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Antibiotic therapy is the primary treatment for bovine mastitis, but the drawbacks of this strategy include poor
cure rate and economic losses from the need to discard milk with antibiotic residues. Unfortunately, few other
treatment options are currently available for mastitis. Failure of antibiotic treatments is often attributed to
formation of bacterial biofilms and abscesses in the mammary gland tissue, which lead to chronic infections that
are difficult to eradicate and drive recurrent disease. A major mastitis-causing pathogen (MCP) associated with
biofilms in bovine mastitis is Staphylococcus aureus. In this study, we demonstrate that octanoic acid has broad-
spectrum microbicidal activity against MCPs and effectively inhibits S. aureus biofilm formation in milk (>50%
inhibition at 3.13 mM). Octanoic acid effectively clears biofilms (95% eradication at 1X minimum bactericidal
concentration, MBC) and infrequently induces S. aureus small colony variants (SCVs) that may cause recurrent
mastitis. Additionally, octanoic acid rapidly kills persistent biofilm cells and cells with antibiotic tolerance
(within 4 h). In contrast, antibiotics treated at >100X MBC cannot eradicate biofilms but do induce SCVs and
antibiotic-tolerant cells. These effects may accelerate the transition from biofilm to chronic infection. Thus,
octanoic acid exhibits bactericidal action against S. aureus biofilms, and it is less likely than antibiotic therapy to
induce persistent cells and pathogen tolerance. Moreover, octanoic acid acts additively with antibiotics against
S. aureus, and it attenuates tetracycline-induced virulence factor gene expression in S. aureus cells. According to
these data, octanoic acid may prevent the pathological progression of bovine mastitis and offer a new strategy for
treating the condition.

Antibiotic tolerance cells
Recurrent mastitis

1. Introduction

Bovine mastitis is a costly and highly prevalent disease in the dairy
industry, which reduces the yield and quality of milk. Raw milk from
cows with mastitis typically has a high total bacterial count and somatic
cell count, resulting in lower quality and purchase price [1,2]. The
standard response to clinical mastitis in dairy cattle involves early
detection, isolation of infected cows, administration of antibiotics, use of
anti-inflammatory drugs, provision of supportive care, and culling if
necessary. To mitigate the negative impacts of this disease, dairy farms

take great care to control infection and inflammatory responses in the
cows. Animals that develop mastitis are primarily treated with intra-
mammary antibiotics to eliminate the bacteria that cause udder
inflammation [2,3]. However, these antibiotic treatments suffer from
low cure rates [1] and are associated with a high risk of chronic in-
fections [4,5]. Moreover, raw milk with antibiotic residues must be
discarded, leading to economic losses.

Bovine mastitis-causing pathogens (MCPs) are generally classified as
contagious or environmental according to their transmission modes
[6-9]. Environmental pathogens are responsible for a relatively small
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portion of infections (less than 10% of total mastitis cases) and mainly
affect cows with low immunity or that reside on farms with inadequate
hygiene. In contrast, contagious pathogens like Staphylococcus aureus
and Streptococcus agalactiae are typically transmitted through direct
contact with cows that have infected udders or via milking machines [2,
6,7]. S. aureus colonization and penetration of mammary cells often
results in biofilms or abscesses that protect the bacteria from antibiotics
and immunocytes. These characteristics make it challenging to eradicate
the bacteria, leading to low cure rates, bacterial persistence, and
development of antimicrobial resistance [1,2,6,7]. Persistent or recur-
rent infection may further cause damage to mammary tissue that can
decrease or even completely stop milk production [1].

Early detection and treatment of infected cows are critical to pre-
venting disease spread. Since identifying pathogenic bacteria can take
several days and cows are at risk of transmission during this time, broad-
spectrum antibiotics are often applied immediately upon signs of
infection [6]. However, widespread application of this strategy results in
the overuse or misuse of antibiotics [1,3], which contributes to the
global public health concern of antimicrobial-resistant pathogens [3,4].
Excessive use of antibiotics may induce the development of persister
cells, which can be identified by their altered transcriptomic profiles and
contribute to relapsing infections and therapeutic failure [4,5]. There-
fore, alternative therapies for bovine mastitis are urgently needed.

Octanoic acid is a saturated fatty acid present in natural food sources,
such as coconut, palm kernel and milk [10]. It exhibits antibacterial
activity against various species, including S. aureus, Escherichia coli and
Candida albicans [11-17]. Previous studies have shown that octanoic
acid causes bacterial cell death by disrupting the cell membrane [14,17],
and hinders microorganisms’ growth and proliferation by impairing
metabolism [17]. Furthermore, several studies have demonstrated that
octanoic acid exhibits anti-inflammatory properties [18,19]. Based on
those characteristics, octanoic acid may be a promising candidate for
bovine mastitis therapy. However, evidence for its utility in treating
bovine mastitis and preventing development of chronic infection is
lacking. This study addressed this issue using a biofilm model of
S. aureus isolated from recurrent clinical mastitis. We evaluated the ef-
ficacies of octanoic acid and standard antibiotics in eradicating bacterial
biofilms. Our findings are consistent with the low cure rate for antibi-
otics and suggest that octanoic acid may have a better potential for
preventing chronic infection in bovine mastitis.

2. Materials and methods
2.1. Bacterial strains and culture

A total of 22 clinical isolates were used in this study, as listed in
Table S1. Staphylococcus aureus ATCC 12600 was purchased from the
American Type Culture Collection (ATCC). All clinical isolates were
obtained from the raw milk of dairy cows with mastitis. Organisms were
identified by 16S rRNA gene sequencing. The definition of each clinical
isolate number is given in Table S1. Udders 8 to 13 had recurrent clinical
mastitis that was treated with Ceroxim No. 2 ointment (Fig. S1A). A
veterinarian confirmed mastitis through mammary histopathology and
tissue biopsy, which also revealed abscess formation in the tissues
(Fig. S2). Six Streptococcus spp. isolates (i.e., 1-1, 2-1, 2-6, 3-2, 6-2 and 9-
6; Table S1) were cultured in Tryptone Soy Agar (TSB, Difco BD) with
5% horse serum (Gibco), and the remaining 17 isolates were cultured in
TSB without horse serum. All 23 isolates were cultured for 16 h at 37 °C
shaking incubator with 200 rpm.

2.2. Microbroth dilution assays

Bovine mastitis is generally treated with antibiotics such as beta-
lactams and tetracyclines. Therefore, we evaluated the susceptibility
of MCPs to octanoic acid and five commonly used bovine mastitis an-
tibiotics, including ampicillin, cloxacillin, cefuroxime, cefotaxime and
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tetracycline (Sigma-Aldrich). The antimicrobial activity of octanoic acid
and antibiotics was evaluated according to Clinical and Laboratory
Standards Institute (CLSI) guidelines. Mueller Hinton II broth (MHB)
was used for microbroth dilution assays of all pathogens except Strep-
tococcus spp., which were tested in MHB with 5% horse serum. Anti-
microbial agents were serially diluted in 96-well round-bottom
polystyrene plates (Corning) with culture medium to generate various
concentrations of antibiotics (0-100 pg/mL) and octanoic acid (0-200
mM). A final inoculum of 5 x 10° colony-forming units (CFU)/mL was
produced by adding an appropriate amount of overnight bacteria cul-
ture. The MIC was defined as the minimal inhibitory concentration of an
antimicrobial agent with no visible growth after 24 h incubation. Bac-
teria were subcultured from the MIC test broth to TSA plates, and the
minimum bactericidal concentration was defined as the MBC. The MBC
in milk was measured by the same protocol as described above, with the
only difference being the replacement of medium with milk (Kuang
Chuan, Taiwan).

2.3. Synergy checkerboard assay

The antimicrobial activities of octanoic acid combined with different
antibiotics (ampicillin, cloxacillin, cefuroxime, cefotaxime, and tetra-
cycline) were tested on S. aureus ATCC 12600 and clinical isolate 10-9.
Serial two-fold dilutions of octanoic acid and antibiotics were made to
generate various concentrations. The final inoculum was generated by
adding fresh overnight bacterial culture to 5 x 10° CFU/mL. After a 24-h
incubation, the MIC of each combination was determined by measuring
optical density at 600 nm (OD600). FIC indices (FICI) were defined
according to a published protocol [20].

2.4. Biofilm formation assays

The biofilm-forming capacity of each bacterial isolate was deter-
mined according to a previously described method with necessary
modifications [21,22]. All pathogens were grown in sBHI (referred to as
biofilm medium in the figures), which consists of BHI containing 0.3%
starch and 1% glucose. A 200 pL overnight culture of bacteria at 1 x 10°
CFU/mL was added in sBHI or milk to 96-well flat-bottom plates.
Planktonic cells were removed after 24 h incubation, and each well was
rinsed twice with saline. Following the washing step, the plates were
oven-dried for 1 h. Biofilms were visualized by staining with a 0.5%
crystal violet solution. The plates were washed with saline to remove the
unbound dye, and biofilm-forming capacity was determined by optical
density measurement at 585 nm (OD585). The inhibitory activity of
octanoic acid on biofilm formation was assessed by incubating bacteria
with serial dilutions of octanoic acid in sBHI or milk for 24 h, followed
by quantification of biofilm.

2.5. Biofilm cell viability assay

An overnight culture of S. aureus ATCC 12600 was added to 200 pL
sBHI at 1 x 10° CFU/mL in 96-well flat-bottom plates. Planktonic cells
were removed after 16 h incubation at 37 °C. Various concentrations of
octanoic acid (0-100 mM) or antibiotics (0-400 pg/mL) were added to
the mature biofilms. The commercial antibiotics, Maxalac LC and Cer-
oxim No. 2 ointment (Fig. S1), were purchased from a local pharmacy.
Ointments were serially diluted in sBHI and added to mature biofilms
(dilutions were made from 1:8 to 1:256 in order to achieve the desired
concentration range). Biofilms were incubated with drugs for 24 h at
37 °C. Then, bacterial viability was analyzed using alamarBlue (Invi-
trogen) according to the manufacturer’s instructions.

2.6. Scanning Electron Microscopy (SEM)

S. aureus biofilm cell morphology was observed by SEM after octa-
noic acid or antibiotic treatments. The biofilm to be tested was cultured
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on a plastic film and fixed with 4% formaldehyde and 2.5% glutaral-
dehyde in 0.1 M sodium phosphate buffer (PBS), pH 7.0, at room tem-
perature for 1 h. Biofilms were rinsed three times for 10 min with 0.1 M
PBS and then fixed with 2% osmium tetroxide in PBS at room temper-
ature for 1 h. The samples were then dehydrated through an alcohol
concentration gradient (30%-100%) for 10 min at each concentration.
Critical point drying was performed with a Leica EM CPD300 critical
point dryer. A Hitachi E—1010 ion sputter was used for sample coating.
A FEI Quanta 200 environmental SEM at 20 KV was used for observation
and imaging.

2.7. Confocal laser-scanning microscopy (CLSM)

S. aureus ATCC 12600 mature biofilm was treated with 50 mM
octanoic acid or 0.4 mg/mL antibiotic. After 16 h of incubation at 37 °C,
biofilm cells were stained with the LIVE/DEAD BacLight kit (Invitrogen)
according to the manufacturer’s instructions. Fluorescence-adherent
bacteria were directly observed using a CLSM (FV3000, Olympus).

2.8. Evaluation of colony variance during S. aureus biofilm upon
antibiotic exposure

Mature biofilms of S. aureus isolate 10-9 were treated with 25 mM
octanoic acid or 0.4 mg/mL antibiotic (ampicillin, cloxacillin, cefurox-
ime, cefotaxime, and tetracycline). The treatment drugs and medium
(sBHI) were replaced every 24 h until the third day to simulate repeated
administration to infected animals. Each day the bacterial viability was
determined by the CFU plate-counting method. SEM analysis was per-
formed to monitor morphological changes in the biofilm cells on the first
day after drug treatment; SCVs were identified based on the reference
description [23]. Biofilm cells were then plated on LB agar plates on the
fourth day after drug treatment. SCVs were defined as colonies at least
10-fold smaller than normal colonies [23,24].

2.9. RNA isolation and quantitative real-time PCR

Total RNA was isolated according to the manufacturer’s directions
using the TRIzol max bacterial RNA extraction kit (Invitrogen). Reverse
transcription of total RNA was performed with ReverTra Ace® qPCR RT
Master Mix (Toyobo). The transcript levels of the fnbA, clfA, agrA, rbf,
sarA, arlR, hla, and sigB genes were determined using quantitative real-
time PCR (qRT-PCR) and an ABI StepOnePlus Real-Time PCR Instrument
(Applied Biosystems, Foster, CA, United States). Table S2 lists the
primers used for qRT-PCR. The gene expression levels were calculated
using the 2—ACt method, with 16S rRNA expression serving as the
endogenous control. The expression level fold-change was calculated
relative to the 0 h untreated group.

2.10. Time-kill analysis for definitions of antibiotic resistance, tolerance
and persistence

Cell persistence and antibiotic tolerance were evaluated according to
published protocols [25]. The definition of tolerance was an increase in
the minimum duration to kill 99% of bacteria (MDK99), and persistence
was an increase in the minimum duration to kill 99.99% of bacteria
(MDK99.99) compared with susceptible bacteria. S. aureus ATCC 12600
and isolate 10-9 were cultured in TSB and grown at 37 °C for 16 h under
shaking at 200 rpm to produce cells at the planktonic stage. Biofilms
were formed using cultures in sBHI. Medium was removed, and plank-
tonic cells were left to develop into biofilm stage. Mature biofilms were
treated with 0.4 mg/mL tetracycline or cloxacillin for 16 h, then
centrifuged at 8000xg and washed with saline to eliminate the antibi-
otics. Collected cells were subjected to antibiotic exposure at approxi-
mately 10° CFU/mL for time-kill analyses. Bacterial cells were incubated
with 2 x MBC octanoic acid and 4 x MBC antibiotics. The CFUs were
counted from cultures at 0, 4, 8 and 24 h.
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2.11. Statistical analysis

Data were collected from at least three independent experiments,
and statistical analyses were performed using GraphPad Prism 8.0
software. Statistical significance was determined by one-way ANOVA
with Tukey’s multiple comparison test. Values of p < 0.05 were
considered significant.

3. Results

3.1. Octanoic acid has broad-spectrum microbicidal activity against
MCPs and shows additive effects with antibiotics

In total, 22 clinical isolates were collected from raw milk derived
from 12 cows with udders that had mastitis (Table S1, excluding strains
that were difficult to culture, including Aerococcus spp., Acidovorax
spp.). Staphylococcus spp. was the most commonly isolated type of MCP
(40.9%, 9 out of 22 isolates), followed by Streptococcus spp. (6/22) and
E. coli (3/22). Isolation of these bacteria is consistent with mastitis-
associated pathogens identified in previous studies [26,27]. Udders 8
to 13 had recurrent clinical mastitis that had been treated with Ceroxim
No. 2 ointment. The major pathogens isolated from these udders were
Staphylococcus spp., which are commonly associated with mastitis
recurrence. Most Staphylococcus spp. and Streptococcus spp. were sensi-
tive to the tested antibiotics (Fig. 1A and B and Fig. S3). However, all
E. coli (7-13, 8-8 and 9-8) resisted cloxacillin. Enterococcus faecium (5-1
and 8-3) was resistant to almost all tested antibiotics, and 9-12 Bacillus
pumilus was resistant to cefuroxime and cefotaxime. 12-10 Acinetobacter
towneri resisted ampicillin and cloxacillin (Fig. 1C and Fig. S3).

In contrast, octanoic acid exhibited bactericidal effects against all
MCPs at concentrations less than 100 mM, and it remained effective in
milk (Fig. 1D). Next, we combined octanoic acid with antibiotics.
Importantly, octanoic acid had additive effects with several antibiotics
and synergistic effects with cefuroxime (Fig. 2A and B). Taken together,
these findings led us to conclude that Staphylococcus spp. were the major
pathogens in recurring clinical mastitis, but most of the isolates remained
susceptible to traditional antibiotics. Recurrence could therefore be
caused by factors unrelated to antibiotic resistance. Most importantly, the
data demonstrate that octanoic acid has broad-spectrum microbicidal
activity against MCPs and acts additively with antibiotics.

3.2. Octanoic acid effectively inhibits biofilm formation by S. aureus

S. aureus can penetrate mammary gland tissue and form biofilms or
abscesses, which are critical factors in the recurrence of antibiotic treat-
ment [28]. Preventing biofilm formation is therefore crucial to halting
disease progression toward chronic and recurrent infection. The capacities
of each isolate to form biofilms are listed in Table S1. Among all isolates,
Staphylococcus sp. showed the strongest capacities for forming biofilms. In
particular, S. aureus 7-2, 7-3, 10-9, 11-1, and 12-12 exhibited high capac-
ities to form biofilms in milk and also formed curds in the milk (Fig. 3A).
Other strains could not form or weakly formed biofilms (data not shown).
We next investigated the effects of octanoic acid on the biofilm formation
capacities of these strains. S. aureus ATCC 12600, 10-9, 11-1 and 12-12
formed biofilms in sBHI medium, but the biofilm formation by each of
the four S. aureus strains was significantly inhibited by treatment with 12.5
mM octanoic acid (>50% inhibited; Fig. 3B). Notably, S. aureus strains 7-2,
7-3,10-9, 11-1 and 12-12 formed solid biofilms in milk but were inhibited
by more than 50% when treated with 3.13 mM octanoic acid (Fig. 3C). SEM
images showed a clear extracellular matrix (ECM) entangled between
S. aureus cells in the untreated control. However, the apparent S. aureus
density and ECM were drastically reduced in octanoic acid-treated samples
(6.25 and 12.5 mM) compared to the untreated control (Fig. 3D). These
findings indicate that octanoic acid effectively inhibits biofilm formation
by S. aureus (a robust biofilm-producing MCP), and the inhibitory effect is
more potent in milk than in sBHI medium.
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Fig. 1. Antibacterial activity of octanoic acid and antibiotics tested on bovine mastitis pathogens. Antibiotic susceptibility testing in (A) Staphylococcus spp., (B)
Streptococcus spp., (C) Escherichia coli, and other pathogens isolated from dairy cows with mastitis. (D) Octanoic acid antimicrobial efficacy against S. aureus ATCC
12600 and clinical isolates of MCPs. MICs and MBCs of octanoic acid and antibiotics tested on S. aureus ATCC 12600 and clinical isolates of MCPs. The MBCs in milk
were also determined in this study. All values represent the mean + SD of three individual experiments. Determination of susceptibility of strains to antibiotics
followed CLSI guidelines, with minor modifications. Susceptibility is defined by a MIC of <4 pg/mL and a MIC of >16 pg/mL was considered resistant.
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Fig. 2. Antibacterial effects of octanoic acid and antibiotic combinations against bovine mastitis pathogen S. aureus. Checkerboard analyses showing percentage
inhibition for the combined effects of octanoic acid with ampicillin, cloxacillin, cefuroxime, cefotaxime and tetracycline toward (A) S. aureus ATCC 12600 and (B)
clinical isolate 10-9. The heat map shows the average of three replicates. The positions of the blue values represent the concentrations calculated by FICI. (F) The FICI
results and definitions of octanoic acid and antibiotic combinations. FICI < 0.5 indicates synergism, while FICI >0.5-1 indicates an additive effect. (For interpretation

of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.3. Octanoic acid is more potent than antibiotics in eradicating S. aureus
biofilms

Since mastitis is difficult to detect in the early stages of infection
(subclinical mastitis), the optimal therapy window is often missed. Once
a biofilm has formed, it becomes challenging to treat. After showing that
octanoic acid has broad-spectrum antimicrobial activity against MCPs
and effectively inhibits biofilm formation, we next compared the effi-
cacies of octanoic acid and antibiotics in eradicating mature S. aureus
biofilms. Each tested antibiotic significantly decreased biofilm cell

viability at the lowest dose of 12.5 pg/mL, with no additional impact on
cell viability observed at higher antibiotic doses. As such, approximately
50% cell viability was maintained across all antibiotic groups, and the
biofilms even persisted at doses >100X MBC (Fig. 4A and D). Similar
results were obtained with testing commercial intramammary antibi-
otics Maxalac LC and Ceroxim No. 2 ointment. This result suggests that
increasing the dose of antibiotics will not lead to biofilm eradication
(Fig. 4B). In contrast, octanoic acid eradicated biofilms in a dose-
dependent manner, killing ~95% of biofilm cells at 1X MBC (25 mM)
(Fig. 4C and D). SEM images revealed (Fig. 4E) that the S. aureus biofilm
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Fig. 3. Evaluation of biofilm formation inhibition activity of octanoic acid in the recurrence of mastitis major pathogens S. aureus. (A) A photograph of S. aureus
ATCC 12600 and clinical isolates of Staphylococcus sp. biofilms stained with crystal violet (upper) and biofilm biomass quantification (lower). Highlighted (yellow)
clinical isolates 7-2, 7-3, 10-9, 11-1, and 12-12 are strains with strong biofilm-forming capacity in milk. Biofilms formed by S. aureus ATCC 12600 and clinical isolates
7-2,7-3,10-9, 11-1, and 12-12 were tested with octanoic acid (0-25 mM) in sBHI (B) and milk (C). After a 24 h incubation at 37 °C, biofilms were stained with crystal
violet for quantification of bacterial biomass. Untreated control was taken as 100% biofilm formation. The dotted line represents 50% biofilm inhibition. All values
represent the mean + SD of three individual experiments. *p < 0.05 compared with the untreated. (D) SEM images at 12000 x magnification in S. aureus ATCC
12600 biofilm formation treatment by octanoic acid (untreated, 6.25 and 12.5 mM). Yellow arrows represent the extracellular matrix of the S. aureus biofilm. Scale

bars = 10 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cells in untreated samples were plump, intact with a smooth exterior,
and embedded in a viscoelastic ECM. In contrast, the octanoic acid-
treated biofilms (25 and 50 mM) exhibited cell collapse, reduced
staphylococcal surface attachment, and limited ECM. Fluorescent
staining with the LIVE/DEAD BacLight kit showed that dead cells
(propidium iodide/red) were much more common in the octanoic acid-
treated S. aureus biofilms than in antibiotic-treated biofilms (Fig. 4F).
These findings suggest that octanoic acid greatly outperforms available
antibiotics in terms of biofilm eradication.

3.4. Treatment of biofilms with octanoic acid induces fewer SCVs than
antibiotics

Administering multiple doses of antibiotics is common practice for
mastitis. However, the repeated treatments may not effectively elimi-
nate biofilms and can lead to side effects, such as antibiotic resistance
and tolerance. We evaluated the impact of daily antibiotics or octanoic
acid administration on S. aureus biofilm cells (from the 10-9 isolate).
Following biofilm maturation, the treatments were administered once
daily for four days, as illustrated in Fig. 5A. Daily administration of
antibiotics had a limited impact on cell viability, with a maximum of 2-
log reduction in CFU observed on day 4 for all antibiotic-treated groups.
In contrast, daily administration of octanoic acid (25 mM) gradually
reduced cell viability until the biofilm was completely eradicated at day
4 (Fig. 5B). Furthermore, continuous exposure to antibiotics increased
the SCVs in biofilms. In particular, tetracycline treatment led to about
55% SCVs in the culture. In contrast, continuous exposure to octanoic
acid did not lead to detectable SCV development (Fig. 5C and D). SEM
images showed abnormal cell division in the antibiotic-treated groups
(Fig. 5E) and the appearance of ‘fried egg’-shaped SCVs [23]. In
contrast, normal cell morphologies were observed in the untreated
control and octanoic acid-treated biofilms (Fig. 4B). A study shows that
the biofilm cell populations consisted of wild-type cells and SCVs, with
the SCV subpopulation growing over time [29]. We also found that SCVs
occur spontaneously in biofilms after 72 h of incubation without
changing medium (Fig. S4), but the normal phenotype was restored after
changing the medium (Fig. S5C and D, growth control). Next, we eval-
uated the effects of octanoic acid and antibiotic exposure on aged (72 h)
biofilms. As shown in Fig. S5C and D, the SCV subpopulations were
noticeably more prevalent in the antibiotic-treated groups than the
control group. SCVs were particularly evident in the tetracycline-treated
group (~75% SCVs). In contrast, the octanoic acid-treated biofilms were
largely eradicated (Fig. S5B) and showed low prevalence of induced SCV
phenotypes (Fig. S5C and D). These results demonstrate that octanoic
acid can eradicate biofilms and carries a lower risk of SCV induction
than antibiotics.

3.5. Octanoic acid attenuates expression of tetracycline-induced virulence
factor genes in S. aureus biofilm cells

Previous studies have shown that the S. aureus cells surviving anti-
biotic treatments have a persister phenotype, which is characterized by
low metabolic activity and elevated expression of stress response genes
[5]. In S. aureus, the staphylococcus accessory regulator (Sar) and
accessory gene regulator (Agr) signaling cascades regulate the expres-
sion of many virulence and biofilm formation factors via oligopeptide

signaling molecules [30-32]. Examples include the hla gene encoding
a-hemolysin, a toxic protein that can damage host tissues [32].
Fibronectin-binding protein A (FnbA) and clumping factor A (clfA) are
adhesion proteins that allow the pathogen to interact with bovine
mammary epithelial cells and contribute to biofilm formation [33-35].
Meanwhile, SigB controls stress response and survival genes, and it
regulates biofilm formation through the SigB regulon, which is crucial
for the development of chronic infections [36]. ArlR is a component of
the ArlRS signal transduction system that controls virulence factors and
antibiotic tolerance by directly controlling downstream gene expression.
This action allows S. aureus to adapt and survive in various environ-
ments [37]. Rbf controls the expression of genes involved in biofilm
formation and also affects pathogenesis-related gene expression [38]. In
our experiments, we tracked expression of these genes to indicate
virulence and biofilm formation ability of the cells.

Since biofilms that form after tetracycline treatment carry high
proportions of SCVs with the persister phenotype, we investigated the
effects of octanoic acid and tetracycline on the expression of virulence-
and biofilm-related genes in biofilm cells. Treatment of the S. aureus
isolate 10-9 biofilm with tetracycline dramatically induced the expres-
sion of fnbA, agrA, rbf, arlR, hla and sigB genes after 8 h and 24 h. In
contrast, octanoic acid treatment did not upregulate expression of these
genes. Notably, when tetracycline and octanoic acid were administered
in a combined treatment, the tetracycline-induced gene expression
pattern was attenuated (Fig. 6B).

3.6. Octanoic acid quickly kills persister cells and antibiotic-tolerant cells

Since SCV development is associated with persister cells, decreased
antibiotic sensitivity and chronic infections [39], we next examined the
bactericidal effects of octanoic acid and antibiotics on the surviving
S. aureus cells in biofilms treated with antibiotics (Fig. 7A). For plank-
tonic stage, S. aureus ATCC 12600 and isolate 10-9 cells (Fig. 7B), the
MDK99 (minimum duration to kill 99% of bacteria) of octanoic acid and
antibiotics were respectively within 2 and 8 h, and the respective
MDK99.99 values were within 4 and 24 h. However, cells at the biofilm
stage had an MDK99.99 of more than 24 h in all antibiotic-treated
groups (S. aureus ATCC 12600, Fig. 7C), implying that persister cells
were present in the biofilm stage. Moreover, when S. aureus biofilms
were treated with cloxacillin (Fig. 7D) or tetracycline (Fig. 7E), the
MDK99 values were respectively more than 8 and 24 h in all
antibiotic-treated groups. Thus, antibiotic tolerance appeared to be
increased in biofilm cells upon antibiotic treatment. In contrast, octa-
noic acid exhibited MDK99.99 values within 4 h, whether the S. aureus
were at a planktonic stage (Fig. 7B) or biofilm stage (Fig. 7C). Octanoic
acid also had MDK99.99 values less than 4 h for biofilms treated with
cloxacillin (Fig. 7D) or tetracycline (Fig. 7E). These results showed that
octanoic acid exhibits rapid bactericidal activity toward persister cells
and antibiotic-tolerant cells in S. aureus biofilms.

4. Discussion

Chronic biofilm infections are notoriously difficult to cure with
standard antibiotic treatments, and no effective treatment strategy has
yet been developed for clearing biofilms in bovine mastitis. In this work,
we demonstrate that octanoic acid does not suffer from the main
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Fig. 4. Evaluation of octanoic acid and antibiotics in S. aureus biofilm eradication assay. (A) S. aureus ATCC 12600 mature biofilm treated with antibiotics (0-400
pg/mL), (B) commercial intramammary antibiotics (diluted 1:8 to 1:256 in sBHI), and (C) octanoic acid (0-100 mM) for 24 h. Biofilm cell viability was quantified by
Alamar Blue assay. Untreated control was taken as 100% cell viability. The dotted line represents 95% biofilm eradication. Octanoic acid and antibiotic 95% biofilm
eradication concentration (95% BEC) and 95% BEC/MBC are listed in table (D). All values represent the mean + SD of three individual experiments. *p < 0.05
compared with the untreated control. (E) SEM images at 30,000 x magnification in ATCC 12600 S. aureus mature biofilm treatment by octanoic acid (untreated, 25
and 50 mM). Yellow arrows represent the ECM of S. aureus mature biofilm. Yellow thin arrows represent collapsed cells in octanoic acid-treated biofilms. Scale bars
= 4 pm. (F) ATCC 12600 S. aureus mature biofilm cell viabilities were analyzed after culture in sBHI (Untreated), 50 mM octanoic acid, or 0.4 mg/mL antibiotics by
CLSM at 20 x magnification. BacLight LIVE/DEAD viability kit was used to stain biofilm cells. Bacteria with intact cell membranes were stained fluorescent green
(SYTO™ 9), while bacteria with damaged membranes were stained fluorescent red (propidium iodide). CLSM imaging shows green and red fluorescence (upper),
representing the total cell content in biofilms, and red fluorescence alone (lower), representing the content of dead cells in biofilms. Lateral white scale bars = 20 pm.
Eongitudinal white scale bar = 15 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

drawbacks of antibiotic therapy for bovine mastitis, as it can prevent
formation and eradicate established S. aureus biofilms. When treating
biofilms, octanoic acid is less likely than antibiotics to induce SCVs. It
can also quickly kill biofilm cells and antibiotic-tolerant cells. These
advantages of octanoic acid are expected to prevent disease progression
to chronic infection.

Antibiotic therapy is currently the primary strategy for treating
bovine mastitis, but it suffers from low cure rates and leaves antibiotic
residuals in raw milk [40]. Moreover, recent regulations encourage the
reduced usage of antibiotics or their replacement with alternative
therapies for dairy cows. The European Medicines Agency (EMA) has
categorized available antibiotic substances into three categories, with
veterinary drugs restricted to the first two categories [3]. Extensive ef-
forts have recently been made to develop new strategies for treating
bovine mastitis, including the use of probiotics, bacteriocins, bacterio-
phages, phage endolysins, lysostaphin and cytokines; however,
commercially available agents with efficacy for eliminating MCPs are
still lacking, and some available agents cannot be used with raw milk [1,
41-44]. Another approach has been to develop mastitis vaccines against
major targets of S. aureus, Streptococcus uberis, and E. coli. While some
commercial vaccines are now available, vaccination is costly and
generally ineffective against bovine mastitis because various pathogens
can cause the condition [45].

Octanoic acid is a saturated medium-chain fatty acid with antimi-
crobial and anti-inflammatory properties that is found naturally in milk.
The antibacterial and anti-biofilm activity of octanoic acid has been
published in several studies [11-17]. Our study extends previous find-
ings by focusing on using octanoic acid to prevent pathological pro-
gression to chronic infection. Bovine mastitis can be caused by multiple
pathogens, making it challenging to select an effective antibiotic.
Although broad-spectrum antibiotics are available, the drugs may not be
effective on all pathogens. Thus, proper antibiotic selection requires first
identifying the pathogen responsible for the infection. This procedure
can be challenging, especially in dairy farming operations. In addition,
antibiotic selection guided by culture-based identification is not always
effective in clinical cases, as there may be a mismatch between in vitro
sensitivity results and practical outcomes [44]. For instance, S. aureus
mastitis should be susceptible to antibiotics according to in vitro data.
However, adaptation of the pathogen to the host environment and the
host response to infection can render antibiotics ineffective, as with
abscesses and biofilm formation [46]. Octanoic acid shows
broad-spectrum microbicidal activity against various infectious patho-
gens in milk. Administering octanoic acid during the early infection
stage in cows can potentially shorten the pathogen identification process
and minimize the risk of infection transmission within the dairy farm.

In previous studies, recurring mastitis was found to be caused by the
same pathogenic species as seen in prior infections for 32.6% of cases
[47], and S. aureus was shown to be a prominent cause of bovine mastitis

that frequently results in long-term, chronic and recurring infections
[48-50]. Here, we found that almost all strains with biofilm-forming
capacity were isolated from recurrent mastitis cases (udders No.
8-13). However, these strains were still sensitive to the antibiotics used
to treat the infections (ampicillin and cloxacillin). This result implies
that the isolated pathogen can somehow evade or tolerate antibiotic
treatments to which it is sensitive; such an outcome may be related to
biofilm-associated tolerance or persister cells.

High concentrations of antibiotics cannot eradicate biofilms [51],
even after repeated treatment. In our study, antibiotic resistance in
surviving isolates was minimal, and the isolates instead exhibited SCV
phenotypes. Continuous exposure to antibiotics enhances the SCV sub-
population in biofilm cells and suppresses bacterial proliferation during
treatment, which should reduce immune response and somatic cell
count in the milk. However, stopping antibiotics would allow the SCV
bacteria to regrow, resulting in recurrence of infection. In contrast,
octanoic acid effectively eradicates biofilms and does not readily induce
SCVs. As such, octanoic acid therapy is unlikely to promote biofilm
formation. The treatment also rapidly kills pathogenic cells, even those
in biofilms or antibiotic-tolerant cells. In summary, our data suggest that
octanoic acid treatment is a strong candidate for preventing progression
to chronic mastitis, as it is effective against various MCPs at planktonic
and biofilm stages. Thus, treatment with octanoic acid may be a new
effective strategy for controlling intractable biofilm-related infections,
such as bovine mastitits.

5. Conclusion

Antibiotics are the primary treatment for bovine mastitis, although
the cure rate is poor and the strategy has several drawbacks. When a
dairy cow is found to be infected, it is most commonly treated imme-
diately with a broad spectrum of intramammary antibiotics in order to
prevent pathogen spread. During the treatment and withdrawal periods,
raw milk produced by the cow must be discarded due to antibiotic res-
idues, which causes major economic losses. Octanoic acid is a Generally
Recognized as Safe (GRAS) compound, and this study demonstrates that
octanoic acid exerts broad-spectrum bactericidal activity toward
mastitis-causing pathogens in milk, effectively preventing S. aureus
biofilm formation. More importantly, our data show that octanoic acid
can eradicate biofilms and quickly kill antibiotic-tolerant pathogens.
Overall, this work demonstrates that octanoic acid is a powerful anti-
microbial and potential treatment for different stages of bovine mastitis
pathogenesis. In this study, we focused on the major biofilm-forming
pathogen S. aureus, testing ATCC 12600 and clinical isolate 10-9 as
representative models. However, the in vivo cattle environment may be
highly complex and include other pathogens that support biofilm for-
mation. Thus, further investigations will be needed to thoroughly test
the applicability of octanoic acid for treatment of bovine mastitis.
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Fig. 5. Antibiotic treatment induces SCV development in biofilms formed by S. aureus isolated from recurrent bovine mastitis. (A) Schematic diagram of the
experimental process. Day 0 marks the day of mature biofilm formation. Mature biofilms of S. aureus isolate 10-9 were treated with 25 mM octanoic acid or 0.4 mg/
mL antibiotic. Fresh drugs and sBHI (biofilm medium) were changed once a day until the third day. (B) Daily measurements of biofilm cell viability by CFU assay. The
dotted line represents a decrease in cell viability by 2 log CFU compared to day 0. (C) Quantification of SCVs ratios (SCVs among total live cells) in different treatment
groups (less than 1% is not detectable). SCVs were identified by LB agar plate method on the fourth day after drug treatment; SCVs were defined as colonies at least
10-fold smaller than normal colonies (growth control) [23]. All values represent the mean + SD of three individual experiments. *p < 0.05 compared with the growth
control. (D) The images of colony morphotypes on LB agar for each group (day 4). Scale bars = 1 cm. The orange arrows indicate SCV phenotypes developed upon
exposure to antibiotics. (E) SEM analysis of morphological changes in biofilm cells after antibiotic treatment (day 1). The yellow arrows indicate SCV ‘fried egg’
phenotypes [23] in the antibiotic treatment groups (compared with untreated control biofilm, see Fig. 4B). Images are magnified 30,000 x ; scale bars = 4 pm. (For
i‘nterpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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bination. (A) Schematic diagram of the experimental procedure. (B) Mature biofilms of S. aureus isolate 10-9 were treated with 4 mM octanoic acid, 0.4 mg/mL
tetracycline or a combination of both. After 8 h and 24 h incubation, biofilm cells were harvested for RNA extraction. Quantification of virulence gene (fnbA, clfA,
agrA, rbf, sarA, arlR, hla and sigB) transcription in different treatment groups. Data are expressed as fold-change compared to 0 h (untreated). All values represent the
mean + SD of three individual experiments. *p < 0.05 compared with the untreated group (8 h and 24 h). #p < 0.05 compared with the tetracycline group (8 h and
24 h).
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Fig. 7. Comparative time-kill curves of
octanoic acid and antibiotics against
S. aureus cells at planktonic stage, biofilm
stage, or biofilms after antibiotic (tetracy-
cline or cloxacillin) exposure. (A) Schematic
diagram of the experimental design. Repre-
sentative time-kill curves for S. aureus ATCC
12600 and isolate 10-9 after exposure to
octanoic acid at 2 x MBC (100 mM) and
antibiotics at 4 x MBC (ampicillin, cloxa-
cillin, cefuroxime and cefotaxime were
respectively treated at 3.125, 1.56, 12.5, and
12.5 pg/mL for S. aureus ATCC 12600 and
1.56, 0.39, 3.13, and 6.25 pg/mL for
S. aureus 10-9). S. aureus cells collected from
the planktonic stage (B), biofilm stage (C), or
biofilms after tetracycline (D) or cloxacillin
(E) exposure. CFU/mL of each group was
calculated at 0, 4, 8, and 24 h. The dotted
line represents the minimum duration to kill
99% of the population (MDK99). The solid
line represents the minimum duration to kill
99.99% of the population (MDK99.99). All
values represent the mean + SD of three
individual experiments.
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Nevertheless, our study enhances understanding of biofilm-related fac-
tors and may facilitate the development of targeted strategies for
effective mastitis control and treatment.

Funding sources

This research was partially supported by PI quota funding from
Marine Research Station (Jiaushi, Ilan), Institute of Cellular and
Organismic Biology, Academia Sinica, to Mr. Jyh-Yih Chen. The study
was partially supported by the iEGG and Animal Biotechnology Center
from the Feature Areas Research Center Program within the framework
of the Higher Education Sprout Project by the Ministry of Education
(MOE-112-S-0023-A) in Taiwan.

CRediT authorship contribution statement

Wen-Chun Lin: Conceptualization, Investigation, Data curation,
Formal analysis, Writing — original draft, Writing — review & editing.
Kai-Chen Hsu: Investigation, Data curation, Methodology, Formal
analysis. Ming-Feng You: Data curation, Methodology, Formal analysis.
Kuo-Hua Lee: Conceptualization, Data curation. Chau-Hwa Chi:
Conceptualization, Supervision. Jyh-Yih Chen: Conceptualization, Su-
pervision, Funding acquisition.

Declaration of competing interest

The authors declare no competing interests.
Data availability

Data will be made available on request.
Acknowledgments

We gratefully acknowledge Kan-Hung Lee and the National Labo-
ratory Animal Center in Taipei, Taiwan, for their guidance in patho-
logical investigations. We also thank Dia-Nan Lin from the Institute of
Cellular and Organismic Biology, Academia Sinica, who assisted with
SEM sample processing. Marcus J. Calkins provided English proof-
reading. Taiwan Livestock Research Institute, COA, and Sunnyland dairy
farm (Taiwan) provided raw milk from mastitis-infected dairy bovines.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioflm.2023.100149.

References
[1] Gomes F, Henriques M. Control of bovine mastitis: old and recent therapeutic
approaches. Curr Microbiol 2016;72(4):377-82. https://doi.org/10.1007/500284-
015-0958-8.
Tenhagen BA, Koster G, Wallmann J, Heuwieser W. Prevalence of mastitis
pathogens and their resistance against antimicrobial agents in dairy cows in
Brandenburg, Germany. J Dairy Sci 2006;89(7):2542-51. https://doi.org/
10.3168/jds.S0022-0302(06)72330-X.
Kromker V, Leimbach S. Mastitis treatment-Reduction in antibiotic usage in dairy
cows. Reprod Domest Anim 2017;52(Suppl 3):21-9. https://doi.org/10.1111/
rda.13032.
Fisher RA, Gollan B, Helaine S. Persistent bacterial infections and persister cells.
Nat Rev Microbiol 2017;15(8):453-64. https://doi.org/10.1038/nrmicro.2017.42.
Peyrusson F, Varet H, Nguyen TK, et al. Intracellular Staphylococcus aureus
persisters upon antibiotic exposure. Nat Commun 2020;11(1):2200. https://doi.
org/10.1038/541467-020-15966-7. Published 2020 May 4.
Hossain MK, Paul S, Hossain MM, Islam MR, Alam MGS. Bovine mastitis and its
therapeutic strategy doing antibiotic sensitivity test. Austin. J. Vet. Sci. & Anim.
Husb. 2017;4(1):1030. https://doi.org/10.26420/
austinjvetscianimhusb.2017.1030.
Cheng WN, Han SG. Bovine mastitis: risk factors, therapeutic strategies, and
alternative treatments - a review. Asian-Australas J Anim Sci 2020;33(11):
1699-713. https://doi.org/10.5713/ajas.20.0156.

[2]

[3]

[4]

[5

[}

[6

s}

[7]

13

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Biofilm 6 (2023) 100149

Atulya M, Jesil Mathew A, Venkata Rao J, Mallikarjuna Rao C. Influence of milk
components in establishing biofilm mediated bacterial mastitis infections in cattle:
a fractional factorial approach. Res Vet Sci 2014;96(1):25-7. https://doi.org/
10.1016/j.rvsc.2013.12.001.

Bosch ME, Bertrand BP, Heim CE, et al. Staphylococcus aureus ATP synthase
promotes biofilm persistence by influencing innate immunity. mBio 2020;11(5):
e01581. https://doi.org/10.1128/mBio.01581-20. 20. Published 2020 Sep. 8.
Zebari HM, Rutter SM, Bleach ECL. Fatty acid profile of milk for determining
reproductive status in lactating Holstein Friesian cows. Anim Reprod Sci 2019;202:
26-34. https://doi.org/10.1016/j.anireprosci.2019.01.004.

Desbois AP, Smith VJ. Antibacterial free fatty acids: activities, mechanisms of
action and biotechnological potential. Appl Microbiol Biotechnol 2010;85(6):
1629-42. https://doi.org/10.1007/500253-009-2355-3.

Lee JH, Kim YG, Khadke SK, Lee J. Antibiofilm and antifungal activities of
medium-chain fatty acids against Candida albicans via mimicking of the quorum-
sensing molecule farnesol. Microb Biotechnol 2021;14(4):1353-66. https://doi.
org/10.1111/1751-7915.13710.

Nair MK, Joy J, Vasudevan P, Hinckley L, Hoagland TA, Venkitanarayanan KS.
Antibacterial effect of caprylic acid and monocaprylin on major bacterial mastitis
pathogens. J Dairy Sci 2005;88(10):3488-95. https://doi.org/10.3168/jds.S0022-
0302(05)73033-2.

Royce LA, Liu P, Stebbins MJ, Hanson BC, Jarboe LR. The damaging effects of short
chain fatty acids on Escherichia coli membranes. Appl Microbiol Biotechnol 2013;
97(18):8317-27. https://doi.org/10.1007/s00253-013-5113-5.

Rani S, Singh H, Ram C. Efficacy and mechanism of carvacrol with octanoic acid
against mastitis causing multi-drug-resistant pathogens. Braz J Microbiol 2022;53
(1):385-99. https://doi.org/10.1007/s42770-021-00639-4.

Zhang H, Dolan HL, Ding Q, Wang S, Tikekar RV. Antimicrobial action of octanoic
acid against Escherichia coli 0157:H7 during washing of baby spinach and grape
tomatoes. Food Res Int 2019;125:108523. https://doi.org/10.1016/j.
foodres.2019.108523.

Kumar P, Lee JH, Beyenal H, Lee J. Fatty acids as antibiofilm and antivirulence
agents. Trends Microbiol 2020;28(9):753-68. https://doi.org/10.1016/j.
tim.2020.03.014.

Zhang X, Xue C, Xu Q, et al. Caprylic acid suppresses inflammation via TLR4/NF-«kB
signaling and improves atherosclerosis in ApoE-deficient mice. Nutr Metab 2019;
16:40. https://doi.org/10.1186/512986-019-0359-2. Published 2019 Jun 6.
Zhang XS, Zhang P, Liu YH, et al. Caprylic acid improves lipid metabolism,
suppresses the inflammatory response and activates the ABCA1/p-JAK2/p-STAT3
signaling pathway in C57bl/6J mice and RAW264.7 cells. Biomed Environ Sci
2022;35(2):95-106. https://doi.org/10.3967/bes2022.014.

Dong X, Chen F, Zhang Y, Liu H, Liu Y, Ma L. In vitro activities of rifampin, colistin,
sulbactam and tigecycline tested alone and in combination against extensively
drug-resistant Acinetobacter baumannii. J Antibiot (Tokyo) 2014;67(9):677-80.
https://doi.org/10.1038/ja.2014.99.

Lin WC, Chen YR, Chuang CM, Chen JY. A cationic amphipathic Tilapia piscidin 4
peptide-based antimicrobial formulation promotes eradication of bacterial
vaginosis-associated bacterial biofilms. Front Microbiol 2022;13:806654. https://
doi.org/10.3389/fmicb.2022.806654. Published 2022 Mar 23.

Haney EF, Trimble MJ, Hancock REW. Microtiter plate assays to assess antibiofilm
activity against bacteria. Nat Protoc 2021;16(5):2615-32. https://doi.org/
10.1038/541596-021-00515-3. Epub 2021 Apr 28. PMID: 33911258.

Proctor RA, von Eiff C, Kahl BC, et al. Small colony variants: a pathogenic form of
bacteria that facilitates persistent and recurrent infections. Nat Rev Microbiol
2006;4(4):295-305. https://doi.org/10.1038/nrmicrol1384.

Vulin C, Leimer N, Huemer M, Ackermann M, Zinkernagel AS. Prolonged bacterial
lag time results in small colony variants that represent a sub-population of
persisters. Nat Commun 2018;9(1):4074. https://doi.org/10.1038/s541467-018-
06527-0. Published 2018 Oct 4.

Balaban NQ, Helaine S, Lewis K, et al. Definitions and guidelines for research on
antibiotic persistence [published correction appears in Nat Rev Microbiol. 2019
Apr 29]. Nat Rev Microbiol 2019;17(7):441-8. https://doi.org/10.1038/s41579-
019-0196-3.

Ali T, Kamran Raziq A, et al. Prevalence of mastitis pathogens and antimicrobial
susceptibility of isolates from cattle and buffaloes in northwest of Pakistan. Front
Vet Sci 2021;8:746755. https://doi.org/10.3389/fvets.2021.746755. Published
2021 Oct 14.

Dufour S, Labrie J, Jacques M. The mastitis pathogens culture collection. Microbiol
Resour Announc 2019;8(15):e00133. https://doi.org/10.1128/MRA.00133-19. 19.
Published 2019 Apr 11.

Putz EJ, Palmer MV, Ma H, Casas E, Reinhardt TA, Lippolis JD. Case report:
characterization of a persistent, treatment-resistant, novel Staphylococcus aureus
infection causing chronic mastitis in a Holstein dairy cow. BMC Vet Res 2020;16
(1):336. https://doi.org/10.1186/s12917-020-02528-8. Published 2020 Sep. 15.
Mirani ZA, Aziz M, Khan SI. Small colony variants have a major role in stability and
persistence of Staphylococcus aureus biofilms. J Antibiot (Tokyo) 2015;68(2):
98-105. https://doi.org/10.1038/ja.2014.115.

Thoendel M, Kavanaugh JS, Flack CE, Horswill AR. Peptide signaling in the
staphylococci. Chem Rev 2011;111(1):117-51. https://doi.org/10.1021/
¢r100370n.

Ganesh PS, Veena K, Senthil R, et al. Biofilm-associated agr and sar quorum sensing
systems of Staphylococcus aureus are inhibited by 3-hydroxybenzoic acid derived
from Illicium verum. ACS Omega 2022;7(17):14653-65. https://doi.org/10.1021/
acsomega.1c07178. Published 2022 Apr 20.

Jenul C, Horswill AR. Regulation of Staphylococcus aureus virulence. Microbiol
Spectr 2019;7(2). https://doi.org/10.1128/microbiolspec. GPP3-0031-2018.


https://doi.org/10.1016/j.bioflm.2023.100149
https://doi.org/10.1016/j.bioflm.2023.100149
https://doi.org/10.1007/s00284-015-0958-8
https://doi.org/10.1007/s00284-015-0958-8
https://doi.org/10.3168/jds.S0022-0302(06)72330-X
https://doi.org/10.3168/jds.S0022-0302(06)72330-X
https://doi.org/10.1111/rda.13032
https://doi.org/10.1111/rda.13032
https://doi.org/10.1038/nrmicro.2017.42
https://doi.org/10.1038/s41467-020-15966-7
https://doi.org/10.1038/s41467-020-15966-7
https://doi.org/10.26420/austinjvetscianimhusb.2017.1030
https://doi.org/10.26420/austinjvetscianimhusb.2017.1030
https://doi.org/10.5713/ajas.20.0156
https://doi.org/10.1016/j.rvsc.2013.12.001
https://doi.org/10.1016/j.rvsc.2013.12.001
https://doi.org/10.1128/mBio.01581-20
https://doi.org/10.1016/j.anireprosci.2019.01.004
https://doi.org/10.1007/s00253-009-2355-3
https://doi.org/10.1111/1751-7915.13710
https://doi.org/10.1111/1751-7915.13710
https://doi.org/10.3168/jds.S0022-0302(05)73033-2
https://doi.org/10.3168/jds.S0022-0302(05)73033-2
https://doi.org/10.1007/s00253-013-5113-5
https://doi.org/10.1007/s42770-021-00639-4
https://doi.org/10.1016/j.foodres.2019.108523
https://doi.org/10.1016/j.foodres.2019.108523
https://doi.org/10.1016/j.tim.2020.03.014
https://doi.org/10.1016/j.tim.2020.03.014
https://doi.org/10.1186/s12986-019-0359-2
https://doi.org/10.3967/bes2022.014
https://doi.org/10.1038/ja.2014.99
https://doi.org/10.3389/fmicb.2022.806654
https://doi.org/10.3389/fmicb.2022.806654
https://doi.org/10.1038/s41596-021-00515-3
https://doi.org/10.1038/s41596-021-00515-3
https://doi.org/10.1038/nrmicro1384
https://doi.org/10.1038/s41467-018-06527-0
https://doi.org/10.1038/s41467-018-06527-0
https://doi.org/10.1038/s41579-019-0196-3
https://doi.org/10.1038/s41579-019-0196-3
https://doi.org/10.3389/fvets.2021.746755
https://doi.org/10.1128/MRA.00133-19
https://doi.org/10.1186/s12917-020-02528-8
https://doi.org/10.1038/ja.2014.115
https://doi.org/10.1021/cr100370n
https://doi.org/10.1021/cr100370n
https://doi.org/10.1021/acsomega.1c07178
https://doi.org/10.1021/acsomega.1c07178
https://doi.org/10.1128/microbiolspec.GPP3-0031-2018

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

. Lin et al.

Herman-Bausier P, Labate C, Towell AM, Derclaye S, Geoghegan JA, Dufréne YF.
Staphylococcus aureus clumping factor A is a force-sensitive molecular switch that
activates bacterial adhesion. Proc Natl Acad Sci U S A 2018;115(21):5564-9.
https://doi.org/10.1073/pnas.1718104115.

Foster TJ. Surface proteins of Staphylococcus aureus. Microbiol Spectr 2019;7(4).
https://doi.org/10.1128/microbiolspec. GPP3-0046-2018.

Shinji H, Yosizawa Y, Tajima A, et al. Role of fibronectin-binding proteins A and B
in in vitro cellular infections and in vivo septic infections by Staphylococcus
aureus. Infect Immun 2011;79(6):2215-23. https://doi.org/10.1128/IAL.00133-
11.

Tuchscherr L, Bischoff M, Lattar SM, et al. Sigma factor SigB is crucial to mediate
Staphylococcus aureus adaptation during chronic infections. PLoS Pathog 2015;11
(4):€1004870. https://doi.org/10.1371/journal.ppat.1004870. Published 2015
Apr 29.

Kwiecinski JM, Kratofil RM, Parlet CP, Surewaard BGJ, Kubes P, Horswill AR.
Staphylococcus aureus uses the ArlRS and MgrA cascade to regulate immune
evasion during skin infection. Cell Rep 2021;36(4):109462. https://doi.org/
10.1016/j.celrep.2021.109462.

Cue D, Lei MG, Luong TT, et al. Rbf promotes biofilm formation by Staphylococcus
aureus via repression of icaR, a negative regulator of icaADBC. J Bacteriol 2009;
191(20):6363-73. https://doi.org/10.1128/JB.00913-09.

Manasherob R, Mooney JA, Lowenberg DW, Bollyky PL, Amanatullah DF. Tolerant
small-colony variants form prior to resistance within a Staphylococcus aureus
biofilm based on antibiotic selective pressure. Clin Orthop Relat Res 2021;479(7):
1471-81. https://doi.org/10.1097/CORR.0000000000001740.

Sachi S, Ferdous J, Sikder MH, Azizul Karim Hussani SM. Antibiotic residues in
milk: past, present, and future. J Adv Vet Anim Res 2019;6(3):315-32. https://doi.
org/10.5455/javar.2019.f350. Published 2019 Jul 11.

Angelopoulou A, Warda AK, Hill C, Ross RP. Non-antibiotic microbial solutions for
bovine mastitis - live biotherapeutics, bacteriophage, and phage lysins. Crit Rev
Microbiol 2019;45(5-6):564-80. https://doi.org/10.1080/
1040841X.2019.1648381.

14

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Biofilm 6 (2023) 100149

Gruet P, Maincent P, Berthelot X, Kaltsatos V. Bovine mastitis and intramammary
drug delivery: review and perspectives. Adv Drug Deliv Rev 2001;50(3):245-59.
https://doi.org/10.1016/s0169-409x(01)00160-0.

Pellegrino M, Berardo N, Giraudo J, Nader-Macias MEF, Bogni C. Bovine mastitis
prevention: humoral and cellular response of dairy cows inoculated with lactic acid
bacteria at the dry-off period. Benef Microbes 2017;8(4):589-96. https://doi.org/
10.3920/BM2016.0194.

Rainard P, Foucras G, Fitzgerald JR, Watts JL, Koop G, Middleton JR. Knowledge
gaps and research priorities in Staphylococcus aureus mastitis control. Transbound
Emerg Dis 2018;65(Suppl 1):149-65. https://doi.org/10.1111/tbed.12698.
Coté-Gravel J, Malouin F. Symposium review: features of Staphylococcus aureus
mastitis pathogenesis that guide vaccine development strategies. J Dairy Sci 2019;
102(5):4727-40. https://doi.org/10.3168/jds.2018-15272.

Sharun K, Dhama K, Tiwari R, et al. Advances in therapeutic and managemental
approaches of bovine mastitis: a comprehensive review. Vet Q 2021;41(1):107-36.
https://doi.org/10.1080/01652176.2021.1882713.

Wente N, Grieger AS, Klocke D, et al. Recurrent mastitis-persistent or new
infections? Vet Microbiol 2020;244:108682. https://doi.org/10.1016/j.
vetmic.2020.108682.

Zaatout N, Ayachi A, Kecha M. Staphylococcus aureus persistence properties
associated with bovine mastitis and alternative therapeutic modalities. J Appl
Microbiol 2020;129(5):1102-19. https://doi.org/10.1111/jam.14706.

Campos B, Pickering AC, Rocha LS, et al. Diversity and pathogenesis of
Staphylococcus aureus from bovine mastitis: current understanding and future
perspectives. BMC Vet Res 2022;18(1):115. https://doi.org/10.1186/5s12917-022-
03197-5. Published 2022 Mar 24.

Pumipuntu N, Tunyong W, Chantratita N, et al. Staphylococcus spp. associated with
subclinical bovine mastitis in central and northeast provinces of Thailand. PeerJ
2019;7:e6587. https://doi.org/10.7717 /peerj.6587. Published 2019 Mar 14.
Belfield K, Bayston R, Hajduk N, Levell G, Birchall JP, Daniel M. Evaluation of
combinations of putative anti-biofilm agents and antibiotics to eradicate biofilms
of Staphylococcus aureus and Pseudomonas aeruginosa. J Antimicrob Chemother
2017;72(9):2531-8. https://doi.org/10.1093/jac/dkx192.


https://doi.org/10.1073/pnas.1718104115
https://doi.org/10.1128/microbiolspec.GPP3-0046-2018
https://doi.org/10.1128/IAI.00133-11
https://doi.org/10.1128/IAI.00133-11
https://doi.org/10.1371/journal.ppat.1004870
https://doi.org/10.1016/j.celrep.2021.109462
https://doi.org/10.1016/j.celrep.2021.109462
https://doi.org/10.1128/JB.00913-09
https://doi.org/10.1097/CORR.0000000000001740
https://doi.org/10.5455/javar.2019.f350
https://doi.org/10.5455/javar.2019.f350
https://doi.org/10.1080/1040841X.2019.1648381
https://doi.org/10.1080/1040841X.2019.1648381
https://doi.org/10.1016/s0169-409x(01)00160-0
https://doi.org/10.3920/BM2016.0194
https://doi.org/10.3920/BM2016.0194
https://doi.org/10.1111/tbed.12698
https://doi.org/10.3168/jds.2018-15272
https://doi.org/10.1080/01652176.2021.1882713
https://doi.org/10.1016/j.vetmic.2020.108682
https://doi.org/10.1016/j.vetmic.2020.108682
https://doi.org/10.1111/jam.14706
https://doi.org/10.1186/s12917-022-03197-5
https://doi.org/10.1186/s12917-022-03197-5
https://doi.org/10.7717/peerj.6587
https://doi.org/10.1093/jac/dkx192

	Octanoic acid promotes clearance of antibiotic-tolerant cells and eradicates biofilms of Staphylococcus aureus isolated fro ...
	1 Introduction
	2 Materials and methods
	2.1 Bacterial strains and culture
	2.2 Microbroth dilution assays
	2.3 Synergy checkerboard assay
	2.4 Biofilm formation assays
	2.5 Biofilm cell viability assay
	2.6 Scanning Electron Microscopy (SEM)
	2.7 Confocal laser-scanning microscopy (CLSM)
	2.8 Evaluation of colony variance during S. aureus biofilm upon antibiotic exposure
	2.9 RNA isolation and quantitative real-time PCR
	2.10 Time-kill analysis for definitions of antibiotic resistance, tolerance and persistence
	2.11 Statistical analysis

	3 Results
	3.1 Octanoic acid has broad-spectrum microbicidal activity against MCPs and shows additive effects with antibiotics
	3.2 Octanoic acid effectively inhibits biofilm formation by S. aureus
	3.3 Octanoic acid is more potent than antibiotics in eradicating S. aureus biofilms
	3.4 Treatment of biofilms with octanoic acid induces fewer SCVs than antibiotics
	3.5 Octanoic acid attenuates expression of tetracycline-induced virulence factor genes in S. aureus biofilm cells
	3.6 Octanoic acid quickly kills persister cells and antibiotic-tolerant cells

	4 Discussion
	5 Conclusion
	Funding sources
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


