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ABSTRACT

Mastitis affects a high proportion of dairy cows and 
is still one of the greatest challenges faced by the dairy 
industry. Staphylococcal bacteria remain the most im-
portant cause of mastitis worldwide. We investigated 
how distinct staphylococcal species evade some criti-
cal host defense mechanisms, which may dictate the 
establishment, severity, and persistence of infection 
and the outcome of possible therapeutic and preven-
tion interventions. Thus, the present study investigated 
variations among distinct bovine-associated staphy-
lococci in their capability to resist phagocytosis and 
to trigger respiratory burst activity of blood and milk 
polymorphonuclear neutrophil leukocytes (PMNL) in 
dairy cows. To do so, PMNL of 6 primiparous and 6 
multiparous dairy cows were used. A collection of 38 
non-aureus staphylococci (NAS) and 12 Staphylococcus 
aureus were included. The phagocytosis and intracellu-
lar reactive oxygen species (ROS) production by blood 
and milk PMNL were analyzed by flow cytometry. 
Phagocytosis, by both blood and milk PMNL, did not 
differ between S. aureus and NAS as a group, although 

within-NAS species differences were observed. Staphy-
lococcus chromogenes (a so-called milk-adapted NAS 
species) better resisted phagocytosis by blood PMNL 
than the so-called environmental (i.e., Staphylococcus 
fleurettii) and opportunistic (i.e., Staphylococcus hae-
molyticus) NAS species. Otherwise, S. haemolyticus was 
better phagocytosed by blood PMNL than S. aureus, S. 
fleurettii, and S. chromogenes. No influence of the origin 
of the isolates within the staphylococci species in the 
resistance to phagocytosis by blood and milk PMNL 
was found. Overall, both S. aureus and NAS did not 
inhibit intracellular ROS production in blood and milk 
PMNL. Non-aureus staphylococci induced fewer ROS 
by milk PMNL than S. aureus, which was not true for 
blood PMNL, although species-specific differences in 
the intensity of ROS production were observed. Staphy-
lococcus chromogenes induced more blood PMNL ROS 
than S. fleurettii and S. haemolyticus, and as much as S. 
aureus. Conversely, S. chromogenes induced fewer milk 
PMNL ROS than S. aureus. The origin of the isolates 
within the staphylococci species did not affect the ROS 
production by blood and milk PMNL. In conclusion, 
our study showed differences in staphylococci species in 
evading phagocytosis and triggering ROS production, 
which may explain the ability of some staphylococci 
species (i.e., S. aureus and S. chromogenes) to cause 
persistent infection and induce inflammation.
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INTRODUCTION

Staphylococci are part of the skin microbiota of 
mammals and have been isolated from various body 
sites of dairy cows and from the dairy environment. 
They are also the most common cause of bovine IMI 
(Adkins et al., 2018; Leuenberger et al., 2019; Wuytack 
et al., 2019). Among the genus Staphylococcus, Staphy-
lococcus aureus is one of the so-called major mastitis 
pathogens that represent a real issue for bovine udder 
health because of their pathogenicity, contagiousness, 
poor cure rates with current antimicrobial therapies, 
and public health concerns (Moura et al., 2018; Rainard 
et al., 2018; Cunha et al., 2020). Intramammary infec-
tions caused by S. aureus are also associated with the 
highest economic losses among all mastitis pathogens 
(Halasa et al., 2009). Furthermore, the epidemiology 
of S. aureus markedly depends on the genotype, with 
some being adapted to a particular host and even to a 
particular body site (Leuenberger et al., 2019).

The role of the heterogeneous group of NAS in bovine 
mastitis is still being debated. The bovine-associated 
NAS species cover a broad range of ecological habitats, 
varying from primarily the environment (e.g., Staphylo-
coccus fleurettii) to the cows’ udder (e.g., Staphylococcus 
chromogenes; De Visscher et al., 2014; Vanderhaeghen 
et al., 2014, 2015). In this regard, substantial variations 
among and within bovine-associated NAS species in 
evoked inflammation as measured through the SCC, 
persistence of IMI, presence of antimicrobial resistance, 
pathogenicity, and epidemiological behavior have been 
reported (Vanderhaeghen et al., 2015; Souza et al., 
2016b; Piccart et al., 2016).

Polymorphonuclear neutrophil leukocytes (PMNL) 
are critical to limit pathogen survival and dissemina-
tion through their ability to phagocytose and kill invad-
ing bacteria, also in the bovine udder. When PMNL are 
recruited from blood to the mammary compartment, 
they phagocytose bacteria through oxygen-dependent 
and oxygen-independent mechanisms. The generation 
of reactive oxygen species (ROS) represents their main 
arsenal against invading bacteria (Rinaldi et al., 2007; 
Blagitz et al., 2013; Della Libera et al., 2015). Although 
it is known that PMNL provide the first line of defense 
against invading bovine mastitis–causing pathogens 
(Paape et al., 2003), almost nothing is known about 
the variations among staphylococci in their ability to 
resist bovine PMNL.

Bacteria invading the mammary gland are constantly 
exposed to milk resident PMNL, fueled by the rapid 
influx of neutrophils from the blood in an attempt of 
the host to eliminate the invading pathogen. To coun-
ter the host defense mechanisms, pathogens use several 
strategies to subvert the immune response, including 

the phagocytic and killing mechanisms of neutrophils. 
Therefore, it is reasonable to speculate that long co-
evolution of microorganisms and host immune cells 
may be involved in the selection of microorganisms that 
are well adapted to the host, which could dictate the 
establishment, severity, and persistence and outcome 
of possible therapeutic and prevention interventions 
(Spaan et al., 2013; Horn et al., 2018). Thus, the pres-
ent study explored variations in the ability of distinct 
bovine-associated staphylococcal (S. aureus and NAS) 
species and whether their ecological niche origin affects 
their ability to resist phagocytosis and to trigger respi-
ratory burst activity by blood and milk resident PMNL 
in primiparous and multiparous dairy cows.

MATERIALS AND METHODS

This study was approved by the Animal Research 
Ethics Committee of the Faculty of Veterinary Medicine 
and Animal Science, University of São Paulo (protocol 
number: 88010080715).

Staphylococcal Isolates

Twelve Staphylococcus aureus isolates originating 
from aseptically collected milk samples (n = 6) and 
noses (n = 6) obtained from 2 Brazilian dairy herds 
(Souza et al., 2016a; Cunha et al., 2020; Santos et al., 
2020) were available. These isolates were previously 
identified phenotypically by biochemical tests (Souza et 
al., 2016a), confirmed by MALDI-TOF MS and molec-
ular identification targeting a portion of the conserved 
S. aureus thermonuclease gene (Santos et al., 2020). 
Additionally, a collection of 38 different NAS isolates 
obtained from 13 Flemish dairy herds during previ-
ous studies (Piessens et al., 2011; Supré et al., 2011; 
De Visscher et al., 2016) was available as well: 5 S. 
chromogenes isolates originating from teat apices (TA; 
De Visscher et al., 2016), 10 S. chromogenes isolates 
originating from aseptically collected milk samples (Su-
pré et al., 2011), 5 Staphylococcus haemolyticus isolates 
originating from TA (De Visscher et al., 2016), 5 S. 
haemolyticus isolates from aseptically collected milk 
samples (Supré et al., 2011), 5 S. fleurettii isolates origi-
nating from aseptically collected milk samples (Supré 
et al., 2011), and 8 S. fleurettii isolates originating from 
cows’ environment (Piessens et al., 2011). Non-aureus 
staphylococci isolates from TA and milk samples were 
previously identified by transfer RNA intergenic spacer 
PCR (Supré et al., 2011; De Visscher et al., 2016), and 
if no identification could be obtained, sequencing of 
the 16S rRNA gene was performed (De Visscher et al., 
2016). Staphylococcus fleurettii isolates originating from 
cows’ environment were previously identified at species 
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level by comparison of amplified fragment length poly-
morphism fingerprints to a staphylococcal library or by 
rpoB gene sequencing (Piessens et al., 2011).

Growth Conditions for Bactericidal Killing  
and Phagocytosis Assays

The bactericidal killing and phagocytosis assay were 
assessed using unlabeled and labeled bacteria, respec-
tively. First, the isolates were grown on 5% sheep blood 
agar plates. Then, fresh colonies of each bacteria were 
grown overnight in brain heart infusion (BHI, catalog 
no. 1135, ThermoFisher) broth at 37°C. Subsequently, 
all staphylococci isolates were diluted at 1:1,000 and 
overnight cultured at 37°C in fresh BHI broth. Then, 
the bacteria in the late exponential growth were centri-
fuged at 2,500 × g for 15 min at 4°C and washed twice 
with Dulbecco’s PBS (catalog no. 14190185, Gibco). 
Afterward, bacteria were resuspended in RPMI-1640 
(catalog no. R7638, Sigma Aldrich) with 10% heat-
inactivated fetal bovine serum (Cultilab), and stored 
at −80°C for a maximum of 7 d. The bacterial sus-
pensions were further cultured on BHI agar plates in 
dilution series, and counts (cfu·mL−1)were determined. 
Then, the bacterial concentration was adjusted to the 
final inoculum dose (2 × 108 staphylococci·mL−1). Fur-
ther, 31.25 and 25 µL of the inoculum with unlabeled 
staphylococci were added to the blood and milk cells, 
respectively, to study intracellular ROS production by 
PMNL, to obtain an approximate multiplicity of infec-
tion (MOI) of 25 for blood PMNL and viable milk cells 
each. Afterward, to ensure the bacteria viability in the 
stock solution, aliquots of the suspension of each isolate 
were serially diluted on BHI agar before freezing at 
−80°C and at the day of the experiment.

5(6)-Carboxyfluorescein Diacetate N-Succinimidyl 
Ester Labeling Bacteria for Phagocytosis Assay

For the assessment of the phagocytosis assay, the 
5(6)-carboxyfluorescein diacetate N-succinimidyl es-
ter (CFSE)-labeled live staphylococcal isolates were 
prepared as previously described by Vander Top et 
al. (2006) and Sousa Marques et al. (2021). Briefly, 
the bacterial suspension was incubated at 37°C for 
30 min in the dark with an equal volume of a 2.0 
µM solution of CFSE (catalog no. C1157, Invitrogen). 
Afterward, the bacterial suspensions were centrifuged 
at 10,000 × g for 10 min at 4°C and washed 3 times 
with Dulbecco’s PBS (catalog no. 14190185, Gibco), 
and further resuspended in RPMI-1640 (catalog no. 
R7638, Sigma Aldrich) with 10% heat-inactivated fe-
tal bovine serum (Cultilab), and stored at −80°C for 
a maximum of 7 d.

Thereafter, the CFSE labeling of bacteria was con-
firmed using flow cytometry (Supplemental Figure S1; 
https: / / figshare .com/ articles/ figure/ Supplemental _Fig 
_1 _Souza _JDS _2021 _jpg/ 14877834; de Souza et al., 
2021). To ensure that the bacteria viability was not 
affected by CFSE labeling, an aliquot of the suspen-
sion of each Staphylococcus species was serially diluted 
on BHI agar before and after bacteria labeling, and at 
the day of experiment to check if the viability of the 
stock solution was altered. Afterward, bacteria samples 
were randomized and codified (numbered), and the 
phagocytosis and intracellular ROS production were 
carried out without knowledge of the staphylococci in-
formation. Here, 31.25 and 25 µL of the CFSE-labeled 
bacteria inoculum were added to the blood and milk 
cells, respectively, to obtain an approximate MOI of 25 
for blood PMNL and viable milk cells.

Opsonization of Bacteria

First, the autologous blood bovine serum was comple-
ment inactivated through heat treatment (incubation 
for 30 min at 56°C). Afterward, for bacteria opsoniza-
tion, the live staphylococci were incubated during 20 
min at 37°C with 10% autologous blood bovine comple-
ment-inactivated serum (Barrio et al., 2000).

Animals and Samples

Peripheral blood and milk samples were aseptically 
collected from 6 primiparous and 6 multiparous lactat-
ing Holstein cows at the dairy farm of the University 
of São Paulo located at Pirassununga, Brazil. The fol-
lowing mastitis control practices for the herd were 
adopted during milking: forestripping milk in a strip 
cup to diagnose clinical mastitis, pre-dipping (based on 
a combination of hydrogen peroxide and acid lactic, 
C-TEC), and drying teats with a paper towel. After 
milking, postdipping (based on acid lactic, C-TEC) 
was used. Blanket dry cow therapy and clinical mastitis 
treatments were also applied. Dairy cows were selected 
based on their previous monthly quarter SCC and 
bacteriological results. Furthermore, all cows met the 
following inclusion criteria: (1) > 21 DIM; (2) none of 
the quarters showed clinical mastitis symptoms (e.g., 
abnormal milk, or swollen, painful, or hard quarter); 
(3) all quarters had a milk SCC <2 × 105 cells·mL−1, 
a threshold proposed by Schukken et al. (2003) for 
uninfected quarters; and (4) all quarter milk samples 
were culture negative. From each cow, approximately 
120 mL of peripheral blood was collected from a jugular 
vein in sterile vacutainer tubes containing heparin as 
an anticoagulant, and 1,000 mL of milk per quarter 
was collected. Afterward, blood and milk samples were 
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randomized and codified (identified with letters), and 
the phagocytosis and intracellular ROS production 
were carried out without knowledge of the animal in-
formation.

Milk Sample Collection

First, the strip cup test was performed to identify the 
presence of clots, flakes, or other obviously abnormal 
secretions. Then, pre-dipping was performed, and the 
teats were cleaned and dried with one paper towel per 
teat. After discarding the first 3 milk streams, each 
teat was scrubbed with a cotton swab containing 70% 
ethanol, and single milk samples from individual mam-
mary quarters were aseptically collected into sterile 
vials for bacteriological culture (approximately 3 mL). 
Finally, quarter milk samples were collected for somatic 
cell counting (approximately 40 mL) in vials containing 
bronopol (2-bromo-2-nitropane-1,3-diol) as a preserv-
ing agent, and evaluation of PMNL function (approxi-
mately 1 L).

Bacteriological Culture of Milk

The bacteriological analysis was performed by cultur-
ing 10 µL of each quarter milk sample on 5% sheep 
blood agar plates. The plates were incubated for 24 to 
72 h at 37°C, followed by Gram staining, observation of 
colony morphologies, and biochemical testing (Oliver et 
al., 2004). Culture-negative quarter milk samples were 
defined as no-growth samples and as originating from 
noninfected quarters.

Somatic Cell Counting

Somatic cell counting was performed using an au-
tomated, fluorescent, microscopic somatic cell counter 
(Somacount 300, Bentley Instruments).

Isolation of Milk Cells

The isolation of the milk cells was performed as pre-
viously described by Blagitz et al. (2013) and Souza et 
al. (2020). Briefly, 1 L of milk was diluted with 1 L of 
cold PBS (pH 7.4; 1.06 mM Na2HPO4, 155.17 NaCl, 
and 2.97 mM Na2HPO4·7H2O). After centrifugation 
at 1,000 × g for 15 min at 4°C, the cream layer and 
supernatant were discarded. The cell pellet was then 
washed once using 30 mL of PBS and centrifuged at 
400 × g for 10 min at 4°C. The cells were resuspended 
in 1 mL of RPMI-1640 nutritional medium (catalog no. 
R7638, Sigma Aldrich) supplemented with 10% heat-
inactivated fetal bovine serum (Cultilab) and counted 

using a Neubauer chamber. Cell viability was assessed 
using trypan blue exclusion. The milk cells were di-
luted with RPMI-1640 nutritional medium (catalog no. 
R7638, Sigma Aldrich) supplemented with 10% heat-
inactivated fetal bovine serum (Cultilab) to a concen-
tration of 2 × 106 viable cells/mL.

Identification of PMNL

A conservative gate was created using cell size (for-
ward scatter) and cell granularity (side scatter) charac-
teristics to identify blood PMNL using flow cytometry 
(Smits et al., 1997; Souza et al., 2012; Sousa Marques 
et al., 2021). Milk-resident PMNL were differentiated 
from other cells by indirect fluorescence labeling. The 
milk cells were incubated with a primary unlabeled 
mAb anti-bovine granulocyte (CH138A, Washington 
State University Monoclonal Antibody Center, Pull-
man) for 30 min on ice. Next, 1 mL of PBS was added 
to the cell suspension, which was centrifuged at 400 × 
g for 8 min at 4°C. Finally, an allophycocyanin labeled 
secondary antibody (catalog no. M31505, goat anti-
mouse IgM secondary antibody, ThermoFisher Scien-
tific) was added, and the sample was incubated for 30 
min on ice in the dark to visualize the bound CH138A. 
The milk resident PMNL were identified using flow 
cytometry based in cells’ cytoplasmic granularities and 
CH138A positivity as previously described (Blagitz et 
al., 2015a,b; Della Libera et al., 2015). An unstained 
control, secondary antibody control, and single-stained 
samples were also prepared as compensation controls. 
FlowJo software (Tree Star Inc.) was used to analyze 
the data.

Intracellular ROS Production

Intracellular ROS production was evaluated using 
2′,7′-dichlorofluorescein diacetate by flow cytometry, as 
previously described (Blagitz et al., 2017; Santos et al., 
2017; Souza et al., 2020) with some minor modifica-
tions. For the evaluation of intracellular ROS produc-
tion, PMNL were stimulated with distinct live nonla-
beled staphylococci. First, 100 µL of blood samples 
were hypotonic, and erythrocytes in blood samples 
were lysed by adding 1,000 µL of 0.2% NaCl for 20 s; 
then, isotonicity was restored by adding 1,000 µL of 
1.6% NaCl. Briefly, blood PMNL (approximate ratio 
of 25 bacteria per PMNL) or 2 × 105 viable milk cells 
(ratio 25 bacteria per milk cell) were incubated with 
nonlabeled staphylococci for 30 min at 37°C. The basal 
unstimulated (without bacteria) production of ROS by 
PMNL was also measured. Finally, the milk resident 
PMNL were identified using mAb, as described above. 
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Here, 20,000 cells, excluding most of the debris, were 
examined per sample. The sample readings were car-
ried out using a FACSCalibur flow cytometer (Becton 
Dickinson Immunocytometry Systems) with argon (488 
nm excitation) and diode (635 nm excitation) lasers. 
FlowJo software (Tree Star Inc.) was used to analyze 
the data. The results were corrected for autofluores-
cence content using nonlabeled milk cells from the same 
mammary quarter milk samples and blood samples.

Data are presented as percentage of PMNL that 
produced ROS (percentage of stained cells) and geo-
metric mean fluorescence intensity (GMFI). The lat-
ter parameter provides an accurate measurement of 
the brightness of stained cells. The GMFI values of 
ROS production were determined among PMNL that 
produced ROS (positive cells), indicating the intensity 
of ROS production per PMNL.

Phagocytosis Assay

The phagocytosis assay was performed using flow 
cytometry of live CFSE-labeled staphylococci, as previ-
ously described (Della Libera et al., 2015; Blagitz et al., 
2017; Souza et al., 2020). For blood samples, the whole 
blood assay was carried out. For the phagocytosis as-
say using milk cells, both opsonized and nonopsonized 
bacteria were used. First, 100 µL of blood samples were 
hypotonic and lysis of erythrocytes in blood samples 
was performed by adding 1,000 µL of 0.2% NaCl for 20 
s; then, isotonicity was restored by adding 1,000 µL of 
1.6% NaCl. Briefly, blood PMNL (approximate ratio 
of 25 bacteria per PMNL) or 2 × 105 viable milk cells 
(ratio of 25 bacteria per milk cell) were incubated with 
CFSE-labeled staphylococci for 30 min at 37°C. Subse-
quently, 2 mL of 3 mM EDTA was added to exclude ad-
herent bacteria to the leukocyte membrane that could 
be erroneously identified as ingested (Batista et al., 
2018), and then samples were centrifuged at 400 × g for 
10 min at 4°C. Finally, the milk resident PMNL were 
identified using mAb, as described above. Here, 20,000 
cells, excluding most of the debris, were examined per 
sample. The sample readings were carried out using a 
FACSCalibur flow cytometer (Becton Dickinson Immu-
nocytometry Systems) with argon (488 nm excitation) 
and diode (635 nm excitation) lasers. FlowJo software 
(Tree Star Inc.) was used to analyze the data. The re-
sults were corrected for autofluorescence content using 
nonlabeled milk cells from the same mammary quarter 
milk samples and blood samples.

Data are presented as a percentage of PMNL that 
phagocytosed CFSE-labeled bacteria (percentage of 
stained cells), and GMFI. The latter parameter provides 
an accurate measurement of the brightness of stained 

cells. The GMFI of phagocytosis were determined 
among PMNL that phagocytosed bacteria (positive 
cells), indicating the number of bacteria phagocytosed 
per PMNL.

Statistical Analyses

All data were entered in an electronic spreadsheet 
program (Excel 2016, Microsoft Corp.) and were 
checked for outliers’ values. Because the conventional 
ways of transformation (e.g., log10, ln, inverse, square 
root, quadratic) were not sufficient to obtain normally 
distributed outcome variables, a 2-step approach as 
described by Templeton (2011) was applied on all 8 
outcome variables (percentage of phagocytosis by blood 
PMNL, intensity of phagocytosis by blood PMNL, 
percentage of phagocytosis by milk PMNL, intensity 
of phagocytosis by milk PMNL, percentage of intra-
cellular ROS production by blood PMNL, intensity of 
intracellular ROS production by blood PMNL, percent-
age of intracellular ROS production by milk PMNL, 
and intensity of intracellular ROS production by milk 
PMNL). The first step involved transforming the vari-
able into a percentile rank, which resulted in uniformly 
distributed probabilities. The second step applied the 
inverse-normal transformation to the results of the first 
step to form a variable consisting of normally distrib-
uted z-scores. The mean and standard deviation of the 
original variable were retained to improve the interpre-
tation of the results.

First, 4 independent samples t-tests were run to test 
whether opsonization or parity was significantly associ-
ated with the following outcome variables: percentage 
of phagocytizing blood PMNL, percentage of phagocy-
tizing milk resident PMNL, GMFI of the phagocytizing 
blood, and GMFI of the phagocytizing milk resident 
PMNL (SAS PROC GLM; version 9.4; SAS Institute 
Inc.). Because opsonization and parity were not sig-
nificantly associated with any of the outcome variables, 
the subsequent analyses were only carried out on the 
nonopsonized bacteria, and we did not consider parity.

Second, 3 times 8 independent t-tests or ANOVA 
were run to evaluate the association between different 
strata of staphylococci and the phagocytotic capac-
ity and oxidative burst activity of the blood and milk 
resident PMNL, respectively. The 8 different outcome 
variables were the percentage of phagocytizing blood 
and milk resident PMNL, respectively, the GMFI of 
the phagocytizing blood and milk resident PMNL, 
respectively, the percentage of ROS-producing blood 
and milk resident PMNL, respectively, and the GMFI 
of the intracellular ROS production of blood and milk 
resident PMNL. The 3 different strata of staphylo-
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cocci were “Staphylococcal species group” (2 levels; 1 
= NAS; 2 = Staphylococcus aureus), “Staphylococcal 
species” (4 levels; 1 = Staphylococcus aureus; 2 = S. 
fleurettii; 3 = S. haemolyticus; 4 = S. chromogenes), 
and “Staphylococcal species per niche” (8 levels, 1 = S. 
chromogenes from TA; 2 = S. chromogenes from milk; 
3 = S. haemolyticus from TA; 4 = S. haemolyticus from 
milk; 5 = S. fleurettii from milk; 6 = S. fleurettii from 
environment; 7 = Staphylococcus aureus from nose; 8 
= S. aureus from milk). In all models, a Tukey’s cor-
rection was used to correct for multiple comparisons. 
Significance was assessed at P ≤ 0.05.

RESULTS

Blood and Milk Phagocytosis

Phagocytosis by both blood and milk PMNL did not 
differ between S. aureus and NAS as a group (Figure 1, 
I), although some interesting variations were observed 
between species in their ability to resist phagocytosis. 
Staphylococcus haemolyticus was more often phago-
cytosed (GMFI) by blood PMNL than S. aureus, S. 
fleurettii, and S. chromogenes (Figure 2, I), whereas the 
latter was less likely to be phagocytosed by blood (per-
centage and GMFI) than S. haemolyticus and S. fleuret-
tii (Figure 2, I). Furthermore, S. chromogenes was less 
phagocytosed (GMFI) by milk resident PMNL than 
S. haemolyticus (Figure 2, I). No statistical differences 
were found in resistance to phagocytosis by blood and 
milk PMNL among the isolates originating from distinct 
niches within the staphylococci species, although some 
numerical differences were seen between S. chromogenes 
originating from milk and TA and between S. fleurettii 
originating from milk and the environment, which may 
indicate some biological relevance (Figure 3, I).

Intracellular ROS Production in Blood  
and Milk PMNL

Overall, the staphylococci (combining S. aureus and 
NAS) did not inhibit intracellular ROS production by 
blood and milk resident PMNL as compared with the 
basal values (Figure 1, II). Still, NAS induced less ROS 
(GMFI) by milk PMNL than S. aureus which was not 
true for blood PMNL (Figure 1, II). Also, species-level 
differences were observed in the intensity of ROS pro-
duction (Figure 2, II): S. chromogenes induced more 
ROS by blood PMNL (percentage) than S. fleurettii and 
S. haemolyticus and as much as S. aureus. On the other 
hand, S. chromogenes induced less ROS production by 
milk PMNL (GMFI) than S. aureus. Within-species 
differences were less evident (Figure 3, II), although 

the intensity of ROS production by blood PMNL was 
numerically greater when in contact with S. chromo-
genes isolated from TA than from milk.

DISCUSSION

It is well known that S. aureus has developed several 
mechanisms to evade host immune response, and this 
bacterium is recognized as a formidable neutrophil foe 
capable of challenging the efficacy of this professional 
phagocyte (Thammavongssa et al., 2015; Guerra et al., 
2017). The ability of mastitis-associated S. aureus to 
resist phagocytosis and to avoid bactericidal killing 
has been studied before (Sutra et al., 1990; Aarestrup 
et al., 1994; Barrio et al., 2000), although to the best 
of our knowledge, none of the studies have assessed 
the ability of S. aureus isolated from extra-mammary 
niches to do so and has compared them with milk-
associated S. aureus to resist phagocytosis and inhibit 
respiratory burst activity by blood and milk resident 
PMNL in dairy cows. Furthermore, although some pre-
vious studies have characterized the ability of human 
NAS to resist phagocytosis and bactericidal killing by 
phagocytes (Schutze et al., 1991; Spiliopoulou et al., 
2012), no studies are available that have investigated 
the ability of bovine-associated NAS to resist phago-
cytosis and bactericidal killing mechanisms by blood 
and milk resident PMNL in dairy cows. The resistance 
to phagocytosis by bovine-associated NAS species was 
just investigated previously using a murine macrophage 
cell line (Åvall-Jääskeläinen et al., 2013).

In the present study, no differences in the phagocytic 
capacity of blood and milk PMNL between NAS (as 
a group) and S. aureus were found. Yet, at the NAS 
species level, the so-called milk-adapted S. chromogenes 
better resisted PMNL phagocytosis than other envi-
ronmental (i.e., S. fleurettii) and opportunistic (i.e., S. 
haemolyticus) NAS species. In this regard, Naushad et 
al. (2019) showed that each additional host immune 
evasion and toxin gene among NAS species increased 
the odds of causing high SCC or clinical mastitis. 
Altogether, these findings suggest that the evasion of 
PMNL phagocytosis by S. chromogenes may support at 
least in part why this species is of one the most preva-
lent NAS isolated from milk samples, is more likely 
to cause persistent IMI (Supré et al., 2011; Fry et al., 
2014; Valckenier et al., 2020), and induces the highest 
SCC values among NAS (Supré et al., 2011; Valckenier 
et al., 2020). In this regard, the S. chromogenes strains 
(one originated from milk and one originated from teat 
apex) also persisted for a substantially longer time in 
the mammary glands of both mice and dairy cows com-
pared with the environmental S. fleurettii strain after 

Souza et al.: STAPHYLOCOCCI SPECIES VS. NEUTROPHIL FUNCTIONS



Journal of Dairy Science Vol. 105 No. 2, 2022

1631Souza et al.: STAPHYLOCOCCI SPECIES VS. NEUTROPHIL FUNCTIONS

Figure 1. Least squares means (±SEM) of the percentage (%) and geometric mean fluorescence intensity (GMFI) of blood and milk poly-
morphonuclear neutrophil leukocyte phagocytosis (part I) and intracellular reactive oxygen species (ROS) production (part II) triggered by the 
NAS as a group combined versus Staphylococcus aureus. Different letters indicate significant differences among groups (P ≤ 0.05).
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Figure 2. Least squares means (±SEM) of the percentage (%) and geometric mean fluorescence intensity (GMFI) of phagocytosis (part I) 
and intracellular reactive oxygen species (ROS) production (part II) triggered by distinct staphylococcal species by blood and milk polymorpho-
nuclear neutrophil leukocytes. Different letters indicate significant differences among groups (P ≤ 0.05).
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Figure 3. Least squares means (±SEM) of the percentage (%) and geometric mean fluorescence intensity (GMFI) of phagocytosis (part I) 
and the intracellular reactive oxygen species (ROS) production (part II) triggered by distinct bovine-associated staphylococcal species isolated 
from milk samples and extramammary niches by blood and milk polymorphonuclear neutrophil leukocytes. Different letters indicate significant 
differences among groups (P ≤ 0.05). TA = teat apices.
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experimental challenges (Breyne et al., 2015; Piccart et 
al., 2016). As a result, we assume that S. chromogenes, 
like S. aureus (Foster, 2005), developed means to evade 
PMNL phagocytosis, although the exact underlying 
mechanisms are still unknown.

Despite the huge variation within each niche, the 
lower phagocytosis rates (both in the percentage and 
GMFI) in case of S. chromogenes originating from milk 
and TA is quite intriguing. In our previous studies, 
both S. chromogenes isolated from TA and milk per-
sisted into the bovine mammary gland (Piccart et al., 
2016), although S. chromogenes isolated from TA had 
a substantial lower capability to adhere and internal-
ize into bovine mammary epithelial cells (Souza et al., 
2016b), which could explain, at least in part, the lower 
bacterial shedding of S. chromogenes TA (Piccart et al., 
2016). Based on the findings in the current study, we 
hypothesize that the resistance to phagocytosis might 
indicate a vital evasion strategy of S. chromogenes iso-
lated from TA to persist into bovine mammary gland 
despite their inability to adhere and internalize into 
mammary epithelial cells.

Mastitis-causing pathogens are subjected to pres-
sures exerted by the mammary immune response, 
absence of nutrients (e.g., iron), and intermittent an-
tibiotic exposure at high concentrations, which could 
altogether constitute an environmental challenge that 
drives evolutionary selective pressure for adaptive co-
evolution in this ecological niche. Also, bacteria present 
in the different habitats aside from the mammary gland 
(e.g., teat apex and noses as in our study) are subjected 
to distinct pressures such as microbiotal competition, 
some immune system control, and intermittent anti-
biotic exposure at low concentrations (Giulieri et al., 
2018). Thereupon, it is reasonable to suppose that 
milk-adapted staphylococci isolates may better evade 
the immune response mechanism favoring invasion 
and persistency. Nonetheless, the only finding that 
supports the idea is a more pronounced resistance to 
phagocytosis of the so-called milk-adapted species (i.e., 
S. chromogenes) than other so-called opportunistic (i.e., 
S. haemolyticus) and environmental (i.e., S. fleurettii) 
NAS species, although the intra-species outcomes did 
not support this hypothesis.

Furthermore, regarding the inhibition of intracellular 
ROS production by all staphylococcal species, none of 
them inhibited intracellular ROS production as all of 
them led to greater or similar ROS production levels 
than the unstimulated controls. Nevertheless, some 
slight differences in the respiratory burst activity were 
observed among the staphylococcal species, which could 
be related to their ability to trigger inflammation. In 
that respect, S. aureus was associated with a greater 

intracellular ROS production by milk resident PMNL, 
whereas a greater ROS production by blood PMNL was 
observed upon S. chromogenes stimulation, potentially 
implying a greater ROS production by freshly migrated 
blood PMNL into the mammary gland. Also, one 
should take into account that ROS levels can dictate 
a variety of cellular signaling pathways, which mediate 
pathological processes including inflammation (Dupré-
Crochet et al., 2013) that were not measured in this 
study.

No significant improvement of milk PMNL phagocy-
tosis could be observed using heat-inactivated autolo-
gous blood bovine serum. The latter could be explained 
at least in part by staphylococcal virulence factors that 
inhibit opsonic phagocytosis (Barrio et al., 2000; Foster, 
2005; Rooijakkers et al., 2005) and the absence of spe-
cific antibodies against the targeted strains. Finally, we 
observed that parity did not affect PMNL function in 
mid-lactating dairy cows. Under other circumstances, 
Mehrzad et al. (2009) reported that the phagocytosis of 
S. aureus and killing activity by PMNL in primiparous 
cows was substantially greater than in multiparous cows 
during early lactation. In this setting, we assume that 
the alterations on PMNL functions in multiparous cows 
are not sustained during the whole lactation, although 
a further longitudinal study is needed before definite 
conclusions can be drawn.

We should acknowledge that the PMNL activities 
in the current study were carried out in the context 
where they could be modified by other cell types as 
all blood and milk cells were present in the functional 
assays. Similar to our study, several studies have used 
all blood (so-called whole blood assay) and milk cells 
in their assays to investigate activities of a particu-
lar cell type (Blagitz et al., 2013; Della Libera et al., 
2015; Souza et al., 2020). In numerous studies, similar 
patterns as those obtained with fractional PMNL were 
observed. Also, so-called whole blood assays have long 
been regarded as a simple, reproducible, biologically 
and clinically relevant assay that allow us to assess im-
mune functions ex vivo (Pattanapanyasat et al., 2007; 
Gupta-Wright et al., 2017; Reiné et al., 2020).

CONCLUSIONS

We hypothesized that the ecological niche (milk ver-
sus nonmilk) affected the phagocytosis evasion mecha-
nisms of the staphylococci toward PMNL, yet our 
results do not support this hypothesis. Apart from the 
finding that S. chromogenes (a so-called milk-adapted 
NAS species) better resisted phagocytosis by PMNL 
than the so-called environmental (i.e., S. fleurettii) and 
opportunistic (i.e., S. haemolyticus) NAS species, no 
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other differences between niches were observed. None 
of the staphylococci including S. aureus inhibited in-
tracellular ROS production by PMNL. Nevertheless, 
some slight differences in the respiratory burst activity 
existed between staphylococcal species, suggesting that 
some can most probably induce a greater inflammation 
than others.
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