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Normal milk microbiome is reestablished
following experimental infection with
Escherichia coli independent of
intramammary antibiotic treatment with a
third-generation cephalosporin in bovines
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Abstract

Background: The use of antimicrobials in food animals and the emergence of antimicrobial resistance are global
concerns. Ceftiofur is the only third-generation cephalosporin labeled for veterinary use in the USA, and it is the drug
of choice in the majority of dairy farms for the treatment of mastitis. Here, we use next-generation sequencing to
describe longitudinal changes that occur in the milk microbiome before, during, and after infection and treatment with
ceftiofur. Twelve animals were intramammary challenged with Escherichia coli in one quarter and randomly allocated to
receive intramammary treatment with ceftiofur (5d) or untreated controls. Serial samples were collected from −72 to
216 h relative to challenge from the challenged quarter, an ipsilateral quarter assigned to the same treatment group,
and from a third quarter that did not undergo intervention.

Results: Infection with E. coli dramatically impacted microbial diversity. Ceftiofur significantly decreased LogCFUs but
had no significant effect on the milk microbiome, rate of pathogen clearance, or somatic cell count. At the end of the
study, the microbial profile of infected quarters was indistinguishable from pre-challenge samples in both treated and
untreated animals. Intramammary infusion with ceftiofur did not alter the healthy milk (i.e., milk devoid of clots or
serous appearance and collected from a mammary gland that shows no clinical signs of mastitis) microbiome.

Conclusions: Our results indicate that the mammary gland harbors a resilient microbiome, capable of reestablishing
itself after experimental infection with E. coli independent of antimicrobial treatment.

Keywords: Milk microbiome, Mastitis, E. coli, Ceftiofur, Dairy cattle, Antimicrobial treatment, Milk, Third-generation
cephalosporin, Cephalosporins

Background
Mastitis is a prevalent, costly [1, 2] disease in dairy cows
that is defined by an increase in milk somatic cell count
(SCC) as a result of inflammation in the mammary
gland, leading to abnormal milk and varying degrees of
clinical severity. This condition affects almost 25% of the
9.3 million dairy cows present in the USA every year [3]

and negatively impacts animal welfare [4–6] and prod-
uctivity [7–9]. Recent studies have reported that
approximately 80% of all antimicrobials used on
American dairy farms are for the treatment or preven-
tion of mastitis [10]. Prevention measures, improved
management, and sanitation have reduced the number
of contagious mastitis cases and have led to a change in
the etiology of the disease in the last decade [3, 11, 12],
making opportunistic environmental pathogens, includ-
ing coliforms, major contributors to clinical mastitis.
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Antimicrobial resistance is a global concern and has
led to increasing attention regarding the judicious use of
antibiotics. Although conflicting evidence is available on
whether human, companion, and/or livestock medicine
is responsible for the emergence of antimicrobial resist-
ance [13, 14], the livestock industry has been recognized
as one of the main causes [13, 15], perhaps due to the
amount of antimicrobials used in this sector [16], affect-
ing humans either through direct contact or through the
food chain [17, 18]. The increasing demand for animal
protein is believed to be accompanied by a significant
growth in need for antimicrobial use in food animal
production, which is predicted to rise by approximately
67% between 2010 and 2030 [17]. Responsible use of
antimicrobials in food animals is paramount for main-
tenance of both animal and human health [19] and has
been one of the policies proposed by the One Health
Initiative [20–22]. Ceftiofur is the only third-generation
cephalosporin labeled for veterinary use in the USA [3],
is considered a critically important antimicrobial for
human medicine [23], and is the drug of choice in the
majority of dairy operations for intramammary treat-
ment of mastitis [3]. To this date, the effectiveness of
the treatment of coliform mastitis has been discussed in
an ambiguous manner [24, 25]. Nevertheless, all
information regarding the effectiveness of antimicrobial
therapy reported so far is based on clinical cure and the
ability to isolate and culture a specific pathogen from a
mastitic milk sample in a laboratory setting. Culture-
independent studies resulted in significant proof for the
existence of a resident microbiota in milk in humans
[26, 27], bovines [28–30], and other species [31]. In light
of constantly advancing molecular techniques, the use of
next-generation sequencing led to a paradigm shift in
the understanding of the dynamics of health and disease
[32, 33] and offers an opportunity to provide evidence
that will substantiate antibiotic stewardship, helping the
optimization of preventative, diagnostic, and treatment
protocols for bovine mastitis. Therefore, detailed informa-
tion on the effect of treatment of Escherichia coli mastitis
with third-generation cephalosporins is indispensable.
Our group has recently described the dynamics of

milk microbiome upon antimicrobial treatment with
ceftiofur in animals naturally infected with mastitis
pathogens [34]. In that study, cows from a commer-
cial dairy farm were enrolled upon diagnosis of clin-
ical mastitis and randomly allocated to receive
extended intramammary therapy with ceftiofur, or to
receive no treatment. We observed that in cows with
mastitis caused by E. coli, treatment with ceftiofur did
not offer an advantage when compared to no treat-
ment in terms of clinical cure, pathogen clearance
rate, or bacterial load. Moreover, the milk microbiome
from the affected quarters was indistinguishable from

the adjacent healthy quarters within 14 days following
the onset of the disease regardless of intramammary
antimicrobial administration.
Herein, we describe a challenge model using a

known strain of mastitis-causing E. coli to
characterize the microbiome before, during, and after
intramammary infection in a controlled setting. We
aim to investigate the changes that occur upon intro-
duction of a major pathogen and the ability of the
healthy mammary microbiota to restore equilibrium
with or without external aid of antimicrobials. More-
over, the role of antimicrobials in the normal milk
microbiota has not yet been investigated in con-
trolled longitudinal studies. We hypothesize that
intramammary administration of a broad-spectrum
antimicrobial might favor the overgrowth of specific
organisms and incite a shift in the microbial profile
of milk from normal quarters.
Therefore, the objectives of this study were to generate

knowledge on the complex microbial ecology and
treatment of mastitis, more specifically (a) describe the
milk microbiome before, during, and after the infection
of bovine mammary glands with a strain of E. coli
previously isolated from a mastitis case; (b) compare
microbial populations between infected and non-in-
fected quarters; and (c) evaluate the impact of a third-
generation cephalosporin on both healthy and mastitic
milk.

Methods
Challenge strain
The strain used in this study (E. coli ECC-Z [35],
Cornell University), hereafter referred as C1, was iso-
lated from a clinical case of bovine mastitis, and was
proven effective in previous experimental challenges
to result in mild to moderate cases of clinical mastitis
[36, 37]. Before an experimental challenge, frozen
stocks of the strain were activated in Luria-Bertani
(LB) broth, incubated at 37 °C for 12 h and subse-
quently streaked on a McConkey plates for E. coli
colony isolation. DNA extraction was performed in
isolated colonies using a QIAamp DNA minikit (Qiagen
Inc., Valencia, CA), and a fragment of the 16S rRNA gene
was amplified using the primers 27F (5′-
AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-
ACCTTGTTACGACTT-3′), followed by sequencing
at the Cornell University Core Laboratories Center
(Ithaca, NY) through Sanger sequencing for
confirmation of the identity of the isolate.

Animal selection and housing
Twelve mature (second or greater lactation) Holstein cows
were selected from the Cornell Veterinary Medicine
Teaching Dairy (Ithaca, NY). Six animals, two at a time,
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were challenged during March of 2014, and six animals
were challenged two at a time between March and April
of 2015. Experimental challenge and sampling took place
at the Large Animal Teaching and Research Unit
(LARTU), Department of Animal Sciences, Cornell
University (Ithaca, NY). Selected animals had no previous
cases of clinical mastitis in the current lactation, were
between 246 and 461 days in milk, and had an average
somatic cell count of 95,000 cells/mL, ranging from
41,000 to 191,000 cells/mL, measured 1 week prior to
transportation to LARTU.
Animals were housed individually in stalls bedded with

sawdust and were fed ad libitum the same diet provided
at the farm from which they were sourced, calculated to
meet or exceed the requirements for lactating Holstein
cows with a body weight of 650 kg producing 45 kg of
3.5% fat-corrected milk. The feed was transported daily
from the Cornell Teaching Dairy. Animals were milked
twice daily, at 08:00 and 20:00.

Sampling procedures and experimental infection
Sampling scheme, treatment allocation, and experi-
mental design are depicted in (Fig. 1a, b). Milk sam-
ples were collected every 12 h during the 3 days that
preceded intramammary infection with E. coli strain
C1, henceforth indicated as time 0, and every 6 h
from live challenge with E. coli until the ninth day
after infection, with the last time point being at
216 h post-challenge. Only one quarter was chal-
lenged: 100 colony-forming units (CFU) of E. coli C1
suspended in 1 mL of phosphate buffered saline
(PBS) solution was deposited immediately ventral of
the Furstenberg’s rosette via the teat canal.
Each animal had three quarters sampled at each time

point: the challenged quarter, an ipsilateral unchallenged
quarter that was included in the same antibiotic treatment
group as the challenged one and a third quarter which did
not undergo any intervention (i.e., no challenge, no treat-
ment) and was sampled in every time point as a within-
animal control. Before milk sample collection, each cow
had teats dipped in iodine (Bovadine sanitizing teat dip,
DeLaval Manufacturing, Kansas City, MO), which was left
in contact for at least 30 s. Teats were wiped with dry
sterile gauze and final teat disinfection was performed
with gauze soaked in 70% (v/v) ethanol immediately prior
to collection of the milk sample. The three initial streams
of milk were discarded; the milk was collected into sterile
tubes in three different aliquots and immediately placed
on ice. The first aliquot was collected and kept frozen at
−20 °C until DNA extraction, the second aliquot was used
for CFU counting, and the third aliquot was submitted for
SCC determined through flow cytometry (Fossomatic FC,
Eden Prairie, MN) at the Dairy One Cooperative Inc.
(Ithaca, NY). Linear score (LS) was calculated based on

SCC according to the equation LS= [ln(SCC/105)/ln(2)] + 3.
The health status and temperature of each cow were
assessed at each sampling time, and cows showing signs of
systemic illness were provided with appropriate supportive
therapy, which included intravenous administration of
fluids and intramuscular administration of non-steroidal
anti-inflammatory drugs.

Treatment administration
At 48 h after infection, animals were randomly allocated
into either the treatment group, which received five con-
secutive intramammary infusions of ceftiofur hydrochlor-
ide comprised of 125 mg of ceftiofur equivalents (as
ceftiofur hydrochloride; Spectramast LC®, Zoetis, Florham
Park, NJ) at 24-h intervals in both challenged and ipsilat-
eral unchallenged quarters, or the untreated control
group, for which no substance was introduced into the
mammary glands. The timing of the first treatment was
chosen in an attempt to mimic the dynamics of culture-
based treatment of coliform mastitis in a commercial dairy
farm, and the first dose was administered immediately
after sample collection of the 48-h sample.

CFU counting and strain typing
Milk samples collected at time points following
intramammary infection were inoculated on MacConkey
agar in 100-μL aliquots and incubated at 37 °C overnight
for bacterial identification. Total CFU per milliliter was
calculated based on quantitative culture of serial milk
dilutions in triplicates by averaging the number of
colonies in the triplicate and multiplying the number by
the dilution factor.
Strain typing was performed through random amplifica-

tion of polymorphic DNA (RAPD) with primers designed
specifically for RAPD typing of Gram-negative bacteria
(forward 5′-AGTAAGTGACTGGGGTGAGCG-3′, re-
verse 5′TACATTCGAGGACCCCTAAGTG-3′), which
have been shown to discriminate between different strains
of mastitis-causing E. coli [38]. PCR products were evalu-
ated for banding pattern using gel electrophoresis in a 1.5%
agarose gel at 60 V for 1.5 h.

DNA isolation and purification
Genomic DNA extraction was performed using the
PowerFood DNA Isolation Kit (MO BIO Laboratories
Inc., Carlsbad, CA), following the manufacturer’s recom-
mendations with an extra incubation at 65 °C for 10 min
prior to cell disruption to maximize DNA yields [39]. A
6-mL aliquot of milk was divided into fat, whey, and
pellet through centrifugation. The whey was discarded,
and the fat layer and pellet were used as starting sample
in DNA extraction, as described previously [40].
Concentration and purity of isolated DNA were
evaluated based on optical density at 230-, 260-, and
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280-nm wavelengths (NanoDrop ND-1000, NanoDrop
Technologies, Wilmington, DE).

16S rRNA gene amplification, MiSeq sequencing, and
bioinformatic analyses
Isolated genomic DNA was used as a template for amp-
lification of the V4 hypervariable region of the bacterial

16S rRNA gene using the primers 515F and 806R, which
had been optimized for the Illumina MiSeq platform
(Illumina Inc., San Diego, CA) [41] as described previ-
ously [42].
Six runs of the Illumina MiSeq sequencer were needed

for sequencing of all samples. In each run, 279 samples
and a sequencing control were pooled in an equimolar
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library and sequenced using the MiSeq reagent kit V2
for 300 cycles. Bioinformatics was performed using
quality-filtered indexed reads, which were concatenated
into a single FASTA file and uploaded in the open-
source pipeline Quantitative Insights into Microbial
Ecology (QIIME) version 1.9.1 [43], using computer
resources of the Cornell Boyce Thompson Institute
(Ithaca, NY). Sequences were handled following the
default settings of the pipeline. Quality filtering was per-
formed as described previously [44]. Open-reference
taxonomic assignment into operational taxonomic units
(OTUs) with 97% identity was achieved using UCLUST
[45], RDP classifier [46], PyNAST [47], and the
Greengenes [48] reference database. Rare OTUs with
less than five sequences in each run, and samples with
less than 1000 reads were excluded from the database.
Within-sample diversity (α-diversity) was assessed through
Shannon diversity index calculated in a randomly selected
subset of the OTU database obtained through the script
single_rarefaction.py in QIIME at a rarefication level of
1500 reads per sample. Between-sample microbial diversity
(β-diversity) was assessed through phylogenetic-based
weighted UniFrac [49] distances, calculated in QIIME
through the script beta_diversity.py and the distance matrix
obtained was used for comparison between groups.

Statistical analyses
The UNIVARIATE procedure of SAS version 9.4 (SAS
Institute Inc., Cary, NC) was used to perform descriptive
analyses. Non-normally distributed variables (i.e., SCC and
CFU) were normalized through log transformation.
Longitudinal changes in the microbial profile was assessed
through description of the relative abundances of the 25
most abundant bacterial families using the tabulate function
of JMP Pro 12 (SAS Institute Inc., Cary, NC), and relative
abundances of all the remaining families were combined
into a single cluster, defined as “Other.” Variables of interest
were evaluated between challenged, unchallenged, treated,
and untreated quarters with repeated measures ANOVA
using the GLIMMIX procedure of SAS. Significance of
pairwise comparisons were adjusted through the Tukey-
Kramer multiple comparison correction. Outcomes were
the relative abundance of Enterobacteriaceae, Shannon di-
versity index, LogSCC, LS, and LogCFUs; explanatory vari-
ables were challenge (challenged versus control quarter),
treatment (treated versus untreated quarter), time relative
to experimental challenge, and their two- and three-way
interactions.
To assess the effect of treatment, stratified analysis of co-

variance was performed in challenged and unchallenged
quarters separately. To account for possible differences that
occurred between intramammary infection and first treat-
ment at 48 h, the average of values observed between chal-
lenge and treatment (i.e., 0, 6, 12, 24, 36, 42, and 48 hours

relative to challenge) was included as a covariate in these
models. Variables of interest were the relative abun-
dance of Enterobacteriaceae, Shannon diversity index,
LogSCC, LS, and LogCFUs; explanatory variables were
treatment (treated versus untreated quarter), time
relative to experimental challenge, and their two-way
interactions. Teat nested within a cow was considered
a random effect in all statistical models. The first-
order ante-dependence covariance structure was se-
lected because it resulted in the smallest Schwarz’s
Bayesian information criterion value. Differences with
P ≤ 0.05 were considered significant. Descriptive ana-
lyses of sequencing results are presented as average
and standard deviation. All other results are presented
as the least-square means followed by the respective
standard error of the mean.
Three animals (animals E, G, and J—Additional file 1) ex-

perienced elevated SCC on 3 days preceding intramammary
infusion of bacteria and for that reason did not develop an
infection following the challenge with E. coli. A fourth ani-
mal (animal L—Additional file 1) acquired a natural intra-
mammary infection in one of the unchallenged quarters
caused by an E. coli strain different from the experimental
challenge strain. Data collected from these four animals
was only used to compare challenged, infected versus chal-
lenged, uninfected quarters. All other analyses assessing the
effect of experimental infection and treatment with ceftio-
fur did not include data from animals E, G, J, and L.
Data were handled as follows: samples without a SCC

value due to clotted milk (i.e., clinical mastitis) received a
value of 30,000,000 SCC; samples with a CFU value that in-
dicated too numerous to count received a value of
60,000 CFU. The rationale for choosing these arbitrary
values was to assign a number that was larger than the lar-
gest observation for that variable in the dataset (i.e., the lar-
gest SCC observed was 27,255,000 and the largest CFU
observed was 58,000).
Multivariate analysis of milk microbiome was implemented

in QIIME and R (R Core Team, Vienna, Austria) [50]. Ana-
lysis of similarities (ANOSIM) was performed in non-rarefied
data using the vegan [51] package in R. Groups shown to be
significantly different in ANOSIM underwent Analysis of
Composition of Microbiomes (ANCOM) [52] carried out
in QIIME version 2.0.6 [53], in an attempt to identify
which OTUs were driving the main differences between
groups. Microbiome changes over time in challenged and
control quarters were visualized through principal coordi-
nates analysis (PCoA) of weighted UniFrac distances
calculated in QIIME and plotted using EMPeror [54].

Results
Health characteristics
All cows exhibited elevated rectal temperature (mean
39.1 °C, StdDev 0.9 °C) at 18 h post-challenge (Fig. 1c);
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one animal had recurrent fever and received support
therapy as described above.
Abnormal milk was observed within 18 h of infection

(i.e., presence of flakes, clots, or serous milk) and lasted
until 132 and 192 h in control and ceftiofur groups, re-
spectively. Mild clinical signs of mammary inflammation
were observed, which included abnormal milk and/or
redness and swelling of the challenged quarters (Fig. 1d).

Bacterial isolation and strain typing
The C1 strain of E. coli used for intramammary infection
was isolated from milk samples collected post-challenge
from every challenged quarter, except the three quarters
that presented elevated SCC on the days preceding
intramammary infusion of bacteria, which were excluded
from further analysis. Confirmation of strain was
performed through RAPD strain typing (Fig. 1e).

Effect of intramammary infection with E. coli and
intramammary antimicrobial therapy on CFU results
Intramammary infection with E. coli significantly in-
creased LogCFUs (P < 0.0001); intramammary treat-
ment with ceftiofur significantly decreased LogCFUs
in challenged, infected quarters (P < 0.0001). Tukey-
adjusted comparisons in each sampling time revealed
that ceftiofur-treated quarters had significantly lower
LogCFUs at 78, 84, 102, 108, 120, 126, 132, 144, and
150 h relative to challenge (Fig. 1f ). Nevertheless,
bacterial growth in samples collected from both
control and treated quarters presented a decrease in
CFU counts over time.

Effect of intramammary infection with E. coli on somatic
cell count measured as linear scores
Intramammary infusion with 100 CFU of E. coli in-
creased SCC as early as 6 h post-challenge, peaking
around 18 h and remaining significantly higher when
compared to unchallenged quarters until the end of the
study period (P < 0.0001) (Fig. 2b). A non-significant
increase in somatic cell count on unchallenged quarters
was also observed between 12 and 48 h relative to
challenge (Fig. 2d). Finally, intramammary treatment
with ceftiofur hydrochloride did not significantly
decrease linear score throughout treatment, with only
two time points exhibiting different linear scores
between treated and untreated groups (Fig. 2c).

Sequencing results
A total of 53,019,538 sequences passed quality control
and were available for downstream analysis. The dataset
analyzed, which only included infected animals,
comprised 34,193,997 reads with a mean of 39,622 and
standard deviation of 31,034 reads per sample.

Taxonomic classification
On average, only 22.2% of all reads were not classified at
the family level (StdDev 19.3%), whereas the number of
unclassified reads at the genus level was on average 50.6%
(StdDev 23.7%). The most abundant families in the dataset
were Ruminococcaceae (mean 13.5%, StdDev 12.0%)
Enterobacteriaceae (mean 13.4%, StdDev 24.6%),
Aerococcaceae (mean 5.6%, StdDev 7.7%), Lachnospira-
ceae (mean 5.4%, StdDev 5.4%), Corynebacteriaceae (mean
5.2%, StdDev 6.5%), Planococcaceae (mean 5.2%, StdDev
7.9%), Bacillaceae (mean 4.7%, StdDev 5.9%), Clostridia-
ceae (mean 4.5%, StdDev 3.9%), Bacteroidaceae (mean
4.2%, StdDev 3.6%), and Staphylococcaceae (mean 3.6%,
StdDev 6.5%). Detailed information on bacterial profile
per study animal is provided in Additional file 1.

Pre-challenge microbial profile
The microbial profile prior to intramammary infusion of E.
coli (−72 to 0 h) was diverse (Fig. 3). No differences were
observed between challenged, unchallenged, treated, and
untreated groups in the pre-challenge microbiome. The
most abundant families in pre-challenge samples were
Ruminococcaceae (mean 16.8%, StdDev 10.1%), Lachnospir-
aceae (mean 7.0%, StdDev 5.1%), Aerococcaceae (mean
6.8%, StdDev 8.2%), Enterobacteriaceae (mean 6.3%, StdDev
13.5%), Planococcaceae (mean 5.7%, StdDev 9.5%), Bacter-
oidaceae (mean 5.4%, StdDev 3.3%), Corynebacteriaceae
(mean 5.1%, StdDev 7.3%), Clostridiaceae (mean 4.2%,
StdDev 3.1%), Bacillaceae (mean 3.5%, StdDev 3.7%), and
Staphylococcaceae (mean 2.8%, StdDev 4.9%).

Effect of experimental infection with E. coli and
intramammary antimicrobial therapy on milk microbiome
Intramammary infection with E. coli dramatically changed
the milk microbial profile. Before challenge, quarters pre-
sented a very diverse profile, with the family Ruminococca-
ceae being the most abundant, averaging 13.3 and 14.3%
in challenged untreated and challenged ceftiofur groups,
respectively (Fig. 3c, d). After experimental infection with
E. coli, the milk microbiome had a significant increase in
the family Enterobacteriaceae (P < 0.0001) (Fig. 4b), which
represented over 30% of the relative abundance from 12
to 150 h, peaking at 64.7% at 12 h post-challenge in the
untreated group (Fig. 3c). Likewise, animals that eventu-
ally received intramammary treatment had Enterobacteri-
aceae as the predominant group, representing over 30% of
the relative abundance from 12 to 60 h, peaking at 77.9%
at 18 h (Fig. 3d). Intramammary treatment with ceftiofur
hydrochloride did not significantly improve the clearance
rate of Enterobacteriaceae, nor significantly decreased
the relative abundance of Enterobacteriaceae in any
time point when compared to challenged untreated
quarters (Fig. 4c).
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Fig. 2 Effect of experimental infection with Escherichia coli (0 h) and intramammary treatment with ceftiofur hydrochloride (48, 72, 96,
120, and 144 h) on Linear Scores. Effect of challenge and treatment (a, N = 24 quarters), effect of intramammary challenge with
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Fig. 3 Effect of intramammary infection with E. coli and subsequent treatment with ceftiofur hydrochloride (48, 72, 96, 120, and 144 h) on
relative abundance of the 25 most prevalent families in unchallenged untreated quarters (a, N = 11), in unchallenged ceftiofur-infused
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represent experimental infection with 100 CFU of E. coli, and grey circles represent intramammary treatment with ceftiofur
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Fig. 4 Effect of experimental infection with Escherichia coli (0 h) and intramammary treatment with ceftiofur hydrochloride (48, 72, 96, 120, and 144 h) on
relative abundance of Enterobacteriaceae. Effect of challenge and treatment (a, N= 24 quarters), effect of intramammary challenge with Escherichia coli (b,
N= 24) and stratified analysis of covariance assessing the effect of intramammary treatment with ceftiofur hydrochloride in challenged (c, N= 8) and
unchallenged quarters (d, N= 16). Asterisks represent differences after Tukey-Kramer multiple comparison correction and α= 0.05 between groups within
the same time point. Black diamonds represent experimental infection with 100 CFU of E. coli, and grey circles represent intramammary treatment
with ceftiofur
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Fig. 5 Effect of experimental infection with Escherichia coli (0 h) and intramammary treatment with ceftiofur hydrochloride (48, 72, 96, 120, and
144 h) on Shannon diversity index. Effect of challenge and treatment (a, N = 24 quarters), effect of intramammary challenge with Escherichia coli
(b, N = 24) and stratified analysis assessing the effect of intramammary treatment with ceftiofur hydrochloride in challenged (c, N = 8) and
unchallenged quarters (d, N = 16). Asterisks represent differences after Tukey-Kramer multiple comparison correction and α = 0.05 between groups
within the same time point. Black diamonds represent experimental infection with 100 CFU of E. coli, and grey circles represent intramammary
treatment with ceftiofur
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with 100 CFU of E. coli
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The microbial profile of unchallenged quarters was
more diverse than what was observed in the post-
infection challenged quarters (Fig. 3). There was no re-
markable change in the relative abundances of the 25
most abundant families with intramammary treatment
of unchallenged quarters with ceftiofur (Fig. 3b).

Effect of experimental infection with E. coli and
intramammary antimicrobial therapy on bacterial
diversity
Shannon diversity index was high and similar in all
groups previous to experimental infection (Fig. 5a).
Diversity levels sharply decreased after experimental
challenge with E. coli (P < 0.0001), and the lowest diver-
sity was observed between 30 and 78 h post-infection
(Fig. 5a, b). Administration of five doses of ceftiofur in
24-h intervals starting at 48 h post-infection did not
alter bacterial diversity in a consistent manner;
differences were observed in the diversity indexes before
initiation of treatment regimen (at 36 and 48 h).

Nevertheless, Tukey-adjusted comparisons revealed that
ceftiofur-treated animals had significantly different -
diversity indexes at 78, 102, and 180 h relative to
challenge (Fig. 5c). By the end of the study period,
treated and untreated quarters did not present
significantly different diversity (Fig. 5c).
Unchallenged quarters presented high and stable

diversity indexes throughout the study (Fig. 5a, d). No
difference was observed in diversity levels in
unchallenged quarters between control and ceftiofur-
infused quarters.

Effect of pre-challenge linear scores on intramammary
infection with E. coli
Animals that were challenged with 100 CFU of E. coli
and were successfully infected had significantly lower
linear scores in all time points preceding challenge when
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Fig. 7 Biplot depicting weighted UniFrac distances of all samples and
the coordinates of the five most abundant family-level taxa (orange
spheres) in the context of relative abundance of Enterobacteriaceae (a).
Analysis of similarity (ANOSIM) and principal coordinate analysis (PCoA) of
weighted UniFrac distances comparing the effect of challenge, treatment
and time in challenged quarters only (b). For comparison and plotting
purposes, time points were discretized into seven categories

Unassigned 

Enterobacteriaceae 
Ruminococcaceae

Planococcaceae 

Aerococcaceae

Pre-Challenge (-72 to 0h) 

Control (6 to 48h) 
Control (54 to 150h) 
Control (156 to 216h) 

Ceftiofur (6 to 48h) 
Ceftiofur (54 to 150h) 
Ceftiofur (156 to 216h) 

a 

b c 

d 

PC1 (58.55%) 

PC2 (7.43%) 

ANOSIM 
R = 0.132 
P = 0.001 

PC3 (4.09%) 

PC2 (6.15%) 

PC3 (5.12%) PC1 (60.42%) 

ANOSIM 
R = 0.02 
P = 0.305 

ANOSIM 
R = 0.066 
P = 0.057 

PC2 (9.54%) 

PC1 (60.61%) 

PC2 (15.09%) 

ANOSIM 
R = 0.005 
P = 0.415 

PC3 (5.24%) 

PC3 (9.38%) PC1 (20.36%) 

Fig. 8 Multivariate analysis of milk microbiome. Effect of intramammary
infection with E. coli on UniFrac distances and depiction of the five most
abundant family-level taxa. Analysis of similarity (ANOSIM) and principal
coordinate analysis (PCoA) of weighted UniFrac distances comparing
pre-challenge (−72 to 0 h) and post-challenge (6 to 48 h) samples (a).
Weighted UniFrac distances and ANOSIM comparing control and
ceftiofur before initiation of treatment (b) and during treatment (c).
ANOSIM comparing pre-challenge (−72 to 0 h) samples to control and
ceftiofur samples after cessation of treatment (156 to 216 h) (d). For
comparison and plotting purposes, time points were discretized
into categories
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compared to cows that were found not to be infected
with the strain C1 (Fig. 6a). Animals infected with the
challenge strain presented a sharp rise in LS as soon as
18 h after challenge and sustained higher linear scores
throughout the study period when compared to chal-
lenged and uninfected quarters (Fig. 6a). The microbial
profile of uninfected quarters only had an increase in
the relative abundance of the family Enterobacteriaceae
representing 19% of the microbial profile at the 12-h
time point post-challenge (Fig. 6b), whereas infected
quarters had their milk microbiome dominated by the
family Enterobacteriaceae which represented over 75%
of the relative abundance at the 12-h time point post-
challenge and accounted for over 30% of the microbial
profile until 132-h post-challenge (Fig. 6c).

Multivariate analysis of milk microbiome and effect of
intramammary antimicrobial therapy
The relative abundance of the family Enterobacteria-
ceae was the main driver of the variation on weighted
UniFrac distances in the dataset comprised of all
samples from infected cows (Fig. 7a). Samples from
challenged quarters were discretized into seven cat-
egories according to time relative to the experimental
challenge, as well as the treatment group. A signifi-
cant difference in the milk microbiome was detected
between the seven categories in ANOSIM, which was
corroborated by a clustering observed in weighted
UniFrac PCoA (Fig. 7b). Analysis of composition of
microbiomes identified ten OTUs that significantly
differed between groups, four of which were assigned
to the family Enterobacteriaceae, one was assigned to
the family Planococcaceae, and five OTUS were not
taxonomically assigned at the family level (Additional
file 2).
Stratified ANOSIM revealed a significant difference when

the microbiome pre-challenge (−72 to 0 h) was compared
to post-challenge pre-treatment (6 to 48 h). Grouping was
observed in weighted UniFrac PCoA, with the family En-
terobacteriaceae being the main driver of variation in this
comparison (Fig. 8a). Seven OTUs were deemed signifi-
cantly different between groups in ANCOM, two of which
were assigned to the family Enterobacteriaceae, and five of
which were not taxonomically assigned at the family level
(Additional file 3).
The microbiome of samples from challenged treated

and challenged untreated quarters were compared
through ANOSIM before initiation of treatment (6 to
48 h) and during treatment administration (54 to 150 h).
No differences were detected between treatment and
control group in either ANOSIM or weighted UniFrac
PCoA before initiation of treatment (Fig. 8b) or during
treatment administration (Fig. 8c). When the micro-
biome of pre-challenge samples was compared to the of

samples collected after treatment cessation (156 to
216 h) through ANOSIM no significant differences were
identified, which was corroborated through the lack of
grouping in weighted UniFrac PCoA (Fig. 8d). In an at-
tempt to identify if quarters that were not successfully
infected after experimental infection had a different
pre-challenge microbiome from quarters that were
successfully infected, we performed ANOSIM in pre-
challenge samples. No difference was observed on the
milk microbiome prior to experimental infection be-
tween challenged infected and challenged uninfected
quarters (ANOSIM R = −0.17, P = 0.99). In agreement
with ANOSIM, PCoA of weighted UniFrac distances did
not reveal any clustering pattern (data not shown). All
samples from an individual animal were sequenced in
order within a run; batch effects that could have arisen
due to samples being sequenced in six different runs
were examined through weighted UniFrac PCoA, and no
clustering due to sequencing run was observed (data not
shown).

Discussion
We have used an in vivo experimental model of bovine
mastitis and state-of-the-art technology to describe in
detail the dynamic changes that the milk microbiome
undergoes upon infection, treatment, and resolution of
mastitis. To the best of our knowledge, this is the first
study to investigate an experimental challenge of bovine
mastitis using next-generation sequencing, and the first
investigation on the effects of third-generation cephalo-
sporins on the endogenous microbiota of healthy milk.
Here, we show that extended intramammary treatment
with ceftiofur has no effect on the microbiome of milk
from E. coli-induced mastitis. Using multivariate analysis
of weighted UniFrac distances and ANOSIM, we
demonstrate that the milk microbiome returns to a simi-
lar state to that of unchallenged quarters 9 days after
experimental intramammary infection with E. coli, re-
gardless of receiving antimicrobial therapy. Our results
show a significant decrease on the LogCFUs recovered
from milk samples in challenged and treated quarters;
however, no beneficial effect of antimicrobial treatment
was observed in somatic cell count, rate of decrease of
Enterobacteriaceae, or microbial diversity in quarters
challenged with E. coli.
We observed a dramatic decrease in microbial

diversity following the experimental challenge with
100 CFU of E. coli. Other studies that investigated infec-
tions in both human [55] and bovine milk [28, 29, 33]
have also reported that reduced microbial diversity was
associated with mastitis. Interestingly, we observe here
that diversity indexes of challenged quarters returned to
indexes comparable to uninfected quarters by the end of
the study period. This is similar to the results observed
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by our group in a study that investigated the micro-
biome of animals naturally infected with mastitis [34]. It
is important to highlight that experimental infections
such as the one carried out in this study are performed
in a limited number of animals because of ethical and
monetary reasons; therefore, it is possible that statisti-
cally significant differences could not be identified here
because of the lack of power.
Treatment of challenged quarters with ceftiofur signifi-

cantly decreased LogCFUs; however, this effect could
only be observed during treatment administration, with
no significant differences in LogCFUs detected 12 h after
the last intramammary infusion (156-h post-challenge).
These findings are in agreement with our previous study
[34] that investigated the effect of ceftiofur in animals
naturally infected with mastitis. In that study, we were
able to identify a significant reduction in bacterial load
of treated animals as measured through a number of 16S
rRNA copies during treatment administration; on the
other hand, we failed to identify any differences in
bacterial load after cessation of treatment. Despite the
significant drop in LogCFUs observed in treated
challenged quarters, we could not identify a treatment
effect in the relative abundance of Enterobacteriaceae.
Taking in consideration the significant reduction in live
bacteria detected in the present study, it is possible that
the relative abundance of bacteria remains unchanged
but treatment with ceftiofur has an effect in impairing
the viability of bacteria exposed to the antimicrobials.
Herein, we were unable to recognize a treatment effect

neither on the rate of change of Enterobacteriaceae nor
in the overall microbial profile of challenged quarters.
These findings are in agreement with our previous work
[34], in which no significant differences were observed
in the rate of decrease of Enterobacteriaceae in animals
naturally infected with E. coli. Moreover, we failed to
identify a significant effect of treatment on the total milk
microbiome as measured by ANOSIM, which is in line
with the results from our earlier investigation. Several
studies have investigated the effect of ceftiofur in food
animals [56–58]; however, these studies evaluated paren-
teral or oral administration of ceftiofur in different
microbiome niches, such as the gut. To the best of our
knowledge, our group is the first to evaluate the effect of
intramammary ceftiofur in bovine milk. The effect of
chemotherapy in human milk microbiome and metabo-
lome has been previously reported [59]. In bovine milk,
modifications in the metabolome have also been
described after the use of parenteral enrofloxacin [60].
The evidence of ceftiofur-induced modifications in the
microbiome of food animals and the indication of
possible drug-induced changes in milk prompt further
investigation to simultaneously characterize the effects
of cephalosporins in the mammary gland microbiome,

metabolome, and resistome. It is possible that the
observed lack of change in the relative abundance could
be accompanied by differences in the metabolic profile
of bacteria exposed to antimicrobials. Using technologies
such as shotgun metagenomics, metabolomics, and
proteomics [61], we could detect differences not evident
by 16S rRNA sequencing, and conclusions about the
effects of cephalosporins in the diseased mammary gland
may change.
In our study we observed a dramatic change on the

milk microbial profile upon infection with E. coli.
Nevertheless, the most remarkable result of this investi-
gation was the lack of discrimination between the
microbiome of pre-challenge samples and the micro-
biome of milk samples from the same quarters collected
after disappearance of clinical signs. Multivariate analysis
of milk microbiome identified a significant difference
when pre-challenged samples were compared to the
ones collected in the first 2 days after challenge (−72 to
0 h versus 6 to 48 h). However, we failed to identify any
differences between the microbiome of treated and
untreated quarters during treatment administration
(time points 54 to 150). Interestingly, no difference
could be observed in the overall microbiome assessed
through ANOSIM between groups after treatment cessa-
tion, indicating that the milk microbiome is capable of
returning to the original microbial status. The restor-
ation of the microbiota to a healthy milk profile is in line
with the findings of our investigation in naturally
infected animals, in which no differences on the micro-
biome of healthy quarters and cured quarters could be
observed 14 days after diagnosis of mastitis. Conversely,
work by Falentin et al., [32] identified long-lasting effects
in quarters with normal milk that had a history of mas-
titis and suggested that such effects could be due to clin-
ical mastitis and the antimicrobials used for the
treatment thereof. Nevertheless, work performed by that
group consisted of a cross-sectional study, and several
components related to study design, sample collection,
and the pathogens associated with mastitis in those
animals could contribute for differences in the findings
between the two studies. Those authors identified high
abundance of members of the family Staphylococcaceae,
with some samples having as much as 30% of staphylo-
cocci reads assigned to S. aureus, which is known to
have adapted to persist in the mammary environment,
and attach to the cell lining [62]. Regardless of S. aureus
and E. coli both being considered major mastitis
pathogens, the mammary environment is known to be a
reservoir of Staphylococcus while E. coli is mainly con-
sidered an environmental mastitis-causing bacteria [62].
Antimicrobial infusion in healthy mammary glands

did not have a significant effect in the microbial pro-
file. This was an interesting finding, given that
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alterations in the flora of healthy individuals exposed
to antimicrobials favoring the blooming of pathogenic
bacteria have been described [63]. Previous reports of
mastitis outbreaks following “blitz” therapy [64],
which consists in intramammary treatment of all
lactating animals in the herd for elimination of a
contagious pathogen, led us to hypothesize that shifts
in the microbiome of healthy milk would occur in
consequence to antimicrobial exposure, as it has been
observed in other niches [58, 63]. Nevertheless,
intriguing work by Zaura and colleagues [65] have
reported a surprising resilience of the salivary
microbiome upon exposure to different antimicrobials.
While authors of the latter study observed significant
and long-lasting changes in the fecal microbiome, the
microbiome of the saliva presented only short-term
ecological consequences, representing two radically
different responses in two niches of the same individ-
uals. It is possible that the microbiome of the
mammary gland present itself as stable and resilient,
comparable to what was observed in the salivary
microbiome. This hypothesis is corroborated by the
highly diverse microbiome of healthy milk described
in many studies [61, 66, 67]. One could also speculate
that the healthy milk microbiome does not contain
strains of bacteria that are resistant to ceftiofur and
capable of taking advantage due to the lack of
competition imposed by antimicrobial exposure. On
the contrary of what is observed in the gut, the very
low bacterial load in healthy milk reported in our
former study might indicate that the milk microbial
environment is not as competitive and is less favor-
able to the overgrowth of bacteria and subsequent
change in the microbial profile.
In this study, three out of the 12 challenged cows did

not develop an infection following the challenge with E.
coli. Several factors could account for this occurrence,
most importantly the fact that these animals had signifi-
cantly higher SCC in the time points prior to experimental
infection. This finding is in agreement with Schukken [62]
and Burvenich [68] which have reported that the success
of any intramammary infection is dependent upon the
stage of lactation and the initial amount of milk
leukocytes. In addition, our data follows the reasoning of
Burvenich [68], which stated that the severity and
outcome of E. colimastitis are cow-dependent, rather than
entirely pathogen-dependent; however, it is important to
highlight that in our study, we have evaluated infection
with a single-characterized strain of E. coli. The dynamics
of E. coli-associated mastitis and its resolution are multi-
factorial, involving aspects of the animal’s immune system
and features of the pathogen involved [69, 70]. Due to the
anatomic structure of the udder, it is generally assumed
that infection in one quarter should not affect the immune

status of neighboring quarters. Recent studies have con-
tested this hypothesis, providing evidence of interdepend-
ence between infected and healthy quarters [71, 72].
Jensen and colleagues [73] have evaluated the transcrip-
tional response of uninfected quarters in animals chal-
lenged with two major mastitis pathogens and described
that the response in non-affected quarters was greater in
animals with E. coli-associated mastitis [73]. Although
other immune parameters were not evaluated in the
current study, the numerical increase in somatic cell count
in unchallenged quarters after intramammary infection
with E. coli observed here is in agreement with Jensen et
al., [73] and Blagitz et al., [71], indicating that the immune
response in the mammary gland is to some extent influ-
enced by the status of adjacent quarters.

Conclusion
We have demonstrated here that the bovine mammary
gland harbors a resilient microbiome, capable of reestab-
lishing itself after dramatic changes due to an infectious
event with an environmental pathogen. While all cows
were inoculated with the same bacterial load, unique re-
sponses were observed in different animals. No differ-
ences were observed in the microbial profile of
unchallenged mammary glands that were exposed to ex-
tended intramammary antimicrobial therapy. The milk
microbiome was shown to be diverse and stable, indicat-
ing that bacteria within the mammary gland are tightly
regulated. Our results corroborate for judicious use of
antimicrobials in the dairy industry, demonstrating that
due to the resilience of the mammary gland microbiome,
certain cases of mastitis are capable of resolving inde-
pendently the use of intramammary antimicrobials.
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