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ABSTRACT

The mode of action of bismuth subnitrate in teat seal-
ant formulations as a preventative for intramammary
infections during the dry period is unknown. Although
previous studies proposed an action mechanism—cre-
ating a physical barrier in the teat canal to prevent
bacterial invasion—it has not been proven experimen-
tally. We hypothesized that bismuth subnitrate has an
inhibitory effect on bacterial growth, in addition to its
barrier effect. The objective of this study was to assess
the effect of bismuth subnitrate on bacterial growth of
major mastitis-causing agents. A strain of Streptococ-
cus uberis (SR115), 2 strains of Staphylococcus aureus
(SA3971/59 and SA1), and a strain of Escherichia coli
(P17.14291) were tested in vitro for their ability to grow
in the presence or absence of bismuth subnitrate. Disk
diffusion testing, impedance measurement, and evalua-
tion of bacterial growth in shaking conditions were the
methods used to test this hypothesis. A reduction of
growth in the presence of bismuth subnitrate occurred
for all the strains tested. However, we observed strain
and species variations in the extent of growth inhibi-
tion. These results suggest that an inhibitory effect on
bacterial growth by bismuth subnitrate could partially
explain the efficacy of bismuth-based formulations for
preventing intramammary infections over the dry pe-
riod. Further research is required to test the effect of
teat sealant formulations on bacterial growth.
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INTRODUCTION

The late lactating and early dry periods are stress-
ful stages for the anatomy and physiology of dairy
cows, particularly their mammary glands. Remodeling,
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apoptosis, and cell dedifferentiation are processes oc-
curring in mammary glands during the first 2 wk after
milk removal ceases (Cousins et al., 1980; Wilde et al.,
1997). This time-specific physiological stress is mani-
fested by high susceptibility of cows to new IMI (Green
et al., 2002). Thus, methods to treat and prevent IMI
during the dry period have been available for many
years. These treatments consist mainly of antimicrobi-
als infused into mammary glands after the last milking
before drying off, and they result in a reduction of new
IMI during the dry period in treated compared with
untreated cows (Pearson and Wright, 1969; Schuk-
ken et al., 1993; Bryan et al., 2011). Dry cow therapy
(DCT) has been used on all cows in a herd, regardless
of their infection status, with the objective of eliminat-
ing subclinical infections and preventing new infections
during the dry period (Williamson et al., 1995; Hassan
et al., 1999). However, due to global concerns regard-
ing increasing antimicrobial resistance and the need for
responsible use of antimicrobials, there is a trend to-
ward investigating the use of selective dry cow therapy
and nonantimicrobial alternatives (Oldham and Daley,
1991; Ryan et al., 1998; Hoernig et al., 2016; Vanhoudt
et al., 2018). The current and most commonly used
alternatives to antimicrobials at the time of dry-off are
internal teat sealants that contain bismuth subnitrate,
a heavy metal compound, in a paraffin-based excipient.
They have proven to be effective at preventing new
dry-period infections in challenge models, as well as in
natural exposure studies (Meaney, 1977; Woolford et
al., 1998; Bhutto et al., 2011). The mechanism of action
of bismuth-based products remains undocumented, al-
though creating a physical barrier has been suggested
in many studies as the main method of protection
(Meaney, 1977; Woolford, et al., 1998; Berry and Hil-
lerton 2002; Kabera et al., 2018). Internal teat sealants
are also commonly used in combination with DCT, to
prevent and treat IMI during the dry period (Godden
et al., 2003). However, although there is an increase in
the efficacy of preventing IMI using both products in
combination, this increase is nonsignificant (Rabiee and
Lean, 2013).
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Bismuth formulations used as internal teat sealants
are defined as “medical devices,” a nonpharmacologi-
cal barrier (Codex Alimentarius, 2016). The proposed
mechanisms through which teat sealants exert their
function include assisting the teat canal in forming
a better keratin plug and creating a physical barrier
against bacteria in the teat canal (Woolford et al., 1998);
however, none of these hypothesized modes of action
has been scientifically proven. Other studies testing
different physical barriers, such as wax plugs or intra-
mammary polystyrene devices, were unsuccessful in the
long-term protection of cows against IMI and mastitis.
Even though intramammary devices elicited some im-
mune response and a seemingly initial protective effect
(Poutrel et al., 1983; Paape et al., 1988; Nickerson et
al., 1990; Serna-Cock and Pabén-Rodriguez, 2016), in
the long term these devices resulted in an increase in
IMI. We hypothesize, therefore, that creating a physical
barrier against bacteria traversing the teat canal is not
the sole mode of action providing the efficacy observed
for bismuth-based formulations.

Studies have shown an inhibitory effect of bismuth-
based products when tested in vitro against bacterial
species that are associated with disease in humans
(Phillips et al., 2000; Folsom et al., 2011; Vega-Jiménez
et al., 2012). Inhibition of bacterial growth by bismuth
salts (mainly bismuth subsalicylate) has been studied
in the treatment of stomach ulcers, traveler’s diarrheas,
and colitis caused by bacteria such as Helicobacter py-
lori and Campylobacter pyloridis (Marshall et al., 1987;
Fine and Lee, 1998).

In this study, we hypothesized that bismuth subni-
trate inhibits the growth of bacteria associated with
the colonization of the mammary gland during the dry
period and the development of new IMI. The objec-
tive of this study was to assess the effect of bismuth
subnitrate on the growth of mastitis-causing bacterial
strains in vitro.

MATERIALS AND METHODS
Bacterial Strains

Streptococcus uberis strain SR115, 2 strains of
Staphylococcus aureus (SA3971/59 and SA1l), and an
FEscherichia coli strain (P17.14291) were used in this
study. The source of the Staph. aureus and Strep. uberis
strains was the bacteria library in the Microbiology
Laboratory, School of Veterinary Science, Massey Uni-
versity, New Zealand, and they were originally isolated
by veterinary diagnostic laboratories from clinical mas-
titis cases that occurred in New Zealand from various
stages of lactation. Fscherichia coli was isolated from
an early lactation clinical case of mastitis that occurred
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in August 2017 at Massey University Dairy Unit num-
ber 4. For complete identification, the Strep. uberis and
Staph. aureus isolates were cultured on trypticase soy
agar plates (TSA) and incubated in aerobic conditions
at 37°C for 24 h. To confirm strain purity, one colony
from each strain was selected from the culture plate,
transferred onto a new TSA plate, and incubated as
above. The isolates were reidentified phenotypically us-
ing biochemical tests. Streptococcus uberis SR115 was
confirmed by positive Gram stain, catalase-negative,
esculin and inulin positive reactions, and negative
growth in buffered azide glucose glycerol broth. Positive
results for Gram stain, catalase reaction, and coagulase
rabbit plasma test confirmed isolates as being Staph.
aureus SA3971/59 and SA1. Escherichia coli P17.14291
was cultured on MacConkey agar.

Experiment 1: Bacterial Growth in Agar-Disk
Diffusion Test

To test the hypothesis that bismuth subnitrate can
inhibit the growth of bacteria on agar media, bacte-
rial strains were cultured overnight at 37°C in 1 mL
of trypticase soy broth (TSB). One hundred microli-
ters of each bacterial suspension was spread on TSA
plates. These bacterial strain suspensions were cultured
overnight to contain approximately 10° to 10” cfu/mL.
Sterile bismuth subnitrate powder was suspended in
sterile distilled water at 3 different concentrations (65,
195, and 390 mg/mL) and vortexed thoroughly to cre-
ate a uniform suspension. Concentrations were chosen
to represent 10, 30, and 60% of the 650 mg/g present in
current teat sealant products (drySeal, Bayer Animal
Health, New Zealand). Higher concentrations induced
precipitation of the bismuth subnitrate in the tubes
and were therefore not used. Sterile 6-mm paper disks
were immersed in the bismuth subnitrate suspensions
and placed on the plates, and the plates were incubated
for 24 h at 37°C. One extra disk was immersed in sterile
distilled water and used as a control. After incubation,
the plates were observed for zones of inhibition and
changes around the disks at the different concentra-
tions and the diameters of the zones were measured
with a 20-cm caliper. The experiment was performed in
5 plates for each strain.

Experiment 2: Bacterial Growth in a Fluid Medium—
Impedance Standardization

The hypothesis of this experiment was that bismuth
subnitrate inhibits the growth of bacteria in a fluid me-
dium. During the growth phase, bacterial metabolism
breaks down proteins and lipids in the medium and
transforms uncharged or weakly charged compounds
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of the culture medium into highly charged compounds
that change the electrical properties of the medium.
Impedance in microbiology is the ability of a micro-
organism to change (reduce) the resistance to flow of
an electric current as it passes through a conducting
material (Silley and Forsythe, 1996). Impedance was
measured using the BacTrac 4300 microorganism
growth analyzer (SyLab, Neupurkersdorf, Austria).
The BacTrac 4300 measures impedance in the medium
(M-value) and impedance in the electrode (E-value). In
this experiment, the E-value generated by BacTrac was
used, as it has been shown to be positively associated
with bacterial growth (Wang et al., 2016). Bacterial
strains were cultured overnight in 1 mL of TSB at 37°C.
Bismuth subnitrate in a final concentration of 32.5 mg/
mL (BIS, 5% of the 650 mg/g contained in teat sealant
product) was added to sterile BacTrac vials contain-
ing 9.9 mL of TSB, which were vortexed. Control vials
containing 9.9 mL of sterile TSB (CON) were filled
with 0.325 mL of sterile distilled water (to correct for
volume) and vortexed to mix. One hundred microliters
of bacterial strain suspension cultured overnight, con-
taining approximately 10° to 10 cfu/mL, was added to
all vials. The vials were cultured for 24 h at 37°C in the
BacTrac. The F-value was monitored every 20min for
24 h, and a curve expressing the increase in impedance
over time was drawn, compared with the starting point
at time 0. The experiment was performed in triplicate,
in 4 repeats per strain (12 vials per treatment).

Before and after culture in the BacTrac, viable bac-
teria were counted for validation of the results using
the pour plate technique. Briefly, a 100-pL sample from
the BacTrac vials (6 per strain) was transferred into
1.5-mL sterile tubes containing 900 pL of TSB. These
suspensions were serially diluted 10™® to 10" and trans-
ferred into sterile empty petri dishes. Trypticase soy
agar was poured over the plates containing the bacte-
rial suspension, and the plates were incubated at 37°C
for 24 h. Viable colonies were counted after incubation
of the plates.

Experiment 3: Bacterial Growth in a Shaking
Fluid Medium

The hypothesis of this experiment was that by shak-
ing the medium, bismuth subnitrate particles would
come in closer contact with bacterial cells and therefore
increase the inhibition of bacterial growth.

Bacterial strains were cultured overnight in 1 mL of
TSB at 37°C. Glass Erlenmeyer flasks were filled with
9.9 mL of sterile TSB in triplicate. Bismuth subnitrate
was added at a final concentration of 32.5 mg/mL
(BIS). Control flasks without bismuth (CON) received
0.325 mL of sterile distilled water to correct for volume.
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One hundred microliters of the overnight bacterial cul-
ture (approximately 10° to 107 cfu/mL) was added to
all the flasks. Two trials were run with this method to
observe the effect of longer incubation time on bacterial
growth. In trial 1, the flasks were placed on a shaking
platform at 200 rpm for 24 h for culturing. In trial
2, the flasks were cultured in shaking mode for 48 h.
Aliquots of 100 pL of the culture medium were taken
at multiple time points to count the number of viable
colonies: immediately after inoculation (0 h), at 3, 5,
and 24 h for trial 1, and at 0, 3, 5, 24, and 48 h after in-
oculation for trial 2. The 100-pL aliquots were serially
diluted 10-fold in 0.9 mL of TSB. These serial dilutions
were processed for counting (cfu) using the pour-plate
technique described above.

Statistical Analysis

For experiment 1, the outcome “diameter of dark area
around the disk” had an approximately normal distribu-
tion. A standard ANOVA with post hoc Tukey-Kramer
adjustment for multiple paired comparisons was used
to compare the diameter (in millimeters) associated
with each strain at different concentrations. For experi-
ment 2, results are presented as LSM estimates of the
E-value + 95% CI x time. Statistical differences were
based on Tukey-Kramer adjusted pairwise comparison
per strain. The repeated measure model included the
fixed effects of treatment (BIS vs. CON), time (0 to
24 h in 20 min intervals) and the interaction between
treatment and time. Vials with incomplete curves due
to a malfunction of the electrodes were dropped from
the analysis. Seven vials of Strep. uberis SR115, 9 of
Staph. aureus SA3971/59, 6 of Staph. aureus SA1, and
8 of E. coli P17.14291 were removed from the analysis
for this reason. Viable counts (cfu) were not normally
distributed and were therefore converted to log,-cfu
values. Paired Student’s t-test was used to compare the
difference of logy-cfu before (0 h) and after culturing
(24 h) for BIS and CON groups. Student’s t-test was
used to compare the mean difference of the logy,-cfu
between groups (BIS vs. CON) at each time point. For
experiment 3, the count data were right-skewed but
an e-log conversion of the colony-forming units/10,000
counts showed an approximately normal distribution,
as evaluated using density plots. The outcome was the
mean of triplicate plate counts per treatment (BIS,
CON) per strain showing between 30 and 300 cfu. Four
repeated-measures models, one for each strain (PROC
MIXED, SAS 9.3 for Windows; SAS Institute Inc., Cary,
NC), were developed to determine the effect of bismuth
supplementation on bacterial growth at each time point
(0, 3, 5, 24, and 48 h) in shaking culture for both tri-
als. The model included the fixed effect of time (0, 3,
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5, 24, 48h), trial (1 vs. 2), treatment (BIS vs. CON)
and interaction of time and treatment. To account for
the correlation of repeated measures within group, the
model for a cluster effect of group was nested within the
experiment (1, 2) and a first-order autoregressive cor-
relation structure, assuming that measurements closer
in time were correlated more strongly. This structure
resulted in the lowest Akaike information criterion as a
measure of overall model fit. The significance level for
all statistical tests was set at P < 0.05. All statistical
analysis was done in SAS 9.3.

RESULTS

Experiment 1: Bacterial Growth in Agar-Disk
Diffusion Test

An area 7- to 10-mm in diameter of complete inhibi-
tion, which coincided with the spread of the suspended
bismuth subnitrate when wet disks were placed on the
agar, was present around disks in the Strep. uberis
SR115 cultures in 3 different concentrations (Figure
1A). Control disks showed no inhibition for any of the
strains tested.

The 2 Staph. aureus strains (SA3971/59 and SAT1)
and F. coli P17.14291 on agar plates presented an area
of partial inhibition (less-dense colony growth around
the disks; Figure 1B), and a dark brown area around
the disks that was larger for higher concentrations (Fig-
ure 2), although complete inhibition was not observed
for these bacteria. Brown areas around the disks varied
with concentration within each Staph. aureus strain
[SA1 (65 mg/mL) vs. SA1 (390 mg/mL), P = 0.0048;
SA3971/59 (65 mg/mL) vs. SA3971/59 (390 mg/mL),
P = 0.0186]. However, paired comparisons showed no
difference between strains.

7252
Experiment 2: Bacterial Growth in a Fluid Medium

The impedance of the medium was measured using
the BacTrac 4300 microbiological growth analyzer.
Growth curves showed lower impedance levels for all
strains cultured in TSB medium when supplemented
with 32.5 mg/mL bismuth subnitrate, compared with
the control growth curve (Figure 3). Vials that showed
incomplete reads due to having out-of-range values dur-
ing the 24-h culture were removed from the study. Of
the 24 vials per strain analyzed, 7 vials of Strep. uberis
SR115, 9 of Staph. aureus SA3971/59, 6 of Staph. au-
reus SA1, and 8 of F. coli P17.14291 were removed from
the analysis. The results of the impedance test showed
that inhibition of bacterial growth was not complete.
Changes in impedance levels occurred, indicating bac-
terial growth. There was evidence of growth in the first
10 h of culture in the BIS treatment group, although
lower than in CON vials for the duration of the study.
Significant differences between BIS and CON vials were
detected after 4 h in SA3971/59 and SA1, after 5 h in
SR115, and after 10 h in E. coli P17.14291 (Figure 3).
Counts (cfu) £ SD were assessed before incubation (0
h) and 24 h after incubation for 6 selected vials per
strain (Table 1). Plate counts indicated that there was
reduced bacterial growth in the BIS group after 24 h of
culture for the 4 bacterial strains tested compared with
the CON group (t-test, P < 0.001).

Experiment 3: Bacterial Growth in a Shaken
Fluid Medium

Colony-forming units in BIS and CON groups were
counted at 4 and 5 time points over 24- and 48-h pe-
riods for trials 1 and 2, respectively. Results showed
significant growth inhibition by bismuth subnitrate

Figure 1. (A) Experiment 1: Complete inhibition of growth of 7 to 10 mm around the disks of a trypticase soy agar plate cultured with
Streptococcus uberis SR115. (B) Escherichia coli P17.14291 showing an area of less dense colony growth around the disks; 10 = 65 mg/mL, 30 =
195 mg/mL, and 60 = 390 mg/mL of bismuth subnitrate, NC = disks immersed in sterile distilled water. Reference line shows 10 mm.

Journal of Dairy Science Vol. 103 No. 8, 2020
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Figure 2. Experiment 1: Diameter of the area (£SD) affected by bismuth subnitrate in the 6-mm disk diffusion test using Staphylococcus
aureus SA3971/59, Staph. aureus SA1, and Escherichia coli P17.14291. Bars represent areas of dark coloration around the disk; n = 5. Dark
areas around the disks varied with concentration within each Staph. aureus strain; **P < 0.01, ***P < 0.001.

from 3 h after the commencement of the culturing pe-
riod (Figure 4). Trials 1 and 2 showed a very similar
response to bismuth, with increased inhibition after
24 h for strains SR115, SA3971/59, and E. coli, but
a resumption in growth of strain SA1 (Figure 4 C).
The difference between BIS and CON flasks remained
significant for most of the study in both trials.

DISCUSSION

Teat sealants containing bismuth subnitrate are de-
scribed as inert nonantibiotic products that act as a
physical barrier to the colonization of bacteria through
the teat canal during the dry period (Meaney et al.,
2001; Codex Alimentarius, 2016). However, our results
support the concept that bismuth subnitrate slows
bacterial growth in vitro. This is, to our knowledge,
the first published assessment of a potential inhibitory
effect of bismuth subnitrate on mastitis-causing agents
in the dairy industry.

Streptococcus uberis is one of the main mastitis-caus-
ing microorganisms during the dry period, particularly
in New Zealand (Williamson et al., 1995; McDougall,
2003). The results of the disk diffusion test in the pres-
ent study (experiment 1) show that Strep. uberis SR115
appeared to be more susceptible to bismuth subnitrate
than Staph. aureus (SA3971/59 and SA1l) or E. coli
(P17.1429), demonstrated by an area of complete inhi-
bition. In the same test, Staph. aureus and E. coli pre-
sented an apparent concentration-dependent dark area
around the disks, but not complete inhibition as for
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Strep. uberis. The dark area observed for Staph. aureus
and FE. coli in this study could be explained by the fact
that both strains have the ability to hydrolyze sulfide
(Tomasova et al., 2016). The hydrolysis of sulfide with
the addition of bismuth forms bismuth (3) sulfide, a
black pigment produced by some bacteria in the mouth
and lower intestines (Ioffreda et al., 2001). There are
other examples in which bacteria in conjunction with
bismuth can form bismuth 3 sulfide. The “black spot
defect” found in cheddar cheese is produced by bismuth
3 sulfide and has been linked to the presence of bismuth
subnitrate in the milk (Lay et al., 2007). The produc-
tion of bismuth 3 sulfide, therefore, could have caused
the dark area around the disk in the disk diffusion test
of this study. However, the presence of sulfide in the
TSA plates was not tested. The disk diffusion test in
this study was used as a screening tool; other tradi-
tional methods for antimicrobial testing such as the use
of Mueller Hinton plates that could be applied in dose-
dependent antimicrobial testing for bismuth subnitrate
were not used.

Bismuth subnitrate is a heavy metal compound with
low solubility that precipitates in fluid medium, thus
it does not diffuse easily in agar. After observing the
results of the disk diffusion test, 2 more experiments
were designed to reassess the inhibitory effect of bis-
muth subnitrate that could have been masked by the
minimum spread of the bismuth suspension observed
on the surface of the agar plates in experiment 1. Due
to marked precipitation of bismuth subnitrate observed
in experiment 2, the third experiment was added. In
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Figure 3. Experiment 2: Least squares means estimates of the impedance (£95%CI) measured in BacTrac 4300 (SyLab, Neupurkersdorf,
Austria). Bacteria were cultured in trypticase soy broth with (BIS) and without bismuth (CON) for 24 h at 37°C in 4 repeats of triplicates per
treatment. (A) Streptococcus uberis SR115 (BIS n = 9, CON n = 8); (B) Staphylococcus aureus SA3971/59 (BIS n = 6, CON n = 9); (C) Staph.
aureus SA1 (BIS n = 7, CON n = 11); (D) Escherichia coli P17.14291 (BIS n = 7, CON n = 9). n = number of vials that had readable results
from BacTrac 4300; *first time point of difference (P < 0.05).
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Table 1. Experiment 2: Comparison of the mean (£SD) of the log, conversion of counts (cfu/mL) for bismuth subnitrate (BIS) versus control

(CON) vials before (0 h) and after (24 h) incubation at 37°C*

Mean difference Paired t-test

Strain Treatment Oh 24 h (£SD) P-value
Streptococcus uberis BIS 18.8 (+0.5) 12.6 (£1.7) —6.2 (£0.8) 0.0015
SR115 CON 19.9 (£0.1) 26.4 (+0.4) 6.5 (+£0.37) <0.0001
t-test P-value <0.0001
Staphylococcus BIS 19.97 (£0.1) 22.18 (+0.3) 2.2 (£0.5) 0.0002
aureus SA3971/59 CON 20.08 (+£0.4) 27.15 (+0.2) 7.03 (£0.4) <0.0001
t-test P-value <0.0001
Staph. aureus SA1 BIS 20.19 (£0.09) 18.24 (£2.15) —1.95 (£2.2) 0.08
CON 20.12 (0.09) 25.62 (£0.2) 5.49 (£0.1) <0.0001
t-test P-value <0.0001
Escherichia coli BIS 20.06 (£0.6) 18.44 (£0.7) —1.61 (£0.7) 0.0036
P17.14201 CON 20.24 (£0.2) 26.52 (£0.4) 6.28 (+0.5) <0.0001
t-test P-value <0.0001

Incubation in BacTrac 4300 (SyLab, Neupurkersdorf, Austria); n = 6 per strain.

the BacTrac and shaking medium studies (experiments
2 and 3), bacterial growth was significantly reduced
by the presence of bismuth in the culture medium.
There was no complete inhibition or killing, but the
results clearly show a suppression of bacterial growth.
Even though a low number of BacTrac vials could not
be included in the analysis, due to a fault in some of
the electrodes giving out-of-range readings, the results
presented in this study show a significant difference
in bacterial growth between BIS and CON vials. No
explanation was found for the out-of-range readings.
We hypothesized that bismuth precipitation over the
base of the tube where the electrodes are placed had
an effect, and this is one of the reasons that lead to
the design of study 3 (shaking medium). However,
literature reflects that it is not unusual to find out-
of-range measurements when measuring impedance
(Colvin and Sherris, 1977). Ideal curve shapes that are
meaningful for the purposes of the study need to be
determined before the study (Chen and Chang, 1994),
and we did this. Streptococcus uberis was the most sus-
ceptible strain to the effect of bismuth subnitrate in
the 3 experiments presented here. In experiments 1 and
3, Strep. uberis showed complete inhibition after the
24-h culture with bismuth subnitrate. This could be
due to its high sensitivity to bismuth subnitrate, or to
inconsistent growth rates found in vitro in some Strep.
uberis strains that are highly dependent on nutrient
availability (Leigh and Field, 1991).

In experiment 3, significant differences between BIS
and CON flasks were observed after 3 h of culturing for
all the strains. Experiment 2 produced significant dif-
ferences after 4 to 5 h for most of the strains except for
E. coli. For the latter, significant differences between
BIS and CON vials were found 10 h after the culture
began. The different nature of the studies and the dif-
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ferences in the statistical analyses performed for each
of the experiments might have produced these time
differences within the FE. coli strain. Staphylococcus
aureus SA1 resumed growth after 24 h in experiment
3, but the origin of this resumption in growth could
not be determined. The different growth rates of the
4 strains observed in this study support the concept of
the presence of high variability in growth patterns and
response to treatment of different pathogens (Keane,
2019). Staphylococcus aureus is usually associated with
persistent IMI that may be present throughout the dry
period (Pankey et al., 1982; Barkema et al., 2006). In
contrast, E. coli and Strep. uberis tend to induce IMI
or clinical mastitis cases that either cure spontaneously
or for which the use of antimicrobials at dry off is usu-
ally effective (Todhunter et al., 1995; Keane, 2019). In
this study, one of the Staph. aureus strains showed a
resumption in growth after 48 h of exposure to bismuth
subnitrate. This in vitro behavior may suggest adapt-
ability of this strain to an adverse environment that
could be relevant to the in vivo situation. This is why
identification of the pathogen and a treatment that tar-
gets the bacterial agent (selective DCT) could improve
cure rates during the dry period (Bradley and Green,
2001; Barkema et al., 2006). A limitation of this study
is the absence of a positive control for the inhibitory
effect. Experiments 2 and 3 would have benefited from
having the impedance curve and counts obtained for
vials with a known inhibitory agent.

Our results are in line with human medical and den-
tistry in vitro research studies showing the inhibitory
effect of bismuth salts (mainly bismuth subsalicylate,
but also bismuth subnitrate; Domenico et al., 1997;
Athanikar, 1998; Lin et al., 2011; Vega-Jiménez et al.,
2012). Bismuth-based products are used to treat differ-
ent diseases, such as syphilis, gastric ulcers, traveler’s
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diarrhea, and other pathologies caused mainly by bac-
teria (Marshall et al., 1987; Slikkerveer and de Wolff,
1989; Phillips et al., 2000).

The mechanism of action by which bismuth subni-
trate slows bacterial growth is unknown. A few dif-
ferent hypotheses could explain this effect: oxidation,
interference with bacterial metabolism by reducing
ATP synthesis, enzyme inhibition, and inhibition of
biofilm formation, among others (Sox and Olson, 1989;
Zhang et al., 2006; Folsom et al., 2011). As an oxi-
dizing heavy metal, the action mechanism of bismuth
might be similar to that of other metals such as silver,
zinc oxide (ZnO) or copper, which are known for their
antimicrobial and antifungal effects (Kim et al., 2007;
Pasquet et al., 2014). For example, the antimicrobial
effect of ZnO is due to the production of reactive oxy-
gen species, the destabilization of microbial membranes
when in contact with ZnO particles, and the antimi-
crobial properties of Zn®" ions released by ZnO in an
aqueous medium (Pasquet et al., 2014). Reduction of
ATP synthesis in bacterial cells could be due to either
a direct effect on bacterial metabolism or interference
with the extracellular membrane function, inhibiting
the transport of nutrients (Sox and Olson, 1989; Sadler
et al., 1999). Bismuth has also been demonstrated to
inhibit ureases, which are essential in some bacteria,
and thus, it interferes with vital bacterial metabolism
that culminates in bacterial death. However, Strep.
uberis is a urease-negative bacterium and showed high
susceptibility to bismuth in the present study, suggest-
ing that the action mechanism of bismuth, in this case,
could be different. Bismuth compounds were also found
to be effective inhibiting and disrupting biofilm forma-
tion (Folsom et al., 2011; Hernandez-Delgadillo et al.,
2012). The 4 strains used here were non-biofilm formers
when cultured in TSB (Sarah Chia Jia Ning, School
of Chemical Engineering and Food Technology, Singa-
pore Institute of Technology; personal communication).
Hence, this might not be the reason for the inhibition of
growth observed in this study. It is not known whether
biofilm inhibition by bismuth subnitrate teat sealants is
an action mechanism that happens in vivo.

Our in vitro results are in part supported by the
findings of several in vivo studies. In a study using nul-
liparous heifers, the application of bismuth subnitrate
before parturition reduced the prevalence of IMI after
calving compared with pretreatment infection levels,
suggesting that bacterial growth might have slowed
after being in contact with bismuth-based teat sealants
(Parker et al., 2007). Another study also reported a
lower prevalence of CNS infections post-calving in a
group of cows treated with internal teat sealant (Berry
and Hillerton, 2002). Bismuth subnitrate in the internal
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teat sealant could have inhibited the growth of bacteria
in the teat canal to undetectable levels, which could
assist in preventing bacterial invasion over the dry pe-
riod. However, this requires experimental testing.

Other mechanisms in mastitis prevention of the
bismuth-based teat sealants currently under investiga-
tion are the stimulation of the immune response, forma-
tion of a physical barrier, and prevention of biofilm
formation, among others. Most studies comparing the
efficacy of teat sealants with antibiotic DCT showed
no difference in clinical mastitis incidence during the
dry period and after calving (Woolford et al., 1998;
Huxley et al., 2002). Interestingly, these studies state
that the bismuth-based internal seal was as effective
as an antibiotic in preventing new IMI over the dry
period (Huxley et al., 2002; Bhutto et al., 2011; Ra-
biee and Lean, 2013). Our results showing inhibition of
bacterial growth by bismuth subnitrate might at least
partially explain these observations. The inhibitory ef-
fect of bismuth could be avoiding the colonization of
the teat canal by mastitis pathogens during the dry
period. However, in our studies, bismuth subnitrate was
tested in a powder form and not within a teat sealant
formulation with other excipients.

The results of this study provide impetus for the re-
consideration of the definition of internal teat sealants
as “inert.” The word “inert” might not accurately re-
flect all mechanisms contributing to the efficacy of the
bismuth subnitrate-based products. Further in vitro ex-
periments are required before the observations reported
herein can be applied in vivo. It would be important
to assess the effect of bismuth subnitrate within the
teat sealant formulations on bacterial growth at dif-
ferent concentrations and with different pathogens, for
example, CNS and different streptococci. These organ-
isms are highly prevalent throughout the dry period in
dairy cows and heifers (Green et al., 2002; Parker et.
al., 2008).

CONCLUSIONS

The results obtained in these in vitro studies show
that bismuth subnitrate slowed bacterial growth in 4
major mastitis-causing agents to different degrees. This
suggests that the efficacy of bismuth subnitrate-based
teat sealants in preventing clinical mastitis may at least
in part be due to a reduction in growth of the major
mastitis-causing agents, particularly Strep. uberis, in
the teat canal during the early stages of IMI in the
dry period. In addition to the barrier effect described
in previous works, the presence of an inhibitory effect
in bismuth subnitrate formulations might be crucial for
their high efficacy as documented. It may also indicate
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that new intramammary methods to prevent mastitis
over the dry period will require inhibitory substances
in addition to barrier components.
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