macrolides Erythromycin 0(0.0)
Spiramycin 13.1)
Lincosamides Lincomycin 1@3.1)
Glycopeptides Vancomycin 0(0.0)
Rifamycins Rifampicin 1@3.1)
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parameters. Moreover, there is not available data allowing
comparison between the Biotrack counter technology provid-
ing the number of viable bacteria and plate counting showing
the number of cultivable bacteria. Therefore, due to the

Table 3  Resistance patterns of airborne Staphylococcus

Class of antibiotic Antimicrobial disk Staphylococcus (n=67)

Aminoglycosides Gentamicin 0(0.0)
Tobramycin 1(1.5)
Kanamycin 1(1.5)
Tetracyclines Tigecycline 0 (0.0)
Tetracycline 9(13.4)
Fluoroquinolones Enrofloxacin 1(1.5)
Penicillins Penicillin G 9(13.4)
Cephalosporins Cefoxitin (2G) 1(1.5)
Macrolides Erythromycin 5(7.5)
Oxazolidinones Linezolid 0(0.0)
Phenicols Chloramphenicol 0(0.0)
Fusidanes Fusidic acid 12 (17.9)

Only the antibiotics recommended by the French committee on antimi-
crobial susceptibility testing (CA-SFM) were tested, particularly in light
of the natural resistance of some isolates to antibiotics; 2G, second gen-
eration. Total number () of resistant isolates (%). The resistance patterns
of the other microbes are not shown in these tables because their number
was low or because they have not been listed by the CA-SFM. These
antibiotic patterns are provided in the “Results” section of the manuscript
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notorious difficulty in isolating some Gram-negative bacteria
including E. coli in air samples (Zucker et al. 2000), targeted
real-time PCR may be an alternative to detect certain unculti-
vable pathogenic bacteria in future studies.

In this study, most cultivable bacterial species identified on
selective and non-selective media can be human opportunistic
pathogens (e.g. S. aureus, S. auricularis, A. Iwoffii,
B. circulans, E. hirae, S. marcescens, S. maltophilia)
(Brooke 2012; O'Gara 2017) or can lead to food poisoning
(B. cereus group, B. licheniformis) (Salkinoja-Salonen et al.
1999) and are related to a severe respiratory syndrome
(A. viridans), abortion or cow mastitis (S. haemolyticus) in
bovines (Roque et al. 2016; Shi et al. 2015) or can be oppor-
tunistic pathogen in swine (S. hyicus) (Staphylococcosis
2019). Most of the bacterial species that were detected only
in the milking parlour, such as L. lactis, Bacillus sp.,
S. chromogenes, S. epidermidis and S. equorum, have been
regularly isolated from indoor milking parlours and rarely
from outdoor environmental samples (Piessens et al. 2011;
Vacheyrou et al. 2011). In contrast, bacterial species such as
A. viridans, S. haemolyticus, S. sciuri, S. xylosus, B. cereus
and B. licheniformis are common in outdoor environmental
samples. Other observations confirm that some of these bac-
terial species are able to survive and persist in environmental
air samples taken from animal husbandry buildings (Piessens
etal. 2011; Roque et al. 2016). Some opportunistic pathogens
isolated during this study, such as B. altitudinis/pumilus, E.
hirae or P. putida, S. maltophilia and S. marcescens, have not
been described before in the aerial samples taken from
cattle buildings.

The most frequently isolated bacterial species were com-
mon to C1 and C2; however, the diversity of strains seems to
be higher in autumn (C2), while most of the identified bacteria
belonged to Staphylococcus spp. during summer (C1). High
air temperature may increase the grow of Staphylococcus spp.
as was observed previously for S. aureus in a dairy barn (Islam
et al. 2019). This seasonal effect on bioaerosol diversity and
concentration in milking parlours need to be confirmed in
further in depth work.

Information on antibiotic resistance from airborne bacteria
in dairy farm is scarce (Navajas-Benito et al. 2017). The mod-
erate percentage of bacteria resistant to antimicrobials found
in the present work is in accordance with other studies carried
out in cattle farms (Navajas-Benito et al. 2017). The main
acquired antibiotic resistances observed in this study were
resistances to enrofloxacine or tetracycline among
A. viridans and Staphylococcus spp.. These results are in
agreement with the patterns of resistance previously reported
in dairy cows, probably because bovine mastitis is often treat-
ed with tetracycline or erythromycin worldwide (Oliver and
Murinda 2012). Nevertheless, in this study, we isolated a
coagulase-negative S. hominis opportunistic pathogen carry-
ing the mecA gene from the air sample taken from the milking

parlour environment. Methicillin-resistant S. hominis was pre-
viously identified in hospital and or in airborne dust at resi-
dential level (Lis et al. 2009); this work demonstrated the
presence of methicillin-resistant S. hominis in bioaerosols
from milking parlour and therefore confirms the spread of
methicillin-resistant staphylococci in non-healthcare settings
(Xu et al. 2015).

In conclusion, all these results provide new insights on
airborne bacterial pathogen and antimicrobial resistance in
dairy farm and suggest increased bacterial exposure during
milking. The milking parlour air samples showed the presence
of cultivable airborne bacteria, reaching high levels of con-
tamination (>2000 CFU/m®) according to the World Health
Organization (WHO) (1988) guidelines (<500 CFU mixture
of species/m’) (Organization 1998). The data presented here
suggest a possible exposure of farmers to opportunistic bacte-
ria. In rare cases, these bacteria showed an acquired
resistance pattern. Further studies on the concentration
of opportunistic pathogen bacterial leading to infections
after long- or short-term exposure are crucial for risk
assessments.
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