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Abstract: Antibiotics are frequently used to treat dairy cows with mastitis. However, the potential
effects of β-lactam antibiotics, such as cephalosporins, on the fecal microbiome is unknown. The
objective was to investigate the effects of ceftiofur and cefquinome on the fecal microbiota and
antibiotic resistance genes of dairy cows with mastitis. The fecal samples were collected from 8 dairy
cows at the following periods: the start day (Day 0), medication (Days 1, 2, and 3), withdrawal (Days
4, 6, 7, and 8), and recovery (Days 9, 11, 13, and 15). 16S rRNA gene sequencing was applied to
explore the changes in microbiota, and qPCR was used to investigate the antibiotic resistance genes.
The cephalosporin treatment significantly decreased the microbial diversity and richness, indicated
by the decreased Shannon and Chao 1 indexes, respectively (p < 0.05). The relative abundance
of Bacteroides, Bacteroidaceae, Bacteroidales, and Bacteroidia increased, and the relative abundance of
Clostridia, Clostridiales, Ethanoligenens, and Clostridium IV decreased at the withdrawal period. The
cephalosporin treatment increased the relative abundance of β-lactam resistance genes (blaTEM and
cfxA) at the withdrawal period (p < 0.05). In conclusion, the cephalosporin treatment decreased the
microbial diversity and richness at the medication period, and increased the relative abundance of
two β-lactam resistance genes at the withdrawal period.

Keywords: dairy cow mastitis; cephalosporin; fecal microbiota; antibiotic resistance genes

1. Introduction

Mastitis is regarded as one of the most frequent diseases in the dairy cows. Mastitis
can directly and/or indirectly affect milk hygienic quality [1] and can lead to a substantial
loss in milk production [2,3]. The average economic losses due to mastitis are estimated
at around USD 325 per cow per year [4]. About 24% of antibiotics in the dairy industry
are used for mastitis treatment and around 44% for mastitis prevention [5]. Antibiotic
usage (both oral and injection) has a profound influence on the microbiome of animal
feces, leading to an increase in the relative abundance of antibiotic resistance genes [6,7].
There is also a concern that due to the continued antibiotic use to prevent or treat mastitis,
antimicrobial resistance will greatly increase the difficulty and cost of treatment [8]. It
is reported that the chlortetracycline treatment promoted the abundance of tetracycline
resistance genes such as tet(A) and tet(W) [6]. It was reported that 27% of oxytetracycline
was excreted from the gastrointestinal tract when this antibiotic was injected into cattle, and
therefore the microbiota in the feces were exposed to the antibiotic [7]. Antibiotic resistance
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genes (ARGs) can be transferred into the environment and pose a high risk to soil ecology
and public health [9]. The abundance of ARGs in fertilized greenhouse soils was higher
than that in field soil [10].

Cephalosporins are frequently used in veterinary medicine to treat bacterial infec-
tions [11]. Ceftiofur is a third-generation cephalosporin that was approved for veterinary
use to treat various Gram-negative bacterial infections. Ceftiofur is also one of the most
used antibiotics in dairy cows to treat mastitis, metritis, and respiratory diseases [12], and
is the only third-generation cephalosporin approved for veterinary use in the USA [13].
Cefquinome is a fourth-generation cephalosporin developed solely for veterinary use.
Cefquinome can treat the infections caused by Staphylococcus aureus, Streptococcus suis
Serotype 2, and Escherichia coli [14–16]. It was reported that bacteria in animals can develop
resistance to cefquinome [17,18]. A Swiss study found up to 44% of Escherichia coli isolates
resistant to cefquinome [19]. There is a reasonable concern that the use of cefquinome
in cows could increase the expression of β-lactam genes, which may deliver resistance
to cephalosporins [11]. Resistance to cephalosporin was related to the production of β-
lactamases [20]. It is reported that β-lactamase encoding genes, such as blaTEM, blaCMY,
blaSHV, and cfxA, confer resistance to ceftiofur [11,21]. To date, no research has investigated
the effect of cephalosporins on the fecal microbiome of mastitis cows.

The objective was to investigate the alterations in fecal microbiota and the antibiotic
resistance genes following cephalosporin treatment of mastitis cows.

2. Results
2.1. Animal Weight Gain, and 16S rRNA Gene Sequencing Overview

None of the dairy cows in this research received any other antibiotic treatments. The
dairy cows were weighed prior to the medication and the recovery period. The growth
rate of the dairy cows was not influenced by the antibiotic medication (p > 0.05). The raw
reads of sequences per sample ranged from 35,133 to 105,031. After cleaning, the tags of
sequences per sample ranged from 33,984 to 102,801. The OTU numbers ranged from 795
to 2344.

2.2. α Diversity

The rarefaction analysis performed for each fecal sequence dataset retrieved rarefaction
curves. The result suggested that the sample size was large enough to represent the bacterial
diversity present in the communities (Figure 1). Microbial diversity within the α diversity
was measured by richness (Chao 1) and diversity indices (Shannon and Simpson). The
average values of the Shannon diversity index and the average Chao 1 index for the
microbiota were similar among the different periods, which both decreased significantly
at the medication period (p < 0.05), suggesting that the total number of species and the
abundance of microbiota were all decreased. However, the mean values of the Simpson
index did not show significant differences among the different periods (Figure 2).
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Figure 1. The rarefaction analysis performed using mothur. The rarefaction curve based on the
species diversity showed sufficient coverage for the sequences. The first letter of the number (A–H)
represented the different cows. X0, X (X1, X2, X3), Y (Y1, Y3, Y4, Y5), and Z (Z1, Z3, Z5, Z7) indicate
the periods Day 0, medication, withdrawal, and recovery, respectively.
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Figure 2. (a) Chao 1 richness index of samples from four different periods. (b) Shannon diversity
index of samples from four different periods. (c) Simpson diversity index of samples from four
different periods. Different lowercase letters within each sampling group represent significantly
different means (p < 0.05). X0, X, Y, and Z indicate the periods Day 0, medication, withdrawal, and
recovery, respectively.

2.3. Microbial Community Analysis

The distribution of the most abundant classes and families in the fecal samples are
displayed in Figures S1 and S2. In the feces, bacteria are the main microbes. At the class
level, Clostridia was the most abundant bacterium at all four periods, accounting for about
60% of all bacteria, followed by Bacteroidia, Actinobacteria, and Erysipelotrichia. These four
classes accounted for over 85% of all bacteria (Figure S1). At the family level, a total of
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50 taxa were detected in the feces. Ruminococcaceae, Lachnospiraceae, Bifidobacteriaceae, and
Porphyromonadaceae were the four most abundant (Figure S2).

To obtain further insights, the statistical differences in genera in the fecal samples
were analyzed using the Vegan R package. At the genus level, Bifidobacterium, Sporobacter,
Bacteroides, Clostridium sensu stricto, Romboutsia, and Ruminococcus dominated the fecal
samples (Figure 3a). Bifidobacterium belongs to Actinobacteria; Sporobacter, Clostridium sensu
stricto, Romboutsia, and Ruminococcus belong to Firmcutes; and Bacteroides belongs to Bac-
teroidetes (Figure 3a). Roseburia was more abundant when antibiotics were used. The relative
abundance of Bacteroides, Bacteroidaceae, Bacteroidales, and Bacteroidia increased with the
cephalosporin treatment, and the relative abundance of Clostridia, Clostridiales, Ethanoli-
genens, and Clostridium_IV decreased (Figure 3b). At the recovery period, the relative
abundance of Clostridium XI, Peptostreptococcaceae, Verrucomicrobiales, Verrucomicobiae, Verru-
comicrobia, Akkermansia, and Verrucomicrobiaceae increased in the fecal samples (Figure 3b).
Figure S3 displays that the antibiotics were effective in reducing or preventing the growth
of Moraxellaceae.
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Figure 3. Alterations in bacterial genera abundance in the feces at different periods. (a) Selected genera
belonging to a different phylum with significantly different abundances in the feces. (b) Lefse analysis
histogram; different colors represent different groups. The horizontal axis is the LDA score obtained
after LDA analysis, and the vertical axis is the group of microorganisms with significant effects.
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2.4. Antibiotic Resistance Genes

The proportions of sixteen antibiotic resistance genes (cfxA, blaROB, blaCMY, mecA,
blaCTX-M, bla1, blaTEM, strA, strB, erm(A), erm(B), sul1, sul2, tet(A), tet(B), tet(C), tet(H), tet(Q),
vanC and vanG) in fecal samples from four different sampling periods were quantified.
Among these 20 resistance genes, only eight genes (cfxA, blaTEM, blaCMY, strB, tet(A), tet(B),
tet(C) and tet(Q)) showed Cq values during detection in fecal samples. Ceftiofur and
cefquinome significantly increased the proportion of blaTEM and cfxA in the feces at the
withdrawal period when compared with Day 0 (Figure 4). Other resistance genes were
not affected by the antibiotic treatment (data not shown). At the recovery period, the
proportion of cfxA was significantly decreased compared with the withdrawal period, but
the proportion of blaTEM was not changed significantly.
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Figure 4. Proportion of the antibiotic resistance genes (a) blaTEM and (b) cfxA compared with the 16S
rRNA gene. Different lowercase letters suggest significantly different means (p < 0.05). X0, X, Y, and
Z indicate the periods Day 0, medication, withdrawal, and recovery, respectively.
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3. Discussion

Antibiotics such as piperacillin/tazobactam (TZP) or ceftriaxone (CRO) have signifi-
cantly decreased the diversity of the microbiome in feces of mice, and dysbiosis was more
obvious and prolonged after five days of CRO exposure [22]. These studies supported our
results that antibiotics can decrease the diversity in feces at the medication period.

It was reported that the relative abundance of class Bacteroidia was increased and
the relative abundance of class Actinobacteria was decreased in experimental cattle after
3 days of ceftiofur exposure [11]. It was similar to our study that the relative abundance of
Bacteroidia was increased in feces at the medication period. It was also reported that the
Bacteroides strains isolated from human infections contained β-lactamase genes, which re-
duced sensitivity to antibiotics [23]. Therefore, we speculated that the increase in Bacteroidia
at the medication period may be related to the increase of β-lactam resistance genes.

The blaTEM has been reported to have a high prevalence in the ceftiofur-resistant
bacteria of swine tissues [24]. In accordance with our previous study, the blaTEM in milk
that were collected from the cows was significantly increased (p < 0.05) after 3 days of
cephalosporin exposure [25]. It was also reported that blaTEM was one of the most abundant
ARGs in the feces from a pig farm [26]. In the present study, the β-lactamase encoding
genes blaTEM and cfxA were significantly increased (p < 0.05) at the withdrawal period.
cfxA was considered to be the most abundant β-lactam ARG in ceftiofur-treated cattle
feces [11]. cfxA was also found to be an important gene encoding β-lactamase in Bacteroides
spp. [27]. Avelar et al. [28] detected the cfxA gene in 11 Bacteroides spp. strains among a
total of 73 strains. So, there may be a close correlation between the Bacteroides in the feces
and the increased genes encoding β-lactam.

The milk microbiota richness of mastitis cows treated with cephalosporins did not
decrease [25]. In the present study, we investigated the effect of cephalosporins on the
feces of cows. The results suggested that the cephalosporin treatment indeed affected the
abundance of the microbiota in feces, with a decreased richness and decreased diversity,
suggesting that antibiotics may have a more pronounced effect on the gut than milk. It
may be because the ceftiofur sodium has a pKa value of 3.7 and insufficient lipid-soluble
properties to penetrate breast milk [29]. It was reported that when the cattle were treated
with ceftiofur, the β-lactam ARGs in feces were increased, and the ceftiofur-resistant E. coli
isolates from the feces were greater compared to control cattle [30]. In a recent study that
used qPCR to detect β-lactam ARGs, they were found to be increased in the feces of cows
treated with ceftiofur compared to cows without ceftiofur treatment [11]. Considering the
proportion of blaTEM and cfxA in feces during the withdrawal period in this study, it seems
that the feces might be an important reservoir of the blaTEM and cfxA genes. Other studies
have also confirmed that animal feces are an important reservoir of ARGs [23].

Although none of the cattle received tetracyclines during the period of the study,
some antibiotic resistance genes coding for tetracycline resistance (tet(W) and tet(Q)) were
detected but did not significantly change at the different periods (data not shown). This may
be because the treatment of a kind of antibiotic can provide selective pressure to maintain
other unassociated resistance genes by linking to mobile genetic elements (MGEs) [31].
The co-transfer of erm(B) and tet(M) in the presence of erythromycin has been reported
in Streptococcus pyogenes isolates [32], and the colocalization of mef A, aphA3, tet(Q), and
IS614 was observed in a transposon of Bacteroide [33]. It has been reported that MGEs
promote the mobilization and spread of ARGs in bacteria. High concentrations of ARGs are
considered a risk to public health because the ARGs can transfer from the manure compost,
becoming pathogens in agricultural soil [23]. The resistant bacteria and resistance genes in
the feces can also be seen as a serious problem because they may transfer among cattle and
result in antibiotic treatment failure. Therefore, the appropriate use of antibiotics in dairy
cattle is an important process to avoid the spread of ARBs and ARGs.



Antibiotics 2022, 11, 117 9 of 13

4. Materials and Methods
4.1. Animals and Sample Collections

Fecal samples were collected from a dairy farm in Tianjin city, China. The dairy
cows were judged to suffer from clinical mastitis by a veterinarian based on the obvious
symptoms of redness of either udder, milk curdling, discoloration, and when the somatic
cell count in milk was more than 500,000 cells/mL. The somatic cell count was calculated
by the California mastitis test (CMT). A total of 8 primiparous mastitis-affected Holstein
dairy cows (one quarter was infected; 560–686 kg body weight; 105–226 days in milk;
34.26–39.12 kg of milk per day) were selected. The cows had not been treated with any
antibiotics prior to the study. According to the uniform regulations of the dairy farm, these
mastitis cows were housed individually in a well-ventilated barn and fed a totally mixed
ration three times daily. Prior to antibiotic treatment, feces from these cows were collected
from the rectum by the veterinarian, grabbed with sterile groves. Approximately 300 g of
feces collected for the first time were discarded to prevent contamination. Then 100 g of the
fresh samples were immediately placed into a 200 mL-sterile plastic bottle to avoid exposure
to the environment. The cows were then injected with ceftiofur sodium for injection (Qilu
animal health products co., LTD, Shandong, China) into the muscle (2 mg/kg body weight),
and with a cefquinome sulfate intermammary infusion (Qilu animal health products co.,
LTD, Shandong, China) into the teat canal of the mastitis-affected quarter (0.75 ng/kg body
weight) by the veterinarian once per day from Day 1 to Day 3. The somatic cell counts in
milk returned to normal values (<200 thousand cells/mL), and the dairy cows stopped
receiving the antibiotics after Day 3. The milk was tested by Delvotest SP-NT (DSM Food
Specialities R&D, Delft, The Netherlands) according the manufacturer’s instructions to
ensure that the antibiotics were not detected in the milk on Day 9. The feces of all dairy
cows were then sampled at Days 1, 2, 3, 4, 6, 8, 9, 11, 13, and 15 (Figure 5). Day 0 referred
to the start day; Days 1 to 3 were classified as the medication period; Days 4 to 8 were
classified as the withdrawal period; and Days 9 to 15 were classified as the recovery period.
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Figure 5. Timeline for fecal sampling. Sampling days are displayed above the black lines. The
antibiotic treatments are noted at Days 1, 2, and 3. X0, X, Y, and Z indicate the periods Day 0,
medication, withdrawal, and recovery, respectively.
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4.2. DNA Extraction

Total DNA was extracted from 500 mg of each fecal sample using the E.Z.N.A™
Mag-Bind Soil DNA Kit (OMEGA, Norcross, GA, USA), according to manufacturer’s
instructions. The DNA samples’ quality and concentration were measured using a Qubit
3.0 DNA detection kit (Life Technologies, Grand Island, NY, USA). These DNA samples
were stored at −80 ◦C for further genotypic quantification.

4.3. PCR Amplification

The V3–V4 region of the 16S rDNA was amplified by PCR (94 ◦C for 3 min, 94 ◦C for
30 s, 45 ◦C for 20 s, and 65 ◦C for 30 s for 5 cycles). Illumina bridge PCR compatible primers
were introduced in the second round of PCR amplification at 94 ◦C for 20 s, 55 ◦C for 20 s,
and 72 ◦C for 30 s for 20 cycles, and finally extended at 72 ◦C for 5 min using primers
341F: CCTACGGGNGGCWGCAG; 805R: GACTACHVGGGTATCTAATCC [34]. Triplicate
PCR reactions were performed with 30 µL of the mixture containing 15 µL of 2 × Hieff®

Robust PCR Master Mix, 1 µL of Primer F, 1 µL of primer R, 10–20 ng template DNA or
PCR products, and H2O was added to 30 µL. All PCR reagents were from TOYOBO, Japan.

4.4. Illumina Novaseq 6000 Sequencing

The amplicons were extracted from a 2% agarose gels and purified using the SanPrep
DNA Gel Extraction Kit (SANGON Biotechnology, Shanghai, China), according to the
manufacturer’s instructions, and quantified using the ABI Step One Plus Real-Time PCR
System (Life Technologies, Foster City, CA, USA). Purified amplicons were concentrated in
equimolar and paired-end sequenced (PE250) on the Illumina platform according to the
standard protocols.

4.5. Quantification of Antibiotic Resistance Genes

The quantity of 20 antibiotic resistance genes was evaluated using qPCR, as described
previously [7]. In brief, genes conferring resistance to beta-lactams (cfxA, blaROB, blaCMY,
mecA, blaCTX-M, bla1, and blaTEM), aminoglycosides (strA and strB), macrolides (erm(A) and
erm(B)), sulfonamides (sul1 and sul2), tetracyclines (tet(A), tet(B), tet(C), tet(H) and tet(Q)),
and vancomycin (vanC and vanG) were evaluated. The primer sequences used were as
previously described in Huang et al. [35]. These genes were normalized against the 16S
rRNA gene, which was also quantified by qPCR. The 16S rRNA gene was amplified using
the 357-F: 5′-CCTACGGGAGGCAGCAG-3′ and 518-R: 5′-ATTACCGCGGCTGCTGG-3′

primers that were also used to generate the 16S rRNA gene libraries.

4.6. Statistical Analysis

Raw data including adapters or low-quality reads would affect the assembly and
following analysis. Therefore, in order to obtain high quality clean reads, FASTP [36]
(version 0.18.0) was used to further filter the original reads according to the following
rules. The UPARSE [37] (version 9.2.64) pipeline was used to cluster the effective tags into
operational taxonomic units (OTUs) with similarity ≥ 97 %. This package was also used
to calculate the Jaccard and Bray–Curtis distance matrix. The α-diversity indexes, such as
Chao 1, Shannon, and Simpson, were calculated in QIME [38] (version1.9.1). The rarefaction
analysis was performed using the mothur [39]. The alpha index comparison among groups
was calculated by Tukey’s HSD test and the Kruskal–Wallis H test using the Vegan package
in R [40]. Linear discriminant analysis effect size (LEfSe) was used to determine which
microorganisms were significantly different among groups [41]. The antibiotic resistance
gene comparison among groups was statistically analyzed using ANOVA with Tukey’s
multiple comparison test by SPSS software version 24.0 (SPSS, Inc., Chicago, IL, USA).

5. Conclusions

This study provides a snapshot of the changes in the fecal microbiota and resistome
affected by cephalosporins. The richness and diversity of the bacterial communities were
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significantly decreased at the medication period. The relative abundance of Bacteroides, Bac-
teroidaceae, Bacteroidales, and Bacteroidia increased, and the relative abundance of Clostridia,
Clostridiales, Ethanoligenens, and Clostridium IV decreased at the withdrawal period. This
research suggests that cephalosporins had a measurable and immediate effect on the fe-
cal microbiota. However, the cephalosporins increased the proportion of the β-lactam
genes blaTEM and cfxA at the withdrawal period. The long-term (>10 days) effect of the
cephalosporin treatment on the fecal microbiota and resistome are worthy of further in-
vestigation. At the same time, it is important to develop the appropriate management to
control the transfer of ARGs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics11010117/s1, Figure S1: Microbiota composition at the class level samples from
different periods. The top four family were descripted for each period, and all other family were
grouped for “Other” or “Unclassified”. X0, X, Y, and Z indicates the periods of day 0, medication,
withdrawal, and recovery, Figure S2: Microbiota composition at the family level samples from
different periods. The top four family were descripted for each period, and all other family were
grouped for “Other” or “Unclassified”. X0, X, Y, and Z indicates the periods of day 0, medication,
withdrawal, and recovery, Figure S3: Alterations of bacterial genera abundance in the feces at different
periods, heatmap showing the microbiota profile in the different periods, the blue color represents
lower abundance of the microbiota and red color indicates the higher abundance.
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Proteomics of inflammatory and oxidative stress response in cows with subclinical and clinical mastitis. J. Proteom. 2012, 75,
4412–4428. [CrossRef] [PubMed]

4. Huijps, K.; Lam, T.J.; Hogeveen, H. Costs of mastitis: Facts and perception. J. Dairy Res. 2008, 75, 113–120. [CrossRef]
5. Kuipers, A.; Koops, W.J.; Wemmenhove, H. Antibiotic use in dairy herds in the Netherlands from 2005 to 2012. J. Dairy Sci. 2016,

99, 1632–1648. [CrossRef]
6. Xiong, W.; Wang, Y.; Sun, Y.; Ma, L.; Zeng, Q.; Jiang, X.; Li, A.; Zeng, Z.; Zhang, T. Antibiotic-mediated changes in the fecal

microbiome of broiler chickens define the incidence of antibiotic resistance genes. Microbiome 2018, 6, 34. [CrossRef]
7. Holman, D.B.; Yang, W.; Alexander, T.W. Antibiotic treatment in feedlot cattle: A longitudinal study of the effect of oxytetracycline

and tulathromycin on the fecal and nasopharyngeal microbiota. Microbiome 2019, 7, 86. [CrossRef]
8. Kaniyamattam, K.; Vries, A.D.; Tauer, L.W.; Grhn, Y.T. Economics of reducing antibiotic usage for clinical mastitis and metritis

through genomic selection-sciencedirect. J. Dairy Sci. 2020, 103, 473–491. [CrossRef]
9. Bengtsson-Palme, J.; Larsson, D.G.J. Antibiotic resistance genes in the environment: Prioritizing risks. Nat. Rev. Microbiol. 2015,

13, 396. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/antibiotics11010117/s1
https://www.mdpi.com/article/10.3390/antibiotics11010117/s1
http://doi.org/10.1080/01652176.2007.9695224
http://www.ncbi.nlm.nih.gov/pubmed/17471788
http://doi.org/10.1016/S0378-4320(03)00133-7
http://doi.org/10.1016/j.jprot.2012.05.021
http://www.ncbi.nlm.nih.gov/pubmed/22634041
http://doi.org/10.1017/S0022029907002932
http://doi.org/10.3168/jds.2014-8428
http://doi.org/10.1186/s40168-018-0419-2
http://doi.org/10.1186/s40168-019-0696-4
http://doi.org/10.3168/jds.2018-15817
http://doi.org/10.1038/nrmicro3399-c1
http://www.ncbi.nlm.nih.gov/pubmed/25915637


Antibiotics 2022, 11, 117 12 of 13

10. Fang, H.; Wang, H.; Cai, L.; Yu, Y. Prevalence of antibiotic resistance genes and bacterial pathogens in long-term manured
greenhouse soils as revealed by metagenomic survey. Environ. Sci. Technol. 2015, 49, 1095–1104. [CrossRef]

11. Chambers, L.; Yang, Y.; Littier, H.; Ray, P.; Zhang, T.; Pruden, A. Metagenomic analysis of antibiotic resistance genes in dairy cow
feces following therapeutic administration of third generation cephalosporin. PLoS ONE 2015, 10, e0133764. [CrossRef] [PubMed]

12. Foster, D.M.; Jacob, M.E.; Farmer, K.A.; Callahan, B.J.; Papich, M.G. Ceftiofur formulation differentially affects the intestinal
drug concentration, resistance of fecal Escherichia coli, and the microbiome of steers. PLoS ONE 2019, 14, e0223378. [CrossRef]
[PubMed]

13. USDA. Dairy 2014. Milk Quality, Milking Procedures, and Mastitis in the United States; USDA–APHIS–VS–CEAH–NAHMS; USDA:
Washington, DC, USA, 2016.

14. Wang, J.; Shan, Q.; Ding, H.; Liang, C.; Zeng, Z. Pharmacodynamics of cefquinome in a neutropenic mouse thigh model of
Staphylococcus aureus infection. Antimicrob. Agents Chemother. 2014, 58, 3008–3012. [CrossRef]

15. Zhou, Y.; Zhao, D.; Yu, Y.; Yang, X.; Shi, W.; Peng, Y. Pharmacokinetics, bioavailability, and PK/PD relationship of cefquinome for
Escherichia coli in beagle dogs. J. Vet. Pharmacol. Ther. 2015, 38, 543–548. [CrossRef]

16. Guo, C.; Liao, X.; Wang, M.; Wang, F.; Yan, C. In vivo pharmacodynamics of Cefquinome in a neutropenic mouse thigh model
of Streptococcus suis serotype 2 at varied initial inoculum sizes. Antimicrob. Agents Chemother. 2016, 60, 1114–1120. [CrossRef]
[PubMed]

17. Li, Y.; Feng, B.; Gu, X.; Yang, D.; Zeng, Z.; Zhang, B.; Ding, H. Correlation of PK/PD Indices with Resistance Selection for
Cefquinome against Staphylococcus aureus in an In Vitro Model. Front. Microbiol. 2016, 7, 466. [CrossRef]

18. Pehlivanoglu, F.; Turutoglu, H.; Ozturk, D. CTX-M-15-Type Extended-Spectrum Beta-Lactamase-Producing Escherichia coli as
Causative Agent of Bovine Mastitis. Foodborne Pathog. Dis. 2016, 13, 477–482. [CrossRef]

19. Stannarius, C.; Bürgi, E.; Regula, G.; Zychowska, M.A.; Stephan, R. Antimicrobial resistance in Escherichia coli strains isolated
from swiss weaned pigs and sows. Schweiz Arch Tierheilkd 2009, 151, 119–125. [CrossRef]

20. Liu, J.H.; Wei, S.Y.; Ma, J.Y.; Zeng, Z.L.; Lü, D.H.; Yang, G.X.; Chen, Z.L. Detection and characterization of CTX-M and CMY-2
b-lactamases among Escherichia coli isolates from farm animals in Guangdong province of China. Int. J. Antimicrob. 2007, 29,
576–581. [CrossRef] [PubMed]

21. Zhao, S.; White, D.G.; Mcdermott, P.F.; Friedman, S.; English, L.; Ayers, S.; Ayers, S.; Meng, J.; Maurer, J.J.; Holland, R.; et al.
Identification and expression of cephamycinase blacmy genes in Escherichia coli and Salmonella isolates from food animals and
ground meat. Antimicrob. Agents Chemother. 2001, 45, 3647–3650. [CrossRef]

22. Venturini, C.; Bowring, B.; Fajardo-Lubian, A.; Devine, C.; Iredell, J. Effects of antibiotic treatment with piperacillin/tazobactam
versus ceftriaxone on the composition of the murine gut microbiota. Antimicrob. Agents Chemother. 2020, 65, 65. [CrossRef]
[PubMed]

23. Dorado-García, A.; Mevius, D.J.; Jacobs, J.J.; Van Geijlswijk, I.M.; Mouton, J.W.; Wagenaar, J.A.; Heederik, D.J. Quantitative assess-
ment of antimicrobial resistance in livestock during the course of a nationwide antimicrobial use reduction in the Netherlands. J.
Antimicrob. Chemother. 2016, 71, 3607–3619. [CrossRef]

24. Chander, Y.; Oliveira, S.; Goyal, S.M. Characterisation of ceftiofur resistance in swine bacterial pathogens. Vet. J. 2011, 187,
139–141. [CrossRef]

25. Dong, L.; Meng, L.; Liu, H.M.; Wu, H.M.; Hu, H.Y.; Zheng, N.; Wang, J.Q.; Schroyen, M. Effect of therapeutic administration
of β-lactam antibiotics on the bacterial community and antibiotic resistance patterns in milk. J. Dairy Sci. 2021, 104, 7018–7025.
[CrossRef]

26. Gālin, a, D.; Balins, A.; Valdovska, A. The Prevalence and Characterization of Fecal Extended-Spectrum-Beta-Lactamase-Producing
Escherichia coli Isolated from Pigs on Farms of Different Sizes in Latvia. Antibiotics 2021, 10, 1099. [CrossRef]

27. García, N.; Gutiérrez, G.; Lorenzo, M.; García, J.E.; Píriz, S.; Quesada, A. Genetic determinants for cfxA expression in Bacteroides
strains isolated from human infections. J. Antimicrob. Chemoth. 2008, 62, 942–947. [CrossRef]

28. Avelar, K.E.; Otsuki, K.; Vicente, A.C.; Vieira, J.M.; de Paula, G.R.; Domingues, R.M.; Ferreira, M.C. Presence of the cfxA gene in
Bacteroides distasonis. Res. Microbiol. 2003, 154, 369–374. [CrossRef]

29. Fernández-Varón, E.; Cárceles-García, C.; Serrano-Rodríguez, J.M.; Cárceles-Rodríguez, C.M. Pharmacokinetics (PK), pharmaco-
dynamics (PD), and PK-PD integration of ceftiofur after a single intravenous, subcutaneous and subcutaneous-LA administration
in lactating goats. BMC Vet. Res. 2016, 12, 232. [CrossRef]

30. Lowrance, T.C.; Loneragan, G.H.; Kunze, D.J.; Platt, T.M.; Ives, S.E.; Scott, H.M.; Norby, B.; Vet, C.M.; Echeverry, A.; Brashears,
M.M. Changes in antimicrobial susceptibility in a population of Escherichia coli isolated from feedlot cattle administered ceftiofur
crystalline-free acid. Am. J. Vet. Res. 2007, 68, 501. [CrossRef]

31. Enne, V.I.; Bennett, P.M.; Livermore, D.M.; Hall, L.M. Enhancement of host fitness by the sul2-coding plasmid p9123 in the
absence of selective pressure. J. Antimicrob. Chemother. 2004, 53, 958–963. [CrossRef] [PubMed]

32. Brenciani, A.; Bacciaglia, A.; Vecchi, M.; Vitali, L.A.; Varaldo, P.E.; Giovanetti, E. Genetic elements carrying erm (B) in Streptococcus
pyogenes and association with tet (M) tetracycline resistance gene. Antimicrob. Agents Chemother. 2007, 51, 1209–1216. [CrossRef]
[PubMed]

33. Tauch, A.; Götker, S.; Pühler, A.; Kalinowski, J.; Thierbach, G. The 27.8-kb R-plasmid pTET3 from Corynebacterium glutamicum
encodes the aminoglycoside adenyltransferase gene cassette aadA9 and the regulated tetracycline efflux system tet33 flanked by
active copies of the widespread insertion sequence IS6100. Plasmid 2002, 48, 117–129. [CrossRef]

http://doi.org/10.1021/es504157v
http://doi.org/10.1371/journal.pone.0133764
http://www.ncbi.nlm.nih.gov/pubmed/26258869
http://doi.org/10.1371/journal.pone.0223378
http://www.ncbi.nlm.nih.gov/pubmed/31584976
http://doi.org/10.1128/AAC.01666-13
http://doi.org/10.1111/jvp.12225
http://doi.org/10.1128/AAC.02065-15
http://www.ncbi.nlm.nih.gov/pubmed/26666923
http://doi.org/10.3389/fmicb.2016.00466
http://doi.org/10.1089/fpd.2015.2114
http://doi.org/10.1024/0036-7281.151.3.119
http://doi.org/10.1016/j.ijantimicag.2006.12.015
http://www.ncbi.nlm.nih.gov/pubmed/17314033
http://doi.org/10.1128/AAC.45.12.3647-3650.2001
http://doi.org/10.1128/AAC.01504-20
http://www.ncbi.nlm.nih.gov/pubmed/33168609
http://doi.org/10.1093/jac/dkw308
http://doi.org/10.1016/j.tvjl.2009.10.013
http://doi.org/10.3168/jds.2020-20025
http://doi.org/10.3390/antibiotics10091099
http://doi.org/10.1093/jac/dkn347
http://doi.org/10.1016/S0923-2508(03)00093-7
http://doi.org/10.1186/s12917-016-0863-9
http://doi.org/10.2460/ajvr.68.5.501
http://doi.org/10.1093/jac/dkh217
http://www.ncbi.nlm.nih.gov/pubmed/15102746
http://doi.org/10.1128/AAC.01484-06
http://www.ncbi.nlm.nih.gov/pubmed/17261630
http://doi.org/10.1016/S0147-619X(02)00120-8


Antibiotics 2022, 11, 117 13 of 13

34. Su, J.Q.; Wei, B.; Ou-Yang, W.Y.; Huang, F.Y.; Zhao, Y.; Xu, H.J. Antibiotic resistome and its association with bacterial communities
during sewage sludge composting. Environ. Sci. Technol. 2015, 49, 7356–7363. [CrossRef]

35. Huang, X.; Zheng, J.; Tian, S.; Liu, C.; Liu, L.; Wei, L.; Fan, H.; Zhang, T.; Wang, L.; Zhu, G.; et al. Higher temperatures do not
always achieve better antibiotic resistance gene removal in anaerobic digestion of swine manure. Appl. Environ. Microbiol. 2019,
85, e02878-18. [CrossRef] [PubMed]

36. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. Fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
37. Edgar, R.C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013, 10, 996–998. [CrossRef]
38. Caporaso, J.G.; Kuczynski, J.J.; Stombaugh, K.; Bittinger, F.D.; Bushman, E.K.; Costello, N.; Fierer, A.G.; Peña, J.K.; Goodrich,

J.I.; Gordon, G.; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335–336.
[CrossRef]

39. Schloss, P.D.; Westcott, S.; Ryabin, T. Introducing mothur: Open-Source, PlatformIndependent, Community-Supported Software
for Describing and Comparing Microbial Communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [CrossRef]

40. Vegan: Community Ecology Package, R Package Version 1.17-4. Available online: https://cran.r-project.org/web/packages/
vegan/index.html (accessed on 31 December 2021).

41. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery
and explanation. Genome Biol. 2011, 12, R60. [CrossRef]

http://doi.org/10.1021/acs.est.5b01012
http://doi.org/10.1128/AEM.02878-18
http://www.ncbi.nlm.nih.gov/pubmed/30683745
http://doi.org/10.1093/bioinformatics/bty560
http://doi.org/10.1038/nmeth.2604
http://doi.org/10.1038/nmeth.f.303
http://doi.org/10.1128/AEM.01541-09
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
http://doi.org/10.1186/gb-2011-12-6-r60

	Introduction 
	Results 
	Animal Weight Gain, and 16S rRNA Gene Sequencing Overview 
	 Diversity 
	Microbial Community Analysis 
	Antibiotic Resistance Genes 

	Discussion 
	Materials and Methods 
	Animals and Sample Collections 
	DNA Extraction 
	PCR Amplification 
	Illumina Novaseq 6000 Sequencing 
	Quantification of Antibiotic Resistance Genes 
	Statistical Analysis 

	Conclusions 
	References

