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Abstract

Background In dairy cattle, mastitis causes high financial losses and impairs animal well-being. Genetic selection

is used to breed cows with reduced mastitis susceptibility. Techniques such as milk cell flow cytometry may improve
early mastitis diagnosis. In a highly standardized in vivo infection model, 36 half-sib cows were selected for divergent
paternal Bos taurus chromosome 18 haplotypes (Q vs. g) and challenged with Escherichia coli for 24 h or Staphylococ-
cus aureus for 96 h, after which the samples were analyzed at 12 h intervals. Vaginal temperature (VT) was recorded
every three minutes. The objective of this study was to compare the differential milk cell count (DMCC), milk param-
eters (fat %, protein %, lactose %, pH) and VT between favorable (Q) and unfavorable (q) haplotype cows using Bayes-
ian models to evaluate their potential as improved early indicators of differential susceptibility to mastitis.

Results After S. aureus challenge, compared to the Q half-sibship cows, the milk of the g cows exhibited higher PMN
levels according to the DMCC (24 h, p <0.001), a higher SCC (24 h, p<0.01 and 36 h, p<0.05), large cells (24 h, p<0.05)
and more dead (36 h, p<0.001) and live cells (24 h, p <0.01). The protein % was greater in Q milk than in g milk at 0 h
(p=0.025). In the S. aureus group, Q cows had a greater protein % (60 h, p=0.048) and fat % (84 h, p=0.022) than q
cows. Initially, the greater VT of S. aureus-challenged g cows (0 and 12-24 h, p <0.05) reversed to a lower VT in g cows
than in Q cows (48-60 h, p<0.05).

Additionally, the following findings emphasized the validity of the model: in the S. aureus group all DMCC subpopu-
lations (24 h-96 h, p<0.001) and in the E. coli group nearly all DMCC subpopulations (12 h-24 h, p<0.001) were
higher in challenged quarters than in unchallenged quarters. The lactose % was lower in the milk samples of £. coli-
challenged quarters than in those of S. aureus-challenged quarters (24 h, p<0.001). Between 12 and 18 h, the VT
was greater in cows challenged with E. coli than in those challenged with S. aureus (3-h interval approach, p <0.001).
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Bayesian model

Conclusion This in vivo infection model confirmed specific differences between Q and q cows with respect

to the DMCC, milk component analysis results and VT results after S. aureus inoculation but not after £. coli challenge.
However, compared with conventional milk cell analysis monitoring, e.g., the global SCC, the DMCC analysis did

not provide refined phenotyping of the pathogen response.
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Background

Bovine mastitis is one of the most common diseases in
dairy cows worldwide [1-3]. In addition to detrimen-
tally affecting animal well-being, it strongly influences
dairy farm profitability by direct and indirect effects on
milk yield and quality [4, 5]. Intramammary infection
(IMI) occurs in 20-50% of all lactating cows [3, 6]. Due
to increasing antibiotic resistance, measures to reduce
the use of antibiotics to treat mastitis are needed. This
includes prevention strategies, including milking hygiene
procedures, early mastitis diagnosis and mastitis treat-
ment, supportive treatment of clinical cases, separation
of infected cows and culling to reduce IMI at the herd
level [1].

In addition, breeding for increased mastitis resistance
is essential. Parameters based on phenotypic characteris-
tics such as the somatic cell count (SCC) and milk qual-
ity analysis are often used to assess the genetic value of
mastitis resistance in dairy cows. In addition to the use
of surrogate parameters, new tools for genetic selec-
tion, including genomic information, have become
state-of-the-art. In earlier studies [7, 8], quantitative
trait loci (QTLs) were identified to provide more infor-
mation about genetically determined molecular mecha-
nisms of mastitis resistance in mammary epithelial cells
from cows harboring alternative QTL alleles [9]. These
observations were based on previous studies reporting
a QTL on Bos taurus chromosome 18 (BTA18), which
was related to the SCC [10, 11]. Several follow-up stud-
ies have confirmed that this major locus segregates in
the Holstein dairy cattle population and has a substantial
effect on longevity [7, 8]. However, to date, no distinction
has been made between the different pathogenetic and
pathophysiological backgrounds of mastitis when select-
ing for mastitis resistance.

Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli) are two of the most important mastitis patho-
gens with different clinical disease courses [12, 13]. IMI
caused by S. aureus usually results in subclinical masti-
tis, which is often less severe but can persist for a life-
time. This chronic course has long-term effects on total
milk yield, milk quality, milk composition and overall
productivity [4, 14]. Due to the persistence and intermit-
tent shedding of S. aureus, detection is difficult [1, 15]. In

contrast, E. coli causes acute mastitis with moderate to
severe clinical signs that can be overcome within a few
days but often require veterinary treatment. Severe dis-
ease may gravely affect the animal [16]. Because of their
opposite clinical outcomes, S. aureus and E. coli have
widely been used in experimental studies for subclini-
cal and clinical mastitis, and these studies have revealed
the different underlying mastitis pathophysiologies of
S. aureus and E. coli mastitis [12, 14, 17].

In general, the somatic cell count (SCC) in milk is >97%
leukocytes and<3% mammary epithelial cells (MECs)
[18, 19]. The innate immune response during IMI leads to
enhanced recruitment of immune cells, which are impor-
tant for defense against invading pathogens. The iden-
tification of subclinical mastitis is widely based on SCC
values > 100,000 cells / ml. However, healthy cows may
display higher values [20, 21]. Moreover, inflammation
of the mammary gland has even been observed in cows
with SCC values below 100,000 cells / ml [22]. Further-
more, the SCC varies with lactation status, age, stress,
milking frequency and season [23, 24].

For mastitis control programs, a large variety of diag-
nostic methods are available for milk sample analy-
sis, including the SCC and the California Mastitis Test
(CMT) [25]. The SCC is a widespread tool used to esti-
mate cell quantities for mastitis detection but does not
determine the distribution of different cell types.

To further distinguish between cell types in milk, the
differential milk cell count (DMCC) has gained increas-
ing attention in recent years [18]. Twenty-five years
ago, the DMCC was described to allow the detection of
mastitis in its initial phase via the analysis of different
immune cell populations in milk [26]. This technique
allows for the differentiation of polymorphonuclear
neutrophils (PMNs), lymphocytes and macrophages
[27] by either microscopic or flow cytometric analysis
[19, 20, 22, 28-30].

PMNs constitute more than 90% of the chemokine-
attracted migrating leukocyte populations in the alveo-
lar lumen [31]. Alongside resident mammary epithelial
cells, these phagocytes serve as one of the first lines of
defense against invading pathogens. PMNs are recruited
by chemokines secreted from MECs [32]. The maximum
PMN influx (3122 +458 PMN /uL) in quarters that were
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inoculated with E. coli occurred 6-24 h after challenge
[33]. In contrast, in cases of chronic mastitis, PMN
fractions may vary from very high values, as observed
in acute mastitis (~56 — 73% of the SCC), to very low
percentages, as observed in uninfected quarters (~28%).
The predominant cell population in the milk of healthy
cows is reported to be lymphocytes (~47% of the SCC).
Their fraction and number seem to be genetically deter-
mined [14, 22]. Dosogne et al. reported that lymphocytes
and monocytes were more abundant in early lactation
than in mid- and late lactation, whereas macrophages
and PMNs remained considerably less abundant [34].

Degen et al. assessed the effectiveness of the DMCC
as a tool for early mastitis detection based on changes in
the relative cell populations for differentiation between
healthy and inflamed quarters as well as between acute
and chronic mastitis [35]. In summary, the DMCC is
advantageous because it can be used to investigate the
proportions of different somatic cell populations in milk
samples to optimize mastitis diagnosis and to assess the
general health of dairy cows. The DMCC is more accu-
rate than the SCC and provides additional information
for detecting mastitis in different and early stages as well
as for detecting subclinical mastitis in patients with an
SCC 0f<100,000 cells / ml. The accuracy of the DMCC
for detecting subclinical mastitis under field conditions
has been evaluated [36], and the DMCC has been sug-
gested as a tool for monitoring disease progression or
treatment success [18]. Thus, the DMCC can serve as a
tool for preventive health management in dairy cows,
allowing early and accurate detection of mastitis.

The aim of the present study was to explore whether
cows with similar overall genetic backgrounds (pater-
nal half-sibs) but divergent BTA18 paternal haplotypes
show differential early responses to mastitis patho-
gen challenge in acute or chronic mastitis models. In
particular, we hypothesized that compared with con-
ventional parameters, the differential milk cell count
(DMCC), milk parameters and vaginal temperature
would be better early indicators of a genetically driven
differential early response to mastitis pathogen chal-
lenge in an acute or chronic mastitis model.

Results

Differences in the DMCC

Differences in the DMCC between challenged quarters

and unchallenged quarters

The DMCC of untreated quarters and quarters treated
with saline solution (0.9%) differed significantly in both
pathogen groups. In the E. coli group at timepoint 24 h
post inoculation (p. i.) numbers of cells in all leukocyte sub-
populations (p<0.001) were higher in the untreated quar-
ters compared to the quarters treated with saline solution.
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In the S. aureus group from timepoint 24 p. i. until the
end of the experiment PMN:Ss, live cells and SCC were sig-
nificantly lower in untreated quarters compared to quar-
ters treated with saline solution (p < 0.05, except for 72
h: PMNs p = 0.06, live cells: p = 0.07 and SCC: p = 0.08).
Furthermore, from timepoint 36 h p. i. until the end of
the experiment, lymphoid cells, large cells and dead cells
were significantly lower in untreated quarters compared to
quarters treated with saline solution in the S. aureus group
(p < 0.05, except for 72 h: lymphoid cells and large cells p =
n.s.,and 72 h and 96 h dead cells: p = n.s.).

No significant differences in the DMCC were found
between challenged quarters and untreated or saline
solution treated quarters at timepoint 0 h for cows chal-
lenged with E. coli and at timepoint 0 h and 12 h for cows
challenged with S. aureus, irrespective of the haplotype
(Additional Fig. 1).

At timepoint 12 h and 24 h p. i. significantly higher cell
counts of all cell populations were detected in the E. coli-
challenged quarters compared to untreated or saline
solution treated quarters (p<0.01,). Similarly, S. aureus-
challenged quarters showed significantly higher numbers
of cells in all cell populations starting 24 h p. i. until the
end of the experiment (p<0.001) compared to untreated
or saline solution treated quarters (Additional Fig. 1).

Differences in the DMCC between cows with haplotypes
qvs.Q

The DMCC of the challenged quarters did not differ signifi-
cantly between the haplotypes q and Q in the first 24 h p. i.
(Bayesian model independent of the inoculated pathogen,
p>0.1, data not shown). Differences between q and Q cows
were detected in the S. aureus-challenged quarters at later
timepoints after inoculation. PMN levels were significantly
higher in the challenged quarters of q cows compared to
challenged quarters of Q cows at 24 h p. i. (p<0.001, Fig. 1).
Similarly, the SCC at timepoints 24 h p. i. (p<0.01) and 36 h
p.i. (p<0.05), as well as live cell count (p<0.01) and large cell
count (p<0.05) at timepoint 24 h p. i. and dead cell count at
36 hp. i. (p<0.001) were higher in the challenged quarters of
q cows compared to challenged quarters of Q cows (Fig. 1).

Differences in the DMCC between quarters challenged

with E. coli and quarters challenged with S. aureus

within the haplotype groups

There were no significant differences in the DMCC
between the E. coli- and S. aureus-challenged quarters
at timepoint 0 h. Within the Q group, at timepoint 12 h
p. i. numbers of all measured cell populations in E. coli-
challenged quarters were significantly higher than in
S. aureus-challenged quarters (p<0.05). This cannot be
reported for q cows except for PMN, that were significant
higher at timepoint 12 h p. i. in E. coli-challenged quarters
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Fig. 1 DMCC of milk samples from cows with divergent haplotypes during challenge with E. coli or S. aureus. lllustration of the Bayesian model
including the logarithmized number [cells/ml] of polymorphonuclear neutrophils (PMNs), somatic cell count (SCC), lymphoid cells, large cells,

and live and dead cells in the milk of challenged quarters of primiparous cows with either favorable (Q) or unfavorable (g) haplotypes that were
challenged with Escherichia coli (E. coli) for 24 h or with Staphylococcus aureus (S. aureus) for 96 h. The dataset includes n=35 cows, distributed

as follows: E. coli challenge Q: n=5, g: n=6 and S. aureus challenge Q: n=12, g: n="12. Model predictions are presented as 80% and 95% confidence
intervals of the mean. Differences between Q and q cows are indicated with * if p<0.05 and with **if p<0.01 and *** if p<0.001. Significant
differences between the pathogen groups (E. colivs. S. aureus) as well as differences over time relative to challenge are not shown

compared to S. aureus-challenged quarters (p=0.015)
within the q group. Except for PMNs within haplotype
group q (p=0.061), at 24 h p. i, all cell populations were
significantly higher in the E. coli-challenged quarters com-
pared to the S. aureus-challenged quarters, independent of
the cow haplotype (p<0.05) (Fig. 1, only significant differ-
ences between haplotype groups, but not between patho-
gen groups are indicated with asterisks).

Differences in milk component analysis

Differences in milk component analysis between cows

with haplotypes q vs. Q

The overall analysis of all cows and all quarters from
both pathogen groups in one Bayesian model revealed
significant differences in protein % at 0 h, which was
significantly greater in Q than in q cows (p=0.025; Q:
mean +sd =2.97 +0.24; q: median=2.76, IQR=0.27; data
not shown). Regarding the S. aureus group, there were
significant differences between Q and q cows at later
timepoints: the protein % was significantly greater in Q
cows at 60 h p. i. (p=0.048, Fig. 2), as was the fat % at 84 h
p- i. (p=0.022, Fig. 2). For pH, a trend at 72 h p. i. was
detected to be greater for q than for Q cows (p=0.055).

In both pathogen groups, no significant differences were
found for the lactose % in quarters of cows with different
haplotypes (Fig. 2).

Differences in milk component analysis between cows
challenged with E. coli and cows with S. aureus

Concerning the milk component analysis, few differences
were found between the applied pathogens. The fat %
was significantly greater in S. aureus-challenged cows
than in E. coli-challenged cows at 0 h (p<0.01) and 24 h
(p<0.05) (Fig. 2). Similarly, the lactose % was significantly
lower in E. coli-challenged cows at 24 h p. i. (p<0.001)
than in S. aureus-challenged cows. No significant differ-
ences in pH or protein % were detected between the two
pathogens (Fig. 2, only significant differences between
haplotype groups, but not between pathogen groups are
indicated with asterisks).

Differences in vaginal temperature

Course of VT during intramammary challenge

The analysis of the vaginal temperature (VT), which was
measured every three minutes, revealed divergent curves
for the two pathogens and between the two different
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Fig. 2 Milk component analysis of milk samples from cows with divergent haplotypes during pathogen challenge. lllustration of the Bayesian
model including fat %, protein %, lactose % and pH in milk of all quarters of primiparous cows with either favorable (Q) or unfavorable (q)
haplotype, challenged with Escherichia coli (E. coli) for 24 h or with Staphylococcus aureus (S. aureus) for 96 h. The dataset includes n=35 cows,
distributed as follows: E. coli challenge Q: n=5, g: n=6 and S. aureus challenge Q: n=12, g: n=12. Model predictions are presented as 80% and 95%
confidence intervals of the mean. Differences between Q and q cows are indicated with * if p <0.05 and with ** if p <0.01 and *** if p <0.001.
Significant differences between the pathogen groups (E. coli vs. S. aureus) as well as differences over time relative to challenge are not shown

haplotypes, as shown in Fig. 3. The VT of E. coli-chal-
lenged cows was greater during the whole experiment in
q than in Q cows. Vice versa, S. aureus-challenged cows
with haplotype q showed an initially greater VT; how-
ever, this reversed after 48 h to a lower VT in q cows
than in Q cows. While E. coli-challenged cows developed
one vaginal temperature peak within the 24 h challenge,

E. coli - infection

41

IS
3

S. aureus-challenged cows showed undulant vaginal tem-
perature during the 96 h challenge. The circadian rhythm of
the physiological body temperature during S. aureus chal-
lenge was affected for at least the first 36 h after infection
(Fig. 3).

These findings revealed the effect of intramammary
challenge on VT. To uncover significant differences
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Fig. 3 Vaginal temperature of divergent haplotype cows during pathogen challenge. Vaginal temperature (in degrees Celsius) of primiparous cows
with either favorable (Q) or unfavorable (q) haplotypes challenged with Escherichia coli (E. coli) for 24 h or with Staphylococcus aureus (S. aureus)

for 96 h. Vaginal temperature was measured every 3 min. The dataset included n=34 cows, distributed as follows: E. coli challenge Q: n=5,q:n=5
and S. aureus challenge Q: n=12, g: n=12.The ggplot2 package [37] with the geom_smooth function, which uses a generalized additive model
(gam), was used for visualization. The gray areas above and below the line represent the 95% confidence intervals, and the intercept is set at 39.5 °C
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between the pathogen and haplotype groups, the data
were further analyzed at 3-h and 12-h intervals.

Three-hour interval approach
With the Bayesian model, when analyzing the vaginal
temperature at 3-h intervals, highly significant differ-
ences between both pathogens were detected at 12-15 h
and 15-18 h after the start of the intramammary chal-
lenge. The vaginal temperature was greater in cows
challenged with E. coli than in those challenged with
S. aureus (p<0.001; Fig. 4).

No significant differences were found between the two
haplotypes (Q versus q) in this 3-h interval analysis (Fig. 4).

Twelve-hour interval approach

Using a 12-h interval approach, a comparison between
the haplotypes revealed significant differences between
Q and q cows. The two haplotypes did not differ in
the E. coli-challenged group (p>0.1, Fig. 5), but in the
S. aureus group in the interval 12-24 h p. i. (p=0.029),
the vaginal temperature was significantly greater in q
than in Q cows. Vice versa, in the interval of 48—60 h
p. i. (p=0.011), the vaginal temperature was significantly
lower in q cows than in Q cows (Fig. 5).

E. coli - infection

mean vaginal temperature (degree °C)

0-3h 36h 69h  912h 1215h 1518h 18-21h 21-24h

time (hours)
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Discussion

The aim of the present study was to compare the differ-
ential milk cell count (DMCC), parameters of milk com-
ponent analysis and vaginal temperature between two
divergent paternal haplotype groups (Q vs. q) during a
controlled intramammary challenge experiment with
either E. coli or S. aureus using Bayesian models. In our
study, we started with the hypothesis that compared to
conventional parameters, the DMCC, milk parameters
and vaginal temperature would be better early indica-
tors of a genetically driven differential early response to a
mastitis pathogen challenge in an acute or a chronic mas-
titis model.

As expected, leukocyte subpopulations differed signifi-
cantly between challenged and unchallenged quarters.
This was the case for SCC, PMNs and live cell counts,
that were significantly greater in the milk of the chal-
lenged quarters than in that of the unchallenged quar-
ters 24 h after inoculation of S. aureus. In contrast, in
the E. coli group all cell populations, except for lymphoid
cells, were significantly higher in challenged compared
to unchallenged quarters already 12 h after inoculation.
This finding is in line with observations reported in sev-
eral other studies [12, 13].

S. aureus - infections

haplotype
Q'q

36h 69h  912h 1215h 1518h 18-21h 21-24h

time (hours)

Fig. 4 Vaginal temperature of divergent haplotype cows during pathogen challenge illustrated in 3-h intervals. lllustration of the Bayesian model
including the vaginal temperature (in degrees Celsius) of primiparous cows with either favorable (Q) or unfavorable (g) haplotypes challenged
with Escherichia coli (E. coli) for 24 h or with Staphylococcus aureus (S. aureus) for 96 h. Vaginal temperature was measured every 3 min and summed
into 3-h intervals. The dataset included n=34 cows, distributed as follows: E. coli challenge Q: n=5, g: n=>5 and S. aureus challenge Q: n=12,
g:n=12.Model predictions are presented as 80% and 95% confidence intervals of the mean. Statistical analysis did not reveal any significant
differences (p < 0.05) between Q and g cows. Significant differences between the pathogen groups (E. colivs. S. aureus) as well as differences

over time relative to challenge are not shown
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Fig.5 Vaginal temperature of divergent haplotype cows during pathogen challenge illustrated in 12-h intervals. lllustration of the Bayesian model
including the vaginal temperature (in degrees Celsius) of primiparous cows with either favorable (Q) or unfavorable (g) haplotypes challenged
with Escherichia coli (E. coli) for 24 h or with Staphylococcus aureus (S. aureus) for 96 h. The vaginal temperature was measured every 3 min

and summarized into 12-h intervals. The dataset included data for 34 cows, distributed as follows: £. coli challenge Q: n=5, q: n=5 and S. aureus
challenge Q: n=12, g: n=12. Model predictions are presented as 80% and 95% confidence intervals of the mean. Differences between Q and g
cows are indicated with * if p <0.05 and with ** if p<0.01 and *** if p <0.001. Significant differences between the pathogen groups (E. coli vs.

S. aureus) as well as differences over time relative to challenge are not shown

Although the differences were less pronounced than
expected, we confirmed our hypothesis regarding DMCC
differences between Q and q cows in the S. aureus model:
the DMCC showed significantly more PMNs in the milk
of q cows than in that of Q cows at 24 h, a greater SCC
at 24 and 36 h, an elevated number of live and large cells
(24 h p. i.) as well as dead cells (36 h p. i.) after challenge.
Such differences were not observed in the acute masti-
tis model, as no differences between Q and q cows were
detected after intramammary infection with E. coli. This
might be due to the experimental setup with a shorter
period of observation after inoculation with E. coli (24 h)
than after inoculation with S. aureus (96 h), which is a
limitation of the present study. Another limitation of this
experimental setup of this study involves the compara-
bility of untreated udder quarters und quarters treated
with saline solution. Surprisingly, DMCC in milk sam-
ples of these quarters differed significantly in the E. coli
group (12 h and 24 h) as well as in the S. aureus group
(24 h - 96 h). This was unexpected, as these two treat-
ments were both meant to serve as negative controls. The
observed differences cannot be explained by the fact, that
on one treatment group saline solution was inserted and
in the other treatment group the teat channel and udder
parenchyma was not touched, because both pathogen
groups showed inverse results. In the S. aureus group, the
untreated quarters were lower in cell counts compared
to the saline solution treated quarters (numerically at 0 h

and 12 h, significantly 24 h - 96 h). But in the E. coli group
it was the other way around: untreated quarters showed
higher numbers of leukocyte subpopulations compared
to quarters treated with saline solution. It can be specu-
lated that these differences originate from the allocation
of the treatment groups, which were different in the two
pathogen groups: In the E. coli group the hind left quarter
was treated with saline solution, and the front right and
front left quarters remained untreated. In the S. aureus
group, the front left quarter was treated with saline solu-
tion, and the front right quarter remained untreated.
These differences in DMCC between untreated quarters
and saline solution were relatively low and had no impact
on clinical parameters as swelling or pain. However,
this aspect must be taken into account in future study
designs.

Overall, the findings concerning the dynamics of the
different cell populations in the milk of challenged quar-
ters are in accordance with a study from Rivas et al.
(2001), who found PMNs to be the predominant sub-
population during an intramammary challenge experi-
ment [20]. In the same study, the authors demonstrated
the possibility of detecting nonmastitic, early inflamma-
tory and late inflammatory reactions within their study
population (inoculated S. aureus in six lactating cows) via
DMCC analysis. They demonstrated an early increase in
the percentage of PMNs and a decrease in lymphocytes
one day after inoculation. At days four to eight, PMNs
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were the predominant subpopulation, but the percentage
of mononuclear cells increased [20]. Using the DMCC,
Wall et al. observed a shift in different cell populations,
predominantly PMNs, even at low SCC levels after
intramammary treatment with LPS [27]. A study from
Damm et al. revealed increasing proportions of PMNs
and decreasing proportions of macrophages as the SCC
increased, whereas the lymphocyte population remained
consistently lower than the other cell populations [30].

The cows included in this study were genetically
selected via SNP genotyping for alternative paternal
chromosome 18 haplotypes associated with favorable
(Q) or unfavorable (q) effects on the health of the mam-
mary gland. During the selection procedure, the somatic
cell score (SCS) served as a surrogate for mastitis inci-
dence [10, 38—40]. Beyond that, strict selection criteria,
for example, only primiparous cows, equal housing con-
ditions, and a highly standardized experimental setup
and data collection, were applied to reach the maximal
scientific output. Furthermore, Bayesian models includ-
ing variable and fixed effects were used as up-to-date and
robust statistical analyses to complete the high-grade
data analysis. The consideration of individual cow effects
was applied in the Bayesian models to achieve the most
accurate predictions.

To date, other in vivo studies that investigate DMCC in
the milk of cows with divergent genetics regarding mas-
titis resistance in general and with respect to the target
region on BTA18 in particular are lacking. Although the
confirmed quantitative trait locus (QTL) on BTA18 has
been associated with important performance traits, such
as calving ease and stillbirth [41-44], several authors
have attempted to identify the exact causal mutation,
which has recently been further investigated by Dachs
et al. [45].

In parallel to the in vivo infection model, a long-term
trial including n=6 selected cows (Q: n=3, q: n=3) for
two lactation periods was performed by our scientific
group at the Research Institute for Farm Animal Biology
in Dummerstorf, Germany. In the long-term trial, it was
shown that the average SCC was significantly greater in q
cows than in Q cows [46], and these individuals had more
subclinical mastitis. This finding is in line with a greater
PMN level and SCC after pathogen challenge in the
q cows in the present study. Additionally, in a previous
publication of this group including the same set of cows
used for the intramammary infection model, quarter milk
yield and bacterial shedding were analyzed. No signifi-
cant differences between the haplotypes regarding quar-
ter milk yield could be detected, but the total milk yield
decrease 12 h and 24 h after the start of the challenge
was minor in Q cows compared to q cows. Concerning
the bacterial shedding in milk, cows with haplotype Q
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showed fewer colony-forming units in milk samples from
challenged quarters 12 h after intramammary inoculation
than did those with haplotype q [38].

In addition to the DMCC analysis, within this study,
the milk parameters protein %, fat %, lactose % and pH
were analyzed at the quarter milk level during the chal-
lenge experiment. These serve as the most important
parameters for describing milk composition and can be
interpreted in the context of important physiological pro-
cesses such as energy balance and changes in the blood—
milk barrier. In the case of IMI, pathogen-dependent
changes in milk yield and quality have been reported [47,
48]. In addition to negative correlations between the SCC
and milk yield, positive correlations between the SCC and
the percentage of fat and protein were also reported [49].
Conversely, negative correlations were found between
IMI and the milk parameters fat, protein and lactose
[50]. Clinical signs of mastitis coincided with lower lac-
tose and higher protein concentrations. In the same clini-
cal trial, greater changes in milk yield were observed for
IMI with E. coli than with S. aureus, but S. aureus IMI
led to slightly reduced lactose concentrations [47]. Simi-
larly, in other studies that included mastitis-causing
pathogens such as S. aureus, reduced lactose was found
in patients with subclinical mastitis, but no difference in
protein or fat content was reported [51]. In the present
study, at 24 h, the lactose % was significantly lower in the
milk of E. coli-challenged cows than in that of S. aureus-
challenged cows, which can be explained by the reduced
synthesis capacity of MECs due to the inflammatory
response. In addition, IMI changes blood-milk barrier
permeability, which leads to a concurrent efflux of lac-
tose and potassium into the bloodstream and a simul-
taneous increase in sodium, chloride and proteins from
the bloodstream into the milk [48]. Because lactose is
exclusively produced in the mammary gland and cannot
pass through an intact epithelial barrier [52], this differ-
ence in lactose may also be explained by leakage through
the impaired tight junctions of the MEC [53]. Concern-
ing the comparison of pathogen-specific effects, we most
likely detected a lower lactose % in the E. coli group, as
inflammation was more vigorous and bacterial shedding
was greater [38], indicating greater metabolism of lac-
tose and, therefore, a lower lactose % in the E. coli group
than in the S. aureus-challenged group. Furthermore, the
severity of clinical signs during mastitis coincides with
lower lactose concentrations in cows with IMI caused by
S. aureus, Streptococcus uberis and E. coli, with the great-
est decrease in E. coli-affected animals [47]. However, as
the setup of the present studies does not allow for mecha-
nistic conclusions, these explanations remain speculative.

Interestingly, the protein % was significantly greater
in milk from Q cows than in milk from q cows at 0 h.
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Regarding the S. aureus group, Q cows had a significantly
greater protein % in milk at 60 h. Although these differ-
ences might be side effects, it is noteworthy that in both
pathogen groups at all other timepoints, the protein %
was also numerically greater in Q cows than in q cows.

As anticipated, we also showed that the vaginal tem-
perature was significantly greater in E. coli-challenged
cows than in S. aureus-challenged cows between 12 and
18 h p. i. This finding is in line with previous studies dem-
onstrating a greater and faster increase in rectal body
temperature in E. coli-challenged cows [13]. However,
in the present study, we detected small-scale changes
throughout the entire experimental period due to the use
of intravaginal temperature loggers. The measurement
of vaginal temperature with loggers has the advantage of
detecting diurnal and accurate changes in body tempera-
ture compared to measuring rectal body temperature
with thermometers [54]. An increase in body tempera-
ture is an important reaction of the host to fight against
invading pathogens. As reported by several authors,
MECs are more capable of inducing stronger cytokine
and chemokine synthesis after IMI with E. coli than after
IMI with S. aureus and are responsible for the activation
of immune functions to eradicate pathogens [55-57].
This also explains the faster and greater increase in body
temperature in E. coli-inoculated cows, as shown in our
study.

In addition, our study revealed haplotype-depend-
ent differences concerning vaginal temperature. In the
E. coli-challenged group, Q and q cows showed compa-
rable reactions, with a constant increase in vaginal tem-
perature with the onset of inflammation. In contrast, the
initial increase in the vaginal temperature of S. aureus-
challenged q cows at 0 h and 12-24 h reversed to a
decrease in the vaginal temperature in q cows compared
to Q cows at 48—60 h. As previously published, our group
showed that the incidence of metritis after calving was
lower in Q cows than in q cows and that Q cows rarely
developed fever [40, 46]. These findings suggest that Q
cows are less susceptible to infectious diseases than q
cows are. Examining the (patho)physiological mecha-
nisms underlying these differences requires further study.

Taken together, these main findings concerning the
pathogen comparison are consistent with the exist-
ing body of literature and emphasize the validity of this
intramammary challenge model. The use of two patho-
gens, E. coli and S. aureus, to model acute and chronic
mastitis is widely acknowledged, as previously reviewed
by Petzl et al. [17]. However, to the best of our knowl-
edge, this is the first IMI model study to compare two
divergent BTA18 haplotypes (favorable Q vs. unfavora-
ble q) during a controlled intramammary challenge with
either E. coli or S. aureus.
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Conclusion
In conclusion, specific differences in the DMCC, milk
parameters and vaginal temperature could be detected
between diverging haplotype cows after intramammary
infection with S. aureus. However, the potential of the
DMCC for the refined identification of early response
differences to mastitis pathogens could not be confirmed.
Taken together, this study showed that with a highly
standardized intramammary challenge experiment com-
bined with robust statistical analyses, it was possible to
observe differences between primiparous cows inherit-
ing divergent paternal haplotypes. The results suggest
that haplotype selection for mastitis susceptibility works
but is far more complex than expected. These findings
are relevant to the field, as they provide more informa-
tion about the connection between genetics and immune
functions, leading to mastitis susceptibility.

Methods

In vivo infection model

In total, 36 cows were included in this study, which was
conducted between January and September 2016 at the
Clinic for Cattle at the University of Veterinary Medicine
Hanover (TiHo). The study was approved by the Lower
Saxony Federal State Office for Consumer Protection
and Food Safety (reference number 33.12-42,502-04—
15/2024; approval date: December 15th, 2015). Previ-
ously published results included the observed differences
between the favorable (Q) and unfavorable (q) BTA18
haplotype half-sib cows before and after parturition
[40] as well as the details concerning the in vivo infec-
tion model [38]. In brief, 36 primiparous Holstein Frie-
sian cows were selected based on two divergent paternal
BTA18 haplotypes, with a focus on the SCC as a marker
for udder health and mastitis susceptibility (favorable
haplotype Q n=18, unfavorable haplotype q n=18). The
cows were purchased from German conventional private
dairy farms. From at least four weeks before the expected
calving until the end of the intramammary challenge
experiment, the animals were kept in individual pens on
straw at the Clinic for Cattle, TiHo Hanover. The cows
received component rations adjusted to their lactation/
gestation status and milk yield, and they were intensively
monitored. Details concerning the selection process,
daily management of the cows and clinical examination
have previously been published [40]. On Day 36+ 3 after
calving, the cows received an intramammary challenge
with either E. coli;3); (Q: n=6, q: n=6) or S. aureus,,,,
(Q: n=12, q: n=12) followed by necropsy after 24 h in
the case of E. coli challenge or after 96 h in the case of
S. aureus challenge (Fig. 6A). We decided to use differ-
ing numbers of animals between the two pathogen groups
because it was an important goal to use the lowest animal
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Fig. 6 Experimental setup (5A) and sample processing (5B) of the in vivo infection model. A lllustration of the experimental setup including n=36
primiparous Holstein Friesian cows with either favorable (Q) or unfavorable (g) BTA haplotypes. After intramammary challenge with Escherichia coli
(E. coli) for 24 h, the hind right (HR) quarter was challenged, the hind left (HL) quarter was treated with saline solution as a control quarter,

and the front right (FR) and front left (FL) quarters remained untreated. After challenge with Staphylococcus aureus (S. aureus) for 96 h, the HR and HL
quarters were challenged, the FL was treated with saline solution, and the FR remained untreated. Cows were milked with a quarter milking system
every 12 h during the challenge to assess full milk samples and milk yield at the quarter level, and vaginal temperature was measured every 3 min
during the challenge. B lllustration of milk sample processing for milk component analysis and differential milk cell count (DMCC). Milk samples
were stored at 4 °C, and one set of samples per cow at each timepoint was analyzed for the milk parameters fat %, protein %, lactose % and pH.
With another set, several washing, skimming and centrifugation steps were performed until the cell suspension was analyzed for the DMCC via flow
cytometry to assess the absolute somatic cell counts (SCCs) and numbers of polymorphonuclear neutrophils (PMNs) and live, dead, lymphoid

and large cells

number possible according to the 3R principle but still
generate robust results and detect differences between
the two haplotypes. The number of animals subjected to
both challenges was allocated via a power analysis that
respected the increase in the SCC after intramammary
challenge with E. coli and S. aureus, which is the key sur-
rogate for mastitis susceptibility during the Q/q haplotype
selection process. As previously published by our group,
the increase in the SCC is greater and more homogenous
in E. coli-challenged cows than in S. aureus-challenged
cows [13]. Therefore, a smaller number of animals is
needed to detect significant differences within the E. coli
group. The rationale behind the two different time courses
was animal welfare. It is known that the course of inflam-
mation after infection with E. coli is acute and associated
with a strong increase in body temperature and severe
clinical signs of inflammation, including swelling and
pain, in the affected udder quarter. In contrast, the course
of inflammation after infection with S. aureus is less

severe, less homogenous and less chronic. To avoid exces-
sive suffering of the cows included in the study and to stay
within the ranges of cancellation criteria, the duration of
the follow-up period after intramammary challenge was
shorter in the E. coli group than in the S. aureus group.
For E. coli challenge, the right hind quarter was inocu-
lated with the pathogen, whereas the left hind quarter was
inoculated with saline solution, and both front quarters
served as untreated negative control quarters. In the case
of S. aureus challenge, both hindquarters were inoculated
with the pathogen, whereas the left front quarter was
inoculated with saline solution, and the right front quarter
served as the untreated negative control quarter (Fig. 6A).
Intramammary infection was successfully induced in all
cows enrolled in the in vivo infection model. Each cow
developed clinical signs of mastitis, and the respective
pathogen was repeatedly recovered from the milk sam-
ples after the inoculation of every cow. The clinical results
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Fig. 7 Quarter milking system. Photo of the quarter milking system,
which was used every 12 h during the challenge experiment to milk
the cows to assess the milk yield and representative full milk samples
at the quarter level

of the in vivo infection model have previously been pub-
lished [38].

Milk component analysis and the DMCC
During the intramammary challenge experiment, the
cows were milked every twelve hours with a quarter
milking system (Fig. 7) to assess the milk yield, and rep-
resentative samples were collected at the quarter level
at each timepoint (E. coli: 0 h, 12 h, 24 h; S. aureus: 0 h,
12h, 24 h, 36 h, 48 h, 60 h, 72 h, 84 h and 96 h) (Fig. 6A).
The SCC, DMCC and milk parameters were analyzed
for each milk sample (Fig. 6B). One full-quarter milk
sample (Volume 50 ml) from each cow at each timepoint
was preserved with bronopol, stored at 4 °C, transported
on dry ice and analyzed via MilkoScanTM FT + (Foss
Analytics, Denmark) at Milchwirtschaftlicher Kontroll-
verband Mittelweser e.V. (Rehburg-Loccum, Germany)
for the fat %, protein %, lactose %, pH and SCC.
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For flow cytometric analysis, 50 ml per quarter was
collected into a centrifuge tube " (Corning CentriStar,
Fisher Scientific GmbH, Schwerte, Germany), placed
on ice for transport to the laboratory and stored at 4 °C
until further processing to isolate the milk cells for the
DMCC (Fig. 6B). The first centrifugation step was per-
formed at 1,000 g and 4 °C for 10 min (Universal 32 R,
Hettich, Tuttlingen, Germany), followed by removal
of the cream layer and discarding of the supernatant.
To suspend the cell pellet, 50 ml of phosphate-buft-
ered saline (PBS, Merck KGaA, Darmstadt, Germany)
was added. The second centrifugation was performed
at 400x g and 4 °C for 10 min. The remaining cream
was removed, and the final centrifugation step was
performed at 250X g and 4 °C for 10 min. Then, the
remaining cell pellet was resuspended in 1 ml of PBS by
vortexing (Vortex ZX3, Velp Scientifica, Usmate (MB),
Italy) and labeled for flow cytometry. Next, 50 ul of the
milk cell suspension was transferred to a 1.5 ml Eppen-
dorf tube (Eppendorf, Wesseling-Berzdorf, Germany).
Then, 100 pl of diluted propidium iodide (PO, Sigma-
Aldrich, Taufkirchen, Germany) and 50 pl of diluted
acridine orange (AO, 0.01%, Polysciences Inc., War-
rington, USA) were added. Both AO and PI are DNS-
intercalating dyes, but PI can stain only necrotic cells.
Therefore, the combination of AO and OI was used to
differentiate between live and dead cells.

Flow cytometric analysis of the milk cell suspension
samples was performed with a BD AccuriTM C6 Plus flow
cytometer (BD Biosciences, Franklin Lakes, USA). For
each sample, 20,000 events were counted and displayed as
dot plots with CFlow Sampler Software (BD Biosciences,
Franklin Lakes, USA). The cells that were labeled PI posi-
tive and AO positive were categorized as dead cells. The
cells that were labeled PI negative and AO positive were
categorized as live cells. According to previous studies [22,
29, 58], characteristics measured via forward scatter (FSC,
size-related) and side scatter area (SSC, complexity- and
granularity-related) allow for the differentiation of live cells
into lymphoid cells, PMNs and large cells. Gating strategy
to determine fractions of leukocytes among milk cells was
performed in four steps: (1) Identification of nucleated
cells in a PI/SSC-Area density plot after staining with AO.
(2) Identification of viable, PI-negative cells in a PI/SSC-
Area density plot. (3) Identification of single AO + /PI- cells
in an FSC-Area/FSC-Height density plot. (4) Identification
of major cell populations among single AO +/PI- milk cells
in a FSC-A/SSC-A density plot. PMNs, lymphoid cells, and
large cells were identified according to Mehne et al. (2010)
[58], who used cell type-specific antibodies. The gating
strategy is illustrated in Additional Fig. 2.

It can be assumed that the events recorded as lym-
phoid cells with this technique include B and T cells as
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well as natural killer cells of small size. Events recorded as
PMNs include neutrophilic granulocytes, whereas events
recorded as large cells are macrophages, epithelioid cells,
monocytes and large natural killer cells. The percentages of
live cells, lymphoid cells, PMNs and large cells were calcu-
lated with CFlow Sampler software and transferred to the
central project database until further statistical analysis.
The percentage of dead cells was calculated as “100%-per-
centage of live cells! Although the SCC was measured
together with the other milk parameters (fat %, protein %,
lactose % and pH) via MilkoScanTM FT +analysis (see
above), it is mentioned as part of the DMCC in our study
because the SCC built the basis for absolute number cal-
culation of the PMN:, live, dead, lymphoid and large cell
subgroups. Absolute numbers per ml were calculated by
multiplication of the percentages with the SCC per ml.

Vaginal temperature monitoring

During the whole intramammary challenge experiment, the
vaginal temperature was measured every 3 min. Therefore,
a vaginal data logger (HOBO U12 Stainless Temperature
(4,900 ft.), Onset Computer Corporation, Bourne, Massa-
chusetts/USA) was inserted on a plastic device (EAZI-BEED
CIDR-blank, Zoetis, USA) and placed into the vagina of the
cow (Fig. 6A) as previously described by Smith et al. and
Espejo et al. [59]. The data were recorded on a USB mass
storage device. At the end of the experiment, shortly before
necropsy, the vaginal temperature logger was removed, and
the sample was placed directly into cold water to mark the
extraction timepoint. The data were saved from the USB
device. For each cow, only the data from the start of the
experiment until extraction of the logger were transferred to
the central project database until further statistical analysis.
All values<36.5 °C were excluded because they were non-
physiological. In one cow, missing values occurred because
the logger had to be reinserted multiple times. Hence, a total
of 54.349 data points for S. aureus-challenged cows and
4.728 data points for E. coli-challenged cows were analyzed.
For further analysis, mean values for each cow at 3-h and
12-h intervals were calculated. Both interval approaches
were applied to analyze the differences between the two
pathogen groups (E. coli vs. S. aureus) from 0 h until 24 h
(E. coli-challenge ended) as well as for comparisons between
the two BTA18 haplotype groups (Q vs. q).

Statistical analysis

Concerning the data analysis included in this part of the
project, one cow (haplotype Q, pathogen E. coli) was
excluded. This cow had a congenital defect of the teat chan-
nel in two udder quarters. The two teat channels were not
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consistent, so it was only possible to milk this cow on the
remaining two functional udder quarters. As the cows were
selected for the experiment before their first calving, this
defect was not detected until parturition. The cow reached
an adequate average daily milk yield and was subjected to
E. coli challenge. However, concerning the data presented
here, we decided to exclude this cow and only use animals
with four intact udder quarters. Therefore, the dataset used
for the DMCC and milk component analyses included 35
cows, which were subjected to the following conditions:
E. coli challenge, Q: n=5; q: n=6 for 24 h; and S. aureus
challenge, Q: n=12, q: n=12 for 96 h. Due to a lack of data
transfer, another cow (haplotype q, pathogen E. coli) had to
be excluded from the vaginal temperature analysis. All the
data were refined in Microsoft Excel (Microsoft Corpora-
tion, Microsoft Excel, 2018) and analyzed using R statisti-
cal software [60]. In the case of missing values (<1%), data
were collected during the analysis in R statistical software
using the ‘missRanger’ package [61].

Data analysis of the DMCC and SCC, milk compo-
nent analysis and vaginal temperature was performed
using Bayesian models with the R package ‘brm’ [62,
63]. The response variable was either a DMCC param-
eter (SCC, PMNs, lymphoid cells, large cells, live cells
or dead cells), a milk parameter (fat %, protein %, lac-
tose % or pH) or the mean vaginal temperature during
a 3-h or 12-h interval. Cow individuality was consid-
ered within the model via random effects on the inter-
cept, and interactions between haplotype and timepoint
(haplotype*timepoint) or between the respective patho-
gen and timepoint (pathogen*timepoint) for repeated
measures were also assessed. These models were used to
determine differences between challenged and unchal-
lenged quarters (“treatment”: challenged vs. untreated vs.
saline solution), differences between the two pathogens
(E. coli vs. S. aureus during the first 24 h p. i.) and differ-
ences between the haplotypes (Q vs. q) during the first
24 hin E. coli-challenged cows and for 96 h in S. aureus-
challenged cows.

The analysis of the DMCC (data log transformed), milk
components and VT with the Bayesian models was per-
formed as as listed in Table 1.

Post hoc pairwise comparisons among groups after
fitting a model were performed using the package
‘emmeans’ [64] for estimated marginal means.

To calculate the p values for the pairwise comparisons
from the Bayesian models, the package ‘bayestestR ‘ was
used [65].

To calculate the differences in protein % between
Q and q cows at 0 h, the data were tested for a normal



Muller-Langhans et al. BMC Veterinary Research (2024) 20:200

Page 13 of 16

Table 1 Bayesian models for analysis of differential milk cell count (DMCC), milk components and vaginal temperature (VT)

DmcCC

Analysis of all cows and all quarters from both pathogen groups in one Bayesian model:

Model = brm (log(‘response variable”) ~ haplotype * pathogen* timepoint + (1|cow))

Differences between challenged and untreated or saline solution treated quarters (irrespective of haplotype):

Model(E. coli) = brm(log(‘response variable”)~ treatment * timepoint + (T|cow))

Model(S. aureus) = brm(log(‘response variable”)~ treatment * timepoint + (1|cow))

Differences between haplotypes were analyzed using the following code (filtered for treatment, only inoculated quarters):

Model(E. coli) = brm (log(“response variable”) ~ haplotype * timepoint + (1|cow))

Model(S. aureus) = brm (log(‘response variable’) ~ haplotype * timepoint + (1|cow))

Differences between pathogens were analyzed using the following code (filtered for treatment, only inoculated quarters):

Model(Q) = brm (log(‘response variable”) ~ pathogen * timepoint + (1|cow))
Model(q) = brm (log(“response variable”) ~ pathogen * timepoint + (1|cow))
Milk component analysis

Analysis of all cows and all quarters from both pathogen groups in one Bayesian model:

Model = brm (“response variable” ~ haplotype * pathogen* timepoint + (1|cow))

Differences between haplotypes were analyzed using the following (not filtered for any treatment, all quarters are modeled together):

Model(E. coli) = brm (‘response variable” ~ haplotype * timepoint + (T|cow))

Model(S. aureus) = brm (‘response variable” ~ haplotype * timepoint + (1|cow))

Differences between pathogens were analyzed using the following code (not filtered for any treatment, all quarters are modeled together):

Model(Q) = brm (‘response variable” ~ pathogen * timepoint + (1|cow))
Model(q) = brm (‘response variable” ~ pathogen * timepoint + (T|cow))
Vaginal temperature

Differences between the haplotypes used to analyze the mean vaginal temperature (mean_VT) at both the 3-h and 12-h intervals were analyzed using

the following model:

Model(E. coli) = brm(mean_V'T ~ haplotype * time_interval + (1|cow))
Model(S. aureus) = brm(mean_VT ~ haplotype * time_interval + (1|cow))
Model(Q) = brm(mean_VT ~ pathogen * time_interval + (1|cow))
Model(g) = brm(mean_VT ~ pathogen * time_interval + (1|cow))

distribution and are presented as the mean/median and
standard deviation (SD)/interquartile range (IQR).

P values between 0.05 and 0.01 were regarded as
statistically significant (*). P<0.01 was regarded as
significant (**), and p<0.001 was regarded as highly
significant (***).

Abbreviations

% Percent

BTA18 Bos taurus Autosome 18
CMT California Mastitis Test
DMCC Differential Milk Cell Count
E. coli Escherichia coli

e.q. Exempli gratia

h Hours

IMI Intramammary infection
IQR Inter quartile range

LPS Lipopolysaccharide

MEC Mammary epithelial cells
ml Milliliter

p.i. Post inoculation

PMNs Polymorphonuclear neutrophils
QrL Quantitative trait locus
S.aureus  Staphylococcus aureus

SCC Somatic cell count

SCS Somatic Cell Score

SD Standard deviation

SNP Single nucleotide polymorphism

TiHo University of Veterinary Medicine Hanover
USB Universal series bus

VT Vaginal temperature

uL Microliter
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Additional file 1: Additional Figure 1. DMCC of quarter milk samples of
differentially challenged udder quarters. lllustration of the Bayesian model
including logarithmized number [cells/ml] of polymorphonuclear neu-
trophils (PMN), somatic cell count (SCC), lymphoid cells, large cells, vital
and non-vital cells in milk of challenged (one/two quarter/s), versus non-
infected (one quarter), versus control quarters (one quarter, treated with
saline solution 0.9%) of uniparous cows challenged with Escherichia coli
(E. coli) in one udder quarter for 24 hours or with Staphylococcus aureus

(S. aureus) in two udder quarters for 96 hours. The dataset includes

n = 35 cows, distributed as follows: E. coli challenge: n = 11 and S. aureus
challenge: n = 24. Model predictions are presented as 80% and 95% con-
fidence intervals of the mean. Differences between non-infected, control
and infected quarters are indicated with * if p < 0.05 and with **if p < 0.01
and ***if p < 0.001. Significant differences between the haplotype groups
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(Qs. ), pathogen groups (E. coli vs. S. aureus) as well as differences over
time relative to challenge are not shown.

Additional file 2: Additional Figure 2. lllustration of gating strategy for
differential cell count in milk samples. Gating strategy to determine frac-
tions of leukocytes among milk cells. A) Identification of nucleated cells in
a PI/SSC-A density plot after staining with acridine orange (AQ). B) Identifi-
cation of viable, propidium iodide (Pl)-negative cells in a PI/SSC-A density
plot. C) Identification of single AO+/PI- cells in a FSC-area/FSC-height den-
sity plot. D) Identification of major cell populations among single AO+/
PI- milk cells in a FSC-A/SSC-A density plot. PMN (polymorphonuclear
leukocytes), lymphoid cells, and large cells were identified according to
Mehne et al. (2010) [58], who used cell type-specific antibodies to identify
polymorphonuclear neutrophils (PMN), lymphoid cell subpopulations,
monocytes, and macrophages. FSC, forward scatter; SSC, side scatter.

Acknowledgements

The authors would like to thank the Forderverein Biodkonomieforschung e.V.
for their support. We would also like to thank Hans-Martin Seyfert and Juliane
Gunther for contributing to the design of the study and we would espe-
cially like to thank Tordis Eickhoff, Annika Heimes, Johanna Brodhagen, Alina
Hulsebusch, Sebastian Jander, Matthias Linden, Mirja Koy, Laura Macias, Laura
Rohmeier and Lara Steinhoff for their unremitting and valuable efforts during
the realization of the in vivo model. Furthermore, we would like to thank the
technical assistants Silke Schéneberg, Udo Rabe and Sonja Kordex from the
Immunology Unit, the staff of the Clinic for Cattle as well as the personnel

of the Institute for Pathology, the University of Veterinary Medicine Hanover
Foundation and the staff of the Milchkontrollverband Mittelweser eV, Sandra
Kirsch and Frank Weber from the laboratory of the Clinic for cattle, and LMU
Munich, for their continuous help, assistance and patience during the realiza-
tion of the experiment. Finally, we would like to thank Rory Champion for
native speaker correction of the manuscript.

Authors’ contributions

The study design was set up by SE, MH, CK, HJS, HZ and WP. MH, CK, HJS,

HZ, WP and MMW performed the intramammary challenge model and data
collection. LO carried out the data processing. KML, YZ and MMW performed
the data analyses and designed the graphical illustrations. KML, WP and
MMW generated the manuscript. All authors read and approved the final
manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This study was
funded by the German Federal Institute for Agriculture and Food (BLE) and
the German Government's Special Purpose Fund held at Landwirtschaftliche
Rentenbank (grant number: 740718) and supported by the Forderverein
Biodkonomieforschung e.V. and the Milchwirtschaftlicher Kontrollverband
Mittelweser e.V.. The funding had no impact on the design of the study, collec-
tion, analysis, interpretation of the data, the development of, and decision to
publish the manuscript.

Availability of data and materials
The primary data and the applied statistical codes used in this study are avail-
able from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

This study was evaluated and approved by the ethics committee of the
University of Veterinary Medicine, Hanover. The experiment was conducted
between January and September 2016 under the approval of the Lower Sax-
ony Federal State Office for Consumer Protection and Food Safety (reference
number 33.12-42502-04-15/2024; Approval date: 15th December 2015). All
ethical evaluations were performed as required by the German Animal Care
law and associated legislative regulations (“Tierschutzgesetz’, https:// www.
gesetze-im-internet.de/tierschg/BJNR012770972.html).

Not applicable.

Page 14 of 16

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Clinic for Ruminants With Ambulatory Clinic and Herd Health Services,
Center for Clinical Veterinary Medicine, Ludwig-Maximilians-University
Munich, Sonnenstrasse 16, Oberschleissheim 85764, Germany. 2Institute

for Infectious Diseases and Zoonoses, Ludwig-Maximilians-University Munich,
Sonnenstrasse 24, Oberschleissheim 85764, Germany. *Technical University
Braunschweig, Institute for Microbiology, Inhoffenstrasse 7, Brunswick 38124,
Germany. “Helmholtz Center for Infection Research, Microbial Proteomics,
Inhoffenstrasse 7, Brunswick 38124, Germany. °Clinic for Cattle, University

of Veterinary Medicine Hanover Foundation, Bischofsholer Damm 15, Hano-
ver 30173, Germany. ®Research Institute for Farm Animal Biology, Genome
Biology, Wilhelm-Stahl-Allee 2, Dummerstorf 18196, Germany. ’ Agricultural
and Environmental Faculty, University Rostock, Justus-Von-Liebig-Weg 6,
Rostock 18059, Germany. ®Friedrich-Loeffler-Institut, Federal Research Institute
for Animal Health, Stdufer 10, Greifswald-Insel Riems 17493, Germany. °Insti-
tute for Immunology, University of Veterinary Medicine Hanover Foundation,
Blinteweg 2, Hanover 30559, Germany.

Received: 5 January 2024 Accepted: 27 March 2024
Published online: 15 May 2024

References

1. HalasaT, Huijps K, @sterds O, Hogeveen H. Economic effects of bovine
mastitis and mastitis management: A review. Veterinary Quarterly.
2007;29(1):18-31.

2. Hogeveen H, Huijps K, Lam T. Economic aspects of mastitis: New devel-
opments. N Z Vet J. 2011;59(1):16-23.

3. Hillerton J, Berry E. A review. Treating mastitis in the cow-a tradition or an
archaism. J Appl Microbiol. 2005;98:1250-5.

4. Ruegg PL. A 100-Year Review: Mastitis detection, management, and
prevention. J Dairy Sci. 2017;100(12):10381-97.

5. Janzen JJ. Economic Losses Resulting from Mastitis. A Review1. J Dairy Sci.
1970;53(9):1151-60.

6. Bludau MJ, Maeschli A, Leiber F, Steiner A, Klocke P. Mastitis in dairy heif-
ers: Prevalence and risk factors. Vet J. 2014;202(3):566-72.

7. Brand B, Baes C, Mayer M, Reinsch N, Seidenspinner T, Thaller G, et al.
Quantitative trait loci mapping of calving and conformation traits on
Bos taurus autosome 18 in the German Holstein population. J Dairy Sci.
2010;93(3):1205-15.

8. Cole JB,VanRaden PM, O'Connell JR, Van Tassell CP, Sonstegard TS, Schna-
bel RD, et al. Distribution and location of genetic effects for dairy traits. J
Dairy Sci. 2009;92(6):2931-46.

9. Griesbeck-Zilch B, Osman M, Kiihn C, Schwerin M, Bruckmaier RH, Pfaffl
MW, et al. Analysis of key molecules of the innate immune system in
mammary epithelial cells isolated from marker-assisted and convention-
ally selected cattle. J Dairy Sci. 2009;92(9):4621-33.

10. Brand B, Baes C, Mayer M, Reinsch N, Kithn C. Identification of a two-
marker-haplotype on Bos taurus autosome 18 associated with somatic
cell score in German Holstein cattle. BMC Genet. 2009;10(1):1-13.

11. Kahn C, Bennewitz J, Reinsch N, Xu N, Thomsen H, Looft C, et al. Quantita-
tive trait loci mapping of functional traits in the German Holstein cattle
population. J Dairy Sci. 2003;86(1):360-8.

12. Bannerman DD, Paape MJ, Lee JW, Zhao X, Hope JC, Rainard P. Escheri-
chia coli and Staphylococcus aureus elicit differential innate immune
responses following intramammary infection. Clin Diagn Lab Immunol.
2004;11(3):463-72.

13. Petzl W, Zerbe H, Gunther J, Yang W, Seyfert HM, Nurnberg G, et al.
Escherichia coli, but not Staphylococcus aureus triggers an early
increased expression of factors contributing to the innate immune
defense in the udder of the cow. Vet Res. 2008;39(2):18.


http://www.gesetze-im-internet.de/tierschg/BJNR012770972.html
http://www.gesetze-im-internet.de/tierschg/BJNR012770972.html

Muller-Langhans et al. BMC Veterinary Research

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31
32.
33

34

35.

36.

37.

38.

(2024) 20:200

Leitner G, Yadlin B, Glickman A, Chaffer M, Saran A. Systemic and local
immune response of cows to intramammary infection with Staphylococ-
cus aureus. Res Vet Sci. 2000;,69(2):181-4.

Watts JL. Etiological agents of bovine mastitis. Vet Microbiol.
1988;16(1):41-66.

Burvenich C, Van Merris V, Mehrzad J, Diez-Fraile A, Duchateau L.

Severity of E. coli mastitis is mainly determined by cow factors. Vet Res.
2003;34(5):521-64.

PetzI W, Zerbe H, Gunther J, Seyfert HM, Hussen J, Schuberth HJ. Patho-
gen-specific responses in the bovine udder. Models and immunoprophy-
lactic concepts. Res Vet Sci. 2018;116:55-61.

Farschtschi S, Mattes M, Pfaffl MW. Advantages and Challenges of Differ-
ential Immune Cell Count Determination in Blood and Milk for Monitor-
ing the Health and Well-Being of Dairy Cows. Vet Sci. 2022;9(6):255.

Koess C, Hamann J. Detection of mastitis in the bovine mammary gland
by flow cytometry at early stages. J Dairy Res. 2008;75(2):225-32.

Rivas AL, Quimby FW, Blue J, Coksaygan O. Longitudinal Evaluation of
Bovine Mammary Gland Health Status by Somatic Cell Counting, Flow
Cytometry, and Cytology. J Vet Diagn Invest. 2001;13(5):399-407.

Sumon S, Parvin MS, Ehsan MA, Islam MT. Relationship between somatic
cell counts and subclinical mastitis in lactating dairy cows. Vet World.
2020;13(8):1709-13.

Schwarz D, Diesterbeck US, Kénig S, Brigemann K, Schlez K, Zschéck M,
et al. Flow cytometric differential cell counts in milk for the evaluation

of inflammatory reactions in clinically healthy and subclinically infected
bovine mammary glands. J Dairy Sci. 2011;94(10):5033-44.

Le Roux Y, Laurent F, Moussaoui F. Polymorphonuclear proteolytic activity
and milk composition change. Vet Res. 2003;34(5):629-45.

Schwarz D, Diesterbeck US, Kénig S, Brigemann K, Schlez K, Zschock

M, et al. Microscopic differential cell counts in milk for the evaluation of
inflammatory reactions in clinically healthy and subclinically infected
bovine mammary glands. J Dairy Res. 2011,78(4):448-55.

Ruegg PL, Reinemann DJ. Milk quality and mastitis tests. The Bovine
Practitioner. 2002:41-54.

Redelman D, Differential inflammatory cell count (DICC) as determined
via the bryte HS flow cytometer from Bio-Rad. Annual meeting. 1997.
Wall SK, Wellnitz O, Bruckmaier RM, Schwarz D. Differential somatic

cell count in milk before, during, and after lipopolysaccharide-

and lipoteichoic-acid-induced mastitis in dairy cows. J Dairy Sci.
2018;101(6):5362-73.

Pilla R, Malvisi M, Snel G, Schwarz D, Kénig S, Czerny C-P, et al. Differential
cell count as an alternative method to diagnose dairy cow mastitis.

J Dairy Sci. 2013;96(3):1653-60.

Pillai SR, Kunze E, Sordillo LM, Jayarao BM. Application of Differential
Inflammatory Cell Count as a Tool to Monitor Udder Health. J Dairy Sci.
2001,84(6):1413-20.

Damm M, Holm C, Blaabjerg M, Bro MN, Schwarz D. Differential somatic cell
count—A novel method for routine mastitis screening in the frame of Dairy
Herd Improvement testing programs. J Dairy Sci. 2017;100(6):4926-40.
Sordillo LM, Streicher KL. Mammary gland immunity and mastitis suscep-
tibility. ) Mammary Gland Biol Neoplasia. 2002;7:135-46.

Paape MJ, Bannerman DD, Zhao X, Lee JW. The bovine neutrophil: Struc-
ture and function in blood and milk. Vet Res. 2003;34(5):597-627.
Mehrzad J, Duchateau L, Burvenich C. Viability of milk neutrophils and
severity of bovine coliform mastitis. J Dairy Sci. 2004,87(12):4150-62.
Dosogne H, Vangroenweghe F, Mehrzad J, Massart-Leén AM, Burvenich C.
Differential Leukocyte Count Method for Bovine Low Somatic Cell Count
Milk. J Dairy Sci. 2003;86(3):828-34.

Degen S, Knorr N, Paduch J-H, Zoche-Golob V, Hoedemaker M, Kromker
V. Cell differentiation assisting in evaluating mastitis treatment prognosis.
Milk Sci Int Milchwissenschaft. 2015;68(1):2-9.

Zecconi A, Vairani D, Cipolla M, Rizzi N, Zanini L. Assessment of subclinical
mastitis diagnostic accuracy by differential cell count in individual cow
milk. Ital J Anim Sci. 2019;18(1):460-5.

Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York:
Springer-Verlag; 2016.

Rohmeier L, Petzl W, Koy M, Eickhoff T, Hulsebusch A, Jander S, et al.

In vivo model to study the impact of genetic variation on clinical out-
come of mastitis in uniparous dairy cows. BMC Vet Res. 2020;16(1):33.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

54.

55.

56.

57.

58.

Page 150f 16

Kihn C, Reinhardt F, Schwerin M. Marker assisted selection of heifers
improved milk somatic cell count compared to selection on conventional
pedigree breeding values. Arch Anim Breed. 2008;51(1):23-32.

Meyerholz M, Rohmeier L, Eickhoff T, Hilsebusch A, Jander S, Linden M,
et al. Genetic selection for bovine chromosome 18 haplotypes associated
with divergent somatic cell score affects postpartum reproductive and
metabolic performance. J Dairy Sci. 2019;102(11):9983-94.

Mao X, Kadri N, Thomasen J, De Koning D, Sahana G, Guldbrandtsen B.
Fine mapping of a calving QTL on Bos taurus autosome 18 in Holstein
cattle. J Anim Breed Genet. 2016;133(3):207-18.

Abo-Ismail MK, Brito LF, Miller SP, Sargolzaei M, Grossi DA, Moore SS, et al.
Genome-wide association studies and genomic prediction of breeding
values for calving performance and body conformation traits in Holstein
cattle. Genet Sel Evol. 2017,49:1-29.

Mdller M-P, Rothammer S, Seichter D, Russ |, Hinrichs D, Tetens J, et al.
Genome-wide mapping of 10 calving and fertility traits in Holstein dairy cat-
tle with special regard to chromosome 18.J Dairy Sci. 2017;100(3):1987-2006.
Wu X, Guldbrandtsen B, Nielsen US, Lund MS, Sahana G. Association analy-
sis for young stock survival index with imputed whole-genome sequence
variants in Nordic Holstein cattle. J Dairy Sci. 2017;100(8):6356-70.

Dachs N, Upadhyay M, Hannemann E, Hauser A, Krebs S, Seichter D, et al.
Quantitative trait locus for calving traits on Bos taurus autosome 18 in
Holstein cattle is embedded in a complex genomic region. J Dairy Sci.
2023;106(3):1925-41.

Heimes A, Brodhagen J, Weikard R, Hammon H, Meyerholz M, Petzl W,

et al. Characterization of functional traits with focus on udder health in
heifers with divergent paternally inherited haplotypes on BTA18. BMC Vet
Res. 2019;15(1):1-11.

Coulon J-B, Gasquib P, Barnouin J, Ollier A, Pradel P, Pomiés D. Effect

of mastitis and related-germ on milk yield and composition dur-

ing naturally-occurring udder infections in dairy cows. Animal Res.
2002;51(05):383-93.

Martins L, Barcelos MM, Cue RI, Anderson KL, Dos Santos MV, Gongalves
JL. Chronic subclinical mastitis reduces milk and components yield at the
cow level. J Dairy Res. 2020;87(3):298-305.

Cunha R, Molina L, Carvalho A, Facury Filho E, Ferreira P, Gentilini M.
Subclinical mastitis and the relationship between somatic cell count with
number of lactations, production and chemical composition of the milk.
Arquivo Brasileiro de Medicina Veterinaria e Zootecnia. 2008;60:19-24.
Wahyu Harjanti D, Sambodho P. Effects of mastitis on milk production
and composition in dairy cows. IOP Conference Series: Earth Environ Sci.
2020;518(1):012032.

Malek dos Reis CB, Barreiro JR, Mestieri L, Porcionato MAF, dos Santos MV.
Effect of somatic cell count and mastitis pathogens on milk composition
in Gyr cows. BMC Vet Res. 2013;9:1-7.

Linzell J, Peaker M. The permeability of mammary ducts. J Physiol.
1971;216(3):701-16.

. Stelwagen K, Farr VC, McFadden HA, Prosser CG, Davis SR. Time course of

milk accumulation-induced opening of mammary tight junctions, and
blood clearance of milk components. Am J Physiol Regul Integr Comp
Physiol. 1997;273(1):R379-86.

Vickers L, Burfeind O, Von Keyserlingk M, Veira D, Weary D, Heuwieser W.
Comparison of rectal and vaginal temperatures in lactating dairy cows. J
Dairy Sci. 2010;93(11):5246-51.

Schukken YH, Ginther J, Fitzpatrick J, Fontaine MC, Goetze L, Holst O,

et al. Host-response patterns of intramammary infections in dairy cows.
Vet Immunol Immunopathol. 2011;144(3):270-89.

Yang W, Zerbe H, Petzl W, Brunner RM, Gunther J, Draing C, et al. Bovine
TLR2 and TLR4 properly transduce signals from Staphylococcus aureus
and E. coli, but S. aureus fails to both activate NF-kappaB in mammary
epithelial cells and to quickly induce TNFalpha and interleukin-8 (CXCL8)
expression in the udder. Mol Immunol. 2008;45(5):1385-97.

Gunther J, Liu S, Esch K, Schuberth H-J, Seyfert H-M. Stimulated expres-
sion of TNF-a and IL-8, but not of lingual antimicrobial peptide reflects
the concentration of pathogens contacting bovine mammary epithelial
cells. Vet Immunol Immunopathol. 2010;135(1):152-7.

Mehne D, Drees S, Schuberth H-J, Sauter-Louis C, Zerbe H, Petzl W. Accu-
rate and rapid flow cytometric leukocyte differen- tiation in low and high
somatic cell count milk. Milchwissenschaft. 2010;65:235-8.



Muller-Langhans et al. BMC Veterinary Research (2024) 20:200 Page 16 of 16

59. Smith J, VanBaale M, Rodriguez R, Jamison C, Brouk M, Harner JIIl. Using
heat stress audits to evaluate the level of heat stress on commercial dair-
ies. J Animal Sci. 2006;84:399.

60. R Development Core Team. R: A language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Computing; 2022.

61. Mayer M. missRanger: Fast Imputation of Missing Values. 2021.

62. Mills JA. Objective Bayesian precise hypothesis testing. University of
Cincinnati. 2018.

63. Makowski D, Ben-Shachar MS, Chen S, Lidecke D. Bayesian indices of
existence and significance. Front Psychol. 2019;10:1-14.

64. Lenth RV.emmeans: Estimated Marginal Means, aka Least-Squares
Means. 2022.

65. Makowski D, Ben-Shachar M, Lidecke D. bayestestR: Describing effects
and their uncertainty, existence and significance within the bayesian
framework. J Open Source Softw. 2019;4(40):1541.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Cows with diverging haplotypes show differences in differential milk cell count, milk parameters and vaginal temperature after S. aureus challenge but not after E. coli challenge
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	Differences in the DMCC
	Differences in the DMCC between challenged quarters and unchallenged quarters
	Differences in the DMCC between cows with haplotypes q vs. Q
	Differences in the DMCC between quarters challenged with E. coli and quarters challenged with S. aureus within the haplotype groups

	Differences in milk component analysis
	Differences in milk component analysis between cows with haplotypes q vs. Q
	Differences in milk component analysis between cows challenged with E. coli and cows with S. aureus

	Differences in vaginal temperature
	Course of VT during intramammary challenge
	Three-hour interval approach
	Twelve-hour interval approach


	Discussion
	Conclusion
	Methods
	In vivo infection model
	Milk component analysis and the DMCC
	Vaginal temperature monitoring
	Statistical analysis

	Acknowledgements
	References


