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Abstract
Background

Mastitis is one of the important diseases of the dairy cow. Currently, mastitis treatment in dairy cows is
mainly based on antibiotics. However, the use of antibiotics causes adverse effects, including drug
resistance, drug residues, host-microbiome destruction, and environmental pollution. Geraniol, extracted
from Fructus Tsaoko, has demonstrated good antibacterial activity in mouse model. Geraniol and
antibiotics were used to treat cows with clinical mastitis to test this possibility of geraniol as a potential
alternative to antibiotics for bovine mastitis treatment. The effectiveness of treatment, improvement in
in�ammatory factors, the in�uence on microbiome, presence of drug residues, and induction of drug
resistance were compared and analyzed.

Results

Geraniol demonstrated a better therapeutic rate than antibiotics on clinical mastitis of cows, with a longer
course of treatment. Antibiotics and geraniol signi�cantly reduced the abundance of pathogenic bacteria
and restored the microbial community in milk. Meanwhile, geraniol increased the abundance of probiotics
in milk. Interestingly, geraniol did not destroy the gut microbial community of cows, whereas antibiotics
signi�cantly reduced the diversity and destroyed the community structure of the gut microbiome in cows.
Conversely, geraniol increased the diversity of the gut microbiome. Besides, no geraniol residue was
detected in the milk four days after treatment discontinuation. However, antibiotic residues were detected
in milk at the 7th day after drug withdrawal. In vitro experiments revealed that geraniol did not induce drug
resistance in the Escherichia coli strain ATCC25922 after 120 generations of culturing, while antibiotics
induced resistance after 10 generations.

Conclusions

Our results suggest that geraniol has antibacterial and anti-in�ammatory effects similar to antibiotics.
Additionally, it retains the structure of the host-microbial community and does not lead to drug residues or
induce drug resistance. Therefore, geraniol can be a potential substitute for antibiotics to treat mastitis
and be widely used in the dairy industry.

Background
Bovine mastitis is a widespread disease causing severe risk to the global dairy industry [1, 2]. Mastitis, an
in�ammation reaction of the mammary gland, is usually caused by mechanical injury, pathogen infection
and decline of immunity, etc. The invasion of pathogens such as Escherichia coli [3], Staphylococcus
aureus [4], Streptococcus agalactiae [5], and Mycoplasma [6] causes bacterial mastitis. The main clinical
symptoms of dairy cow bacterial mastitis include a high temperature of the body, swelling of the
mammary glands, abnormal production of milk, and increased somatic cells in the milk [7, 8]. Mastitis
leads to a potential long-term adverse effect on milk production and quality, causing substantial
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economic losses and severely restricting the sustainable development of the dairy industry [9, 10].
Currently, antibiotics are used to treat bacterial mastitis of dairy cows [11]. However, the use and abuse of
antibiotics lead to antibiotic resistance [12]. The misuse of antibiotics in animal husbandry is the main
reason for increasing antibiotic resistance levels globally [13], which has become a signi�cant threat to
public health [14]. Moreover, antibiotic residues have been detected in cow’s milk following antibiotic
treatment [15]. The antibiotic residues are detrimental to consumer health and environmental safety [16–
18] and reduce milk quality [19], resulting in economic losses. Besides, the use of antibiotics disrupts the
host-microbial community [20–22]. In cows, the antibiotics that kill mastitis-causing bacteria also
damage the resident microbiota [23], adversely affecting host immunity, defense, and nutrient absorption
[24, 25]. Thus, antibiotics may negatively in�uence the health of cows. Therefore, it is urgent to explore
and �nd a safe, green, and e�cient drug to replace antibiotics to treat mastitis.

In recent years, natural medicines have become a hotspot in the �eld of drug research due to their
advantages, such as broad-spectrum antibacterial activity, immune regulation, low drug residues, and low
toxicity and resistance [26]. In the process of exploring natural medicines, several natural Chinese herbs
were screened for antibacterial activity, and Fructus Tsaoko (a traditional Chinese Medicine, TCM)
essential oil demonstrated obvious in vivo and in vitro antibacterial activities [27]. Besides, several
studies have shown that the Fructus Tsaoko essential oil has a wide range of biological activities in
animals, such as reducing plasma and liver triacylglycerol levels and antioxidant, antifungal, and
hypoglycemic effects [28–31]. Geraniol and 1, 8-cineole are the main components of Fructus Tsaoko
essential oil, which play a key role in defending the host from bacterial infection [27]. Geraniol is a single
enolate with a molecular weight of 154.25 g/mol [32]; it can be extracted from various aromatic plant
volatile oils or obtained directly via chemical synthesis [33]. In China, geraniol has been widely used to
produce pharmaceuticals, food ingredients, and spices [34, 35]. Meanwhile, it is one of the most common
spice ingredients in consumer products in the European market. Geraniol has good biosafety and is
generally recognized as safe (GRAS) food additives by the American Spice and Extract Manufacturers
Association (FEMA) and the Food and Drug Administration (FDA) [36]. It is also classi�ed as a food
�avoring compound by the Chinese national food safety standard (GB2760-2011). Geraniol has many
pharmacological activities, such as analgesic, antibacterial, anti-in�ammatory, antioxidant, anti-ulcer,
antifungal, and insecticidal effects [37–41]. In addition, increasing attention has been paid to the
antitumor activity of geraniol [41–44]. Geraniol has also demonstrated protective effects on the liver,
heart, and nerves [41, 43, 45] and regulated apoptosis [45, 46]. Therefore, geraniol, a widely used resource
for drugs and foods, can be used as an active ingredient and a chemical adjuvant for drug development.

TCM have been used to treat diseases by regulating gut microbiota structure [47–49]. The mechanism of
action includes two aspects: inhibiting harmful bacteria and protecting bene�cial bacteria [49, 50]. Unlike
antibiotics, TCM treat diseases without disturbing the host-microbial community; they even restore the
bacterial community structure destroyed by antibiotics [51, 52]. In a previous study, geraniol
demonstrated in vitro and in vivo antibacterial activities against strains isolated from clinical bovine
mastitis samples [53], such as Escherichia coli, Streptococcus agalactiae, Staphylococcus aureus and
Bacillus cereus, demonstrating its potential as an alternative to antibiotics in treating clinical mastitis ofLoading [MathJax]/jax/output/CommonHTML/jax.js
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dairy cows. Therefore, geraniol was used to treat clinical mastitis using antibiotics as the control in the
present study. Several parameters, including the effectiveness of the treatment, the medicine’s effect on
the host microbial community, drug residues in milk, and drug resistance in bacteria, were analyzed.

Materials And Methods
Strains and mice for infection model

Before using geraniol to treat bovine mastitis, a preliminary experiment was conducted in mice to
evaluate its e�cacy, safety, and dosage. Geraniol was used to treat mice infected with Escherichia
coli, one of the main pathogenic bacteria causing bovine mastitis. The bacterium was isolated from cow
milk with clinical mastitis and stored in the Sichuan Experimental Teaching Demonstration Center for
Medical Testing of Chengdu Medical College (Chengdu, China). Speci�c pathogen-free (SPF) Kunming
(KM) mice (male; body weight, 20 ± 2 g) provided by Sichuan Chengdu Institute of Biological Products
Co., Ltd. (Chengdu, China) were used in the experiment.

Mouse model of E. coli infection

After adaptive feeding for 2 weeks in the laboratory, 80 KM mice were randomly divided into eight groups
(n = 10), including seven experimental groups and one blank group. The pathogen E. coli was cultured at
a constant temperature of 37 °C in Luria-Bertani (LB) medium (50 mL) until the logarithmic phase. The
bacterial culture was diluted using physiological saline to seven concentrations (5.85 × 107, 2.925 × 107,
3.663 × 106, 3.663 × 106, 1.831 × 106, 1.371 × 106, and 0.911 × 106) and mixed with 5% porcine stomach
mucin (Sigma, St Louis, MO, USA). The E. coli solution was intramuscularly injected into seven
experimental groups, and the mice in the blank group were intraperitoneally injected with the same
volume of normal saline. On the premise that the blank control group mice did not die, the mortality of the
mice in the experimental group was recorded within 72 hours (every 12 hours). The minimum
concentration that caused the death of all mice in a group was considered as the minimum lethal dose
(MLD) of E. coli. Meanwhile, the lowest bacterial load that killed half of the mice was considered the half
lethal dose (LD50) of E. coli. 

Further, 90 KM mice were randomly divided into eight groups (n = 10), including blank group, E. coli
infection group, solvent group, positive control group, and �ve treatment groups. The blank group and E.
coli infection group were injected intramuscularly with normal saline; the solvent group was injected
intramuscularly with Twain-80; the positive control group was injected intramuscularly with cefotaxime
(0.3 g/kg); and the geraniol treatment groups were injected intramuscularly with different doses of
geraniol (0.261 g/kg, 0.166 g/kg, 0.107 g/kg, 0.07 g/kg, and 0.045 g/kg). Each mouse was injected once
daily for 5 days. After the last intramuscular injection, mice in all groups, except the blank group, were
intraperitoneally injected with the MLD of E. coli. The survival rate of the mice was observed within 7
days after E. coli challenge, and the dose of geraniol that maintained 50% survival rate of mice was
considered ED50.
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Assessment of antibacterial activity of geraniol in mouse infection model 

Mice infected with LD50 of E. coli were treated with the ED50 of geraniol to evaluate its e�cacy. Forty KM
mice were randomly divided into four groups (n = 10), including the control group, half lethal E. coli
infection group, the geraniol treatment group, and the antibiotic treatment group. Half lethal E. coli
infection group, antibiotic treatment group, and geraniol treatment group were challenged with the LD50

of E. coli, and then intramuscularly injected with saline, cefotaxime, and geraniol (ED50), respectively. The
control group was challenged with the same dose of inactivated E. coli, and intramuscularly injected with
saline. Saline, cefotaxime (0.3 g/kg), and geraniol (0.26 g/kg) were administered once a day for �ve
consecutive days. 

Further, blood was collected from the eyeball venous plexus of mice at 0.5 d, 1d, 2d, 3d, and 7d after
infection to determine the dynamic changes in routine blood index. TEK-  MINI A3-0052 three-class blood
cell counter (Tekang Technology, China) was used to determine the different blood parameters, including
white blood cell (WBC) count, absolute lymphocyte (LYM) value, absolute intermediate cell (MID),
absolute granulocyte (GRA) value, red blood cell (RBC) count, hemoglobin (HGB), hematocrit (HCT), mean
red blood cell volume (MCV), mean hemoglobin content (MCH), mean hemoglobin concentration (MHCH),
platelet (PLT) count, platelet packed volume (PCT), and average platelet volume (MPV). All the
experiments were completed within 24 h after blood collection. 

Fresh fecal samples of mice were collected for monitoring the dynamic changes in the gut microbiome.
Fecal samples were collected before (0 h) and after (12 h) E. coli infection to evaluate the effect of
infectious pathogens on the mouse gut microbiome. Samples collected before infection were used as a
baseline (0 day) of the mouse gut microbiome. Fecal samples were also collected on 1st, 7th, 14th, and
28th days after treatment. All samples were quickly frozen in liquid nitrogen and transferred to -80 °C
freezer until further analysis. The schematic diagram of the experiment is shown in Fig. S1A.

Oral administration of geraniol in healthy mice

Further, the effect of oral geraniol on the community structure of the gut microbiome in animals was
analyzed. Healthy mice were fed with geraniol or antibiotics, and the dynamic changes in the gut
microbiota of mice were examined. Thirty mice were divided into three groups (n = 10), including the
control group, oral antibiotic group, and oral geraniol group. The mice of the antibiotic and geraniol
groups were fed cefotaxime and geraniol, respectively, via gavage from 1th to 3th day, once a day. The
therapeutic dose (ED50) was chosen as the oral feeding dose. The mice of the control group were fed
normal saline by gavage. Fecal samples were collected from all mice on day 0 (prior to the experiment), 1,
3, 7, 14, and 28. The schematic diagram of the experiment is shown in Fig. S1B.

Experimental set up in dairy cows

The study was conducted on a dairy farm in Chengdu, Sichuan Province, China, from April 2020 to
September 2020. All cows used in this study were the imported Holstein lactating adult cows (3–6 years)Loading [MathJax]/jax/output/CommonHTML/jax.js
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from Uruguay. This study did not involve any endangered or protected animal species and did not cause
any harm to the experimental animals. Cows were provided a standard diet composed of grass-legume
hay to meet the daily nutrient requirements for milk production. The cows did not receive antibiotics or
other drugs during the past two months. Somatic cell count (SCC, the number of leukocytes per milliliter
of fresh milk) and clinical symptoms were used to diagnose mastitis [54]. A Bentley FTS/FCM400 Combi
Instrument (Chaska, USA) was used to measure SCC in the milk. Cows with SCC < 2 ×104 cells/mL and
no obvious signs of clinical mastitis, such as breast redness and heat, and no damaged nipple ends were
diagnosed as healthy, while those with SCC > 2 ×106 cells/mL and symptoms such as breast redness,
swelling, heat and pain, elevated body temperature, and abnormal milk color were considered as infected
cows (mastitis). A total of 12 healthy and 25 infected (mastitis) cows were recruited for this study. The
mastitis group was divided into the antibiotic treatment group (n = 13) and the geraniol treatment group
(n = 12); the drug was injected into the cows' breasts. Detailed information on the individual cows and
grouping is presented in Table S1. 

Mastitis treatment and sample collection

In the geraniol treatment group, each cow with mastitis was injected 1.18 g of geraniol twice a day. In the
antibiotic treatment group, each cow with mastitis was injected 10 g of cefalexin and kanamycin
monosulfate intramammary infusion (Cephalexin: Kanamycin = 2:1; Tullyvin, Cootehill, Co. Cavan,
Ireland), once a day. Treatments were carried out for 5 days. The cows with mastitis that showed no
signi�cant improvement on the 7 day after treatment were considered incurable by the drug. Fresh stool,
milk, and blood samples collected at 0 days (before the experiment) were considered baseline. Materials
were also sampled on 3rd, 5th, and 14th days. The middle part of the fresh stool was collected
immediately after defecation using a sterile fecal collector. The nipples were wiped with iodine and 75%
ethanol and cleaned using sterile distilled water to collect milk without pollution. While sampling, the �rst
three milk strands were discarded, and then the milk (50 mL) was squeezed into a sterile centrifuge tube.
The venous blood was obtained using a sterile syringe. Blood was centrifuged at 3000 rpm for 5 min to
get the serum. These serum samples were stored at -4 °C while feces and milk samples were stored in a
-80 °C freezer until further analysis. The schematic diagram of the experiment is shown in Fig. S1C.

Detection of in�ammatory cytokines in cows

The levels of interleukin-6 (IL-6), interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), cyclooxygenase-2
(COX-2), and inducible nitric oxide synthase (iNOS) in the serum of dairy cows with clinical mastitis were
measured using enzyme-linked immunosorbent assay (ELISA) kits, according to the manufacturer’s
instructions. All ELISA kits were purchased from Shanghai Future Industrial Co., Ltd. (Shanghai, China).

Bacterial DNA extraction, 16S rRNA sequencing, and bioinformatic analysis

Bacterial total genomic DNA was extracted using the Mo Bio PowerFecal DNA isolation kit (Mo Bio
Laboratories, Carlsbad, CA, USA), following the manufacturer’s instructions. For the stool samples, a
frozen aliquot (200 mg) of each sample was transferred directly to the PowerBead tubes for extractingLoading [MathJax]/jax/output/CommonHTML/jax.js
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total genomic DNA. For milk samples, 10 mL of each sample was centrifuged at 12,000 g for 5 min at 4
°C to remove the lipid layer from the milk. The supernatant was discarded, and the watercourse was
collected and �ltered through a �lter membrane (0.2 µm). The �lter membrane was transferred to the
PowerBead tubes to extract the bacterial total genomic DNA. NanoDrop (Thermo Fisher Scienti�c,
Waltham, USA) was used to measure the concentration and purity of the genomic DNA. The quality of
DNA was assessed by agarose gel electrophoresis. Only samples that met the following criteria were
used for PCR: (1) DNA concentration > 5 ng/uL; (2) total DNA > 150 ng; and (3) complete and
contamination-free DNA fragment. The universal 515F/806R barcoded primer pair (515F:
GTGCCAGCMGCCGCGGTAA, 806R: GGACTACHVGGGTWTCTAAT) [55] was used to amplify the V4 region
of the bacterial 16S rRNA gene. The PCR reaction mixture (50 µL) contained 2 µL DNA (20 ng per
sample), 25 µL 2×NEB Phusion High-Fidelity PCR Master Mix, 2 µL (0.4 µM) forward primer, 2 µL (0.4 µM)
reverse primer, and 19 µL sterile double-distilled water. The thermocycling parameters were as follows: 95
°C for 3 min, followed by 30 cycles of 95 °C for 45 s, 56 °C for 30 s, and 72 °C for 90 s, and a �nal
extension at 72 °C for 10 min. AmpureXP beads (Agencourt Beckman Coulter, Beverly, MA, USA) were
used to purify the PCR products. Sequencing libraries were constructed using the MiSeq Reagent Kit v2
(Illumina, CA, USA). PCR, sequencing library construction, and paired-end sequencing (Illumina MiSeq
platform) were executed at Novogene (Beijing, China).

The 16S rRNA gene raw sequences were pre-processed and analyzed using the QIIME2 pipeline (version
2019.9) [56]. DADA2 software within QIIME2 was utilized to �lter low quality (< Q20), chimeric, and
erroneous reads [57]. Sequence variants were aligned based on the MAFFT program [58]. Further, a
phylogenetic tree based on the clean reads was constructed using FASTTREE algorithm [59]. Meanwhile,
sequences identi�ed as chloroplast and mitochondria were �ltered out. Taxonomy was assigned to
operational taxonomic units (OTUs) using BLAST to align representative sequences to the SILVA
database (version 132) [60], and singleton OTUs were removed from downstream analysis. The OTU
tables were rare�ed to the minimum number of reads per sample before alpha or beta diversity analysis
to eliminate the bias caused due to variant sequencing depth. Alpha-diversity indices, including the
number of observed OTUs and Shannon’s diversity index, were calculated using QIIME2. PCoA (Principal
Co-ordinate Analysis) was performed based on weighted UniFrac distances in QIIME2 to measure the
similarity in the bacterial community between the samples [61]. 

Determination of drug residues in milk of dairy cows after antibiotic or geraniol injection

After injection of antibiotics and geraniol into the mammary gland, the drug residues in milk were
determined every day from the 1st to the 7th day after stopping administration. The geraniol standard
(purity > 98%, No. SHBL2152), HPLC-grade acetonitrile (ACN), and methanol (MeOH) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Cephalexin (purity > 98%, No. 130408-201411) and kanamycin
(purity > 98%, No. 130556-201502) were obtained from National Institute for Food and Drug Control
(Beijing, China). The residue of geraniol in milk was detected and analyzed by gas chromatography-mass
spectrometer (GC-MS; Agilent 7890A/5977B gas chromatography-mass spectrometer system) (Santa
Clara, California, USA) [27], whereas cephalexin and kanamycin residues were analyzed by high-Loading [MathJax]/jax/output/CommonHTML/jax.js
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performance liquid chromatography (HPLC; Agilent LC-1260, Agilent Technologies, Santa Clara, CA,
USA). GC-MS analysis for the residues in the milk samples was carried out according to a previously
reported method [27], and the residues of cephalexin and kanamycin in milk samples was detected in
accordance with the national standards GB/T 21314-2007 [62] and GB/T 22969-2008 [63], separately.
Further, the speci�city of the method was determined by analyzing the chromatographic peaks of the
standard and the milk samples to assess the accuracy of the method.

Assessment of geraniol and antibiotics induced bacterial drug resistance 

Geraniol and amoxicillin were used to induce drug resistance of bacteria in vitro to verify whether geraniol
causes pathogenic bacteria to develop drug resistance. The standard strain (E. coli, ATCC25922) stored
at - 80 ℃ was inoculated onto an agar plate and cultured at 37 ℃ for 24 h to obtain a single colony.
Prepare E. coli into 0.5 Michaelis concentration unit (1.5 × 108 CFU/mL) with sterile normal saline and
diluted 100 times with Mueller-Hinton Broth (MHB) medium. Then, geraniol emulsion (86 mg/mL) mother
liquor was prepared with Tween-80 as an emulsi�er, while amoxicillin was dissolved in sterile water, and
the amoxicillin mother liquor was prepared at a concentration of 4096 µg/mL. The geraniol emulsion and
amoxicillin mother liquor were diluted into 12 different concentrations by double dilution to determine
their minimum inhibitory concentration (MIC). Further, 1 mL of MHB culture solution, 0.5 mL of diluted
geraniol solution, and 0.5 mL of the standard strain (1.5 × 108 CFU/mL) were added into the test tube one
after the other. The �nal concentration of geraniol and amoxicillin in the test tube was maintained
ranging from 0.02 to 43.00 mg/mL and 1 to 2048 µg/mL, respectively. This mixture was incubated at
37 ℃ for 24 h to observe the growth of the standard strain. The standard strain without drug was used
as the positive control, while drug alone with no bacteria was used as the negative drug control, and
tubes containing only culture medium were blank controls. The minimum drug concentration that
inhibited the growth of the standard strain was taken as the MIC value of the bacteria. After the MIC value
was determined, geraniol/amoxicillin solution at the sub-inhibitory concentration (1/2MIC) and the
standard strain (0.5 Michaelis concentration) were added to the MHB medium. These strains were
cultured at 37 ℃ and 200 rpm for 24 h as the �rst-generation resistant strains induced by drugs.
Following the above method, the �rst-generation resistant strain was repeatedly cultured with
geraniol/amoxicillin to obtain the second-generation strain, and the MIC values of geraniol and
amoxicillin were determined every ten generations.

Statistical analysis

Signi�cance differences between the mean values of three or more groups were analyzed using the
Kruskal-Wallis test followed by the post-hoc Dunn's multiple comparison test in GraphPad Prism 7
(GraphPad Software, Inc., USA). Mann-Whitney U test was used to compare the differences in mean
values between two groups. The result graphs were created using“boxplot,” “barplot,” “ggplot2”, and “plot”
functions in base R (version 3.5) [64]. 

ResultsLoading [MathJax]/jax/output/CommonHTML/jax.js
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Mouse model of E. coli infection 

The mice’s MLD and LD50 of E. coli were 2.925×107 and 0.911×106 CFU/kg, respectively (Table S2). After
5 days of prophylactic administration of geraniol, signi�cant antibacterial activity was observed in the
mice challenged with MLD of E. coli. Geraniol at 0.261 g/kg completely (100%) prevented E. coli infection.
With the decrease in dose, the prevention rate decreased. Kirschner’s method found 0.261 g/kg as the
ED50 of geraniol against E. coli infection in mice (Table S3). 

Therapeutic effect of geraniol on mice infected with LD50 of E. coli 

Similar to cefotaxime, geraniol cured (100%) infection in mice challenged with LD50 of E. coli (Table
S4). The routine blood indices, including WBC, LYM, MID, GRA, PCT, PLT, RBC, MPV, and MCV, decreased
signi�cantly after infection (p < 0.05; Fig. S2). After treatment with cefotaxime and geraniol, these indices
increased (Fig. 1), and �nally reached a level similar to that of the control mice. Among them, LYM, MID,
RBC, MPV, and MCV were restored to signi�cantly higher levels in the geraniol treatment group than in the
antibiotic treatment group. No signi�cant difference was observed in the other index levels between the
two treatment groups after being cured. Thus, the results con�rm that geraniol helps in better recovery of
the low blood routine indexes of mice caused due to bacterial infection than cefotaxime.

Effects of antibiotics and geraniol on gut microbiota community structure of mice during infection

A total of 96 fecal samples were obtained from 16 mice at six different time points. After �ltering low-
quality sequences and ambiguous bases, 8,059,359 clean reads were reserved for subsequent analysis;
the number of clean reads per sample varied from 70,560 to 93,853 (Table S5). Further, the OTU table
was rari�ed to a depth of the minimum number of sequences per sample to correct the differences
caused by the sequencing depth. The rarefaction curve of each sample attained stability at the lowest
sequencing depth (randomly subsampling 70,000 reads; Figs. S3A, B). 

Furthermore, the alpha diversity indices (Shannon index and the number of observed OTUs; Figs. S4A,
B) and PCoA (Fig. S4C) of gut microbiota in the E. coli infection mice after E. coli infection were not
signi�cantly different compared with the pre-infected mice. After treatment with cephalexin, alpha
diversity indices, including Shannon index (Fig. 2A) and the number of observed OTUs (Fig. 2B), declined
signi�cantly. The diversity of gut microbiota decreased signi�cantly on the 1st, 7th, and 14th days after
intraperitoneal injection of antibiotics (p < 0.05), and it did not return to normal until the 28th day. This
observation suggested that the gut microbiota was destroyed after antibiotic treatment (Fig. 2E). The
phylogenetic distance between the gut microbiota after (1st/7th/14th/28th day) and before treatment was
signi�cantly larger than that within the samples before treatment (the 0th day) (Fig. 2F; p < 0.05),
considering the gut microbiota of mice before treatment as the baseline. After geraniol treatment, the
Shannon index and the number of observed OTUs of gut microbiota did not show a signi�cant downward
trend, while those on the 28th day were signi�cantly higher than those on the 1st and 7th day (p < 0.05;
Figs. 2C, D). Meanwhile, the PCoA of gut microbiota did not change signi�cantly after geraniol
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administration (Fig. 2G). The phylogenetic distance between the gut microbiota after
(1st/7th/14th/28th day) and before treatment (the 0th day) was not signi�cantly different from the
distance within the samples before treatment (the 0th day) (p > 0.05; Fig. 2H). 

Effect of geraniol direct feeding on gut microbiome of mice 

Further, mice orally administered with geraniol and antibiotics were analyzed; after �ltering the
ambiguous bases and low-quality sequences, 11,812,564 clean reads were obtained from 30 mice at six
different time points, with 50,645 to 75,491 reads per sample (Table S6). The lowest sequencing depth
(50,000) sampling analysis showed that the rarefaction curves approached saturation (Figs. S5A, B).

Alpha diversity indices, including Shannon index (Fig. 3B) and the number of observed OTUs (Fig. 3E),
decreased signi�cantly after the mice were fed cefotaxime. From the 1st to 7th day after
providing cefotaxime by oral gavage, the diversity of mouse gut microbiota continued to decrease. The
diversity began to recover on the 14th day after the experiment (the 10th day after stopping cefotaxime
orally); however, it did not return to normal level until the 28th day. On the contrary, the Shannon index
(Fig.3C) and the number of observed OTUs (Fig. 3F) of mouse gut microbiota did not show a downward
trend after feeding geraniol. The alpha diversity indices were similar to that of the control mice (Figs. 3A,
D). On the 28th day after the experiment, the number of observed OTUs in the mice fed with geraniol was
signi�cantly higher than before (0 days; Fig. 3F). PCoA indicated that gut microbiota composition in the
geraniol group and control group did not change signi�cantly during the whole experiment (0th to 28th; p >
0.05; Fig. 3G). However, the PCoA of gut microbiota in mice was obviously destroyed after
feeding cefotaxime, and it did not return to the state before administration by the 28th day (24th day after
stopping treatment; p < 0.001; Fig. 3G).

Therapeutic effect of geraniol against mastitis in dairy cows

Dairy cows suffering from mastitis had signi�cantly decreased somatic cells in the milk (Fig. 4A). After 5
days of treatment with geraniol and antibiotics (cefotaxime and kanamycin), the SCC in the milk of dairy
cows with mastitis signi�cantly reduced (less than 2× 106 cells/mL) (Figs. 4B, C), and the clinical
symptoms subsided (Table S7). In the treatment via breast infusion, the cure rate was 76.92% with
geraniol, and the average cure time was 7 days, while the cure rate was 66.67% with antibiotics, and the
average cure time was 6 days (Table S7). These observations suggest that the average cure rate of
geraniol was higher than that of antibiotics, while the average cure time of antibiotics was shorter than
that of geraniol. 

Geraniol treatment reduces in�ammation in dairy cows

In the process of in�ammation, pro-in�ammatory mediators, including IL-1β, IL-6, TNF-α, COX-2, and iNOS,
are produced at the in�ammation site. The levels of IL-1β, IL-6, TNF-α, COX-2, and iNOS in the serum of
cows with clinical mastitis were signi�cantly higher than those of healthy cows (p < 0.001; Fig. S6). After
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injecting antibiotics and geraniol into the breast of dairy cows with clinical mastitis, the levels of these
in�ammatory factors (L-1β, IL -6, TNF-α, COX-2, and iNOS) in the blood decreased (Fig. 5). By the 14th day
after administration with geraniol or antibiotics, the levels of in�ammatory factors returned to normal
levels (Fig. 5).

Mastitis altered milk composition and fecal bacteria in dairy cows

After �ltering ambiguous bases and low-quality sequences, 5,854,637 clean reads were obtained from 92
milk samples, with 41,475 to 132,153 reads per sample (Table S8). Rarefaction analysis by randomly
subsampling showed that the rarefaction curve of each sample attained stability at the lowest
sequencing depth (randomly subsampling 40,000 reads, Fig. S7). The alpha diversity indices (the
Shannon index and the number of observed OTUs) of the bacteria in the milk (Figs. 6A, B) and gut (Figs.
7A, B) of cows with mastitis were signi�cantly lower (p < 0.05) than in the healthy dairy cows. PCoA
indicated that the structure of milk (Fig. 6C) and gut (Fig. 7C) microbiota in the cows with mastitis was
distinct from the healthy dairy cows. Mastitis resulted in a signi�cant increase in the intraindividual
variations in milk (Fig. 6D) and gut (Fig. 7D) microbiota, and the phylogenetic distance between the
healthy group and mastitis group was more than that within the healthy or mastitis group. Dairy cows
with mastitis showed a signi�cant imbalance in milk microbiota. Mastitis signi�cantly increased the
relative abundances of Enterobacteriaceae (cows with mastitis, 0.546 ± 0.075; healthy cows, 0.027 ±
0.009), Streptococcus (cows with mastitis, 0.184 ± 0.041; healthy cows, 0.005 ± 0.004), and Mycoplasma
(cows with mastitis, 0.072 ± 0.079; healthy cows, 0.005 ± 0.037), but reduced that of normal bacteria in
milk (Figs. 6E), such as  Ruminococcaceae,  Clostridiales, Bacillales and  Clostridium. However, no obvious
change in the relative abundance of predominant phylum (top 10) and genus (top 20) of gut microbiota
was observed between cows with mastitis and healthy cows (Figs. 7E, F).

Geraniol decreases the relative abundance of pathogenic bacteria and increases the relative abundance
of probiotics in the milk of dairy cows with mastitis 

On the 3rd, 5th, and 14th day after antibiotic treatment, the Shannon index of milk microbiota in mastitis
cows was signi�cantly higher (p < 0.05) than that before treatment, but only on the 5th day after antibiotic
treatment, the number of observed OTUs was signi�cantly higher (p < 0.05) than that before the treatment
(Figs. 8A, B). Meanwhile, the Shannon index of milk microbiota in cows with mastitis increased
signi�cantly (p < 0.05) on the 5th and 14th days after geraniol treatment (Fig. 8C). In addition, the number
of observed OTUs was signi�cantly higher (p < 0.05) on the 5th and 14th days after geraniol treatment
than that before treatment (Figs. 8D). The antibiotic treatment group and geraniol treatment group
showed signi�cant recovery in the community structure, making it similar to the normal milk microbiota
(Figs. 8E, F). Certainly, antibiotics resulted in a faster recovery of milk microbiota community structure of
sick cows than geraniol. After three days of antibiotic treatment, the milk microbiota of dairy cows with
mastitis was closer to that of healthy dairy cows, while geraniol treatment took 14 days to restore the
milk microbiota of dairy cows with mastitis similar to that of healthy dairy cows (Figs. 8E, F).
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After treatment with antibiotics and geraniol, the relative abundance of pathogenic bacteria
(Enterobacteriaceae, Streptococcus, and Mycoplasma) in milk decreased signi�cantly (p < 0.05) (Figs. 8G,
H). In the antibiotic treatment group, the relative abundance of Enterobacteriaceae, Streptococcus, and
Mycoplasma decreased to 0.026 ± 0.006, 0.003 ± 0.001, and 0.06 ± 0.005, respectively, on the 14th day
after treatment (Fig.8G), while that in the geraniol treatment group decreased to 0.04 ± 0.01, 0.004 ±
0.002, and 0.02 ± 0.01, respectively (Fig. 8H). The relative abundance of probiotics including
Lactobacillus and Bi�dobacterium in the milk of cows with mastitis signi�cantly increased (p < 0.05) with
geraniol treatment (3rd and 5th days; Figs. 9C, D); however, the abundance of these probiotics did not
increase signi�cantly in the antibiotic treatment group (Figs. 9A, B).

Gut microbiota in cows remain safe during mastitis treatment with geraniol 

After �ltering the ambiguous bases and low-quality sequences, 6,640,249 clean reads were produced
from 92 feces samples, with 48,879 to 90,793 reads per sample (Table S9). The lowest sequencing depth
(40,000) sampling analysis showed saturation of the rarefaction curves (Fig. S8). 

Antibiotic treatment of mastitis signi�cantly reduced the diversity of gut microbiota. After antibiotic
injection, the Shannon index and number of observed OTUs of gut microbiota in cows declined, with no
recovery by the 14th day (10 days after discontinuing antibiotics) (Figs. 10A, B). Conversely, the Shannon
index (Fig. 10C) and the number of observed OTUs (Fig. 10D) increased steadily after receiving geraniol.
On the 14th day (10th day after stopping geraniol) after geraniol treatment, the Shannon index and
number of observed OTUs of gut microbiota in cows with clinical mastitis was signi�cantly higher than
that before treatment. 

Furthermore, PCoA based on weighted Unifrac distance showed that the structure of gut microbiota of
cows with mastitis got destroyed after antibiotic treatment (Fig.10E). On the 10th day after discontinuing
antibiotic treatment (14th day), the structure of gut microbiota showed the biggest variation compared
with that before treatment. The phylogenetic distance between the gut microbiota after (5th/14th day) and
before treatment was signi�cantly larger (p < 0.05) than that within the samples before treatment (Figs.
10F). However, geraniol did not destroy the community structure of gut microbiota in cows during the
treatment (Fig. 10 G); the phylogenetic distance in the gut microbiota of cows with mastitis between the
3th/5th/14th day after receiving geraniol treatment and before treatment did not show a signi�cant
increase (p > 0.05) compared with the distance within the samples before the treatment (the 0th day) (Fig.
10 H) 

Geraniol has a short residual time in cow’s milk 

A total of 140 milk samples from 20 cured cows (each cow was sampled once a day for seven
consecutive days) of the geraniol treatment group (n = 10) and the antibiotic treatment group (n = 10)
were collected to detect the residues of the drug in the milk. Cephalexin and kanamycin were identi�ed by
comparing the retention time of samples with the standard. Cephalexin (Fig. S9) and kanamycin (Fig.
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S10) standards showed a distinct single peak, with a retention time of 2.162 min and 9.241 min,
respectively; cephalexin (2.197) and kanamycin (9.282) in milk demonstrated almost similar retention
times, and a better resolution was observed within 10 min and 20 min, respectively. Cephalexin and
kanamycin remained in the milk of cured cows on the 7th day after cephalexin and kanamycin injection
(Table 1). Meanwhile, the quantitative analysis of the antibiotic residues indicated that the daily
metabolism only reduced the residue dose of antibiotics by 0.1 to 0.4 times daily; even worse, no
reduction in cephalexin and kanamycin residues were detected in the milk of �ve cows within two or three
days. No matrix peaks were observed in the chromatograms that interfered with the geraniol residue
analysis (Fig. S11); it suggested that GC-MS can accurately detect the residues of geraniol in milk.
Besides, the retention time of geraniol was 35.1 min (Approximately) and the mass fragment selected for
evaluation was m/z 154. No geraniol residue (no peak in 35.0 min) was detected in the milk of cows on
the 4th day after stopping geraniol treatment. Additionally, no geraniol residue was detected in the milk of
one cow (CG_ 5) on the �rst day after stopping geraniol (Table 2). Furthermore, quantitative analysis of
drug residues showed that the geraniol residues decreased 6 times day by day after stopping geraniol. 

Geraniol retains antibacterial activity and results in less pathogen resistance 

The initial MIC values of geraniol and amoxicillin for the Escherichia coli strain ATCC25922 were
33.6 µg/mL and 4 µg/mL, respectively. The MIC value of geraniol for the tested bacteria did not change
after being induced by sub-inhibitory concentration for 120 generations (Fig. 11A), while the MIC value of
amoxicillin increased eight times (32 µg/mL) by the 10th generation, 256 times (1024 µg/mL) by the 20th

generation, and 512 times (2048 µg/mL) by the 40th to 120th generations (Fig. 11B). This result suggests
that long-term use of geraniol will not lead to bacterial resistance.

Discussion
The present study found that geraniol has the same effect as antibiotics in restoring in�ammatory
factors in cows with clinical mastitis. Studies have reported an increase in the levels of TNF-α and IL-6 in
the sera and milk of cows with clinical mastitis; these factors play a key role in promoting in�ammation
of the mammary gland [65]. COX-2, iNOS, and IL-1β are the in�ammatory mediators in the clinical
diseases of dairy cows. Studies have correlated the abnormal expression of these factors with metabolic
disorders and diseases in dairy cows [66, 67]. Therefore, the present study’s results suggest that geraniol
reduces the in�ammation of mammary gland in cows with clinical mastitis, consistent with the earlier
reports on anti-in�ammatory and antioxidant effects in the rat model of Metabolic Syndrome (MetS) [68].
However, studies on geraniol anti-in�ammatory properties mainly focused on model mouse [68–70]. This
study provides the �rst direct evidence for the role of geraniol in reducing in�ammatory factors in dairy
cows with a naturally occurring disease. Moreover, the disease cure rate with geraniol was higher than
that with antibiotics. However, geraniol took longer to cure the dairy cows with clinical mastitis, indicating
the difference in the mechanism of action between traditional Chinese medicine and antibiotics.
Generally, antibiotics act against infectious diseases by directly killing the pathogenic bacteria, whereas
the traditional Chinese medicines demonstrate anti-infectious properties via comprehensive action [71],Loading [MathJax]/jax/output/CommonHTML/jax.js
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such as inhibiting or killing the pathogenic bacteria [72, 73] (usually not as good as antibiotics), immune
regulation [74, 75], and anti-in�ammatory activity [76]. Therefore, geraniol demonstrated a better mastitis
cure rate with a longer course of treatment.

Furthermore, both geraniol and antibiotics restored the milk microbiota of cows with mastitis. The
diversity of milk microbiota in the cows with mastitis was signi�cantly improved after breast perfusion
treatment with antibiotics or geraniol. Meanwhile, the proportion of pathogenic bacteria
(Enterobacteriaceae, Streptococcus, and Mycoplasma) in the milk of cows with mastitis was as high as
80%, which led to the low diversity. Treatment with antibiotics or geraniol effectively inhibited these
pathogenic bacteria, quickly restoring the diversity of milk microbiota. Studies using a third-generation
antibiotic cephalosporin to treat cow mastitis have con�rmed that antibiotics signi�cantly improve
diversity [23], consistent with the present study’s results. Generally, Enterobacteriaceae [77], Streptococcus
[78], and Mycoplasma [79] are the environmental pathogenic bacteria that cause mastitis in cows. In the
present study, too, cows with mastitis were mainly infected with these three pathogens. Geraniol, like
antibiotics, reduced the relative abundance of pathogenic bacteria and eventually restored the structure
of the milk microbiota damaged due to mastitis. However, geraniol takes longer to restore the diversity
and community structure of dairy cow milk microbiota compared with the antibiotics. This slow action is
probably related to the characteristics of TCM. The compound kills the pathogenic bacteria directly and
inhibits the pathogenic bacteria through immune regulation [75], anti-endotoxin [80], and anti-
in�ammatory action [76]. Together, these observations suggest that geraniol can be used to treat cow
mastitis more mildly. In addition, geraniol signi�cantly improved the relative abundance of Lactobacillus
and Bi�dobacterium, the common probiotics in farm animals [81]. These probiotics enhance the
immunity of dairy cows, increase the milk yield, and reduce pathogenic bacteria during livestock breeding
[82]. Nagahata et al. reported that the intramammary infusion of Bi�dobacterium breve eliminated
pathogens and decreased SCC in dairy cows with chronic subclinical mastitis [83]; it also enhanced
innate immune response in mammary glands in lactating dairy cows [84]. Meanwhile, feeding
Lactobacillus casei and Lactobacillus plantarum improved the quality and quantity of cow milk
production [85]. It can be concluded that geraniol inhibits pathogenic bacteria and increases the
abundance of probiotics, helping the dairy cows with mastitis maintain long-term health and milk yield.
Various herbs (Black Cumin, Curcuma zeodharia, Curcuma mangga, and Curcuma aeruginosa) have been
con�rmed to signi�cantly increase the milk yield, milk protein content, and milk lactose content in
subclinical mastitis cows and signi�cantly decrease mastitis [86]. However, no antibiotic has
demonstrated this characteristic. Further studies are required to verify if increased abundance of
probiotics in milk plays a key role in anti-infection and maintains milk yield of dairy cows.

In the dairy industry, the treatment of bovine clinical mastitis is mainly based on the extensive use of
antibiotics [87]. However, the microbiota in the rumen and rectum of cows get signi�cantly changed after
antibiotic exposure, and the structure of the microbial community does not been restored for a long time
(> 18 days) after withdrawing the antibiotics [88]. In the present study, too, the community structure of
intestinal micro�ora in dairy cows and mice was seriously damaged after treatment with antibiotics,
which did not return to normal within the time frame analyzed. The gut microbiome is necessary andLoading [MathJax]/jax/output/CommonHTML/jax.js
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bene�cial for the host; these microbes help in development [89], harvesting energy [90], defending
pathogens [25], and regulating immunity [91]. Therefore, antibiotic treatment of dairy cows may lead to
deterioration in their health status. Interestingly, though geraniol destroyed the community structure of the
gut microbiome, it increased the diversity, maintaining the health of infected cows. An experimental
Chinese medicinal formula alleviated ulcerative colitis (UC) symptoms in model mice via restoration of
gut microbiota diversity and function of gut microbiota [49]. Similarly, geraniol mediated an increase in
the gut microbiome diversity in dairy cows, which may also play a role in resisting pathogenic bacteria
and anti-in�ammatory response.

Furthermore, antibiotic residues were detected in the milk of dairy cows for an extended period (> 7 days)
after withdrawing the antibiotics, with a signi�cant impact on the health of dairy cows and environmental
safety. Antibiotic residues has been reported to destroy the gut microbiome and affect the health of
calves [92]. Several studies have reported antibiotic residues in milk for 18 days [93], which is a global
health threat [94]. Milk with antibiotic residues will affect human health and promote the development of
antibiotic resistance. However, discarding milk with antibiotic residues leads to huge economic losses for
the dairy industry. It also causes antibiotic pollution to the environment [95]. Meanwhile, geraniol residues
were detected in milk for a short time. Moreover, the compound does not pose a threat to the host. These
advantages of geraniol are incomparable with antibiotics. Besides, the in vitro antimicrobial experiments
showed that antibiotics induced bacterial resistance, while geraniol hardly caused resistance. This
characteristic is common to traditional Chinese medicines, probably due to the multiple mechanisms
responsible for the antibacterial property [96]. However, more studies are needed to reveal the speci�c
mechanisms underlying the anti-infective property of geraniol. Finally, geraniol, a single enolate
compound obtained from Chinese herbal medicine such as Fructus Tsaoko or easily available via
chemical synthesis [33], can be used as a cost-effective treatment option for mastitis, replacing
antibiotics for broad application in the dairy industry.

Conclusion
The present study demonstrated the ability of geraniol to treat cows with clinical mastitis caused by
multiple pathogens, with a cure rate higher than that of antibiotics. Geraniol increased the abundance of
probiotics in milk, resulted in fewer drug residues, and induced minimal pathogenic drug resistance. In
conclusion, geraniol can be a potential alternative to antibiotics for treating clinical mastitis in dairy
cows. However, this study did not reveal the speci�c mechanism via which geraniol cures clinical bovine
mastitis. In the future, we need more research to reveal the mechanism of geraniol in curing dairy cow
mastitis, further, the role of microbiome in resisting pathogens also needs to be investigated.
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Tables
Table 1. Residue of cephalexin and kanamycin in milk of dairy cows after stopping therapy.

 

 

Cow ID

Days after stopping the drug

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

CA_1 +/* +/* +/* +/* +/* +/* +/*

CA_2 +/* +/* +/* +/* +/* +/* +/*

CA_3 +/* +/* +/* +/* +/* +/* +/*

CA_4 +/* +/* +/* +/* +/* +/* +/*

CA_5 +/* +/* +/* +/* +/* +/* +/*

CA_6 +/* +/* +/* +/* +/* +/* +/*

CA_7 +/* +/* +/* +/* +/* +/* +/*

CA_8 +/* +/* +/* +/* +/* +/* +/*

CA_9 +/* +/* +/* +/* +/* +/* +/*

CA_10 +/* +/* +/* +/* +/* +/* +/*

“+” means that the residue of cephalexin can be detected in milk; “*” means that the residue of
kanamycin be detected in milk.

Table 2. Residue of geraniol in milk of dairy cows after stopping therapy.
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Cow ID

Days after stopping the drug

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

CG_1 + + + - - - -

CG_2 + + + + - - -

CG_3 + + + - - - -

CG_4 + + + - - - -

CG_5 - - - - - - -

CG_6 + + + - - - -

CG_7 + + + - - - -

CG_8 + - - - - - -

CG_9 + - - - - - -

CG_10 + - - - - - -

“+” means that the residue of geraniol can be detected in milk; “-” means that the residue of geraniol
cannot be detected in milk.

Figures
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Figure 1

Effect of geraniol and antibiotics on the recovery of Blood Routine Indexes in mice with bacterial
infection. (A) white blood cell count (WBC); (B) absolute lymphocyte value (LYM); (C) absolute
intermediate cell (MID); (D) absolute granulocyte value (GRA); (E) platelet packed volume (PCT); (F)
platelet count (PLT); (G) red blood cell count (RBC); (H) average platelet volume ( MPV); (I) mean red
blood cell volume (MCV); (J) hemoglobin (HGB); (K) hematocrit (HCT); (L) mean hemoglobin content
(MCH); (M) mean hemoglobin concentration (MHCH). h means hours; d means day.
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Figure 2

Dynamic changes of alpha and beta diversity of gut microbiotas in Escherichia coli (LD50) infection
model mice treated with antibiotics and geraniol. Shannon index (A) and number of observe OTUs (B) of
gut microbiotas in bacterial infection model mice treated with antibiotics; Shannon index (C) and number
of observe OTUs (D) of gut microbiotas in bacterial infection model mice treated with geraniol; Principal
coordinate analysis (PCoA) based on Weighted Unifrac distance in antibiotic treatment group (E) and
geraniol treatment group (G); Dynamic changes of phylogenetic distance of gut microbiotas of mice after
administration of antibiotics (F)/geraniol (H) and before administration. 0th day indicates that the mice
are infected with E. coli and have not been treated with drugs; 1st day means 1 day after injection drug;
5th day means 5 day after continuous injection drug, and stopping administration; 14th and 28th day
mean 14, 28 day after administration, separately. (p values calculated by the Kruskal-Wallis test followed
by post-hoc Dunn's multiple comparisons test: ∗ < 0.05, ∗∗ < 0.01 and ∗∗∗ < 0.001)
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Figure 3

Dynamic changes of alpha and beta diversity of gut microbiotas in mice fed with saline, antibiotics and
geraniol. Shannon index of gut microbiotas in mice fed with saline (A), antibiotics (B) and geraniol (C);
Number of observed OTUs of gut microbiotas in mice fed with saline (D), antibiotics (E) and geraniol (F);
(G) Principal coordinate analysis (PCoA) based on Weighted Unifrac distance of gut microbiotas in mice
after being fed with saline, antibiotics and geraniol, separately. 0th means before the mice were fed with
the drug; 1th day means 1 day after oral administration; 3th day means 3 day after continuous oral
administration, and stopping oral administration; 7th, 14th and 28th day mean 7, 14, 28 day after oral
administration, separately. (p values calculated by the Kruskal-Wallis test followed by post-hoc Dunn's
multiple comparisons test: ∗ < 0.05, ∗∗ < 0.01 and ∗∗∗ < 0.001)
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Figure 4

The number of somatic cells in the milk of cows. A Comparison of the number of somatic cells in milk
between healthy and cows with mastitis; Dynamic changes of somatic cells in dairy cows with mastitis
treated with antibiotics (B) and geraniol (C). (p values calculated by the Kruskal-Wallis test followed by
post-hoc Dunn's multiple comparisons test: ∗ < 0.05, ∗∗ < 0.01 and ∗∗∗ < 0.001)

Figure 5

Dynamic changes of serum in�ammatory factors in dairy cows with mastitis treated with antibiotics and
geraniol. (A) Nterleukin-6; (B) Interleukin-1β; (C)Tumor necrosis factor-α; (D) Cyclooxygenase-2 and (E)
Inducible nitric oxide synthase. (p values (compare with day 0) calculated by Mann–Whitney U: ∗ < 0.05,
∗∗ < 0.01, and ∗∗∗ < 0.001)
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Figure 6

Comparison of the composition of milk bacteria between dairy cows with mastitis and healthy cows. (A)
Shannon index and (B) Number of observed OTUs of milk microbiotas in dairy cows with mastitis and
healthy cows; (C) Principal coordinate analysis (PCoA) based on Weighted Unifrac distance of milk
microbiotas in dairy cows with mastitis and healthy cows; (D) Interindividual variations were determined
by average weighted UniFrac distances between individuals in milk microbiotas of dairy cows with
mastitis and healthy cows, respectively, while between-group variations were determined by distances
between cows with mastitis and healthy cows. (E) Heatmap of top 30 most abundance genera in milk of
cows with mastitis and healthy cows. (∗∗∗ means p < 0.001; p values calculated by Mann–Whitney U in
A and B; p values calculated by the Kruskal-Wallis test followed by post-hoc Dunn's multiple comparisons
test in D)
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Figure 7

Comparison of the composition of gut microbiome between dairy cows with mastitis and healthy cows.
(A) Shannon index and (B) Number of observed OTUs of gut microbiotas in dairy cows with mastitis and
healthy cows; (C) Principal coordinate analysis (PCoA) based on Weighted Unifrac distance of gut
microbiotas in dairy cows with mastitis and healthy cows; (D) Interindividual variations were determined
by average weighted UniFrac distances between individuals in gut microbiotas of dairy cows with
mastitis and healthy cows, respectively, while between-group variations were determined by distances
between cows with mastitis and healthy cows. Stacked bar plots illustrate the mean relative abundance
of OTUs at the phylum (E, top 10) and genus (F, top 20) level in the fecal of dairy cows with mastitis and
healthy cows. (∗< 0.05, ∗∗∗ < 0.001; p values calculated by Mann–Whitney U in A and B; p values
calculated by the Kruskal-Wallis test followed by post-hoc Dunn's multiple comparisons test in D)
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Figure 8

Effect of antibiotic and geraniol on milk microbiotas of dairy cows in the treatment of mastitis. Dynamic
changes of (A) Shannon index and (B) Number of observed OTUs of milk microbiotas in dairy cows
treated with antibiotics; Dynamic changes of (C) Shannon index and (D) Number of observed OTUs of
milk microbiotas in dairy cows treated with geraniol; Dynamic cluster of bacteria in milk of dairy cows
with mastitis supported by Principal component analysis based on Weighted Unifrac distance before and
after using antibiotic (E) and geraniol (F); Dynamic changes of relative abundance of pathogens
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(Enterobacteriaceae, Streptococcus and Mycoplasma) in milk of dairy cows with mastitis after antibiotic
(G) and geraniol (H) treatment. 3d and 5d means after continuous administration for three and �ve days,
separately; 14d means the 14th days after receiving drug treatment (It also means the 9th day after
stopping drug treatment). (p values calculated by the Kruskal-Wallis test followed by post-hoc Dunn's
multiple comparisons test: ∗ < 0.05, ∗∗ < 0.01 and ∗∗∗ < 0.001 for Shannon index and Number of
observed OTUs in (A), (B), (C) and (D); ## < 0.01 and ### < 0.001 for Enterobacteriaceae in (G) and (H);

< 0.01and

$ < 0.001 for Streptococcus in (G) and (H), < 0.05 for Mycoplasma in (H) )

Figure 9

Dynamic changes of relative abundance of probiotics in milk during the treatment of cow mastitis with
antibiotics and geraniol. Dynamic changes of relative abundance of Lactobacillus (A) and
Bi�dobacterium (B) in the antibiotic treatment group; Dynamic changes of relative abundance of
Lactobacillus (C) and Bi�dobacterium (D) in the geraniol treatment group. 3d and 5d means after
continuous administration for three and �ve days, separately. (p values calculated by the Kruskal-Wallis
test followed by post-hoc Dunn's multiple comparisons test: ∗ < 0.05, ∗∗ < 0.01 and ∗∗∗ < 0.001)Loading [MathJax]/jax/output/CommonHTML/jax.js
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Figure 10

Effect of antibiotic and geraniol on gut microbiotas of dairy cows in the treatment of mastitis. Dynamic
changes of (A) Shannon index and (B) Number of observed OTUs of gut microbiotas in dairy cows
treated with antibiotics; Dynamic changes of (C) Shannon index and (D) Number of observed OTUs of gut
microbiotas in dairy cows treated with geraniol; Dynamic cluster of bacteria in milk of dairy cows with
mastitis supported by Principal component analysis based on Weighted Unifrac distance before and after
using antibiotic (E) and geraniol (G); Phylogenetic distance of gut microbiotas in cows after
administration of antibiotics (F)/ geraniol (H) and before administration. 0th day indicates that the cows
with mastitis have not been treated with drugs; 1st day means 1 day after a receiving drug treatment; 3d
and 5d means after continuous administration for three and �ve days, separately; 14d means the 14th
days after receiving drug treatment (It also means the 9th day after stopping drug treatment). (p values
calculated by the Kruskal-Wallis test followed by post-hoc Dunn's multiple comparisons test: ∗ < 0.05, ∗∗
< 0.01 and ∗∗∗ < 0.001)
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Figure 11

Effects of drug resistance of bacteria to geraniol and amoxicillin via passage cultivation with sub-
inhibitory concentrations of drug. (A) Dynamic changes of MIC value of geraniol to the Escherichia coli
strain ATCC25922 from 1-120 generations of subculture at sub-inhibitory concentration (1/2MIC). (B)
Dynamic changes of MIC value of amoxicillin to the Escherichia coli strain ATCC25922 from 1-120
generations of subculture at sub-inhibitory concentration (1/2MIC).
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