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Mannan based prebiotics
modulate growth rate and
energy phenotype of
tetracycline resistant E. coli

Sharon Grant*, Helen Smith and Richard Murphy

Alltech European Bioscience Centre, Sarney, Dunboyne, Co. Meath, Ireland
Unsustainable antimicrobial use in industrial agriculture has contributed to the

rise in antimicrobial resistance and there is an urgent need to find alternative

and more sustainable strategies to traditional antimicrobials. Prebiotics, such as

mannan-rich fraction (MRF), a cell wall product from Saccharomyces

cerevisiae, have demonstrated an ability to alter the growth of antibiotic

susceptible and resistant Escherichia coli and improve the efficacy of

antibiotics through modulation of cellular activity. In this study the impact of

mannan based prebiotics on growth and respiration of E. coli was assessed by

observing microbial growth, oxygen consumption rate and extracellular

acidification rate in the presence and absence of tetracycline. The findings

further demonstrate the capabilities of MRF with respect to improving

microbial antibiotic sensitivity, particularly in resistant strains. This potentially

enables a more efficient control of resistant pathogens with food safety

implications and promotion of more sustainable use of antibiotics in animal

production systems.

KEYWORDS

antimicrobial resistance (AMR), prebioitcs, antibiotic, tetracycline, cellular respiration,
sustainable agriculture
Introduction

Since their discovery over 60 years ago, antibiotics have transformed healthcare,

however our reliance on antibiotics has become unsustainable (Merrett et al., 2016), and

their overuse has led to the development of resistance in many once easily treated

bacterial strains. Antibiotic resistance has become one of the most prevalent health

concerns of our time.

While human misuse and over-prescription has been a factor in the rise of resistance,

agricultural practises have long been reported to contribute greatly to this rise in AMR
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(Dewey et al., 1996). The European Centre for Disease Control

(ECDC) and European Food Safety Authority (EFSA) joint 2018/

2019 EU summary report on antimicrobial resistance in zoonotic

and indicator bacteria from humans, animals and food indicated

that of the Salmonella spp. recovered from broiler carcasses,

resistance to fluroquinolone antimicrobial agents was extremely

high, with reported levels of 51.4% and 48.8% resistance to

ciprofloxacin and nalidixic acid respectively. Most alarmingly,

high levels of resistance to tetracycline in Salmonella spp. were

reported in isolates taken from humans (European Food Safety

Authority and European Centre for Disease Prevention and

Control, 2021). More recently, a Canadian broiler study

(Romero-Barrios et al., 2020) reported that 82.8% of E. coli

isolates and 58.8% of Salmonella isolates tested demonstrated

resistance to at least one antimicrobial. Of these isolates tested,

46.1% of E. coli and 42.9% Salmonellawere resistant to tetracycline.

The problem also extends to the pig production industry. A

study to examine antibiotic resistance in Danish pigs found

73.3% of E. coli isolates to be resistant to tetracycline (Holmer

et al., 2019). In China, an investigation of swine farms found

46.3% of E. coli isolates tested were found to harbour the oqxA

gene responsible for plasmid-mediated quinolone resistance. In

addition, the study reported that 30.3% of human commensal E.

coli isolates examined were positive for the resistance gene,

despite the individuals never having been treated with

antibiotics previously, a worrying indication of resistance

transmission from pig to human (Yang et al., 2019). Of the

antimicrobials to which resistance has been found in the

agricultural industry, many are included on the World Health

Organisation (WHO) list of critically important antimicrobials

(CIA) for human medicine, with quinolones and tetracyclines

considered highest priority and highly important respectively

(WHO, 2019). As evidence of microbial resistance transmission

between animals and humans grows, a reduction and more

sustainable model of antimicrobial use is a priority.

Such is the extent of the problem of unsustainable use of

antimicrobials in agriculture and the evident AMR development

that it has prompted policy makers around the globe to take

action. Antibiotic use for growth promotion has been banned in

the EU since 2006, and new stringent regulations have come into

force in 2022, such as the requirement for veterinary diagnosis

before prescription and earmarking several key antibiotics as

human-use only (European Union, 2018). Under these new

regulations, meat and food imports destined for human

consumption in the EU must also comply, with the aim of

reducing antibiotic use in agriculture outside of the scope of EU

legislation. The United States (US) has also introduced new rules

regarding antibiotic use, implementing their own ban on

antibiotics as growth promotors in 2016 (Armbruster and

Roberts, 2018). These regulations have meant that the

development of more sustainable animal production methods

and integration of alternative feed supplements in animal diets

have become huge areas of interest.
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One such area of interest is in the use of prebiotics in

production animal diets. Prebiotics are defined as “a selectively

fermented ingredient that results in specific changes in the

composition and/or activity of the gastrointestinal microbiota,

thus conferring benefit(s) upon host health” (Gibson et al.,

2010). The majority of prebiotics are a subset of carbohydrate

groups and are mostly oligosaccharide carbohydrates including

fructo-oligosaccharides (FOS) (Ricke, 2015), galacto-

oligosaccharides (GOS) (Davani-Davari et al., 2019), and

mannan oligosaccharides (MOS) (Spring et al., 2015). MOS,

with its ability to bind and limit colonisation of gut pathogens,

has been applied in antibiotic-free diets, providing support for

immunity and digestion (Spring et al., 2015). In the presence of

MOS products, type 1 fimbriated pathogens attach to the

supplemental dietary mannan compounds instead of the

epithelia, thereby reducing their colonisation capability

and providing the host with a natural defence against

some pathogenic bacteria, of which many are resistant

to antimicrobials.

More recently, mannan-rich fraction (MRF), a MOS derived

product has been shown to result in improved weight gain,

enhanced feed conversion, decreased mortality rates and

reduced pathogen loading when added to the diets of piglets

(Spring et al., 2015). Similar success has been noted in poultry,

with MRF reducing intestinal colonisation by pathogenic

bacteria such as Escherichia coli and Salmonella spp. (Biggs

et al., 2007), in addition to Campylobacter (Corrigan et al.,

2017). As two industries with a high reliance on antimicrobial

use, these findings are highly important when attempting to

further reduce antibiotic use in pig and poultry production.

Additionally, MRF has been found to modulate bacterial cellular

respiration, potentially impacting antibiotic efficacy and

bacterial metabolism (Smith et al., 2020).

This study aimed to explore the properties of several yeast

product preparations (YPP), including MRF, as more

sustainable prebiotic alternatives to traditional antibiotic use

by examining their impact on bacterial growth and metabolism.

Growth curve and subsequent growth rate analysis were

examined and interpreted alongside corresponding energy

maps generated by the Seahorse XFe96 Analyser. These results

were used to determine the metabolic effects of YPP on resistant

bacteria and if YPP addition can improve the efficacy of the

agriculturally relevant bacteriostatic antibiotic tetracycline when

used in a combination treatment regime.
Methods

Strains, media and growth conditions

One Shot® TOP10 chemically competent E. coli

(Invitrogen™) was used as the host strain for transformation.

Recombinant E. coli was transformed using pBR322
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(Invitrogen™) to produce the resistant E. coli, and this was used

as the resistant strain throughout. Frozen stocks of these bacteria

were prepared and stored at − 70°C in 70% glycerol and LB

medium. Both strains of E. coli were prepared by culturing

overnight in Luria Broth (LB) (Sigma) at 37°C in a rotating

shaker at 180rpm, with media for the resistant strain being

supplemented with 100 mg mL-1 of ampicillin and 30 mg mL-1

tetracycline (TET).
Inoculum preparation and storage

Frozen stocks of bacteria [5% (v/v)] in 70% glycerol were

stored at − 70°C in LB medium. These were thawed and growth

in LB overnight before use. Working plates were prepared by

transferring 100µl of diluted overnight glycerol stock inoculum,

using spread plate technique, to fresh agar and incubating

overnight at 37°C. For the recombinant strain, AMP and TET

were added to a final concentration of 100 mg mL−1 and 30 mg
mL−1, to both LB and agar. Spread plates were stored at 4°C for

up to six months and warmed to 37°C before use. Fresh

inoculum was prepared by isolating a single colony from

working plates into approximately 25ml of LB broth and

grown overnight at 37°C. Optical density (OD) at l595nm was

adjusted accordingly by spectrophotometer (Shimadzu

UV-1601PC).
Yeast product preparations

YPPA/Product A, a yeast mannan-rich fraction (MRF) from

the cell wall of S. cerevisiae, was provided by Alltech

Biotechnology (Alltech Biotechnology, Nicholasville, KY).

YPPB/Product B and YPPC/Product C were sourced from

independent distributors. Mannose (YYPD/Product D) and

Inulin (YPPE/Product E) were sourced from Sigma. For

determination of bacterial kinetic growth and respiratory

analysis, treatments of mannose, inulin, YPPA, B and C

(0.01% w/v and 0.1% w/v) were added to either LB or M9

minimal media (supplemented with 0.2% casamino acids and

10mM glucose). Samples were then sonicated using an HTU

Soni 130 ultrasonic processor at a power setting of 130 Watts on

ice for 1 min per 500ml. Aliquots were stored at 4°C prior to use

or at − 70°C for long term storage. All antibiotics were obtained

from Sigma.
Kinetic microplate growth analysis

In this study both susceptible and resistant E. coli were

examined to determine if YPP had an impact on growth rate.

Growth curves of both susceptible and resistant E. coli were

produced by growing the bacteria in media supplemented with
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0.01% w/v of the relevant YPP, Mannose, Inulin or glucose

control treated in combination with and without increasing

concentrations of tetracycline ranging from 0mg/ml to 1mg/

ml, with optical density (OD) recorded hourly using a

microplate reader. YPP were prepared in LB broth and

aliquots of 200mL per well and analysed in triplicate at OD

l595nm in a sterile 96 well flat-bottom microtiter plate.

Tetracycline was prepared separately and added per well

(10µL). To this, 20µL aliquots of the test organism [adjusted to

0.015 OD at l595nm (approx. 1 × 10–8 CFU mL−1)] was added

to each well. The plate was then incubated under appropriate

growth conditions; in this case 37°C. The OD was read every

hour following a medium shake for a total of 18 hours. Optical

density measurements following 18 hours incubation were taken

and compared to a reference control. Replicate growth curve

analysis was conducted using a Biotek Synergy HT microplate

reader (n=3). Growth curve values were then used to produced

growth rate values (n=3).
Statistical analysis

Statistical evaluation of growth curve data was assessed using

GrowthRate (GR) software, downloadable from https://

sourceforge.net/projects/growthrates/24. GrowthRate reports

correlation coefficient, R, of the best fit line to the natural log

of the optical density (ln (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. DesignExpert Software

(Version 13, Stat-Ease Inc., Minneapolis, MN, USA) was then

used to perform one-way analysis of variance (ANOVA) of data.

Model variables included product concentration (% w/v),

tetracycline (mg/ml) and product type (YPPA, YPPB, YPPC,

mannose, inulin). Post-hoc analysis of growth rates was also

carried out using Dunnett and Paired t-test (Minitab, LLC, 2021.

Minitab, Available at: https://www.minitab.com).
Bacterial respiration

The main parameters required to measure change in cellular

energetics are oxygen consumption rate (OCR) and extracellular

acidification rate (ECAR). OCR provides information on

bacterial oxygen use, while ECAR is a measure of glycolytic

flux. Examining the ratio of OCR to ECAR provides an

indication of the bioenergetic phenotype of bacteria under the

different test conditions of the experiment; different YPP types,

different concentrations of tetracycline, susceptible and resistant

strains etc. Each combination of factors has a unique basal

metabolic activity rate, with subsequent readings aiming to

demonstrate the change in metabolic rate over time, resulting

in an overview of the bioenergetic profile of the test bacterial

strain in response to different treatments. A low ECAR result
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and low OCR result are representative of a less energetic

bacteria, increasing the ECAR while OCR remains low is

indicative of bacteria moving to a more glycolytic state.

Bacteria producing low ECAR results and high OCR results

are considered to be in an aerobic energy state. High ECAR and

high OCR readings on an energy map are representative of

bacteria in a highly energetic state.

To determine bacterial respiration, overnight cultures of

both E. coli strains were diluted to an OD l595nm of 0.1 in

fresh LB, supplemented with antibiotics for the resistant strain,

and grown to an OD l595nm of ~0.3 to reach exponential phase.

Cells were then centrifuged at 4000rpm for 5 minutes and

washed using fresh M9-minimal medium (M9). This was

repeated twice. The pellet was resuspended in fresh M9 and

the suspension diluted to 0.015 OD using either M9 or fresh M9

supplemented with 0.01% w/v or 0.1%w/v of either YPPA,

YPPB, YPPC, YPPD or YPPE. For OCR and ECAR

measurements, 90µl of this bacterial cell with/without

treatment suspension was added to the XFe96 Cell Culture

Microplates, precoated with 15µl poly-d-lysine (Sigma). These

plates were then centrifuged at 1400 rpm for 10 minutes before

an additional 90µl of fresh M9 was added to each well. The

Seahorse XFe96 Sensor Cartridge, which had been hydrated

overnight using Seahorse XF Calibrant solution as per

manufactures instructions (Agilent), was prepared. To this,
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20µl of antibiotic was added to the relevant port before the

plate was added to the Seahorse XFe96 analyser for the

equilibration and calibration steps. Once complete, the cell

culture plate containing the E. coli cell solutions was also

added to the analyser and OCR and ECAR were measured at

approximately 6-minute intervals for 3.5 hours. These

measurements were used to form energy map diagrams of

pmol/min vs mph/min to examine cellular energy state.
Results

Yeast product preparations modulate
growth rate of susceptible and resistant
E. coli

In this study, tetracycline susceptible and resistant E. coli

strains were examined to determine if YPP had an impact on

growth rate in the presence and absence of antibiotic. Mannose

and inulin were included as monomer and prebiotic controls

and all products were examined using Dunnett analysis. Of the

five products shown in Table 1, three YPP’s, mannose and

inulin, 0.01% YPPA produced significantly different growth

rates to the mannose control in resistant E. coli strains when

used in combination with 0mg/ml, 0.001mg/ml and 0.1mg/ml
TABLE 1 Data represents the average growth rate (n=3) for susceptible (S) and resistant (R) E. coli treated with 0mg/ml-1mg/ml tetracycline in
combination with either 0% w/v or 0.01% w/v yeast product preparation.

Mannose
S

YPPA
S

YPPB
S

YPPC
S

Inulin
S

Mannose
R

YPPA
R

YPPB
R

YPPC
R

Inulin
R

0mg/ml
Tetracycline Rate

(mins-1)

0%
0.016 ±
0.002

0.015 ±
0.001

0.016 ±
0.000

0.016 ±
0.000

0.025 ±
0.011

0.016 ±
0.000

0.015 ±
0.000

0.016 ±
0.001

0.017 ±
0.001

0.017 ±
0.001

0.01%
0.016 ±
0.002

0.013 ±
0.003

0.012 ±
0.003

0.015 ±
0.001

0.019 ±
0.003

0.016 ±
0.000

0.010 ±
0.001*

0.016 ±
0.005

0.015 ±
0.001

0.016 ±
0.000

0.001mg/ml
Tetracycline Rate

(mins-1)

0%
0.015 ±
0.002

0.015 ±
0.001

0.015 ±
0.000

0.016 ±
0.001

0.019 ±
0.002*

0.016 ±
0.001

0.015 ±
0.000

0.015 ±
0.001

0.016 ±
0.001

0.016 ±
0.001

0.01%
0.016 ±
0.002

0.012 ±
0.002

0.012 ±
0.002

0.015 ±
0.001

0.019 ±
0.004

0.016 ±
0.000

0.007 ±
0.001*

0.014 ±
0.001*

0.016 ±
0.000

0.016 ±
0.000

0.01mg/ml
Tetracycline Rate

(mins-1)

0%
0.012 ±
0.004

0.013 ±
0.003

0.014 ±
0.001

0.015 ±
0.004

0.024 ±
0.009*

0.016 ±
0.001

0.015 ±
0.001

0.015 ±
0.001

0.017 ±
0.001

0.017 ±
0.000

0.01%
0.012 ±
0.002

0.009 ±
0.001

0.014 ±
0.006

0.013 ±
0.002

0.021 ±
0.010

0.016 ±
0.000

0.009 ±
0.002

0.014 ±
0.001

0.023 ±
0.013

0.016 ±
0.000

0.1mg/ml
Tetracycline Rate

(mins-1)

0%
0.015 ±
0.007

0.022 ±
0.010

0.009 ±
0.010

0.014 ±
0.003

0.000 ±
0.000 *

0.016 ±
0.000

0.015 ±
0.000

0.013 ±
0.005

0.016 ±
0.001

0.016 ±
0.000

0.01%
0.011 ±
0.009

0.010 ±
0.004

0.010 ±
0.010

0.016 ±
0.011

0.010 ±
0.009

0.016 ±
0.001

0.008 ±
0.001 *

0.011 ±
0.006

0.015 ±
0.001

0.016 ±
0.000

1mg/ml
Tetracycline Rate

(mins-1)

0%
0.012 ±
0.011

0.005 ±
0.001

0.009 ±
0.009

0.013 ±
0.009

0.013 ±
0.007

0.018 ±
0.005

0.012 ±
0.004

0.008 ±
0.010

0.009 ±
0.001

0.020 ±
0.007

0.01%
0.010 ±
0.006

0.004 ±
0.00

0.020 ±
0.009

0.014 ±
0.009

0.016 ±
0.002

0.017 ±
0.005

0.007 ±
0.002

0.015 ±
0.009

0.020 ±
0.020

0.020 ±
0.006

Growth rates were produced by analysing growth curve data using GrowthRate software. Growth rate values marked with * are significantly different from the control level mean
(Mannose) under the same product and antibiotic concentrations in the same E. coli strain. (p ≤ 0.05).
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tetracycline (Table 1, S5). YPPB was also found to be

significantly different to the mannose control, but only in one

of the tetracycline combinations tested. Post-hoc analysis using a

paired t-test showed that 0.01% YPPA was the only product to

demonstrate a significant difference in growth rate when

compared to 0% product, with 4 of the 5 antibiotic

combinations showing this difference (Table S4). Inulin treated

susceptible E. coli were found to produce significantly higher

growth rates than that of the mannose control when used in

combination with 0.001mg/ml and 0.01mg/ml tetracycline.

0.1mg/ml tetracycline and 0.01% w/v inulin demonstrated a

significantly lower mean growth rate to that of the control.

Design Expert analysis of susceptible E. coli indicated that

tetracycline and product type were significant model terms

(p=0.0005 and p<0.0001 respectively). Analysis of the resistant

bacteria indicated that product type (p<0.0001) was the

significant factor that impacted growth rate (Tables S3A and

S3B). DOE analysis (Tables S1 and S2) of the growth rate data

allowed for the development of 3D models (Figure 1) indicating

the impact of different combinations of 0.01% w/v YPP and

increasing tetracycline concentration on growth rate. Coloured

3D bars represent predicted values for each YPP and control

tested. YPPA (red bars) presented the greatest reduction in

predicted growth rate for both susceptible and resistant E. coli

when compared with the 4 other products tested. YPPA

produced the lowest predicted growth rates when used in

combination with tetracycline in resistant E. coli (Figure 1).

For both susceptible and resistant strains, the observed and

predicted growth rate values correlated well.
Yeast product preparations modulate the
metabolic state of bacteria

By examining the ratio of OCR to ECAR ratio, an indication

of the bioenergetic phenotype of bacteria under the different test

conditions of the experiment can be assessed. Test conditions

included different YPP types, different concentrations of

tetracycline, susceptible and resistant strains. The data

collected in this experiment are presented in Figures 2–4, S1,

S2 with each figure presenting the results of a different YPP and

controls respectively. Table 2A provides numeric values for the

previously mentioned Figures.

Results showed that susceptible and resistant E. coli

untreated with either antibiotic or YPP (control) progress to a

more aerobic energy state over time (indicated by yellow

markers). There was no change in cellular energy recorded

when susceptible cells were treated with 0.1mg/ml tetracycline,

which is representative of the relationship between cellular

metabolic state and antibiotic susceptibility (Figures 2A, 3A,

4A, S1A, S2A). Resistant cells behave in a similar way whether

treated with or without antibiotic, demonstrating how their

resistance results in respiration and metabolism being mostly
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unaltered by the presence of an antibiotic (Figures 2B, 3B, 4B,

S1B, S2B).

Supplementation of media with YPP and/or tetracycline

produced varying metabolic changes which were preparation

specific. YPPA was the only product to produce a lower OCR :

ECAR ratio (Table 2B, susceptible ratio = 147.9845, resistant

ratio = 33.62272) when comparing the bioenergetic phenotype

of susceptible versus resistant E. coli treated with YPP only

(Figure 2). There were no treatment differences noted in the

OCR : ECAR ratio when both susceptible and resistant strains

were treated with 0.1mg/ml tetracycline only.

Control cells untreated with YPPA, YPPB, YPPC and inulin

or antibiotic produced a decrease in susceptible versus resistant

OCR : ECAR ratio (Table 2B). YPP treatment in combination

with 0.1mg/ml tetracycline resulted in susceptible cells

remaining in a low energy state across all products tested.

Resistant cells treated with the same combination of YPPA

and antibiotic became more energised, as did cells treated with

YPPA alone, indicative of its metabolic modulating abilities

(Figure 2B, 201 mins: approx. 330pmol/min and 8mph/min)

when used in combination with the bacteriostatic antibiotic.

YPPB (Figure 3B, 201 mins: approx. 393pmol/min and 6mph/

min) and YPPC (Figure 4B, 201 mins: approx. 280pmol/min,

20mph/min) supplementation in combination with 0.1mg/ml

tetracycline also produced a change in metabolic state from less

energetic to more energetic. 0.01% w/v YPPA and YPPC

treatment in combination with 0.1mg/ml produced a

decreased ratio of OCR : ECAR from susceptible to resistant E.

coli (Table 2B, 135% and 180% decrease respectively) In

contrast, the mannose (Figure S1B, 201 mins: approx.

240pmol.min, 1mph/min) and inulin (Figure S2B, 201 mins:

approx. 504pmol.min, 1mph/min) controls evoked a metabolic

state change from less energetic to more aerobic, producing little

difference in terms of ECAR results across the different

time points.
Discussion

An early study found that bacteria have a constant level of

nutrient requirements to maintain growth (Pirt, 1965), and as

growth rate slows, a greater proportion of consumed nutrients

are required for maintenance, resulting in the observed yield of

bacteria decreasing. Other studies have demonstrated the impact

of metabolic state on antibiotic efficacy (Smith et al., 2020) and

how this efficacy can be linked to bacterial cell respiration. These

studies highlight the importance of nutrient impact, such as that

of prebiotics, on metabolic state, and in turn on how nutrients

can be used to improve antibiotic efficacy by modulating

cell respiration.

Antibiotics, such as tetracycline, enact their bacteriostatic

abilities by impacting the energy consumption processes of

bacteria. This ability to perturb the respiration of cells is an
frontiersin.org
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FIGURE 1

3D Surface graphs of growth rate, product type and antibiotic concentration generated by analysing bacterial growth rate data using DOE
assessment. Susceptible (top) and resistant (bottom) E. coli were grown in the presence of 0.01% w/v of product. Tetracycline concentrations
tested ranged from 0mg/ml to 1mg/ml. Height of each bar is a predicted value based on the conditions of the experiment. Pink and Red dots
represent observed data. Bar colour is representative of product type. For both susceptible and resistant E. coli experiments Product Type was a
significant factor, with p-values of p<0.0001 and p<0.0001 respectively. Product A = YPPA, Product B = YPPB, Product C = YPPC. Product D =
Mannose, Product E = Inulin.
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important consequence of antibiotic-cell interactions within the

cell (Lobritz et al., 2015). Extracellular addition of metabolites

has been found to alter metabolism, potentiating their antibiotic

activity against bacteria (Stokes et al., 2019). In addition, this

metabolic modulating ability has also been shown to impart the

capacity to improve antibiotic efficacy in resistant bacterial cells

(Stokes et al., 2019).

In this study, yeast product preparations were shown to

impact cell growth and metabolic state, the latter measured by

examining the resultant changes in cellular respiration. YPP
Frontiers in Animal Science 07
and antibiotic supplementation demonstrated the greatest

capacity for respiration modulation, with 0.01% w/v

YPPA supplementation resulting in resistant cells displaying a

glycolytic phenotype and having significantly lower growth rates

in resistant E. coli when compared to the other YPP tested

(Table 1, S5). This ability to alter oxygen consumption from the

basal level is indicative of a capacity to change the phenotypic

bacteriostat susceptibility by altering cellular respiration (Dwyer

et al., 2014). The lower growth rates noted with YPP treatment

represents a potential strategy to enhance antibiotic efficacy
B

A

FIGURE 2

Bioenergetic real time changes in OCR/ECAR ratio of (A) antibiotic susceptible E. coli and (B) antibiotic resistant E. coli when treated with YPPA.
Numbered data points represent the following time-points (0) 14 mins (1) 52 mins (2) 98 mins (3) 149 mins (4) 201 mins. Several data points
have been labelled with their representative time-points for ease of results visibility. Each value was expressed using mean of triplicates for each
biological replicate (n=3), error bars are representative of standard deviation. Control refers to no product/tetracycline supplementation.
Product A = YPPA.
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against resistant E. coli. Of note are the differential results

obtained with differing YPP, specifically YPPA which as

previously explained effected the lowest growth rate relative to

the other YPP treatments, in addition to exerting the ability to

lower the OCR : ECAR ratio from susceptible to resistant

bacteria both in the presence and absence of tetracycline
Frontiers in Animal Science 08
(Table 2, Figures 2A, 2B). This combined with the ability of

such preparations to agglutinate potentially resistant/pathogenic

bacteria (Edwards et al., 2014), demonstrates their potential as

modulators of bacterial growth and respiration. Results of the 3D

surface graphs (Figure 1), and growth rate analysis (Table 1) and

energy map analysis (Tables 2A and 2B) suggest that YPPA does
B

A

FIGURE 3

Bioenergetic real time changes in OCR/ECAR ratio of (A) antibiotic susceptible E. coli and (B) antibiotic resistant E. coli when treated with YPPB.
Numbered data points represent the following time-points (0) 14 mins (1) 52 mins (2) 98 mins (3) 149 mins (4) 201 mins. Several data points
have been labelled with their representative time-points for ease of results visibility. Each value was expressed using mean of triplicates for each
biological replicate (n=3), error bars are representative of standard deviation. Control refers to no product/tetracycline supplementation.
Product B = YPPB.
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TABLE 2A OCR and ECAR results for susceptible(S) and resistant (R) E. coli when treated with 0.01% (w/v) YPPA, YPPB, YPPC, mannose or inulin
with and without tetracycline (0.1mg/ml).

A No Treatment
Control

0.1mg/ml Tet Control 0.01% Product
Control

0.1mg/ml Tet +
0.01% Product

Average
(n=3)

Std Dev
(±)

Average
(n=3)

Std Dev
(±)

Average
(n=3)

Std Dev
(±)

Average
(n=3)

Std Dev
(±)

Susceptible E.
coli

OCR YPPA 325.39 149.03 67.79 29.06 477.99 147.20 47.46 28.67

YPPB 375.54 136.18 52.56 20.34 360.46 68.52 69.57 22.70

YPPC 377.38 95.12 98.42 8.12 287.84 9.45 153.71 30.86

Mannose 380.83 67.52 54.56 14.04 614.27 48.67 57.49 6.09

Inulin 507.04 124.35 57.03 13.95 410.16 96.89 57.76 13.91

ECAR YPPA 0.04 0.41 -0.08 0.23 3.23 3.65 0.21 0.22

YPPB 0.28 0.54 -0.26 0.06 7.12 3.83 -0.23 0.86

YPPC 1.43 3.28 -0.11 0.23 23.08 4.38 0.51 0.24

Mannose -0.45 0.25 -0.1 0.10 -0.52 0.35 -0.012 0.08

Inulin 0.21 1.90 -0.01 0.16 4.06 2.56 0.28 0.39

Resistant E.
coli

OCR YPPA 467.45 113.46 376.66 168.63 313.7 26.84 333.43 93.52

YPPB 284.23 27.24 178.04 34.21 354.04 30.26 392.82 45.55

YPPC 395.72 172.20 246.61 135.62 281.53 2.14 280.85 4.41

Mannose 211.43 50.58 174.64 66.62 450.55 133.62 240.55 58.09

Inulin 345.52 46.79 333.82 102.09 527.54 78.69 504.26 43.45

ECAR YPPA 1.96 3.71 2.6 2.86 9.33 6.06 7.73 4.13

YPPB -0.04 0.29 0.45 0.33 5.43 0.84 5.25 1.20

YPPC -0.04 0.03 0.73 0.32 18.43 1.11 20.95 0.38

Mannose -0.31 0.21 0.46 0.06 0.39 0.62 1.08 0.16

Inulin -0.17 0.16 0.39 0.18 1.11 1.08 1.29 1.01

Data represents timepoint 201 mins. Each OCR (pmol/min) and ECAR (mph/min) value is the mean of triplicates for each biological replicate (n=3).
F
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TABLE 2B Ratio of OCR to ECAR for susceptible E. coli (S) versus resistant E. coli (R)

B Product Name Susceptible Ratio Resistant Ratio S vs R

No Treatment Control YPPA 8134.75 238.4949 Decrease

YPPB 1341.214 -7105.75 Decrease

YPPC 166.086 -9893 Decrease

Mannose -846.289 -682.032 Increase

Inulin 2414.476 -2032.47 Decrease

0.1mg/ml Tet Control YPPA -847.375 144.8692 Increase

YPPB -202.154 395.6444 Increase

YPPC -402.538 337.8219 Increase

Mannose -545.6 379.6522 Increase

(Continued)
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B

A

FIGURE 4

Bioenergetic real time changes in OCR/ECAR ratio of (A) antibiotic susceptible E. coli and (B) antibiotic resistant E. coli when treated with YPPC.
Numbered data points represent the following time-points (0) 14 mins (1) 52 mins (2) 98 mins (3) 149 mins (4) 201 mins. Several data points
have been labelled with their representative time-points for ease of results visibility. Each value was expressed using mean of triplicates for each
biological replicate (n=3), error bars are representative of standard deviation. Control refers to no product/tetracycline supplementation.
Product C = YPPC.
TABLE 2B Continued

B Product Name Susceptible Ratio Resistant Ratio S vs R

Inulin -5703 855.9487 Increase

0.01% Product Control YPPA 147.9845 33.62272 Decrease

YPPB 50.6264 65.20074 Increase

YPPC 14.06929 15.27564 Increase

Mannose -1181.29 1155.256 Increase

Inulin 101.0246 475.2613 Increase

0.1mg/ml Tet + 0.01% Product YPPA 226 43.13454 Decrease

YPPB -302.478 74.82286 Increase

YPPC 256.6471 13.40573 Decrease

Mannose -4790.83 222.7315 Increase

Inulin 206.2857 390.8992 Increase

Data represents timepoint 201 mins. Mean OCR (pmol/min) and ECAR (mph/min) values were used to generate the ratio.
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not invoke a negative impact on cell viability, but instead lowers

growth capacity by altering the respiration abilities of the cell,

even without the presence of an antibiotic. Smith et al (2020)

hypothesised that glycolytic intermediates which directly impact

glycolysis and the pentose-phosphate pathway, may direct

carbon metabolism to other pathways in an attempt to restore

metabolite balance in stressed cells. This metabolic depletion can

appear in stressed E. coli cells as growth inhibition (Richards

et al., 2013), correlating to the lower growth rate observed in

this study.

Current heavy reliance on antibiotics is unsustainable. High

levels of consumption in the agriculture industry has created the

perfect breeding ground for the development of resistance, and is

quickly becoming an issue of growing magnitude across

interlinked species via the food chain and water contamination

(Berendonk et al., 2015). Consequently, the demand for

alternative strategies to reduce antibiotic dependence is at an

all-time high. Prebiotic YPP offer a natural alternative strategy,

potentially allowing for antibiotic use reduction, while raising the

efficacy of any antibiotic used as a necessity. Further research to

fully understand the epidemiology of resistant bacterial strains

and metabolic modulation by YPP may offer the opportunity to

generate species-specific treatment strategies for enteric antibiotic

resistant bacteria using prebiotics. Increasing our knowledge of

prebiotic and antibiotic interactions offers the potential to

naturally reduce antibiotic use. Antibiotics must be treated as a

non-renewable source going forward (Lasserre and Smulders,

2013), and replacements and alternatives used where possible. A

cross system approach is needed to change the way in which

antibiotics are viewed and used (Lhermie et al., 2019) if we are to

make significant progress in achieving sustainable use of

antibiotics. The findings of this study highlight the metabolic

signatures of bacteria and how they can be altered by prebiotics.

This could be crucial in developing a targeted approach to

antibiotic resistance and reduction of antibiotic use. By using

knowledge of how an antibiotic and prebiotic combination

treatment impacts bacterial respiration, the best course of

treatment that minimises antibiotic use can be applied. It is

hoped that this study warrants further exploration of prebiotics

as a more sustainable strategy to combat antibiotic resistance

in agriculture.
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