fermentation

Article

Manuka Honey with Varying Levels of Active Manuka Factor
(AMF) Ratings as an Anaerobic Fermentation Substrate for
Limosilactobacillus reuteri DPC16

Anand Mohan !, Noemi Gutierrez-Maddox 2, Tong Meng 3, Ning He 3, Yihuai Gao %, Quan Shu *

and Siew Young Quek /5*

check for

updates
Citation: Mohan, A.;
Gutierrez-Maddox, N.; Meng, T.;
He, N.; Gao, Y.; Shu, Q.; Quek, S.Y.
Manuka Honey with Varying Levels
of Active Manuka Factor (AMF)
Ratings as an Anaerobic
Fermentation Substrate for
Limosilactobacillus reuteri DPC16.
Fermentation 2021, 7, 128. https://
doi.org/10.3390/fermentation7030128

Academic Editors: Senaka

Ranadheera and Francesco Grieco

Received: 30 May 2021
Accepted: 21 July 2021
Published: 26 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Food Science, School of Chemical Sciences, The University of Auckland, Auckland 1010, New Zealand;
amoh440@aucklanduni.ac.nz

School of Sciences, Auckland University of Technology, Auckland 1010, New Zealand;
noemi.gutierrezmaddox@aut.ac.nz

Department of Chemical and Biochemical Engineering, College of Chemistry and Chemical Engineering,
Xiamen University, Xiamen 361005, China; mengtong0509@foxmail.com (T.M.); hening@xmu.edu.cn (N.H.)
Bioactives Research New Zealand Limited, Auckland 1023, New Zealand; yhgao@ganopoly.com (Y.G.);
marsh.shu@gmail.com (Q.S.)

Riddet Institute, New Zealand Centre of Research Excellence for Food Research,

Palmerston North 4474, New Zealand

*  Correspondence: sy.quek@auckland.ac.nz; Tel.: +64-9-923-5852

Abstract: Manuka honey is known for its strong antibacterial effect against pathogens but can
promote probiotic growth in certain conditions. In a two-factor ANOVA study, AMF™ Manuka
honey (Active Manuka Factor: 05%, 10%, 15" and 20*) was utilised as a substrate for probiotic
Limosilactobacillus reuteri DPC16 in an anaerobic batch fermenter for 36 h. The biomass growth in MRS
broth was noticeably higher with AMF Manuka honey than invert syrup and control samples without
any additional sweetener source. The pH value was significantly lowered below 4.0 only in the AMF
samples with the formation of lactic acid as the major metabolite. Other beneficial short-chain fatty
acids (SCFA), such as acetic, succinic, and propionic acids, produced during the fermentation, along
with the honey saccharides, were quantified by two-dimensional (2-D) nuclear magnetic resonance
(NMR) spectroscopy. A significantly (p < 0.05) high biomass in AMF 20* sample after 36 h, can partly
be attributed to the high total sugar and oligosaccharide content in the honey. Importantly, however,
no statistically significant difference was observed in the recorded major fermentation outcomes
for the different AMF levels. The results, nevertheless, indicate the potential prebiotic efficacy of
Manuka honey as a fermentation substrate for the lactobacilli probiotic strain.

Keywords: Manuka honey; Active Manuka Factor; probiotic biomass; L. reuteri; anaerobic fermentation;
NMR spectroscopy; organic acid metabolites

1. Introduction

The prebiotic concept has evolved over the years and currently refers to a substrate
that selectively promotes the growth of probiotic gut microorganisms, including the lactic
acid bacteria (LAB), thus conferring a health benefit to the host [1]. To be considered
as prebiotic, the substrate must ideally be non-digestible and have a high fermentation
efficacy [1,2]. Furthermore, the health effects include the production of short-chain fatty
acids (SCFA) such as acetate, propionate and butyrate, which enhance the absorption of
minerals and maintain the barrier integrity to the pathogens and their metabolites [3].
Functional health benefits of probiotics and prebiotics are reinforced by SCFA, which
are also known to be anti-inflammatory with immunomodulatory properties, control the
appetite, and lower the risk of colon cancer and cardiovascular diseases, among many
other health benefits [4,5].
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Fermentation of undigested carbohydrates by the action of the anaerobic gut micro-
biota in the human large intestine yields organic acids and gases (hydrogen, methane, and
COy) as the major metabolites [3,6]. Organic acids provide energy to the epithelial cells
and promote intestinal acidification, thus improving the growth of the beneficial microbes
over the harmful gut bacteria. Lowering of the pH is a desirable outcome in the human gut
since it has several favourable effects, such as inhibiting the production of toxic metabolites
released during fermentation by certain Gram-negative anaerobes [7]. Organic acid produc-
tion (mainly lactic and acetic acid) also contributes positively towards food preservation
by providing an unfavourable environment for the proliferation of pH-sensitive pathogens
and spoilage bacteria, thereby increasing the product shelf-life [8].

Previous studies on Limosilactobacillus reuteri DPC16, (the recent taxonomic classifi-
cation of Lactobacillus reuteri DPC16 [9]), which is a probiotic isolated from the faeces of
a healthy human, revealed that the antimicrobial activity of the strain against pathogens
was pH-dependent [10]. At the low pH generated in MRS broth, SCFAs produced dur-
ing the fermentation process were responsible for the antimicrobial activity against both
Gram-positive and Gram-negative pathogens. However, in glycerol-supplemented me-
dia, reuterin (3-hydroxypropionaldehyde), a potent pH-independent antibacterially active
compound, is generated. Thus, the efficacy of probiotics against pathogenic bacteria is
ascribed to various factors such as the production of organic acids and certain antibacterial
substances (aldehydes, hydrogen peroxide and bacteriocins) [8]. These bacteriocins (for
example, reuterin produced by L. reuteri) and the SCFAs are also widely researched as food
additives and natural food preservatives for improving the product shelf-life, flavour, and
quality characteristics [4], in addition to the gut-health benefits.

Honey has natural antimicrobial properties and is also being recognised as a potential
prebiotic, since it contains non-digestible oligosaccharides (approx. 5-10% w/w), which
can promote the growth of probiotic lactobacilli and bifidobacteria over the pathogenic
bacteria [11-14]. Honey can thus be synergistically effective in inhibiting the growth and
activity of undesirable gut bacteria. Manuka honey, derived from the Manuka shrub
(Leptospermum scoparium) indigenous to New Zealand, is primarily known for its non-
peroxide antimicrobial activity [15]. The characteristic antibacterial activity is on account
of various unique components in Manuka honey, and is commonly denoted by the Unique
Manuka Factor (UMF™), Methyl Glyoxal (MGO™) or Active Manuka Factor (AMF™)
on the packaging label [16,17]. Moreover, the term ‘Active’ Manuka Factor (AMF) indicates
overall antimicrobial activity, including those contributed by hydrogen peroxide, but is
mainly based on the content of L. reuteri DPC16 fermentation marker (metabolites) in the
commercially available Manuka honey [18].

Nuclear magnetic resonance (NMR) investigation is non-invasive and nondestruc-
tive, highly accurate and selective, and entails minimal sample preparation [19-21]. The
technique enables simultaneous detection of complex organic molecules in mixtures, and
thus has high repeatability in results for complex sample matrices. The inherently low
sensitivity of NMR, when compared with chromatography methods, is overcome by using
high-field magnets, cryogenic probes, and advanced polarisation techniques [21]. Recently,
there has been a noticeable trend towards quantitative NMR (QNMR) compared with gas
and liquid chromatography techniques, and has led to several new studies in the literature
on the gNMR methodology [21-23].

There are many studies on the antimicrobial components and health effects of honey,
and most of them have focused on the unique antibacterial activity of varieties such as
Manuka [12,13,15,16]. The efficacy of Manuka honey as a fermentation substrate for probi-
otics, which is crucial to ascertain its prebiotic efficacy, is yet to be adequately researched. In
the present study, Manuka honey was utilised as a substrate for probiotic L. reuteri DPC16
in a pure culture system with the aim to evaluate the effect of the different AMF levels
on biomass growth and other fermentation outcomes. It was also aimed to quantify the
Manuka honey sugars and the beneficial fermentation products released, such as organic
acid metabolites.



Fermentation 2021, 7, 128

30f15

2. Materials and Methods
2.1. Microbial Strains, Media and Chemicals

Probiotic L. reuteri DPC16 was provided by Bioactives Research New Zealand. The
probiotic strain is maintained at the New Zealand Reference Culture Collection (Accession
No. NZRM 4294), Kenepuru Science Centre, Porirua, New Zealand. The culture was stored
in the laboratory in MRS broth with 20% glycerol as the cryoprotectant in a —20 °C freezer.
For each of the fermentation experiments, the thawed culture was inoculated into freshly
prepared MRS broth and incubated for 12 h at 37 °C in a shaking incubator to achieve a cell
density of 9 log cfu/mL. The culture was inoculated again in fresh MRS broth and likewise
incubated to repeat the step.

Drapac DrKiwi Manuka Honey AMF™ 05+ 10*,15*, and 20" (AMF5, AMF10, AMF15,
and AMF20) and invert syrup (IS) were procured from the local supermarket or pharmacy.
All the honey and invert syrup samples were within the two months of the manufacturing
date. de Man, Rogosa, and Sharpe (MRS) broth supplied by Oxoid (Thermo Fisher Bio-
chemicals, Bejing, China) was used as the bacterial growth medium. Analytical standards
for organic acids (lactic acid, acetic acid, butyric acid, succinic acid, and propionic acid),
and the saccharides (glucose, fructose, sucrose, maltose, nigerose, kojibiose, and panose)
were purchased from Sigma Aldrich (Christchurch, New Zealand) and Thermofischer
Scientific (Auckland, New Zealand).

2.2. Anaerobic Batch Fermentation

The experiment was designed to study the growth characteristics of probiotic L. reuteri
DPC16 in a pure culture system with Manuka honey having different levels of AMF ratings.
The fermentation ability of the probiotic (L. reuteri DPC 16) was investigated in a sterilised
2-litre uncontrolled-pH batch-culture fermenter in MRS broth under anaerobic conditions
for 36 h. The fermenter was fed with sterile MRS broth, a complex medium for lactobacilli
cultivation, which contains mainly yeast extract, vitamins, minerals, amino acids, and
glucose (2% w/w). Additional sugar substrate (5.0% w/v) initially supplemented to the
respective MRS broth sample was Manuka honey, or invert syrup which mainly consists of
glucose, fructose and sucrose in broadly the same ratio as honey (but containing none of
the complex honey oligosaccharides). The MRS control sample had no additional sugar
source except glucose (from MRS broth). After 24 h, the same substrate (AMF honey or
invert syrup) at 2.5% w/v was added again in each of the fermentation cycles.

Inoculation was performed using 1.0% (v/v) starter culture in MRS broth, as described
above. Anaerobic conditions were generated and maintained throughout the fermentation
period by a constant flow of nitrogen gas through the fermenter. The temperature was
monitored and controlled at 37 °C throughout the experiment in the circulating water-
jacket vessel. Initial culture volume was 1000 mL, while the stirring rate was 300 rpm.
Sampling (10 mL) was done every 4 h after discarding a dead volume (approx. 3 mL)
from the sampling outlet. Online parameters such as pH, dissolved oxygen (DO), and
temperature were recorded continuously in the fermenter. Offline parameters such as
reducing sugar levels and biomass growth were analysed every 12 and 4 h, respectively.

2.3. Biomass Growth

The biomass growth of the probiotic was monitored every 4 h by the dry cell weight
(DCW) method. Bacterial cells were harvested after centrifugation at 7000 x g for 10 min at
4 °C, and the supernatant obtained was analysed for reducing sugars and organic acids as
per the methods described below. Cell pellets were re-suspended in de-ionised water and
washed by centrifuging as above. The final supernatant was discarded, and the Eppendorf
tubes containing the biomass were kept (partially open) in the hot air oven overnight (12 h)
at 65 °C to calculate the DCW (mg/mL).
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2.4. Reducing Sugar Quantification

Cell-free supernatant was analysed for reducing sugars by using dinitrosalicyclic acid
(DNS) method [24]. Briefly, the cell-free supernatant was diluted 100 times with Type-1
water to ensure that the final reducing sugar concentration ranged between 0 and 1.0 g /L.
An equal amount of DNS solution was added to the diluted supernatant (125 uL each) and
heated to 90 °C for 5 min. A total of 2 mL of Type-1 water was added after cooling the
heated samples in the refrigerator (4 °C) for 5 min. Optical density (OD) measurement was
conducted in a spectrophotometer at 540 nm for 200 uL of the final samples. Reducing sugar
amount (g/L) was quantified from the regression equation obtained by calibration curves.

2.5. Quantification of Organic Acid Metabolites and Honey Sugars

Samples containing the cell-free supernatants of the MRS broth were analysed for
the organic acid metabolites using two-dimensional (2D) NMR spectroscopy. The 'H-
13C heteronuclear single quantum correlation (HSQC) experiments were conducted as
described in our previous study [17]. Briefly, filtered cell-free supernatants were introduced
in 5 mm NMR tubes with D,O (9:1—supernatant:D,O ratio) to a total volume of 500 pL
and vortexed thoroughly before analysis on a Bruker Avance III 400 MHz spectrometer
(Bruker Scientific Instruments, Billerica, MA, USA) at a temperature of 300 K. H,O was the
internal reference of the chemical shift at 4.65 ppm. D,O addition not only facilitated the
adjustment of the lock and shim system but also improved the signal-to-noise ratio, yielding
superior NMR spectra [20]. Pulse tip-angle calibration using the single-pulse nutation
method (Bruker pulsecal routine) was undertaken for each sample [25] (Supplementary
Figures S1-53 Online). Standard curves were constructed using the pure compounds for
quantification by heteronuclear NMR (see Supplementary Figure 54 Online for lactic and
acetic acids), which entails that for different samples, a comparable weakening of signals
occurs throughout the transmission period of magnetisation [23]. Analytical standards
used for the quantification of organic acids were also diluted in D,O in the same proportion
as the samples. The metabolites produced were calculated by the difference between
initial and final concentration (mM) in the supernatant. The pH values of the standard
dilutions were adjusted using phosphate buffer (100 mM, pH 7.4) to match the pH range of
the samples.

Pure honey and invert sugar samples, including the analytical standards of the tar-
geted saccharides, were diluted to the optimal strength in 66.6 mM sodium phosphate
buffer (pH 5.3), before adding D,O (9:1, as described earlier). Controlling the pH and
instrument temperature was necessary to ensure the reproducibility of chemical shifts [21]
(Supplementary Figures S5-S7 Online). TopSpin Software (Version 4.0) was used to Fourier
transform, phase, baseline-correct and integrate the NMR spectra for analysis and quan-
tification. Published data were referred for confirming the assignment of various organic
acids and sugar components [20,22]. The observed limit of detection (LOD) and limit of
quantification (LOQ) were 100 and 500 uM, respectively, which was comparable to that
reported by Hu et al. [20,22] for organic acids. While the chemical shifts in the 'H and 3C
signals can be somewhat different from that reported elsewhere in the literature due to
the variations in experimental conditions (especially the pH), the correlations in 2D NMR
(HSQC) are not affected by the empirical parameters [20].

2.6. Statistical Analysis

Statistical analysis was performed on the triplicate (1 = 3) analyses using general linear
model (Univariate) in IBM SPSS Statistics (v26). Two-factor analysis of variance (ANOVA)
was conducted at a 95% confidence interval to compare the average changes in each of the
dependent variables (substrate consumption, biomass growth, and metabolite production)
with the ‘main effect’ of the factors (Manuka honey AMF level and fermentation time). A
p-value lower than 0.05 was considered as statistically significant for the ‘main effect’ and
the ‘simple effect’ (interaction). Duncan’s post hoc multiple comparison test was performed
for statistically significant interactions.
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3. Results and Discussion
3.1. Substrate Consumption and Biomass Growth

As can be seen in Figure 1, the biomass growth was comparatively limited in the
MRS control, which had a sole sugar source (glucose). After 24 h, the biomass increased
to 1.33 mg/mL, and further to 2.23 mg/mL after 36 h. A similar trend was observed
in the samples with additional carbon sources (IS and AMF). Wherein the biomass was
significantly (p < 0.05) higher than in the control sample throughout the fermentation
period, and the rate of increase of the biomass was also higher as inferred from the slope of
the growth curves and pmax (maximum specific growth rate) (Appendix A Figure Al).
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Figure 1. Biomass (mg/mL) of L. reuteri DPC16 in fermented MRS broth with Manuka honey (AMF™ 5%, 10*, 15+ and 20%),
invert syrup and unsweetened control during the fermentation period (12, 24 and 36 h). Error bars represent the standard

error of mean (SEM).

Interestingly, the biomass in all the AMF honey samples was marginally higher than
in IS (3.43 mg/mL) after 24 h, but not significantly (p > 0.05) different from each other (AMF
5-20) in all instances. Among the honey samples at the end of the reported fermentation
period of 36 h, the biomass was highest in AMF20 at 4.77 mg/mL and lowest in AMF15
at 3.63 mg/mL (p < 0.05). The difference in the biomass in IS (3.43 mg/mL) was not
statistically significant (p > 0.05) with AMF15 (3.63 mg/mL) and AMF10 (4.07 mg/mL),
but significant (p < 0.05) with AMF5 (4.43 mg/mL) and AMF20 (4.77 mg/mL). Thus, there
was no linear pattern observed in the biomass growth depending on the linearly increasing
AMEF levels. Importantly, this is in broad concurrence with a very recent study on the
antibacterial efficacy of varying UMF-grade Manuka honey by Girma et al. [16], which
reported no correlation of high UMF (15%) rating with the potency against the pathogens.
The researchers had noted that the low UMF (5*) Manuka honey was, within the constraints
of the limited sample size in their study, more antibacterially active than the higher grades
UMF (10* and 15%).

The concentration of reducing sugars such as glucose and fructose, which were the
major sugar source in all the substrates, since present in Manuka honey and also in
invert syrup, steadily decreased with the progress of fermentation until 24 h (Figure 2a).
Additional sweetener (2.5% w/v) added at 24 h led to a spike in reducing sugar levels,
which receded until the recorded 36 h except in the unsweetened control (Figure 2b).
Reducing sugar concentration in IS reduced from 65.6 g/L initially to 23.4 g/L after 24 h
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and was higher when compared with all the AMF levels of honey (see also Supplementary
Figure S8 Online). The total reducing sugar in MRS control decreased from 19.2 g /L initially
to 3.38 g/L after 36 h. The higher reducing sugar concentration in IS can be attributed to
both the higher levels of the substrate present initially and on account of the comparatively
slower increase in the biomass. Furthermore, glucose was reported to be the preferred
sugar source for both bifidobacteria and lactobacilli when compared with the alternative
fermentable substrates in honey, such as fructose, sucrose, and oligosaccharides [26]. Thus,
a change in the concentration of reducing sugars (compared with the other saccharides
present), especially when it is not the growth limiting substrate, is a more reliable indicator
of the progress of fermentation. The DNS reagent is sensitive to other reducing sugars,
such as maltose. However, the minuscule total amount of such reducing sugars, besides
glucose and fructose, in honey samples will not affect the conclusions from the study.
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Figure 2. Reducing sugars concentration (g/L) in fermented MRS broth with Manuka honey (AMF™ 5%, 10*, 15* and 20™),
invert syrup and unsweetened control during the fermentation period (a) up to 24 h and (b) 24-36 h. Error bars represent
the standard error of mean (SEM).

A comparable increase in probiotic viable counts of Lactobacillus acidophilus (up to
8.75 log CFU/mL) was reported by de Melo et al. [26] for Brazilian monofloral honey
(2-3 % w/v) in MRS broth devoid of glucose. Our previous research with honey in skim
milk medium has also revealed significantly (p < 0.01) higher probiotic growth, survival,
and activity with UMF 18* and MGO 550" grade Manuka honey than with invert syrup
or unsweetened control (unpublished data). Additionally, AMF 15* Manuka honey was
reported as a potentially prebiotic combination with L. reuteri DPC16 in a yogurt matrix [17].
Since the premium on Manuka honey increases with the UMF, MGO, or its AMF grade, it
is necessary to further study whether the health effects (in vitro and in vivo) also increase
with the ratings [16].

It is also important to note that the biomass growth was not adversely affected with
a higher dosage (total 7.5% w/v) of antibacterially rated AMF manuka honey. Instead,
the exponential growth phase was extended beyond 24 h with the additional substrate.
Nutter et al. [27] also reported no growth inhibition on Limosilactobacillus fermentum with
Prosopis sp. honey (6.5% w/v) in MRS broth. In the study conducted in 10 mL anaerobic jars,
an adverse effect on the LAB growth and titratable acidity was observed at a higher honey
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concentration of 25% w/v. The bacteriostatic effect was attributed to hydrogen peroxide
and phenolic compounds in the Argentinian Prosopis sp. honey, and no intermediate
honey concentration was studied. The recent study by Girma et al. [16], also calculated the
minimum inhibitory concentration (MIC) of Manuka honey (UMF 5%, 10" and 15*) against
a Gram-positive pathogen (Staphylococcus spp.), which was in the range of 5-15% (w/v) for
the different UMF™ grades.

3.2. Fermentation Plots

Online parameters indicated the low DO levels (which were less than 0.5%, when
100% was calibrated as the atmospheric oxygen levels), confirming the anaerobic nature
of the fermentation process. Growth curves revealed a lag phase of 12 h, after which the
pH values started to decline (Figure 3). The addition of further substrate (2.5% w/v) at 24 h
resulted in an increased production of organic acids lowering the pH significantly below
4 (up to the 36th hour) only in cases when AMF Manuka honey was the substrate, but
not with IS. Moreover, the biomass growth (as also depicted in Figure 1 and Appendix A
Figure A1) depleted in the MRS control sample, since a limited substrate was available
for bacterial growth. However, the additional substrate in AMF honey and invert syrup
resulted in an extended stationary phase of the biomass growth up to 36 h.
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Figure 3. Cont.
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Figure 3. Online pH fermenter curves for L. reuteri DPC16 in fermented MRS broth with (a) unsweet-
ened control, (b—e) AMF™ 5%, 10*, 15* and 20* Manuka honey, respectively, and (f) invert syrup as
the substrate. Average biomass (mg/mL) is shown in the secondary axis (). The spikes in pH values
were as seen in the anaerobic fermentation set-ups in our laboratory.
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Reducing sugar was not fully consumed at the end of 36 h, even in the MRS control
in which no additional sweetener was added (Figure 2). Moreover, the distinctly superior
biomass growth in all the AMF samples, compared with the MRS control and IS, is evident
in Figure 3 (secondary axis). After 33 h of anaerobic fermentation, the pH values were
constant at 4.05 £ 0.02 in the unsweetened sample. Similarly, in the case of the AMF05
sample, which had the highest acidification activity, the pH values did not decrease below
3.77 £ 0.03 after 33 h. For the AMF20 sample, which had the poorest acidification activity
among the AMF samples despite the high biomass growth (p > 0.05) among the honey
samples, pH values were in the range 3.88 4= 0.03 after 33 h. The pH readings were constant
in the aforementioned range (3.74-3.91) for all the AMF samples at the late fermentation
stages (after 33 h).

However, it is important to note that the constant pH values did not automatically
imply a cessation of bacterial activity and, thus, the organic acid production. The minimal
decrease in pH with increasing acidification at the later fermentation stage can be attributed
to the buffering action of the high concentrations of the lactic acid metabolite [28]. When
the pH of the medium approaches its pKa value (3.85), lactic acid (CH;CH(OH)CO,H)
attains equilibrium with the lactate ions (CH3CH(OH)CO, ™). The lactic acid production
in the growth phase thus not only contributed to a rapid decrease in the pH to its pKa
value but also increased the buffering capacity of the medium, which then maintained
the pH at a more constant level in the later fermentation stages. Furthermore, lactate ions
are less inhibitory to the bacterial cells than the non-ionised lactic acid [8,28]. This partly
explains why after 24 h, the biomass growth (Figure 1) increased at a higher rate than the
pH readings (Figure 3) in all the samples. Bifidobacteria are known to have lower acid
tolerance than lactobacilli [29], and the study reaffirms the ability of L. reuteri DPC16 to
survive and grow below pH 4.0, which is an important probiotic qualification criterion.

3.3. Beneficial Fermentation Metabolites

Lactobacilli degrade carbohydrates during fermentation, releasing energy in the form
of ATP, which is then utilised for organic acid synthesis [28]. Homofermentative LAB
ferment the main constituents of honey, fructose, and glucose, to produce mainly lactic
and acetic acids [26,27]. The formation of lactic acid as the major metabolite followed
by the other SCFA: acetic, succinic, and propionic acids (precisely in that order) was
confirmed using NMR quantification (Figure 4). The initial levels of these organic acids
in the unfermented MRS broth and the SCFA metabolites (L. reuteri DPC16 fermentation
marker) in the pure AMF honey samples [18], were below the limit of quantification of
TH-13C NMR HSQC method (500 uM).

The interaction between the factors (Manuka honey AMF level and fermentation time)
was statistically significant (p < 0.01) for all the organic acid metabolites, except propionic
acid (p = 0.192). A linearly increasing trend in the concentrations of the major organic
acid metabolites (lactic and acetic acids) was observed throughout the entire 36 h period.
Succinic acid decreased after 24 h in all the samples, and no clear pattern was observed in
the comparatively low quantity of propionic acid that was generated.

3.3.1. Lactic Acid

Lactic acid produced in the AMF honey samples was higher than IS, and the unsweet-
ened controls for the entire 36 h period that was reported in the 12 h intervals, although the
differences were not statistically significant in all the instances. This positively correlates
with the high biomass growth that was observed in the AMF samples (Figure 1). Inter-
estingly after 36 h, an inverse relation was noted with the lactic acid metabolites released
and the AMF levels of Manuka honey. The metabolite level in AMF05 was 269.2 mM,
which steadily but non-significantly (p > 0.05) decreased to 252.0 mM in AMF20 (with an
increasing AMF level from 5 to 20). The difference in the lactic acid produced with all the
AMF samples, and both IS (231.2 mM) and MRS control (194.3 mM) was, nevertheless,
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statistically significant (p < 0.05). This indicates a more desirable prebiotic potential for the
AMEF honey samples in promoting the growth of L. reuteri DPC16.

N Lactic Acid (mM)
300.00 ER Acetic Acid (mM)
B succinic Acid (mM)
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cA
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Figure 4. Concentration (mM) of organic acid metabolites in MRS broth with Manuka honey (AMF™
5%, 10%, 15* and 20%), invert syrup and unsweetened control during the fermentation period (12,
24 and 36 h). Error bars represent 95% confidence intervals (CI). Different lowercase letters denote
significant differences (p < 0.05) among the samples in a row (for that particular organic acid).
Different uppercase letters denote significant differences (p < 0.05) among the fermentation periods
in a column (for that particular sample).

Furthermore, no decrease in the concentration of lactate was observed throughout the
fermentation period since there was no possibility of converting lactic acid into other SCFA
in the pure culture system, unlike the cross-feeding of other microbes in an in vitro faecal
culture system or the in vivo gut environment [30]. In all the samples, the concentrations
were significantly (p < 0.05) higher than at the previous level of the fermentation time
(12, 24, and 36 h). After 18 h in MRS broth, comparatively high concentrations of lactic
acid (400-850 mM), but not acetic acid (25-150 mM), was reported by Zalan et al. [8] for
10 different Lactobacillus strains (not including L. reuteri) under semi-anaerobic fermentation
conditions (5% CO,). Moreover in the present study, the decrease in pH was contributed
more by lactic acid since not only a higher amount was produced, but also because lactic
acid (pKa = 3.86) is a stronger acid compared with acetic acid (pKa = 4.73) [8]. A decrease
in the pH value below 4 is critical from a food safety point of view to limit the growth of
undesirable microbes. Furthermore, in vivo acidification also has several beneficial effects
on the gut, the most important being preventing the pathogens from colonising the large
intestine [3,7].

3.3.2. Acetic Acid

After 24 h, a significantly (p < 0.05) higher concentration of acetic acid was produced
in IS (73.8 mM), than in AMF (50.3-58.6 mM) or the MRS control (39.4 mM). At the next
level of the fermentation time (36 h), the metabolite in IS non-significantly (p > 0.05)
increased to 80.3 mM but was nevertheless significantly (p < 0.05) higher than in the AMF
(57.2-70.8 mM) and the MRS control (48.1 mM). Acetic acid has an important role in the
signalling metabolism of gluconeogenesis and lipogenesis, besides providing energy in
the colon [3]. The relative production of lactic acid and acetic acid is dependent on many
factors such as the bacterial strain(s), substrate medium, fermentation conditions and stage
(time, temperature, pH and oxygen levels) [8,31,32]. Furthermore, bifidobacterial strains
are known to produce more acetic acid, whereas lactic acid is the main metabolite of the
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lactobacilli strains. However, bifidobacteria have also been reported to produce higher
amounts of lactate than acetate when the substrate is a simple easily fermentable sugar,
while an opposite trend is observed when the energy source is difficult to ferment [29].
Acetic acid production was thus likely affected by the type of carbon source in the present
study, with relatively lower amounts generated with Manuka honey, which contains more
complex carbohydrates than invert syrup.

3.3.3. Succinic Acid

After 24 h, succinic acid production was significantly (p < 0.05) the highest in MRS con-
trol (33.4 mM) among all the samples, which slightly but significantly (p < 0.05) decreased
to 31.3 mM after 36 h of fermentation. Interestingly, this trend was observed for the samples
with a decrease in concentration (not statistically significant in all the instances) at 36 h from
24.7-29.6 to 22.7-27.8 mM (24 h). The metabolite production can be attributed to the ‘citrate
metabolism’, wherein succinic acid is produced to counter the inhibitory effect of lactic
acid [28]. Citrate was already present in MRS broth (from ammonium citrate ingredient),
and the phenomenon is well documented for the cheese starter culture, Lactococcus lactis.
Furthermore, certain species of the gut bacteria, such as Bacteroides ovatus, are reported
to increase succinate production with an excess of the carbon source [33], similar to the
conditions in the present study.

3.3.4. Propionic Acid

Low amounts of propionic acid were detected in all the samples (910-2594 uM) up
to 36 h. The main effect of the Manuka honey AMF level was statistically significant
(p = 0.048) but not that of the fermentation time (p = 0.298). Propionate can regulate
triglyceride and cholesterol synthesis in the liver, and also contributes to enhanced satiety
and gluconeogenesis [3]. The Bacteroides-Prevotella group, commonly prevalent in the gut
microbiota, significantly increased the propionic acid levels by the conversion of succinic
acid produced during the fermentation of (3-glucan [33]. However, this was not observed
with L. reuteri DPC16 since the concentration marginally (p > 0.05) decreased after 24 h.

3.3.5. Butyric Acid

Butyric acid is the main energy source for the colonocytes and is increasingly recog-
nised for its role in colon cancer prevention [3,6]. Butyric acid was not produced in any of
the AME, IS, or the MRS control samples, up to 36 h. Previous studies have shown that
SCFA production under anaerobic conditions is dependent on the type of sugar substrate
available (resistant starch and fructo-oligosaccharides) and the microbiota (Clostridium,
Eubacterium, and Fusobacterium sp.) [3,30].

3.4. Honey Sugars Quantification

The sugar and oligosaccharide composition of honey, which is known to be among
the most complex in naturally occurring food substances [23], fluctuates depending on
its floral origin [14]. The chemical shift of nuclear spin observed in NMR spectroscopy is
highly dependent on the chemical structure, and thus the technique is highly amenable
for profiling of low-DP isotopic mixtures of honey carbohydrates [23]. However, a high
signal overlap is often seen in the 'H proton spectra, since the same monosaccharide
units combine to form various oligosaccharides. Nevertheless in the present study, the
resolution and sensitivity were improved by employing the 2D HSQC method, which
enables the separation of signals in 1H and 13C dimensions [23]. Moreover, there is a
transfer of polarisation from H to the hetero-nuclei (‘H-13C) in HSQC, which further
enhances the NMR spectra quality. Similar to the organic acids, the saccharides were
identified by overlaying the spectra with the analytical standards under identical settings
and also by comparing the chemical shifts with those reported in the literature. Other
oligosaccharides qualitatively identified and estimated previously in Manuka honey by
Weston and Brocklebank [14] were also quantified in the present study.
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The total sugar and oligosaccharide content of AMF20 was significantly (p < 0.05)
higher than of all the AMF honeys and invert syrup (Table 1). This was a contributing factor
to the significantly higher biomass recorded for AMF20 (Figure 1). No other noticeable
difference (p > 0.05) was observed in the fructose (31-36% w/w), glucose (26-31% w/w), or
total oligosaccharide (9-11% w/w) content of the pure AMF honey (between groups). Invert
syrup, expectedly, had a significantly (p < 0.05) higher amount of sucrose (2.33% w/w) and
no other oligosaccharide present. The result for sugars and oligosaccharide composition
were in broad agreement with that reported elsewhere in the literature [13,14].

Table 1. Concentrations (% w/w) of mono-, di- and oligo-saccharides (mean =+ standard error of mean) in Manuka honey

and invert syrup.

Invert Manuka Manuka Manuka Manuka

Syrup AMF 5+ AMF 10* AMF 15* AMF 20*
Fructose 35.55 £ 0.67 P 31.66 + 0.74 32.73 £0.682 32240512 34.86 + 0.48 P
Glucose 27.05 + 1.05 25.94 +0.88 26.84 +£0.712 2638 £ 0522 30.79 + 0.59 P
Sucrose 233 £0.11° 145 +0.012 1.5+0.01° 147 £0.01° 143 +0.032
Maltose n.d. 2.48 £ 0.61° 2.65 £ 0.73 2.52 40412 2.35 £ 0.39 2
Nigerose n.d. 2.87 £ 0542 2.45 £ 0.64 2 2.53 +£0.28 243 £0.152
Kojibiose nd. 144 +021° 1.57 +£0.14 2 1.74 +0.222 1.57 + 0.04 2
Panose n.d. 1.29 +0.362 14140722 1.39 + 0.59 @ 1.66 £ 0.812
Total Di- and 233 £0.11 9.59 +2.75 9.88 + 2.85 9.75 + 2.79 10.73 + 3.14

Oligosaccharides

Different superscripts in rows indicate significant differences (p < 0.05). n.d.: not detected.

LAB cells are known to gain one extra ATP by utilising fructose as an electron accep-
tor, which enhances both their growth and metabolic activity [28]. This can thus explain
the higher biomass growth (Figure 1) of the heterofermentative L. reuteri DPC16 in the
AMF and IS samples (containing fructose) over the unsweetened control, which only had
glucose from MRS broth as the sugar source. Compared with IS, the higher probiotic
growth-promoting effect of AMF can be attributed to components of honey such as sug-
ars, oligosaccharides, hydrogen peroxide, and certain bioactive phytochemical factors
(polyphenols and methylglyoxal) [15,16,26,27]. Although, a limitation of the fermentation
experiments, as depicted in Figure 3, was the lack of independent biological replicates.
However, the overall fermentation efficacy of AMF Manuka honey was not significantly
different from invert syrup. Thus, akin to another potential candidate, 3-glucan [33], AMF
Manuka honey cannot be considered a standard prebiotic like inulin and oligofructose [1,6],
without further research in in vitro faecal (mixed) cultures and in vivo settings.

4. Conclusions

In vitro uncontrolled-pH anaerobic batch fermentation experiments conducted with
AMF Manuka honey (5.0 % w/v) as a substrate for probiotic L. reuteri DPC16 reaffirmed
the inverse relationship of the bacterial cell biomass with both pH values recorded online
and reducing sugar levels depleting with the progress of fermentation during 36 h. After
24 h, the pH values significantly reduced below 4.0 only with the additional AMF substrate
(2.5% w/v) but not in the case of IS or MRS control. Significantly higher biomass (p < 0.05)
was recorded for AMF20, partly contributed by the high total sugar and oligosaccharides
quantified in the honey sample. However, no clear trend was observed in the biomass with
a decrease in the AMF level. Nevertheless, the concentration of the major fermentation
metabolite, lactic acid, marginally (p > 0.05) decreased (269.3, 261.4, 256.9 and 252.0 mM)
with the increasing AMF levels (5, 10, 15, and 20). A potential prebiotic effect correlates
with not only the biomass growth but also the SCFA profile (acetate, succinate, propionate,
and butyrate) generated by the metabolic activity of the probiotic lactobacilli, which was
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outlined in the study. To our knowledge, no other in vitro study has reported the effect
of different levels of Manuka honey on probiotic growth in a fermenter. Further research
is mandated to correlate the UMF, MGO and AMF levels with the prebiotic efficacy and
the antibacterial action of Manuka honey, both under in vitro and in vivo experimental
conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ fermentation7030128/s1, Figure S1: NMR assignment of a mixture of short-chain fatty acid
(SCFA) analytical standards used for quantification, Figure S2. Asignment of short-chain fatty acid
(SCFA) standards in fermented MRS cell-free broth (supernatant), Figure S3. Integral region of
lactic acid analytical standard in NMR spectra at different concentrations of 3.125 mM (blue) and
100 mM (red), Figure S4. Standard curves of (a) lactic acid (b) acetic acid for NMR quantification,
Figure S5. Typical NMR spectra of fructose standard (green), Manuka honey (red) and invert syrup
(blue) samples, Figure S6. Assignment of the NMR spectra of analytical standards of (a) fructose,
(b) glucose, (c) sucrose, and (d) gentiobiose at different concentrations, Figure S7. Assignment of
the NMR spectra of analytical standards of (a) kojibiose, (b) maltose, (c) turanose, (d) nigerose, (e)
D-panose, Figure S8. Correlation between the reducing sugar content in invert syrup samples during
the 24 h fermentation in Figure 2a as quantified by DNS method and NMR.
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Figure A1. Fermentation kinetics for biomass (mg/mL) of L. reuteri DPC16 in fermented MRS broth with Manuka honey
(AMFTM 5%, 10%, 15" and 20%), invert syrup and unsweetened control during the exponential growth period (8-16 h). max
denotes the ‘maximum specific growth rate’ for each sample.
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