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Yeast cell wall mannan rich fraction
modulates bacterial cellular
respiration potentiating antibiotic
efficacy

Helen Smith™, Sharon Grant, Joanne Parker & Richard Murphy

Now more than ever there is a demand to understand the mechanisms surrounding antibiotic
resistance and look for alternative ways to impact phenotypic antibiotic outcome. Cellular energetics
can be impacted by many bacteriostatic and bactericidal antibiotics, which affect metabolism and
energy output, resulting in a reduction of cell growth or induction of cell death respectively. In this
study, we provide evidence that a mannan rich fraction (MRF) from the cell wall of Saccharomyces
cerevisiae modulates growth of antibiotic susceptible and resistant Escherichia coli and potentiates
bactericidal antibiotic efficiency through modulation of bacterial cellular respiration. The role of MRF
in modulating bactericidal impact and cellular metabolic state were assessed in E. coli by monitoring
microbial growth and by measuring oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) using the Seahorse XFe96 Analyser, respectively. This work further illustrates the link
between bacterial susceptibility to antibiotics (phenotypic resistance) and resistance through
modulation of bacterial metabolism. This is the first example of yeast MRF enabling collateral
sensitivity to antibiotics in vitro and supports the search for alternative strategies to promote animal
health without contributing to the growing issue of antimicrobial resistance.

Due to the prevalence of antibiotic resistance and in trepidation of its future global impact, research into ways in
which we can support antibiotic restriction is imperative. Central to enhancing our understanding of antibiotic
resistance and susceptibility, are investigations into the core mechanisms involved and ways in which we can
potentiate beneficial physiological responses without contributing to resistance. Cellular metabolism is a key
mitigator in positively or negatively influencing antibiotic activity' . Antibiotic efficiency has been linked to the
bioavailability of molecular oxygen contributing to the electron transport chain!*. Bacteriostatic and bactericidal
antibiotics inhibit cell growth or induce cell death, respectively, and are defined phenotypically based on how they
target different cellular processes. Specifically, changes to cellular metabolic state have been linked to changes
in the phenotypic output of different antibiotic classes®. These antibiotics modify cellular metabolic status, in
particular via respiration by a number of means, such as formation of ROS and production of harmful hydroxyl
radicals>®”’, or by way of B-lactam antibiotics, through increasing metabolic demands through generation of
a futile cycle of peptidoglycan synthesis”®. Bacteriostatic antibiotics target translation®?, whereas bactericidal
antibiotics are believed to directly influence transcriptional upregulation of metabolic and respiratory genes,
and have also been linked to carbon flux through the TCA cycle*"*"#!°. Both classes of antibiotics are capable
of modification of cellular energy dynamics via modulation of these processes®!!. With regard to bactericidal
antibiotics, previous work has shown the cellular response induces metabolic lethality via ROS formation suggest-
ing that increasing or accelerating respiration may enhance bactericidal activity®. Attempts to amplify antibiotic
activity through combining antibiotic treatments has shown diverse effects on bacterial survival” and has in some
instances had negative implications due to attenuation of bactericidal activity over bacteriostatic lethality®. In
general, greater efficiency by means of combinatorial antibiotic treatments have displayed additive, synergistic or
antagonist effects, in some instances leading to unpredictable permutations. Dietary mannan-oligosaccharides
(MOS), as prebiotic zootechnical feed ingredients, are derived from the outer cell wall of yeast and have been
extensively studied as a non-pharmaceutical alternative to antibiotic growth promoters'>-**. MOS, with its ability
to bind and limit the colonisation of gut pathogens'>'%, has proven to be an effective feed supplement supporting
immunity and digestion'®". Further refinement of yeast MOS has led to the isolation of a mannose-rich fraction
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(MRF) with enhanced activities in immune modulation and intestinal health. In the present study we examine
how potentiation of cellular respiration enhances antibiotic efficiency.

Previous research determined that bacterial susceptibility to antibiotics is mediated by microbial metabolic
regulation>'®. By examining the respiration profile of Escherichia coli, we gained an insight into how ampicil-
lin, a bactericidal antibiotic, targets growth inhibition and leads to acceleration of cellular respiration. Our
data shows that MRF supplemented in the culture media reduced the growth of both sensitive and resistant E.
coli and positively influenced phenotypic antibiotic outcome when in combination. The data indicates the link
between cellular oxygen consumption rate (OCR) and presence of MRF with respect to the bactericidal lethality
of ampicillin. Development of antibiotic target-based resistance and the potential unpredictability of antibiotic
combinations encourage exploration of non-pharmaceutical alternative sources such as MRF to reduce resistant
populations and enhance antibiotic effectiveness. This research is therefore timely with respect to the search for
alternate strategies to promote animal health without contributing to antimicrobial resistance.

Results

MRF modulates growth of antibiotic susceptible and resistant E. coli. In this study, we examine
if MRE, a derivative of MOS, potentiates growth of antibiotic susceptible and resistant E. coli in conjunction
with bactericidal antibiotic treatment. When MRF was supplemented (=0.1% (w/v)) in the media of antibiotic
susceptible E. coli, with no ampicillin treatment, a significant reduction in final growth measurement (p<0.01)
and maximum optical density (OD) (p <0.05) was observed [Figs. 1a and 2a (also Table S1 online)]. The percent-
age growth inhibition of the susceptible strain was not impacted significantly further due to the combination
of MRF and ampicillin treatment (Fig. 2¢), nonetheless, increasing MRF supplementation significantly reduced
growth (Fig. 2a).

Similarly, when MRF was supplemented (>0.1% (w/v)) into the growth media of antibiotic resistant E. coli,
a significant reduction in final growth measurement (p <0.05), maximum OD (p <0.05) and lag time (p <0.05)
was observed [Figs. 1b and 2b (also Table S2 online)]. The growth curve, final growth measurement, maximum
OD and lag time of the resistant E. coli strain was not affected by antibiotic treatment, but instead increasing
MREF supplementation, as is illustrated by Figs. 1b and 2b (also Table S2 online). Growth rate is understood to
impact the phenotypic outcome of antibiotic susceptibility, a phenomenon first described as early as the dis-
covery of penicillin®®. In this instance, the supplementation of MRF resulted in a significant reduction of cell
growth (represented by max OD) (p<0.05) and a greater reduction when supplemented MRF was combined
with ampicillin treatment, effectively potentiating the activity of this antibiotic toward the resistant organism
(Fig. 1b, also Table S2 online). The presence of MRF (0.1% (w/v)) alone reduced the final growth measurement
(OD) of the resistant strain by 15% (Fig. 2d). Growth of resistant cells were reduced by a further 2.5-7.5% when
combined with 0.05-50 pg/mL ampicillin treatment, resulting in a maximum total reduction of 22.5% due to
the addition of 0.1% (w/v) MREF to the growth media (Fig. 2d). By increasing the presence of MRF to 0.5% (w/v)
a 44% reduction in final growth measurement (OD) of the resistant strain was observed (Fig. 2d). Growth of
resistant cells were reduced by a further 4-28% when combined with 0.05—50 ug/mL ampicillin treatment,
resulting in a maximum total reduction of 72% due to the addition of 0.5% (w/v) MRF to the growth media
(Fig. 2d). Thereby, MRF supplementation [0.1-0.5% (w/v)] lead to collateral sensitivity of the resistant organism,
demonstrating a linear increase (r*=0.99) in adjunctive sensitivity (p <0.05) when combined with increasing
ampicillin treatment (Figs. 1a,b and 2a-d).

It has been shown previously that with an increase of bacterial cell number (and the probability of increased
acquired resistance) as well as possible changes to bacterial metabolism leading to phenotypic resistance, the
concentration of an antibiotic required to cure experimental infection increases with the duration of the infection
>2L The restriction of bacterial growth observed in this study due to media supplementation with MRE, represents
an elegant solution to proliferation of resistant pathogens. Whilst MRF supplementation of the growth media
resulted in a considerable growth reduction of antibiotic susceptible and resistant E. coli, bacterial susceptibility
and resistance to antibiotics depends on more than whether the cells are actively growing or resting, but also
relies on their specific metabolic situation®. As a critical test of the hypothesis, we examined bacterial redox
physiology, via cellular respiration, for any alteration in metabolic respiration or glycolytic flux in response to
MREF supplementation in the growth media. This was based on the knowledge that microbial cellular energetics
are impacted by bactericidal antibiotics, affecting cellular metabolism and energy output, either via reduction
of cell growth or cell death**8.

Perturbations of basal respiration rate potentiates bactericidal activity. Previous research deter-
mined that oxygen consumption rate (OCR) is dependent on metabolic carbon state®. In this study, cellular
metabolism was investigated as a marker for physiological bactericidal status. To investigate changes in cellular
metabolic respiration and glycolytic flux, OCR (pmol/min) and extracellular acidification rate (ECAR) (mph/
min) were measured in real-time using the Seahorse XFe96 Analyser. The assay performed in M9 medium
limited E. coli growth, resulting in a direct linear measure of respiration in the steady state over time. Unlike
other systems which utilise intracellular marker detection or inspect the cell surface, the Seahorse XF analyser
measures changes in analytes that are either consumed or excreted by the cell. Antibiotic treatment is injected
into the fluid chamber containing a bacterial cell monolayer and M9 media supplemented or not supplemented
with MRF; oxygen consumption rate was detected by a steady-state sensor probe.

Figure 3a compares real time changes of relative OCR observed with ampicillin treatment of resistant and
susceptible E. coli. The results show that bacterial susceptibility to ampicillin is impacted by real-time OCR
kinetics (Fig. 3a, Fig S1). No change in OCR was observed when the resistant strain was treated with ampicillin,
demonstrating a direct link between phenotypic resistance and cellular respiration. Figure 3b shows relative
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Figure 1. MRF modulates growth of susceptible and resistant E. coli. Growth curves of (a) antibiotic susceptible
E. coli and (b) antibiotic resistant E. coli supplemented and not supplemented with MRF (0.5%), in the presence
and absence of ampicillin (AMP). Each value was expressed using mean of triplicate values for each biological
replicate (n=3), standard deviation is represented by error bars.

change in OCR over time between antibiotic susceptible and resistant E. coli when supplemented and not sup-
plemented with MRF (refer also to Fig S2 online). Supplementation of MRF lead to an acceleration of basal
cellular metabolism. When MREF is supplemented into the media, oxygen is consumed at a faster capacity by the
cells leading to a subsequent earlier drop in OCR compared to cells not supplemented with MRF. The resistant
strain which maintains OCR > 160 min when treated with antibiotics begins to decline ~ 105 min with MRF
supplementation, reverting OCR to a similar state to that of the sensitive strain, mimicking OCR of an antibiotic
susceptible species (Fig. 3b).

Having established a direct link between antibiotic susceptibility and MRF with respect to cellular metabo-
lism and having shown that MRF supplementation resulted in significant collateral sensitivity of the resistant
organism via growth modulation (p <0.05) (Figs. 1b and 2d), we explored the metabolic perturbations of MRF
and ampicillin in combination. When susceptible and resistant E. coli were treated with ampicillin and MRF in
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Figure 2. Effect of MRF supplementation on end-point* optical density (OD) and percentage inhibition; (a)
Final OD of antibiotic susceptible E. coli; (b) final OD of antibiotic resistant E. colj; (c) percentage reduction

of antibiotic susceptible E. coli resulting from MRF supplementation relative to no MRF supplementation; (d)
percentage reduction of antibiotic resistant E. coli resulting from MRF supplementation relative to no MRF
supplementation. Each value was expressed using mean of triplicate values for each biological replicate, standard
deviation is represented by error bars. Means per AMP concentration that do not share a letter are significantly
different to the corresponding ‘No MRF relative mean (p <0.05, ANOVA, Fisher-LSD). Values marked with

an asterisk [*] are significantly different to the ‘No AMP control’ treatment relative to the corresponding MRF
concentration (p<0.05, ANOVA, Fisher-LSD). *End-point=18 h OD measurement.

combination, like kinetic growth analysis, an adjunctive response in terms of OCR was observed, revealing a
possible link between cellular proliferation and respiration rate. Focusing on MRF supplementation alone, cel-
lular OCR accelerated and peaked sooner than the control culture containing no treatment (Fig. 3b,c). Due to the
susceptibility of the non-resistant E. coli strain to ampicillin, cellular OCR declines gradually with the addition
of this antibiotic, however, an accelerated OCR was also observed with these cells in response to MRF (Fig. 3c).
Overall, it is apparent that the metabolic rate of cells increases through exogenous supplementation with MRF.

Increasing MRF (%, w/v) supplementation also altered OCR of antibiotic resistant E. coli (Fig. 3d). Ampicil-
lin alone did not impact the OCR of this strain due to its lack of antibiotic susceptibility however, when MRF is
added, OCR is accelerated and begins to decline at a faster rate than when no MRF is present in the media. Addi-
tionally, an adjunctive change in OCR dynamics relative to the corresponding MRF concentration is observed.
When 0.1% MREF is supplemented in the media, combined with and without 0.1 mg/mL ampicillin treatment
OCR is accelerated and peaks at a faster capacity. Previous research has shown that elevated basal respiration
increases killing by respiration-accelerating bactericidal antibiotics®. Here, we demonstrate that this may be the
case in the instance of antibiotic resistant organisms also, and MRF is capable of this modulation.

End-point examination of ECAR status of the resistant strain showed a considerably greater amount of acid
secretion when MREF is present in the culture media, greater again when ampicillin was added to MRF supple-
mented culture media, a demonstration of increased fermentative growth (Fig. 4, also see Fig S3 online)®. This
indicates that respiratory capacity of E. coli cultured in the presence of both MRF and ampicillin is intensified
leading to a more stressful/energetic fermentative environment, potentially reducing the growth capacity of the
resistant organism more proficiently compared to ampicillin treatment alone.

The data demonstrates the potential of MRF to modulate phenotypic bactericidal activity and resistance, by
increasing and elevating cellular respiration and intensifying fermentative growth. Altogether, as well as the ability
of MREF to physically adhere to E. coli restricting growth, allowing the host to have a competitive advantage for
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Figure 3. Real time comparison of changes in relative OCR (pmol/min) of antibiotic susceptible and resistant
E. coli; (a) relative OCR (pmol/min) of antibiotic susceptible and resistant E. coli in the presence and absence
of ampicillin; (b) relative OCR (pmol/min) of antibiotic susceptible and resistant E. coli with and without MRF
supplementation (0.1% (w/v)); (c) relative OCR (pmol/min) of antibiotic susceptible E. coli with and without
MREF supplementation in the presence and absence of ampicillin treatment; (d) relative OCR (pmol/min) of
antibiotic resistant E. coli with and without MRF supplementation in the presence and absence of ampicillin
treatment. All data expressed using mean of triplicate values for each biological replicate (n=3), standard
deviation is represented by error bars. (R), E .coli resistant to ampicillin; (S), E. coli susceptible to ampicillin.
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Figure 4. OCR (pmol) and ECAR (mph/min) end-point status following MRF and/or antibiotic treatment.
End-point relative OCR (bars) and ECAR (data points) status of antibiotic resistant E. coli with and without
MREF supplementation combined with and without ampicillin treatment. Each value was expressed using mean
of triplicates for each biological replicate (n=3), standard deviation is represented by error bars. OCR values
that do not share a letter are significantly different (p <0.05, ANOVA, Fisher-LSD). ECAR values marked with *’
are significantly different to the control (no AMP/MREF) group (p<0.05, ANOVA, Fisher-LSD).

nutrients and partitioning of immunological responses to invasion'*!¥, MRF also demonstrates the potential to
modulate antibiotic susceptibility of ampicillin resistant E. coli.

MRF modulates metabolic/bioenergetic phenotypic status. The central parameters to measuring a
change in cellular energetics are (1) oxygen, consumption of which is a direct measurement of OCR or aerobic
metabolism, and (2) extracellular acidification rate (ECAR), which is a measurement of glycolytic flux. Examin-
ing OCR/ECAR ratio, gives an indication of bioenergetic phenotype under certain conditions; different wells/
treatments have different basal rates of metabolic activity, representing basal bioenergetic state of a cell. The data
presented here demonstrates the shift from basal metabolic rate over time, giving an overview of any change in
bioenergetic profile in response to different treatments.

The data showed that untreated susceptible and resistant cells progress to a more aerobic state over time.
There was no change in basal cellular energy state when antibiotic susceptible cells were treated with ampicil-
lin, representative of the relationship between antibiotic susceptibility and cellular metabolic state (Fig. 5a).
However, resistant cells treated with ampicillin continue to a more aerobic state like the untreated/control cells,
demonstrating that antibiotic resistant cellular respiration/bioenergetic profile was not modified by the presence
of ampicillin in the media (Fig. 5b). When MRF was supplemented in the media of both susceptible and resist-
ant strains, a dynamic shift in OCR/ECAR ratio is observed (Fig. 5a,b, respectively). MRF resulted in cells being
driven to a higher state of metabolic activity. Cells became more aerobic initially before progressively reaching a
more glycolytic state over time, simultaneously demonstrating MRF does not negatively impact cellular viability
causing cell death, but rather leads to the reduced cellular growth capacity presented previously (Figs. 1 and 2),
with modification of cellular respiration capacity a contributing factor. Previous research has shown depletion
of metabolic/glycolytic intermediates in E. coli result in cellular stress that may appear in the form of growth
inhibition?. It is hypothesised here that as previous research has shown, glycolytic intermediates, such as glucose-
6-phosphate which feeds directly into both glycolysis and the pentose-phosphate pathway, may reroute carbon
metabolism to other pathways attempting to restore the balance of central metabolites in stressed cells?.

The shift in metabolic activity due to MRF indicates modulation of spare cellular respiratory capacity. These
findings underscore that unique metabolic signatures may be critical in strategically targeting resistance to
antibiotics and determining whether alternative strategies are viable options to impact phenotypic resistance.
Both mammalian cells and bacteriological systems warrant examination of changes to OCR/ECAR ratio as this
can suggest modulation of cellular oxidative phosphorylation (OXPHOS) and glycolysis, measurements which
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Figure 5. Bioenergetic real time changes in OCR/ECAR ratio of (a) antibiotic susceptible E. coli and (b)
antibiotic resistant E. coli. Numbered data points represent the following time-points; (1) 15.00+0.80 (basal*),
(2) 100.00+4.56, (3) 150.00 +0.26, (4) 200.00 + 1.41 min, respectively. Only data points outside the basal region
(bottom left) are labelled with representative time-points to enhance visibility of illustrated data. Each value
was expressed using mean of triplicates for each biological replicate (n=3), standard deviation is represented
by error bars. Control refers to no MRF supplementation/AMP treatment; *Basal OCR measured prior to
automated antibiotic/M9 injection.
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may potentially serve as an indicator of a shift in bioenergetic cell metabolic activity. The data demonstrates the
significance of cellular energetic state in phenotypic resistance, and how alteration of metabolism may impede
phenotypic cell change.

Discussion

Bacterial metabolism encompasses a vast potential of complex reactions capable of manipulation. In this study
MRE a yeast cell wall fraction modulates basal cellular respiration leading to changes in bacterial metabolism.
Perturbation of cellular respiration is a major by-product of antibiotic-target interaction®. Previous research has
shown exogenous supplementation of specific metabolites can lead to altered metabolism potentiating conven-
tional antibiotics against bacteria in a wide variety of metabolic states'. Moreover, emerging evidence suggests
that metabolic modulation can overcome antibiotic tolerance/resistance’, as was also observed here. Metabolic
modulation via exogenous supplementation with MRF can influence antibiotic susceptibility regardless of phe-
notypic resistance. Combined with its ability to block bacterial lectin, effectively agglutinating to potentially
pathogenic/resistant bacteria®, the data presented here demonstrates the ability of MRF to modulate growth,
cause alteration to cellular respiration and potentiate bioenergetic phenotypic status under specific conditions.
MREF supplementation and bactericidal antibiotic treatment was associated with adjunctive accelerated respira-
tory activity altering basal oxygen consumption. This is indicative of modulation of bacterial redox physiol-
ogy, influencing the capacity for significant alteration of phenotypic susceptibility or resistance via cellular
metabolomics"*®,

Traditional overuse or misuse of antibiotics has led to the evolution of widespread antibiotic resistance.
Consequently, alternative strategies are required to reduce antibiotic load on-farm while supporting restric-
tion of antibiotics in animals to therapeutic use. Modulation of cellular proliferation and metabolism of the gut
microflora by various antibiotics is non-specific. By fully understanding the molecular epidemiology associated
with antibiotic resistant pathogens it is possible to modulate metabolic mechanisms to enhance susceptibility
of resistant pathogens towards antimicrobial agents currently in use without impacting emergence or evolution
of resistance. By increasing our knowledge of the interaction between MRF and antibiotics it may be possible
to strategically reduce antibiotic use naturally. Further investigation is required to examine feed additives and
specific cellular metabolic determinants and their link with metabolic networks to improve antibiotic therapeutic
strategies. It is hoped that the current study complements and warrants further exploration toward development
of strategies to combat antimicrobial resistance.

Methods

Bacteria and yeast cell wall preparations. One Shot TOP10 chemically competent E. coli (Invitrogen)
was used as the host strain for transformation. Recombinant E. coli transformed using pBR322 (Invitrogen)
was cultured in LB medium at 37 °C with addition of 100 ug mL™" of ampicillin (AMP) and 30 pg mL™ tetra-
cycline (TET). The recombinant strain was used as the resistant test organism throughout. Yeast mannan-rich
fraction (MRF) from the cell wall of S. cerevisiae was provided by Alltech Biotechnology (Alltech Biotechnol-
ogy, Nicholasville, KY). For determination of bacterial kinetic growth and respiratory analysis, the yeast frac-
tion (0.1-0.5%) was ground and added to either fresh MHB or M9 minimal media (supplemented with 0.2%
casamino acids and 10 mM glucose®), respectively. To ensure homogenous mixing, this suspension was then
sonicated using an HT'U Soni 130 ultrasonic processor at a power setting of 130 Watts for 3 min on ice. Aliquots
were stored at 4 °C prior to use or at — 70 °C for long term storage. All antibiotics and purified glucose [0.1%
(w/v)] were obtained from Sigma.

Inoculum preparation and storage. Frozen stocks of bacteria [5% (v/v)] in 70% glycerol were stored at —
70 °C in LB medium. Working plates were prepared by transferring a single colony using spread plate technique
to fresh agar and incubating overnight. Streaked plates were stored at 4 °C for up to six months. Fresh inoculum
was prepared by isolating a single colony from working plates into approximately 25 mL of LB broth and grown
overnight at 37 °C. Optical density (OD) at Asgs,, Was adjusted accordingly by spectrophotometer (Shimadzu
UV-1601PC).

Growth and maintenance of recombinant E. coli. LB medium (8 g L™!) was sterilised at 105 °C for
30 min. If agar was required, 15 g L™! was added before autoclaving. To facilitate the growth of E. coli, medium
was cooled to approximately 55 °C, after which AMP and TET were added to a final concentration of 100 pg mL™!
and 30 pg mL™, respectively. Agar plates were stored in the dark at 4 °C and were warmed to 37 °C prior to use.

Kinetic microplate growth analysis. MRF [0-0.5% (w/v)] was prepared in MHB broth. Aliquots of 200
uL per well and analysed in triplicate at OD Asgs,, in a sterile 96 well flat-bottom microtitre plate. A serial dilu-
tion of the appropriate antibiotic was prepared separately and added per well (10 uL). To this, 20 uL aliquots of
the test organism (adjusted to 0.01 OD at Asys,,, (approx. 1x 1078 cfu mL™")) was added to each well. A refer-
ence control (RC) with no antibiotic was included per MRF concentration. The plate was then incubated under
appropriate growth conditions; in this case 37 °C. The OD was read every hour following a 5 s medium shake
for a total of 18 h. Optical density measurements following 18 h incubation were taken and compared to the
reference control. Glucose (0.1% (w/v)) was used as a positive control. Replicate analysis was conducted using a
Tecan Infinite M200 Pro microplate reader. The growth rates in each well were estimated using the same strain
in identical media and the experiment was repeated three times independently, with three replicates per sample.
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Bacterial respiration. Bacterial respiration expressed as OCR was quantified using an XFe96 Extracellular
Flux Analyzer (Seahorse Bioscience). Overnight cultures of susceptible and resistant E. coli cells were diluted
into fresh LB media and grown to an OD Asgs,, of ~ 0.3 at 37 °C. Cells were centrifuged at 4000 rpm for 5 min
then washed with fresh M9 media. This process was repeated twice. Cells were diluted to 0.015 with fresh M9
minimal medium or M9 supplemented with MRF (0.01 or 0.1% (w/v), respectively). For OCR measurements,
90 pL of diluted cells were seeded onto XF cell culture microplates, precoated with 15 uL poly-p-lysine (PDL)
(Sigma) and centrifuged for 10 min at 1400 rpm to enable attachment. Cellular respiration was quantified fol-
lowing addition of 90 pL of fresh M9 media to each well. To assure uniform cellular seeding, basal OCR was
measured for two cycles before automated antibiotic injection (20 pL) and then quantified every 6 min for the
duration of the experiment post-treatment. To examine cellular energetic state, OCR and ECAR measurements
were used to form energy map diagrams.

Statistical analysis. Statistical evaluation of growth curve data was assessed using GrowthRate (GR) soft-
ware, downloadable from https://sourceforge.net/projects/growthrates/ 2. GrowthRate reports correlation coef-
ficient, R, of the best fit line to the natural log of the optical density (In(OD)) over time for each culture. For each
set of replicate cultures, GR reports the mean growth rate, the mean R, max OD and lag time (Tables S1 and S2).
Statistical analyses of results were performed using Minitab statistical software package version 16 (Coventry
U.K.). One-way analysis of variance (ANOVA) and Fishers multiple comparisons were carried out to test any
significant differences among means, where the confidence level was set at 95%. One-way analysis of variance
(ANOVA) and Dunnett’s comparisons were carried out to test any significant differences between each test mean
and a control mean, where the confidence level was set at 95%. Significant levels were defined using p <0.05.

Received: 27 August 2020; Accepted: 1 December 2020
Published online: 14 December 2020

References
1. Stokes, J. M. et al. Bacterial metabolism and antibiotic efficacy. Cell Metab. 30, 251-259 (2019).
2. Baek, S. H. et al. Metabolic regulation of mycobacterial growth and antibiotic sensitivity. PLoS Biol. 9, 1001065 (2011).
3. Meylan, S. et al. Carbon sources tune antibiotic susceptibility in Pseudomonas aeruginosa via tricarboxylic acid cycle control. Cell
Chem. Biol. 24, 195-206 (2017).
4. Dwyer, D. J. et al. Antibiotics induce redox-related physiological alterations as part of their lethality. PNAS 111, E2100-E2109
(2014).
5. Martinez, J. L. & Rojo, F. Metabolic regulation of antibiotic resistance. FEMS Microbiol. Rev. 35, 768-789 (2011).
. Belenky, P. et al. Bactericidal antibiotics induce toxic metabolic perturbations that lead to cellular damage. Cell Rep. 13, 968-980
(2015).
. Kohanski, M. A. et al. How antibiotics kill bacteria: From targets to networks. Nat. Rev. Microbiol. 8, 423-435 (2010).
. Lobritz, M. A. et al. Antibiotic efficacy is linked to bacterial cellular respiration. Proc. Natl. Acad. Sci. 112, 8173-8180 (2015).
. Ma, C. et al. Bacterial transcription as a target for antibacterial drug development. Microbiol. Mol. Biol. Rev. 80, 139 (2016).
10. Peng, B. et al. Exogenous alanine and/or glucose plus kanamycin kills antibiotic-resistant bacteria. Cell Metab. 21, 249-262 (2015).
11. Koebmann, B.]. et al. The glycolytic flux in Escherichia coli is controlled by the demand for ATP. J. Bacteriol. 184, 3909-3916 (2002).
12. Abudabos, A. M. & Yehia, H. M. Effect of dietary mannan oligosaccharide from Saccharomyces cerevisiae on live performance of
broilers under Clostridium perfringens challenge. Ital. . Anim. Sci. 12, €38 (2013).
13. Spring, P. et al. The effects of dietary mannaoligosaccharides on cecal parameters and the concentrations of enteric bacteria in the
ceca of Salmonella-challenged broiler chicks. Poult. Sci. 79, 205-211 (2000).
14. Kim, G. B. et al. Effect of dietary prebiotic supplementation on the performance, intestinal microflora, and immune response of
broilers. Poult. Sci. 90, 75-82 (2011).
15. Levin, B. R. & Rozen, D. E. Non-inherited antibiotic resistance. Nat. Rev. Microbiol. 4, 556-562 (2006).
16. Firon, N. et al. Carbohydrate specificity of the surface lectins of Escherichia coli, Klebsiella pneumoniae, and Salmonella typhimu-
rium. Carbohyd. Res. 120, 235-249 (1983).
17. Oyofo, B. A. et al. Prevention of Salmonella typhimurium colonization of broilers with D-mannose. Poult. Sci. 68, 1357-1360
(1989).
18. Ofek, I. & Beachey, E. H. Mannose binding and epithelial cell adherence of Escherichia coli. Infect. Immun. 22, 247-254 (1978).
19. Spring, P. et al. A review of 733 published trials on Bio-Mos®, a mannan oligosaccharide, and Actigen®, a second generation man-
nose rich fraction, on farm and companion animals. J. Appl. Anim. Nutr. 3 (2015).
20. Lee, S.W. et al. Mode of action of penicillin: I. Bacterial growth and penicillin activity-Staphylococcus aureus FDA. J. Bacteriol. 48,
393-399 (1944).
21. Eagle, H. The effect of the size of the inoculum and the age of the infection on the curative dose of penicillin in experimental
infections with Streptococci, Pneumococci, and Treponema pallidum. J. Exp. Med. 90, 595-607 (1949).
22. Richards, G. R. et al. Depletion of glycolytic intermediates plays a key role in glucose-phosphate stress in Escherichia coli. J. Bac-
teriol. 195, 4816-4825 (2013).
23. Teng, P-Y. & Kim, W. K. Review: Roles of prebiotics in intestinal ecosystem of broilers. Front. Vet. Sci. 5, 245-245 (2018).
24. Hall, B. G. et al. Growth rates made easy. Mol. Biol. Evol. 31, 232-238 (2014).

[e BN [=2)

o

Author contributions

H.S. wrote the main manuscript text and was the supervising project lead involved with experiments, data analy-
sis and interpretation. R.M. is conceptually responsible for the research project. J.P. & H.S. were responsible for
microbial growth analysis and preparation of Figs. 1 and 2. S.G. is responsible for analysis and preparation of
Figs. 3, 4 and 5. All authors are considered equal contributors to the research article.

Competing interests
Authors are employed by Alltech Biotechnology which funded the work within this manuscript. Alltech Bio-
technology produce Actigen, the mannan rich fraction isolate from S. cerevisiae used throughout this work.

Scientific Reports |

(2020) 10:21880 | https://doi.org/10.1038/s41598-020-78855-5 nature research


https://sourceforge.net/projects/growthrates/

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-020-78855-5.

Correspondence and requests for materials should be addressed to H.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:21880 | https://doi.org/10.1038/s41598-020-78855-5 nature research


https://doi.org/10.1038/s41598-020-78855-5
https://doi.org/10.1038/s41598-020-78855-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Yeast cell wall mannan rich fraction modulates bacterial cellular respiration potentiating antibiotic efficacy
	Results
	MRF modulates growth of antibiotic susceptible and resistant E. coli. 
	Perturbations of basal respiration rate potentiates bactericidal activity. 
	MRF modulates metabolicbioenergetic phenotypic status. 

	Discussion
	Methods
	Bacteria and yeast cell wall preparations. 
	Inoculum preparation and storage. 
	Growth and maintenance of recombinant E. coli. 
	Kinetic microplate growth analysis. 
	Bacterial respiration. 
	Statistical analysis. 

	References


