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Abstract
The antimicrobial properties of Western Australian (WA) honeys is an area that is yet to
be explored in depth. This study aimed to investigate the contribution of hydrogen peroxide
(H2O2) to the antimicrobial properties of WA honeys, the effect of honey on bacterial growth
dynamics, and the presence of synergistic effects between the antimicrobial components of
honey. Seven honeys, five of WA origin, were assayed against Staphylococcus aureus ATCC
700699, Enterococcus faecalis NCTC 775, Pseudomonas aeruginosa ATCC BAA-47 and
ATCC 27853, and Escherichia coli NCTC 10538 and ATCC 25922. WA jarrah, and WA marri
honeys had H2O2 concentrations ranging from 99.1 ± 26.2 to 1091.9 ± 208.3 μM. The removal
of H2O2 from jarrah and marri honeys with catalase caused their mean MICs to increase from
15.2% to 29.4% (w/v). Allowing H2O2 to accumulate in honey solutions for 3 hours increased
the activity of WA honeys against some bacteria. Jarrah and marri honeys at 25% (w/v) showed
zones of inhibition (mean = 15.3 mm), and all H2O2 concentrations below 1024 µM showed
show no zones of inhibition. Time-kill assays showed up to 2 log reduction in cfu/mL from zero
to six hours, but showed at least a 4 log reduction after 24 hours. Honey solutions at 6% (w/v)
allowed for growth equivalent to 78.2% of the growth control and 24% (w/v) solutions allowed
for 11.1% growth. The checkerboard assays reported no synergy between any of the
antimicrobial components of honey. Treating bacteria with membrane modifiers altered the
activity of honeys against some bacteria. This study reveals for the first time that H2O2 plays a
role in the antimicrobial properties of WA honeys, but is not the only factor contributing to
activity and that the activity of WA honeys against bacterial growth is dose-dependent.

Introduction
Honey has been used as a therapeutic agent for thousands of years [1, 2] as a wound
healing agent [3]. In recent years honey has seen an increase in popularity as its usefulness as a
medical wound dressing has become more apparent [4-6]. Specifically, honey has been shown
to effectively treat chronic wounds [7], infected wounds [8], burns [9], and has even been shown
to have bactericidal activity against methicillin-resistance S. aureus with Blair et al. [6]
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reporting an MIC of 4.2 ± 0.4% (w/v). Moreover, bacterial resistance to honey has not been
demonstrated even with prolonged exposure to sub-lethal concentrations of honey [6]. The
apparent usefulness of honey as a wound dressing is usually credited to its multimodal, and
potent antibacterial activity [10-13]. These properties are normally attributed to the presence of
H2O2 [12, 14, 15], osmolarity [16, 17], acidity (low pH) [18] and phytochemicals [19, 20].
Moreover, there are a number of ‘yet to be discovered’ factors in honey that also contribute to
antibacterial activity [19]. The H2O2 present in honeys is produced via glucose oxidase [6, 21],
an enzyme introduced into honey by bees [21, 22]. Hydrogen peroxide is reported to be a strong
predictor of honeys antibacterial activity [11], and it has been shown previously to actively play
a role in the bactericidal activity of honey [23].
Only a small number of published papers investigate the antimicrobial activity of
Western Australian (WA) honeys. Amongst these is a paper by Irish et al. [13] which report that
honeys derived from WA jarrah (Eucalyptus marginata) and WA marri, also known as red gum
(Corymbia calophylla), showed the highest activity amongst the 477 honeys they tested. There
is potential for the development of WA honeys as medical products. However, the nature of the
activity of WA honeys has not been investigated in-depth. Because there is great variation in the
antibacterial activity of different honeys [24, 25], the results of other studies cannot be used to
predict the activity of WA honey.
The results of this study will provide valuable information regarding the activity of WA
honeys. Ultimately, the aim of this study was to investigate (a) the contribution of H2O2 to the
antimicrobial properties of WA honeys, (b) the effect of honey on bacterial growth dynamics,
and (c) the presence, or absence, of synergistic effects between the known antimicrobial
components of honey.
In this study the activity of seven honeys; two jarrah, two marri, one pasture, one
Manuka (Leptospermum), and one artificial honey was investigated. A broth microdilution
method was used to determine the minimum inhibitory concentration (MIC) of honeys, and to
investigate several factors thought to contribute to its antimicrobial activity. Namely; catalase
was added to quantify the effects of removing it from honey, and outer membrane modifiers
were included to evaluate the role of the outer membrane in susceptibility to honey. MIC of
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honeys were determined after incubation of honey solutions at room temperature for 3 h to
determine whether the accumulation of H2O2 affects the MICs. The MICs of H2O2 were also
determined. Concentrations of H2O2 in the honeys were quantified via colorimetric assay, based
on methods described by Kwakman et al. [19]. Time-kill assays based on methods by Roshan et
al. [10], and growth curves were set up to investigate the effect of honey on bacterial growth
dynamics. Agar diffusion, based on methods in Roshan et al. [10] was used to investigate the
diffusion of honey and H2O2 in agar. Finally, checkerboard assays were used to investigate the
possible presence of synergistic effects between the known antimicrobial components of honey.

Materials and Methods
Test organisms and inoculum preparation
Unless otherwise stated, the test organisms used were Staphylococcus aureus ATCC
700699, Enterococcus faecalis NCTC 775, Pseudomonas aeruginosa ATCC BAA-47 and
Escherichia coli NCTC 10538. Inocula for assays were prepared from an overnight culture of
bacteria on blood agar (PathWest Media, WA, Australia) at 36oC. Colonies from overnight
cultures were suspended in 0.85% saline, and subsequently adjusted to 0.5 McFarland standard
(~1.5 × 108 cfu/mL). Suspensions were then diluted 1/50 with 4 × Mueller Hinton Broth (MHB)
(Oxoid, Hampshire, UK).

Honey source and solution preparation
Two jarrah honeys (designated J1 and J2), two marri honeys (designated M1 and M2)
and WA pasture honey, were sourced from WA beekeepers and supermarkets. ‘Activon Medical
Grade Manuka Honey’ was purchased online. Artificial honey was prepared by dissolving 40.5
g fructose, 33.5 g glucose, 7.5 g maltose and 1.5 g sucrose in 17 mL sterile-distilled water
(SDW) [26].
Where relevant, and unless otherwise stated J1, J2, M1, M2 and Activon honeys were
used for the assays. Pasture and artificial honey was also used for some assays. Due to resource
limitations, all of the honeys could not be used for every assay. Honey solutions were prepared
as % (w/v) solutions with SDW, and were filter-sterilised via two-step filtration through a 0.7
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µm pre-filter, followed by a 0.22 µm filter. Honeys were not filter-sterilised for the agar
diffusion assay due to resource limitations. The volume of honey lost during filtering could not
be wasted, and thus this step was skipped. Honey solutions were used within 1 h of preparation
unless stated otherwise.

Minimum inhibitory concentration (MIC) assays
Minimum inhibitory concentrations (MICs) were determined via a broth microdilution
method, based on CLSI guideline M07 [27]. In untreated, flat bottom 96-well microtiter tray
(Thermo Fisher Scientific, Hvidovre, Denmark), filtered honey solutions were further diluted
such that the desired final concentrations were achieved after adding inoculum and test
substances. If required, SDW was used to make the well volumes up to the desired volume. The
optical density (OD) of the trays was measured at 600 nm at time zero, and after 24 h incubation.
After 24 h incubation at 36oC, MICs were determined visually as the lowest concentration of
honey resulting in an optically clear well.

MICs with catalase
This assay was performed as described for the MIC assay above, with the following
modification. Honey was diluted to 50% and divided into two portions of equal volume. One
portion was treated with filter-sterilised 5600 U/mL catalase solution (Sigma-Aldrich, St Louis,
MO, USA), and the other with SDW to result in final concentrations of 40% honey. In 96-well
trays, honey solutions were diluted such that final concentrations ranged from 0% to 30% (2%
increments) after adding 50 µL aliquots of inoculum, with a final volume per well of 200 µL.
For this assay E. faecalis inoculum was set to 1 McFarland standard (3 × 108 cfu/mL) and then
diluted 1/50 with 4 × MHB.

MICs with membrane modifiers
This assay was performed as described for the MIC assay above, with the following
modification. Only honeys J1, M1 and Activon were tested, and 50% solutions of each were
added to a 96-well microtiter tray such that final concentrations ranged from 0% to 25% (2.5%
increments) after adding 50 µL aliquots of inoculum, and membrane modifier, with a final
volume per well of 200 µL. MICs were determined against two strains of P. aeruginosa (ATCC
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BAA-47, ATCC 27853), and two strains of E.coli (NCTC 10538, ATCC 25922). Polymyxin B
nonapeptide (PMBN) (Sigma-Aldrich, St Louis, MO, USA), ethylenediaminetetraacetic acid
(EDTA) (VWR International, Radnor, Poole, UK), and cyanide m-chlorophenyl hydrazone
(CCCP) (Sigma-Aldrich, St Louis, MO, USA) were added to the wells to modify the outer
membrane (PMBN, EDTA), and cytoplasmic membrane (CCCP), respectively. To determine
the concentration of each membrane modifier for the assay, preliminary assays were conducted
to determine the MIC of each membrane modifier against the test bacteria. The next lowest
concentration from the MIC was used for the assay (1/2 × MIC). PMBN was used at final
concentrations of 10 μg/mL for both E. coli strains, 0.0625 μg/mL for P. aeruginosa ATCC
BAA-47, and 0.3125 μg/mL for P. aeruginosa ATCC 15442. EDTA was used at final
concentrations of 0.625 mM for both P. aeruginosa strains, 2.5 mM for E. coli NCTC 10538,
and 5 mM for E. coli ATCC 25922. CCCP was used at final concentrations of 100 μM for both
E. coli strains and 200 μM for both P. aeruginosa strains. Wells without any membrane
modifiers (only honey solutions) inoculated as above were used as negative controls. Wells
containing no membrane modifier and no honey, inoculated as above were used as positive
growth controls. Novobiocin serially diluted from 256 to 8 μg/mL was used as a positive control
for PMBN.

MICs of hydrogen peroxide
MICs of H2O2 were determined as described above, with final concentrations of H2O2
ranging from 4096 to 128 μM in doubling dilutions, and including the additional concentration
of 3072 μM after adding 50 μL aliquots of inoculum, with a final volume per well of 200 μL.

Effect of hydrogen peroxide accumulation on MICs
To examine the effect of H2O2 accumulation on the MIC of honey solutions, J2, M2 and
Activon honeys were prepared at 30% and incubated at room temperature (approx. 22°C) for 3
h. This concentration of honey was chosen as it was also used in the H2O2 accumulation assays
described below. MICs were then determined as described above, with the honey solutions
being further diluted such that final concentrations ranged from 22% to 0% (w/v) (2%
increments) after adding 52.5 µL aliquots of inoculum, to a final volume per well of 210 μL.
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Time-kill assay
Inocula of S. aureus ATCC 700699, and E. coli ATCC 25922 were prepared by
culturing overnight in 10 mL Tryptone soy broth (TSB) (Oxoid, Hampshire, UK) at 36oC with
shaking, and then diluting 1/50 in 4 × MHB. Honeys J1 and M1 were prepared as 60% solutions,
and then diluted to 40% solutions with inoculum and SDW, to a final volume of 6 mL. A
solution containing SDW and inoculum was used as growth control. All solutions were
incubated at 36oC with shaking. Viable counts were determined at 0, 1, 2, 4, and 6 h by
removing 100 µL samples from each treatment and serially diluting tenfold in 0.85% saline.
Volumes of 10 µL from each dilution were then spot-inoculated onto nutrient agar (Oxoid,
Hampshire, UK). The assay was repeated such that viable counts could also be performed at 16,
20, and 24 h. Colonies were counted after incubation of plates for 24 h at 36oC. The limit of
detection was 3 × 102 cfu/mL, based on detecting three colonies from the 1/10 dilution.

Bacterial growth curves
Inocula were prepared by culturing S. aureus ATCC 700699, E.coli ATCC 25922, and
P. aeruginosa ATCC BAA-47 overnight in 10 mL TSB at 36oC with shaking, and then
adjusting to 0.5 McFarland standard using 0.85% saline. The honeys tested were pasture honey,
J1, J2, M1 and M2. This assay was performed in a 96-well microtiter tray as follows: Volumes
of 60% honey and 2 × TSB were aliquoted into wells so that after inoculation, wells contained
final concentrations of 24, 12, and 6% honey, and 1 × TSB. Each well contained 20 µL of
inoculum with a final volume per well of 200 µL. If required, SDW was used to make the well
volumes up to 200 µL. Wells containing 1 × TSB inoculated as above were used as positive
growth controls. Wells without inoculum were used as negative growth controls. Trays were
incubated at 36oC with shaking. The OD was determined at 600 nm every hour, 0 to 8 h postinoculation. Another microtiter tray was prepared such that the OD could be determined the
following day at every hour from 14 to 24 h post-inoculation.
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Agar diffusion assay
Zones of inhibition produced by all honeys and by hydrogen peroxide were examined
using an agar diffusion assay. S. aureus ATCC 700699 was cultured overnight on BA at 36oC,
colonies were suspended in 0.85% saline, and the suspension was subsequently adjusted to 0.5
McFarland standard. A sterile cotton-tipped swab was then used to inoculate the suspension
onto the surface of Mueller Hinton Agar (MHA) plates (PathWest Media, WA, Australia).
Pasture and artificial honey were used in addition to the honeys J1, J2, M1, M2 and Activon.
Honeys were prepared at 25% and were not filter-sterilised. Hydrogen peroxide was diluted to
obtain doubling dilutions ranging from 2048 to 128 μM. Wells of 8 mm in diameter were cut
into the MHA plates and 100 μL aliquots of each H2O2 dilution or honey solution were
dispensed, respectively, into singular wells. SDW was dispensed into a well as a negative
control. A trimethoprim disc (Oxoid, Hampshire, UK) was used as a positive control. After 24 h
incubation at 36oC, zones of inhibition were measured in millimetres. All wells showing no
zones of inhibition were assigned a value of 8 mm (equal to the size of the well) to allow for
statistical analysis.

H2O2 quantification assay
Hydrogen peroxide levels in honey were quantified via a colorimetric assay described
by Kwakman et al. [19]. Each honey was prepared as a 30% solution in SDW with lids of the
containers left loose to allow for unrestricted oxygenation. To quantify hydrogen peroxide, 40
μL aliquots of each honey solution were added to reagent containing 50 μg/mL o-dianisidine
(Cayman Chemical Company, MI, USA) and 20 μg/mL horseradish peroxidase (Sigma-Aldrich,
St Louis, MO, USA) in 10 mM phosphate buffer (pH 6.5) (Merck Life Science. VIC, Australia).
After 5 min at room temperature the reaction was stopped with 6 M H2SO4 and the OD at 540
nm was determined. Honeys returning off-scale readings for hydrogen peroxide were
immediately re-tested with honey that had been diluted. Levels of hydrogen peroxide were
quantified hourly for 0 to 6 h, and at 24 h. To calculate H2O2 concentrations a calibration curve
made via two-fold serial dilutions of H2O2 ranging from 550 to 4.3 μM was run in parallel with
the assay.
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pH assays
The pH of J1, J2, M1, M2, Activon and pasture honey was determined. Solutions of
each honey at 50% in SDW were further diluted to 24, 12, and 6%, respectively, and the pH of
each solution was measured. Additionally, the pH of 30% solutions of honey were determined
hourly from 0 to 6 h. The pH of distilled water was measured as a control. The pH of all
solutions was measured with an electronic pH meter calibrated with pH 4 and 7 buffers.

Checkerboard assays
Potential synergistic action between several honey components was investigated using
checkerboard assays. Artificial honey was used to represent the osmotic effect on honey, and
was assessed at 32, 24, 16, and 8% (w/v). The remaining test substances were at doubling
dilutions; gluconic acid (Sigma-Aldrich, St Louis, MO, USA) from 1.0 to 0.03125 M, H2O2
from 2048 to 2 µM, and myricetin (Sigma-Aldrich, St Louis, MO, USA), which is a
representative phytochemical, from 256 to 4 µg/mL. Gluconic acid was picked because it is the
primary acid found in honeys [21, 28]. Myricetin was picked because it has been identified in
European and Portuguese honeys [29, 30] and has also been identified in Australian jelly bush
honey (Leptospermum polygalifolium) [31]. The concentrations of H2O2 used cover the levels of
H2O2 reported by our WA honeys in the colorimetric assay. All test substances were tested
against each other for a total of 6 combinations. Inoculum aliquots of 50 µL were added to wells
of a 96-well plate such that the final concentration of each test substance was at the desired
concentration, with a final volume per well of 200 µL. If required, the volume in the wells was
made up to 200 µL with SDW. The OD of the plates was measured at 600 nm at zero, and again
at 24 h. After 24 h incubation at 36oC MICs were determined visually as the lowest
concentrations to produce optically clear wells. The presence of synergism was determined via
the FIC index, calculated using the following formula:
FIC =

𝑀𝐼𝐶 𝑜𝑓𝑡𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝐴 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛
𝑀𝐼𝐶 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝐴 𝑎𝑙𝑜𝑛𝑒

+

𝑀𝐼𝐶 𝑜𝑓𝑡𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝐵 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛
𝑀𝐼𝐶 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝐵 𝑎𝑙𝑜𝑛𝑒

Synergism was defined as an FIC of ≤ 0.5, additivity as 0.5 < FIC ≤ 4, and antagonism as FIC >
4.
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Statistical analysis
Unless otherwise stated, all assays were repeated at least three times. All t-tests were
performed in Microsoft Excel, and other statistical tests were performed in R (version 3.3.1) in
combination with RStudio. Significance levels for all statistical analyses were set at 0.05. MICs
with and without catalase were analysed by one-tailed paired t-tests. MICs from the hydrogen
peroxide accumulation assay were analysed via Student’s two-tailed t-test, assuming equal
variance. ODs obtained from the growth curves were analysed via Student’s two-tailed t-test,
assuming unequal variance. MICs with membrane modifiers and agar diffusion assays were
analysed via one-way analysis of variance (ANOVA), followed by post-hoc analysis via
Tukey’s Honest Significant Difference (HSD) test.

Results
Effect of catalase on the MICs of honey
The activity of Activon honey was not significantly reduced upon the addition of
catalase, only increasing from a mean average of 15.7% to 17.8% (w/v) (p > 0.05). The addition
of catalase resulted in an increase in the mean MIC of WA honeys. J1 increased from 10.8 to
28.3% (w/v), J2 increased from 13.8 to 29.2 % (w/v), M1 increased from 15 to 30% (w/v), and
M2 increased from 21 to 30.2% (w/v). (Table 1). This increase in MICs was statistically
significant for all WA honeys and all organisms according to one-tailed paired t-tests catalase (p
< 0.05). The only exception was M2 against E. faecalis (p = 0.100). Statistics could not be
performed for J1 against P. aeruginosa, and Activon against E. faecalis and E. coli due to lack
of variance between replicates.

15

Table 1. Effect of catalase on the antimicrobial activity of honey solutions (% w/v) against
S. aureus ATCC 700699, E. faecalis NCTC 775, E. coli NCTC 10538, and P. aeruginosa
ATCC BAA-47.

a

Average MICs (% w/v) of three replicates

b

MIC difference between “None” and “Catalase”

c

MICs were analysed via one-tailed paired t-tests. p-values <0.05 are considered significantly

different. Significant values are in bold
- No p-value due to lack of variance between repeats

Effect of membrane modifiers on the MICs of honey
Treatment with PMBN, EDTA, or CCCP altered the activity of some honeys against
some bacteria, showing a statistically significant difference from the negative control (p < 0.05).
EDTA was the most effective, altering the MICs of honey in just over half of the honey/bacteria
combinations (7/12) with PMBN and CCCP resulting in a difference in 2/12 combinations,
respectively. Treatment with PMBN resulted in the MICs of Activon against P. aeruginosa
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ATCC BAA-47 and P. aeruginosa ATCC 27853 changing from 15 to 12.5% (w/v) (p = 0.012)
and 18.3 to 13.3% (w/v) (p = 0.005) respectively. Similarly treatment with EDTA resulted in a
significant difference for J1 against E. coli NCTC 10538, M1 against both P. aeruginosa strains
and Activon against all bacteria (p < 0.05). Treatment of bacteria with CCCP resulted in the
MICs of M1 against E. coli ATCC 25922 and P. aeruginosa ATCC 27853 significantly
changing from 15.3 to 6.7% (w/v) (p = 0.019) and 18.3to 15.0% (w/v) (p = 0.046) respectively
(Table 2 and S1 Table). EDTA showed signs of inhibiting bacterial growth of its own accord
(data not shown).
Table 2. Effect of membrane modifying agents on the antimicrobial activity of honeys (%
w/v) against
E. coli and P. aeruginosa.

a

Average MICs (% w/v) of three replicates

b

Polymyxin B nonpeptide (PMBN), ethylenediaminetetraacetic acid (EDTA), and cyanide m-

chlorophenyl hydrazone (CCCP).
*MIC was significantly different from the negative control (“None”) according to one-way
ANOVA followed by Tukey’s Honest Significant Difference test. p-values <0.05 were
considered significantly different. Significant values are in bold
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MIC of hydrogen peroxide against bacteria
S. aureus was the most susceptible to H2O2 with a modal MIC of 128 μM. Modal MICs
for P. aeruginosa, E. coli, and E. faecalis were of 512, 1024, and 2048 μM respectively (S2
Table).

Effect of hydrogen peroxide accumulation on honey
activity
After allowing H2O2 to accumulate in honey solutions for 3 h, activity of J2 against S.
aureus was significantly increased, with the mean MIC decreasing from 9 to 4% (w/v) (p =
0.025) compared to honey solutions where H2O2 was not allowed to accumulate. Similarly,
activity for M2 was significantly increased for S. aureus (p = 0.012) and E. faecalis (p = 0.026)
whereby MICs decreased from 19 to 10% (w/v) and from 28 to 24% (w/v), respectively. The
remaining honey/bacteria combinations (9/12) did not show any significant change in MICs (p >
0.05) (Table 3).
Table 3. MICs of honey solutions (% w/v) against S. aureus ATCC 700699, E. faecalis
NCTC 775,
E. coli NCTC 10538, and P. aeruginosa ATCC BAA-47 with and without three hour
incubation at room temperature.

a

Average MICs (% w/v) of three replicates inoculated as soon as possible (approx. 1 hour)
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b

Average MICs (% w/v) of three replicates after three hour incubation at room temperature

c

MIC difference between “T = 3” and “T = 1”

d

MICs were analysed via Student’s two-tailed t-test, assuming equal variance. p-values <0.05

are considered significantly different. Significant values are in bold

Effect of honey on bacterial growth dynamics
For all honeys tested, time-kill assays showed less than 2 log reduction in cfu/mL from
zero to 6 h for both S. aureus and E. coli. After 24 h all honeys showed at least a 4 log reduction.
E. coli showed greater susceptibility to honey, with lower cfu/mL values compared to S. aureus
at 6 h and 24 h for both honeys. After 20 h the cfu/mL of E. coli treated with M1 was below the
limit of detection, and at 24 h the cfu/mL of E. coli treated with J1 and M1 were below the limit
of detection (Fig 1). After 16 h the slope of the time-kill curve of J1 and M2 against E. coli
seems to become steeper.

Fig 1. Reduction in cfu/mL of S. aureus ATCC 700699 and E. coli ATCC 25922. 60% (w/v)
solutions of honey (jarrah-1 and marri-1) were inoculated with (A) S. aureus and (B) E. coli to a
final concentration of 40% (w/v) honey. Control is sterile-distilled water inoculated in the same
manner. For zero to six hour time point’s viable counts were taken by removing 100 µL samples
from solutions. For the 16 to 24 hour time points, viable counts were taken by removing 100 µL
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samples from solutions that were prepared separately. Figure shows the average and standard
deviation of three replicates for each time point. Black dotted lines represent limit of detection
(3 x 102 cfu/mL).
For the growth curve experiments, growth was expressed relative to the positive growth
controls by dividing the OD of the wells containing honey solution by the OD of the growth
control wells. For all honey/ bacteria combinations except for two (M1 against S. aureus, M2
against E. coli) the higher the honey concentration, the lower the relative growth compare to the
positive growth control. Bacterial growth was inhibited in a dose-dependent manner, with
bacteria growing to an average of 11.1% of the growth control in 24% (w/v) honey solutions,
55.4% in 12% (w/v) honey solutions, and 78.2% in 6% (w/v) honey solutions (Table 4). At 6%
honey bacterial growth in 7/18 combinations were statistically significantly different from the
growth controls, at 12% honey 11/18 combinations were different, and at 24% honey solutions
all solutions were different (S3 Table).
Table 4. Growth of S. aureus ATCC 700699, E. coli NCTC 10538, and P. aeruginosa
ATCC BAA-47 in several concentrations (% w/v) of honey, after 24 h

20

a

Values are optical density (600 nm) of growth at the respective concentrations of honey relative

to the optical density (600 nm) of a growth control
b

Average of 6%, 12% and 24% (w/v) honey solutions

Diffusion of honey and hydrogen peroxide in agar
Honeys J1, J2, M1 and M2 showed zones of inhibition (mean = 15.3), whereas Activon,
pasture, and artificial honey showed no zones (8 mm). All H2O2 concentrations below 1024 μM
showed no zones of inhibition (Table 5). Hydrogen peroxide at 1024 μM and honey M1, which
had similar peak concentration of H2O2 (1091.9 μM) produced zones of 12.7 and 14.7 mm,
respectively, that were not statistically significantly different (p = 0.925). Hydrogen peroxide at
512 μM, which is higher than the concentrations found in J1, J2, and M2, showed no zones of
inhibition (8 mm) whereas the honeys did show zones of inhibition (15.3, 15.7 and 15.5 mm
respectively). Adding 2028 μM H2O2 to pasture and artificial honey significantly altered the size
of their zones (p < 0.001), increasing the size from 8 mm to 16.7 and 17.7 mm, respectively.
Table 5. Zones of inhibition of honey solutions at 25% (w/v), and several H2O2
concentrations (μΜ) against S. aureus ATCC 700699

a

Values are the means of three replicates
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b

Tests substances with no zone of inhibition were assigned a value of 8 mm, equal to the size of

the wells cut into the agar

Quantification of hydrogen peroxide in WA honeys
WA honeys had relatively high concentrations of H2O2 compared to Activon, which
showed negligible H2O2 production. Peak concentrations of H2O2 in WA honeys ranged from
99.1 ± 26.2 to 1091.9 ± 208.3 μM. The highest peak concentration of H2O2 was found in M1
(1091.9 μM at 7 h) and the lowest peak was found in M2 (99.1 μM at 4 h) (Fig 2).
Concentrations of H2O2 in all honeys were undetectable after 24 h (S4 Fig).

Fig 2. Accumulation of hydrogen peroxide (μM) in honeys. Solutions of honey were at 30%
(w/v), at room temperature. Figure shows the average and standard deviation of three replicates
for each time point. Values were calculated from a standard curve of H2O2 (R2 = 0.996).
Hydrogen peroxide was measured via colorimetric assay as described in the text.
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Change pH of honeys over time and at several
concentrations
The pH values for 30% honey solutions ranged from 3.81 to 4.71 (S5 Table). The pH of
all honeys ranged from 3.81 to 4.71 at 0h, and ranged from 3.78 to 4.48 at 6 h (S6 Table).
Solutions of J1, J2, M1 and M2 showed net reductions ranging from 0.14 to 0.22 pH, whereas
Activon and pasture honey showed net reductions of just 0.03 and 0.09 pH, respectively (Fig
3A). For all honeys, the pH increased as the concentration of honey decreased from 30% to 2%
(Fig 3B).

Fig 3. pH of honeys at several concentrations and over time. (A) The pH of honey solutions
at 30, 24, 12, 6 and 2% (w/v). (B) The change in the pH of 30% (w/v) honey solutions over time.
The pH of all solutions was measured with an electronic pH metre calibrated with pH 4 and 7
buffers. Figure shows the average and standard deviation of three replicates for each
concentration or time point.

Investigating possible synergyistic interactions
between components of honey
None of the test substances showed synergy with any other test substance at the
concentrations used in the assays. All relationships were additive, with FICs ranging from 0.625
and 1.167 (data not shown).
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Discussion
The antibacterial properties of WA honeys
Honeys antibacterial activity is well documented. Honey is active against Gram-positive
and Gram-negative bacteria [17], and at concentrations below 11% (v/v) can completely inhibit
seven different species of wound-infecting bacteria [32]. In this study, WA honeys assayed via
broth microdilution reported mean MICs of 10.2% (w/v) for S. aureus, 17.3% (w/v) for E. coli,
13.5% (w/v) for P. aeruginosa and 19.7% for E. faecalis (Table 1). These MICs are not very
different compared previous studies. A study by Roshan et al. [10] reports MICs of 8% (w/v)
for three S. aureus strains, MICs of 16% (w/v) against an E. coli and P. aeruginosa species, and
MICs of >32% w/v for two E. faecalis strains. The honeys J1, J2 and M1 reported lower mean
MICs compared to Activon honey against all bacterial species; 10.8% (w/v) for J1, 13.8% (w/v)
for J2, 15% (w/v) for M2 compared to 15.7% (w/v) for Activon honey. While the activity of
WA honeys is not above and beyond the activity found in honeys by other studies, their activity
is at least comparable. WA honeys have yet to be assayed using the 2% increment method used
in the study. Roshan et al [10] they used doubling dilutions of honey to determine MIC.
Consequently, the MIC of 16% (w/v) they report for E. coli and P. aeruginosa species means
that the MIC could lie anywhere between 8 and 16% (w/v) honey. The methods used in this
study allow for a higher degree of accuracy and discrimination when determining MICs, and
gives us a better idea of the activity of WA honeys.

Hydrogen peroxide contributes to the antibacterial
properties of WA honeys
Hydrogen peroxide has previously been reported to contribute to the antibacterial
activity of honey [12, 15, 23]. This study reveals for the first time that H2O2 also contributes to
the antibacterial properties of WA honeys. This contribution is evident upon seeing that adding
catalase to remove H2O2 caused a statistically significant reduction in the activity of J1, J2, M1
and M2 (p < 0.05). The MICs of J1, J2, M1 and M2 increased upon the addition of catalase;
10.8 to 28.3% (w/v) for J1, 13.8 to 29.2% (w/v) for J2, 15 to 30% (w/v) for M1, and 21 to
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30.2% (w/v) for M2 (Table 1). These findings are in line with previous studies which report that
for some honeys, removing H2O2 reduces antimicrobial activity [11, 12]. The fact that catalase
reduced the activity of WA honeys needs to be taken into consideration if WA honeys are to
ever be developed into medical wound products. The main reason being that the catalase present
in human tissues and in blood can be deleterious to the effectiveness of the honey [33]. Manuka
honey (Activon) showed non-peroxide dependent activity in that its activity was not
significantly reduced (p > 0.05) after treatment with catalase. This is unsurprising given that the
activity of Manuka honeys’ is mainly attributed to the presence of methylglyoxal [20, 34] and
not H2O2. Consequently it was not affected by the addition of catalase in the same way as the
WA honeys.

Accumulation of hydrogen peroxide increases the
activity of WA honeys against some bacteria
After letting H2O2 accumulate for three hours the MIC of J2 against S. aureus ATCC
700699 significantly changed from 8.7% (w/v) to 4% (w/v) (p = 0.025). Similarly the MIC of
M2 against S. aureus ATCC 700699 and E. faecalis NCTC 775 changed from 16% to 10%
(w/v) and 28% to 24% (w/v), respectively (Table 3). From one to three hours the concentration
of H2O2 in J2 increased from 62.1 to 352.8 μM, and M2 increased from 14.6 to 91.6 μM (Fig 2).
Even though the concentration of H2O2 in honey is not a reliable indicator of its activity [11],
these results suggest that for some WA honeys against some bacterial species, H2O2 affects the
activity of honey in a dose-dependent manner. The fact that the activity of WA honeys
seemingly increases with time drives home the point that they need to be assayed at a set time
point after they prepared into solution in future studies involving WA honeys. This is to ensure
both comparability and repeatability of assays.

Hydrogen peroxide is not the only factor contributing to
antibacterial properties of WA honeys
Previous studies have suggested that H2O2 does not act on its own to produce the
antimicrobial activates of honey [13, 15, 19]. This becomes apparent when considering that
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while H2O2 in honey degrades DNA in a dose dependent manner [15, 23] exogenous H2O2 alone
does not cause DNA degradation [35]. This study shows that for WA honeys, H2O2 is not the
sole contributor to antimicrobial activity. According to the H2O2 quantification assays the peak
concentrations of H2O2 in solutions of 30% (w/v) J1, J2 and M2 range from 99.1 ± 26.2 to 397.8
± 64.5 μM (Fig 2). These concentrations are lower than the reported MICs of H2O2 against E.
faecalis NCTC 775 (2048 μM), E. coli NCTC 10538 (1024 μM), P. aeruginosa ATCC BAA-47
(512 μM) and S. aureus ATCC 700699 (128 μM) (S2 Table). Consequently, the activity
reported by J1, J2 and M2 (Table 1) cannot be attributed solely to the presence of H2O2. The
differences between the concentrations of H2O2 present in J1, J2, M2 and the concentrations of
H2O2 needed to inhibit bacterial growth suggests that other components of honey are either
enhancing the effect of H2O2, or are working alongside H2O2 to produce honeys antimicrobial
activity.
Even though M1 has the highest concentration of H2O2 it did not record the lowest
MICs (Table 1). In fact the activity of the other honeys is comparable to the activity of M1. This
could be due to components other than H2O2 acting in the other honeys to bring them up to the
same level, and at the same time suggests that M1 could be missing some of these unknown
components. Another reason for this observation could be that H2O2 levels in honey might only
contribute to antimicrobial activity up to an unknown threshold. This could explain why we
observe that M1, which has much greater H2O2 doesn’t show a lower MIC compared to the
other honeys.

Variation in hydrogen peroxide concentration in honeys
of the same species
M1 recorded the highest concentration of H2O2 (1091.9 ± 208.3 μM at 7 h), almost
three times higher than the next highest concentration reported by J1 (398.7 ± 64.5 μM at 3 h)
(Fig 2). This difference in levels is expected as H2O2 levels have previously been shown to vary
significantly between different honeys [11] with the concentrations of H2O2 in honeys assayed
by Brudzynski et al. [15] ranging from 500 to 2700 μM. This variance in levels is primarily due
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to the varying amounts of glucose oxidase, or H2O2-destroying compounds present in honey [16,
17, 24]. M1 returned off-scale readings in the colorimetric assay and had to be further diluted so
that the assay could detect its activity.
The two jarrah honeys had very similar levels of H2O2 over the course of the
colorimetric assay (Fig 2). As such you could expect similar observations between the two marri
honeys, but this is not the case. Variance is not surprising because it has been shown that there
are difference in H2O2 concentrations between honeys of the same species [11]. What is
surprising is the magnitude of this difference, with concentrations of H2O2 in M1 being almost
11 times higher than M2 (Fig 2). Thus, there could be other reasons as to why we observe such
variance. When we obtain honeys form suppliers we trust their expertise when they tell us the
species. It is possible that the honey we dubbed marri-1 could be of a different species, or at
least, be a mixture of different species. This is of course no fault of the supplier, but this factor
needs to at least be considered when wildly different results are obtains from honeys of the
same species.

The agar diffusion method
Agar diffusion was preformed to compare this historical method to the newer methods
used in this study. Agar diffusion Activon showed activity according to the broth microdilution
method, however the agar diffusion method would have us believe that no such activity exists.
Most likely the antibacterial components in Activon are unable to diffuse into the agar and
cause a zone of inhibition. If the diffusion of antibacterial components affects the size of zones,
then there is suddenly another factor that effects the results of the assay. This method is not as
reliable as the other methods used in this assay. Consequently the comparisons drawn between
zone sizes and activity might be in part due to the nature of the assays as opposed to the nature
of the honeys themselves. Also, when comparing data from the agar diffusion assays and H2O2
quantification, it should be taken into consideration that the concentration of honey solutions in
the assays are not the same (25% and 30% w/v, respectively).
M1 recorded the highest concentration of H2O2, and if H2O2 were the sole contributor
towards activity M1 would be expected to have the largest zone of inhibition in the agar
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diffusion assays. This is not the case as M1 has the smallest zone of inhibition of the WA
honeys (14.7 mm) in the agar diffusion assays (Table 5). The fact that J1, J2 and M2, honeys
with lower concentrations of H2O2 (Fig 2) were able to produce larger zones of inhibition than
M1 (Table 5) again, suggesting that H2O2 levels in honey might only contribute to antimicrobial
activity up to an unknown threshold. Furthermore this implies that there must be other factors
present in J1, J2 and M2 making up for the difference in H2O2 concentrations such that their
activity exceeds the activity of M1 and 1024 μM H2O2. J1, J2 and M2 reported zones of
inhibition of 15.3 mm, 15.7 mm and 15.5 mm, respectively (Table 5). However, 512 μM
hydrogen peroxide showed no zone of inhibition even though it is a higher concentration of
H2O2 than that found in 30% honey solutions of J1, J2 and M2 (Fig 2). Consequently the zones
of inhibition from WA honeys cannot be attributed solely to the presence of H2O2, supporting
the notion that other factors must be present in honey that contribute to antimicrobial activity.

The activity of honey against E. coli ATCC 25922
inexplicably increases post 16 hours
The time-kill assays report less than 2 log reduction in cfu/mL from zero to six hours for
both S. aureus and E. coli (Fig 1). This suggest that the antimicrobial activity of honey might be
mostly bacteriostatic, at least, for zero to six hours. More interestingly, the activity of honey
seems to take time to ramp up. This is evident upon seeing that the graphs of cfu/mL are
markedly steeper post 16 h for E. coli. This could be explained by the fact once honey is diluted,
it takes time for H2O2 to accumulate [14, 15] and reach levels that would have an effect on
bacterial growth (Fig 2). The fact hydrogen peroxide has been previously reported to degrade
DNA in a dose-dependent manner [15, 23] supports this idea. However H2O2 levels in both J1
and M1 start decreasing after 3 h (Fig 2), which is hours before the activity of each respective
honey seems to ramp up. The pH of honey does become more acidic over time (Fig 3B and S6
Table), however such a small decrease in pH is unlikely to be the cause for such a marked
increase in activity. The data collected seems to suggest the existence of possible unknown
factors in honey that are responsible for this observable pattern of activity.
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Honey effects bacterial growth in a dose-dependent
manner
Higher concentrations of WA honey reported less bacterial growth relative to the
bacterial growth control. 24% honey solutions support growth up to 11.1% on average, relative
the growth control, 12% honey solutions up to 55.4% on average and 6% honey solutions up to
78.2% on average (Table 4). The bacterial growth in 24% honey also reports statistically
significant difference compared to the growth control (S3 Table). This pattern of activity can be
explained by the concentrations of H2O2 present at the different concentrations of honey.
According to Bang et al. [14] the concentration of H2O2 in honey varies with concentration and
is optimal at 30%-40% (v/v). The 24% honey solutions, being closest to this optimal
concentration, are producing more H2O2 compared to the 12% and 6% solutions, giving the 24%
solutions more activity, resulting in less bacterial growth. These findings are in line with
previous studies which show that H2O2 appears to degrade DNA in a dose-dependent manner
[15, 23].

There is no synergy between the components of honey
at the test concentrations used in the assays
This study reveals for the first time that the antimicrobial components of honey, the one
that were tested, showed no synergistic relationships with each other. While the components do
not work together synergistically, they work together additively, with FICs ranging from 0.625
to 1.167. This is relevant when considering the fact that, as previous studies [13, 15, 19] and this
study have shown, H2O2 is not the sole contributor towards honey’s antimicrobial activity. The
antimicrobial components in honey work in concert with each other to produce enhanced
antimicrobial activity. This also helps explains why honey can produce antimicrobial effects
that cannot be entirely explained by the concentrations of H2O2 found in honey.
Myricetin has been identified in European and Portuguese honeys [29, 30] and has also
been identified in Australian jelly bush honey (Leptospermum polygalifolium) [31]. However
myricetin is just one of many flavonoids that have been identified in honey, and flavonoids are
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not the only phytochemicals that have been identified in honey [36]. Thus it is not
representative of the activity in honey that could be due to the presence of phytochemicals. It
would have been desirable to be able to use a broader range of phytochemicals to more
accurately represent a honey, but due to time and resource constraints myricetin was the only
one used. The total concentration of gluconic acid in honey ranges from 3.61 to 11.71 g/kg
(mean = 7.37 g/kg) [37]. The concentrations used in this assay (218.14 g/kg to 6.82 g/k gluconic
acid) do not encompass these concentrations. This study gives an important first insight into the
interactions between the antimicrobial components of honey. And while the results of this assay
are a very good starting point, further study, involving a larger range of test substances, should
be conducted to learn more about synergism between the antimicrobial components of honey.
This assay can be improved by testing a wider range of phytochemicals, and gluconic acid
concentrations. Doing so would be more representative of the components as they are found in
honeys, and could reveal information that this assay in its current form could not find.

The activity of honey against Gram-negative bacteria is
altered if the bacterial membrane is disrupted
Previous studies have alluded to Gram-negative bacteria being more susceptible with
Brudzynski [11] reporting that Canadian honeys exhibit selective growth inhibitory activity
against E. coli ATCC 14948. In another study Roshan et al. [10] reported higher geometric
means for Gram-negative bacteria compared to Gram-positive bacteria. Moreover, time-kill
assays in this study reported lower cfu/mL values for E. coli compared to S. aureus at the six,
and 24 h mark (Fig 1). Treatment of bacteria with PMBN causes sensitisation to some
antibiotics and has been suggested to facilitate diffusion through the bacterial outer membrane
[38]. Treatment with CCCP causes loss of membrane integrity [39] and blocks formation of the
proton gradient [40], thus disrupting membrane formation. In this study treatment with PMBN
and CCCP resulted in the MICs of 2/12 honey/organism combinations being altered. Treatment
with EDTA, also a known membrane permeabiliser [41] was the most effective, altering the
activity of just over half (7/12) of the honey/organism combinations. An investigation of this
nature has not been done previously for WA honeys. The results of this assay are suggestive of
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the fact that the activity of honey increases upon modification of the bacterial membrane.
However, as alluded to previously, treatment with PMBN and CCCP altered the MICs in only a
small proportion of combinations (2/12). Moreover, EDTA, the most effect membrane modifier
according to this assay, inhibited bacterial growth on its own. The significant difference
reported by ANOVA and post-hoc Tukey’s HSD after treatment with EDTA might not be due
to the increased activity of honey, but from the activity of EDTA against bacteria. This is
despite the concentration of EDTA being taken from preliminary assays to determine a
concentration that would not significantly inhibit bacterial growth. In order to get a clearer
picture of the effect of membrane modifiers on honey antibacterial activity, the concentrations
of membrane modifiers needs to be adjusted such that the activity of the modifiers themselves
do not inhibit bacterial growth.

Conclusions
This study has provided valuable insight into the antimicrobial properties of WA
honeys. Hydrogen peroxide is present in WA honeys at notable concentrations. Hydrogen
peroxide also contributes to the activity of WA honeys. However upon considering and
analysing the results of multiple assays, it became evident that H2O2 is not the sole factor
contributing to the activity of WA honeys. This fact is reinforced by the possible presence of
unknown antimicrobial factors as seen in the time-kill assays. The time-kill assays also reveal
that the bactericidal activity of WA honeys increases over time, specifically 16 h according to
this study. The activity of WA honeys against bacterial growth is demonstrated to be dosedependent, increasing with higher concentrations. This is the opposite trend to the pH of WA
honeys, which decreases with higher concentrations. When considering the pH of honeys over
time, the pH also decreases from zero to 6 h. The findings of the study also provide us with
insight into the relationship between the antimicrobial components of honey, and show that
there is no synergistic activity between these components of honey, at least, at the
concentrations tested. Before development of WA honey into medical products is considered,
further research is still required to gain a better understand of the multimodal nature of WA
honey.
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Supporting information
S1 Table. p-values from one-way ANOVA followed by Tukey’s Honest Significant
Difference (HSD) test for “MICs involving membrane modifiers”.
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a

p-values from one-way ANOVA comparing differences between honey solutions treated with

PMBN, EDTA, CCCP, and a negative control. p-values <0.05 are considered significantly
different. Significant values are in bold
b

p-values from Tukey’s HSD test between honey solutions treated with PMBN, EDTA, CCCP,

and a negative control. p-values <0.05 are considered significantly different. Significant values
are in bold.
S2 Table: MIC of H2O2 against S. aureus ATCC 700699, E. faecalis NCTC 775, E. coli
NCTC 10538, and P. aeruginosa ATCC BAA-47.

a

MICs are the modal average of three replicates

S3 Table. p-values from two-tailed t-test assuming unequal variance for “Bacterial growth
curves”
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a

p-value from Student’s two-tailed t-tests, assuming unequal variance comparing differences

between bacterial growth at each honey/bacteria combination to the growth control. p-values
<0.05 are considered significantly different. Significant values are in bold

S4 Fig. Accumulation of hydrogen peroxide (μM) in honeys. Solutions of honey were at 30%
(w/v), at room temperature. Figure shows the average and standard deviation of three replicates
for each time point. Values were calculated from a standard curve of H2O2 (R2 = 0.996).
Hydrogen peroxide was measured via colorimetric assay as described in the text.
S5 Table. The pH of honey solutions at 30, 24, 12, 6 and 2% (w/v).

a

pH of honey solutions at several % (w/v) concentrations of honey

S6 Table. The change in the pH of 30% (w/v) honey solutions over time
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a

pH of 30 % (w/v) honey solutions over time
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Literature review and research plan
Literature review
1. Honey
Honey is produced by bees belonging to the genus Apis, the most well-known species
being the Domestic honey bee Apis mellifera [1]. Honey is a sweet, viscous fluid that is
golden in colour [2]. It is primarily made up of glucose, fructose, and water [3]. It also
contains trace amounts of acids, proteins, minerals from nectar, and enzymes from bees
[3]. Honey bees produce honey from nectar by converting most of the sucrose in nectar
into fructose and glucose, followed by removing most of its moisture [2].

2. History of honey as a medical agent
Honey has been used in the treatment of wounds for thousands of years [4-6].
Historically, honey was used as wound healing agent either on its own, or mixed with
other ingredients [7]. Many ancient civilisations recognised the value that honey has as
a wound control agent [6]. Amongst them are the ancient Egyptians, Assyrians, Chinese,
Greek, and Romans who all used honey for wounds and/or diseases of the gut [5].

Honey was extremely popular among ancient Egyptians, with it being mentioned 500
times in 900 remedies [5]. Two ancient Egyptian medical texts prescribe honey as a
treatment for various ailments. The Edwin Smith Papyrus, dated to between 2600 and
2200 BC, lists grease, honey, and lint/fibre as the ingredients to make a standard wound
salve [5, 6]. The Edwin Smith Papyrus also describes mixing honey with fat/grease in
the ratio of ½ honey to ½ fat for application onto wounds [7]. Secondly, approximately
30% of the 966 prescriptions in the Ebers Papyrus, dated to approximately 1500 BC,
contain honey [8].

The ancient Greeks were also aware of the healing properties that honey had. They used
honey in ointments to dry out wounds and prevent suppuration [7], and Hippocrates
prescribed honey mixed with vinegar for pain [9]. The Ancient Greeks also seemed to
know that different honeys have different activity. This is evident in the fact that
Aristotle, and Dioscorides recommended that different honeys from different regions be
used for different conditions [10]. Hindu medicine also used honey for a variety of
purposes [8].
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Dressing wounds with honey was common practice before antibiotics [11]. The Greek
Aristotle recognised that honey was useful as a salve for wounds and sore eyes [10]. His
fellow Greek Dioscorides wrote about honey being good for rotten and hollow ulcers
[12]. Honey also saw use in the middle ages in wound care remedies [13].

3. Honey as a wound dressing
Honey has been shown to be an effective wound control agent [14, 15]. It is effective in
treating chronic wounds [16], infected wounds [17], and burns [18]. Honey also helps
reduce inflammation, swelling, and pain during wound healing [19]. A review by Molan
[15] cites evidence from multiple clinical studies showing that honey is an effective
wound control agent. In a study using 50 patients, patients that had honey applied to
their wounds reported reduced inflammation, better infection control, and faster healing
compared to patients who had silver sulfadiazine applied to their wounds [14]. In the
same study, by day 21, the wounds treated with honey showed epithelisation in 100% of
the patients, whereas silver sulfadiazine treated wounds showed epithelisation in 84% of
patients. In a study by Subrahmanyam [20] comparing honey dressing to boiled potato
peel dressing, the wounds of 90% of the 50 patients treated with honey dressing were
sterilised by day 7 whereas infection was noted in the wounds of the 50 patients treated
with boiled potato peel dressing. Subrahmanyam [20] also reported that the wounds of
all the patients treated with honey dressing were healed by day 15, compared to only
50% of the wounds being healed for those treated with boiled potato peel dressing.

Blair et al. [11] states that honey has many traits that make it useful as a wound
dressing; it exhibits broad spectrum antimicrobial activity [11, 21], it rapidly clears
wound infections [7, 11, 19] and inhibits a large number of microbes [22]. Additionally,
honey is effective against antibiotic-resistance microbes that typical antibiotics cannot
kill [11, 23]. Even low honey concentrations of 4 to 14.8% (w/v) are effective at killing
species of wound pathogen [11].

For decades there has been an increase in the amount of bacterial resistance to multiple
antibacterial agents [24]. Of relevance is that fact that wound bacteria show these
patterns of resistance to traditional antibiotics [25]. Fortunately, honey has been shown
to be effective at treating wounds infected with antibiotic-resistant bacteria [4, 7].
Honey was shown to have bactericidal activity against methicillin-resistant
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Staphylococcus aureus (MRSA) [11, 26], with Blair et al. [11] reporting an MIC of 4.2
± 0.4% (w/v) against MRSA. Cooper et al. [23] reports that honey inhibits antibioticresistant bacteria isolated from wounds. Another trait worth noting is that bacterial
resistance to honey is not acquired via continuous exposure to sub-lethal concentrations
of honey [11]. Constant exposure to sub-lethal concentrations of antibiotics typically
favours the development of antibiotic resistance by microorganisms [24]. This is not the
case with honey, because “resistance to honey could not be induced under conditions
that rapidly induced resistance to bacteria” [11].

Honey has been reported to contain spore-forming microorganisms such as Clostridium
botulinum [27, 28], and Paenibacillus larvae [29]. The possibility of microorganisms
being present in honey is concerning if it is being applied to wounds. Therefore, honey
must be sterilised prior to medicinal application to eliminate the possibility of microbial
infection. However, honey activity is heat labile [30], and therefore cannot be sterilised
by autoclaving [8]. Fortunately, Molan and Allen [31] discovered that honey can be
sterilised via Gamma-irradiation with no significant change in antibacterial activity.
They showed that 25 kGy of Gamma-irradiation, the amount used for commercial
sterilisation of medical dressings, was enough to sterilise honey. This discovery meant
that honey could now be sterilised without reducing its antimicrobial activity.
Consequently, honey approved as medical products are typically gamma-irradiated to
sterilise.

When applied to wounds, honey could be diluted out by wound exudate. Because of this,
high concentrations of honey have to be applied to wounds [26]. This way, when honey
is eventually diluted out it is still at a high enough concentration to act as an effective
antimicrobial agent. However, honey concentration may still fall to low enough levels
such that significant antimicrobial activity is lost. Because of this, even if honey is
added at high concentrations, wound dressings have to be regularly changed so that
honey concentration does not fall to levels that are too low for significant H2O2
production, and antimicrobial activity [32].

One of the reasons that honey is an effective wound treatment is because it continuously
supplies low levels of H2O2 over an extended period of time [32, 33], as opposed to
initially applying a large dose followed by a sharp drop in activity. Bang [32] reports a
maximal rate of production of 2.2 to 5.6 mM/h for 8 honeys; The highest rate of
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production reported by White et al. [34] was 360 μg/h per gram of honey. Because
honey acts in this way, the antimicrobial effect of honey is constant, giving tissue an
environment where it can heal itself. Additionally, because low levels of H2O2 are
generated, cytotoxic damage due to H2O2 is very low [32]. Honey also provides a moist
healing environment that helps wounds heal quickly [11, 20]. A moist healing
environment helps wound healing by allowing skin to heal along the surface of the
wound as opposed to forming scabs [7]. A moist wound environment also protects the
wound, reduces infection rates, reduces pain, debrides necrotic tissue, and promotes
granulation [35]. Furthermore, the high osmolarity of honeys allows it to draw oedema
from wounds [20], which clears up the wound area of debris so that healing can occur.

Honey accelerates the wound healing process [19, 36], having notable positive effects
on angiogenesis, granulation, and re-epithelisation [4, 36]. This could be attributed to
the presence of H2O2 in honey. There is literature showing that H2O2 acts on wounds to
assist with the healing process [37, 38]. It has also been reported that in a variety of
normal cells types, H2O2 is generated in response to growth factor stimulus [37]. This
points to H2O2 having properties that assist in wound healing. For example, even though
it is cytotoxic, H2O2 has been found to stimulate cell growth when it is present in low
concentrations, such as those found in honey [37]. Additionally, H2O2 stimulates
mitosis, and has been shown to stimulate the growth of fibroblasts [38] and epithelial
cells [37]. H2O2 has also been reported to increase blood flow in the healing of ischemic
ulcers, which assists with wound healing [38].

4. Antibacterial properties of honey
Honey has been shown to be active against Gram-positive and Gram-negative bacteria
[8, 39] and has been shown to completely inhibit seven different species of woundinfecting bacteria at concentrations below 11% (v/v) [40]. In a survey of 477 honeys,
Irish et al. [39] found that 286 (60%) had detectable antibacterial activity with an
average of 17.8 ± 5% phenol equivalence. Most of the honeys they surveyed grouped at
either 0 to 5%, or 15 to 20% phenol equivalence, suggesting that honey activity is
mostly all-or-nothing. However, the limitations of the phenol equivalence method have
been noted [26], and the results reported by Irish et al. [39] could be because the phenol
equivalence method they use is not discriminatory enough to detect small variation in
activity.
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Other papers have also found that honey shows significant antibacterial activity [22, 4042]. Roshan et al. [42] reports an MIC of 8% (w/v) for three strains of S. aureus and one
strain of S. epidermidis; an MIC of 16% (w/v) for A. baumannii, E. coli, and P.
aeruginosa; an MIC of 32% (w/v) for S. typhimurium, and an MIC of >32% (w/v) for
two E. faecalis strains. Willex et al. [40] reports 100% growth inhibition for honey
concentrations at 5.6% (w/w) for E. coli, 15.7% (w/w) for P. aeruginosa, 8.9% (w/w)
for
S. typhimurium, and 2.7% (w/w) for S. aureus.

There is a considerable variation in the antibacterial activity of honey [30, 43], with
many factors thought to contribute to the antibacterial property of honey. Namely: high
osmolarity, H2O2, low pH [42], and plant-derived phytochemicals. The major variation
in activity in some honeys is mainly due to the varying levels of H2O2 (discussed below)
in those honeys [30].

4.1 Hydrogen peroxide
Hydrogen peroxide is thought to be a significant contributor to antibacterial activity in
many honeys [32, 41, 44], and plays an active role in the bactericidal activity of honey
[21].

Hydrogen peroxide is produced via the action of glucose oxidase [11, 45], an enzyme
introduced into honey by bees [34, 45]. The reaction catalysed by glucose oxidase
converts glucose into gluconic acid and H2O2. Oxidation of glucose to produce H2O2
occurs at higher rates when honey is diluted [45], with little to no production occurring
in undiluted honey [32, 45]. Diluted honey produces more H2O2 because the reaction
catalysed by glucose oxidase requires the presence of water to generate H2O2. When
undiluted, the amount of water present is too low for significant H2O2 production.
However, when the honey is diluted, water is available for the reaction to produce large
amounts of H2O2. Oxygen is also required for this reaction to take place [33], thus,
aerobic conditions are required for the production of H2O2.

Figure 1, Reaction catalysed by glucose oxidase.
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Hydrogen peroxide levels vary significantly between different honeys [22], with the
amount of H2O2 in a honey depending primarily on both the amount of glucose oxidase,
and H2O2-destroying compounds present [8, 30, 33]. Variation in H2O2 levels can also
occur between two samples of the same honey. The amount of H2O2 a honey produces
will differ depending on the concentration of honey [32], with optimal concentration for
maximal production of H2O2 being around 30% (v/v) according to Bang et al. [32]. At
different concentrations, different amounts of water are available for use in H2O2
production. Consequently, the same honey at two different concentrations will not
produce similar amounts of H2O2. The time elapsed after honey is diluted also affects
H2O2 levels. H2O2 levels in honey will increase to a certain point before starting to
decrease back down to zero [32, 44]. If the same honey is assayed at two different time
points after initial dilution, each assay could return different results. H2O2 levels in
honeys are also affected by light exposure [34]. However, this is probably due to the
degradation of glucose oxidase, which is inactivated by exposure to light [30, 46].

Figure 2, Hydrogen peroxide production by honey at various degrees of dilution [mean
± standard deviation, n = 3), expressed as mmoles hydrogen peroxide per liter of honey
solution per 30 minutes from Bang et al. [32]; p. 270.

46

Figure 3, Accumulation of hydrogen peroxide (mmol) with respect to time in a 50%
composite rewarewa honey sample and a 50% composite ling heather sample incubated
at 37°C for 72 hours from Bang et al. [32]; p. 270.
Irish et al. [39] tested 10 honeys with peroxide-dependent activity over an 8 to 22 month
period and reported that activity declined with an average of 9.5% phenol equivalence.
This is probably due to the instability of glucose oxidase, which is inactivated by low
pH, light exposure, and heat exposure [30, 46].

If the concentration of a honey is not controlled for, it will become another variable that
affects the results of assays. Likewise, in a project spanning a long period of time, the
activity level of a honey could drop, affecting the results of assays the honey is used in.
To account for this, Irish et al. [39] suggests that honey used for lab tests be regularly
tested to ensure that activity is stable. This also has implications for honey used for
medical purposes. If stored for too long the honey could lose activity and become
ineffective at inhibiting microbial growth around wounds. However, it is impractical to
always test honey before medicinal application. To help ensure that honey is active
before medicinal application, medical-grade honey should be tested before packaging,
and have a label with a best before date on it.
Hydrogen peroxide level is reported to be strong predictor of a honey’s antibacterial
activity [22]. However, H2O2 levels should not be used as the sole determining factor
when assessing the activity of honey as several studies have reported that there is no
correlation between H2O2 levels in honey, and antibacterial activity [42].
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The H2O2 present in honey causes cellular and protein damage at very high
concentrations [47, 48], and is also involved in oxidative damage [44]. Hydroxide
radicals generated from H2O2 cause protein and lipid peroxidation as well as
degradation of RNA and DNA [21]. The damage that hydroxide radicals cause will
eventually lead to cell death [49-51]. H2O2 plays an active role in the bactericidal
activity of honey [21]. More specifically, H2O2 appears to degrade DNA in a
concertation-dependent manner [21, 44]. The active role it plays is evident by the fact
that removal of H2O2 from honeys with catalase will significantly reduce the
bactericidal activity of honey [21].

Multiple papers suggest that H2O2 does not act on its own to produce the antimicrobial
properties of honey and that other substances within certain honeys also contribute to
antimicrobial activity [26, 39, 42, 44]. Exogenous H2O2 alone does not cause DNA
degradation [52]. Therefore, other factors in honey must be assisting H2O2 to enable
DNA degradation. Furthermore, honeys tested by Brudzynski et al. [44] showed that the
H2O2 levels in honey ranged from 0.5 to 2.7 mM. These levels are 260 to 1600-fold
lower than those found in disinfectants that use H2O2 [7, 44]. At the levels present in
honey, H2O2 cannot be expected to be the only contributor towards antimicrobial
activity in honeys. Taking these factors into consideration, there must be unknown
components in honey that work alongside H2O2 to cause antimicrobial activity.

4.2 Osmotic effect
Undiluted, the osmotic effect of honey on its own is often enough to inhibit microbial
growth [8, 33]. However, the antibacterial activity of honey is not entirely due to its
osmolarity [53]. This can be shown by diluting honey out such that the osmolarity no
longer inhibits bacterial growth; honey will still inhibit bacterial growth due to the
presence of other antimicrobial factors present in the honey [33]. Honeys assayed by
Cooper et al. [54] reported MICs as low as 2.1 to 5% (v/v).

One way to assess the osmolarity of honey is via water activity (aW). aW is a measure
of the availability of water in a system ; an aW of 1 means that all the water is available,
and 0 means that no water is available. Honey sits at an aW of around 0.6 [33]. Bacteria
are typical inhibited by aW in the range of 0.87 to 0.95, corresponding to honey
concentrations of 2 to 12% (v/v) [55]. Only the more halophilic and osmophilic bacteria
can survive at a lower aW.
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Compared to bacteria, fungi are also more tolerant to osmolarity, and consequently the
osmotic effect of honey does not affect fungi to the same extent [55].

4.3 Acidity
The pH of 12 honeys tested by Roshan et al. [42] ranged from 4.03 to 4.69. At the
reported pH range, the pH of honey is well below the optimum pH for the growth of
many bacteria, which is between 7.2 and 7.4 [55]. Gluconic acid, the other product of
the reaction catalysed by glucose oxidase, is the primary acid found in honeys [45, 55].

The acidity of honey could be neutralised by the buffering capacity of bodily fluids [55].
However antibacterial activity of honey is still significant when acidity is neutralised
prior to assays [55]. This could be an explanation as to why studies have found no
correlation between pH and antibacterial activity [55].

It can be argued that pH may still make some sort of contribution. As mentioned prior,
the typical pH of honey is far below the optimum pH for the growth of many bacteria.
At such a pH, honey acidity could be stressing bacterial cells, such that other factors in
the honey can act to a greater magnitude.

4.4 Non-peroxide dependent activity
A honey is said to have non-peroxide activity if it retains close to the same level of
antimicrobial activity in the absence, and presence of catalase [39]. That is to say, its
activity is due to factors other than the production of H2O2. Honeys with non-peroxide
activity are said to be ideal for wound dressings as their activity will not be significantly
reduced by catalase, an enzyme that degrades H2O2, present in the human body [39].
Because their activity is not destroyed by catalase their activity is thought to last longer
in wound environments [42].

Irish et al. [39] shows that non-peroxide activity in honey is relatively uncommon. Of
477 honeys, Irish et al. [39] found non-peroxide activity in just 80 (16.8%) with average
activity of 15.6 ± 4.7% phenol equivalence.

Non-peroxide activity was first identified in New Zealand Manuka honey [39], which
exhibits particularly high levels of non-peroxide activity [41]. New Zealand Manuka
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honey comes from the Leptospermum species. The non-peroxide activity in
Leptospermum species is attributed mainly to the presence of methylglyoxal (MGO), a
plant-derived phytochemical compound [56]. Because Manuka honey derives its
activity primarily from the presence of MGO [26] the activity of Manuka honey is not
significantly affected by the addition of catalase.

Honeys with non-peroxide activity have a theoretical advantage over honeys with
peroxide-dependent activity, in that their activity is not reduced by catalase present in
the human body [39]. Another advantage they have is that honeys exhibiting nonperoxide activity do not show a significant decrease in antibacterial activity when stored
for prolonged periods of time [39]. It could be for this reason that a lot of the medicalgrade honeys currently on the market are Manuka honeys.

4.4.1 Methylglyoxal (MGO)
The antibacterial activity in Manuka honey is mainly due to its non-peroxide
dependent activity [41], which is attributed to presence of MGO [56]. Kwakman
et al. [26] reports that MGO is a major factor in bactericidal activity in Manuka
honey. They also report that when MGO is removed, Manuka honey still retains
bactericidal activity, albeit, due to unknown factors.

Leptospermum honeys typically contain very high levels of MGO [26] with
levels up to 100 times higher compared to other honeys [56]. Levels of MGO in
50 honey samples of various origin reached a maximum of 5.7 mg/kg, whereas
levels in six Manuka honeys ranged from 38.4 ± 5 to 761 ± 25 mg/kg [56].
Honeys with higher MGO levels often report lower than average H2O2 levels
[57]. This is because MGO modifies and inhibits the activity of glucose oxidase,
leading to reduced H2O2 production [57]. Furthermore non-Leptospermum
honeys do not contain significant levels of MGO [42, 56]. This is because the
MGO present in select species of Leptospermum is plant-derived. MGO comes
from dihydroxyacetone, which originates from the nectar of Leptospermum
flowers [58]. Consequently, we would not expect honey derived from other plant
species to contain high levels of MGO.

Leptospermum honey is one of the few honeys that have been developed into a
medical product [42]. In fact most honey-based wound care products use
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Manuka honey from New Zealand, or other Leptospermum species in Australia
[39]. Due to the nature of its activity, Manuka honey retains similar levels of
antibacterial activity even when H2O2 is removed by catalase [42, 59]. This
makes it attractive for development into a medical wound dressing.

4.5 Synergistic activity between the antimicrobial components
of honey
There are many instances that suggests the presence of synergy between the
antimicrobial components of honey. As stated previously, H2O2 levels in honey are not
high enough to explain honeys activity [7, 44]. Furthermore, when honey is diluted such
that the osmolarity no longer inhibits bacterial growth, honey will still inhibit bacterial
growth [33], and antibacterial activity of honey is still significant when acidity is
neutralised prior to assays [55]. None of the individual components of honey, on their
own, explain its activity. Instead, they are quite possibly acting either synergistically, or
additively to give honey its antimicrobial activity.

5. Factors affecting honey activity
5.1 Gram-negative outer membrane
Gram-negative bacteria appear to have reduced susceptibility to honey compared to
Gram-positive bacteria [42]. This could be due to the lipopolysaccharide (LPS) outer
membrane unique to Gram-negative bacteria being involved in resistance to honey
activity.

12 honeys tested against 10 bacterial species reported higher MICs for Gram-negative
bacteria [42] which could mean that Gram-negative bacteria have reduced susceptibility
to the activity of honey. It should be noted that honey selective to Gram-negative
bacteria has been demonstrated in angelita honey [60]. Brudzynski [22] also reports that
honey is selective against Gram-negative E. coli. In fact, Brudzynski [22] mentions the
existence of a hypothetical component conferring selectivity to Gram-negative bacteria.
The literature is not in agreement regarding the effect that the Gram-negative outer
membrane has on honey activity.

The influence of the Gram-negative outer membrane on the activity of honey is an area
that is yet to be explored in depth. Although some papers have noted such effects, there
is yet to be a rigorous investigation into it. This is an area that is worth investigating.
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5.2 Catalase
Hydrogen peroxide is degraded by the enzyme catalase [44], which hydrolyses it into
oxygen and water [61]. Consequently, there will be a noticeable reduction of
antimicrobial activity if you add catalase to a honey where H2O2 is a significant
contributor towards antimicrobial activity [42]. When assayed with the presence of
catalase, most honeys tested by Allen et al. [41] showed no detectable antibacterial
activity. This is an issue when honey is applied to wounds because catalase present in
human tissues, and in blood can destroy the H2O2 in honey [53], reducing the honeys
ability to inhibit bacterial growth. Catalase has also been shown to be present in honey
[30] and is a factor that affects the final amount of H2O2 in honey.

Catalase, alone, is not enough to completely eliminate H2O2 from honey [22].
Brudzynski [22] added a molar excess of catalase to remove all the H2O2 from honey.
Instead of being removed, 25 to 35% of the H2O2 remained. This amount provided a
reduced, but still significant level of antimicrobial activity in the honeys that were
assayed. The H2O2 could have remained because it could have been inaccessible to the
catalase, or because the de-novo generation of H2O2 exceeded the degradation rate [22].
Removal of bacterial catalase has been shown to increase the sensitivity of bacteria to
the activity of H2O2 [61].

6. Honey activity against fungi and viruses
6.1 Antifungal activity
Honey has been shown to have antifungal activity [55], with honey being active against
various fungal species [33]. However, honey is not as active against fungi as it is against
bacteria, with Chen et al. [62] reporting MICs of 19 to 38.3% (w/v) for Candida
albicans, compared to 12 to 21.1% (w/v) for S. aureus. In fact, the majority of honeys
tested by Chen et al. [62] had low antifungal activity with MICs > 30% for 12 of the 17
honeys.

Antifungal activity does not correlate with H2O2 concentration in honey [62], but it has
been reported that antifungal activity in honeys is reduced following the addition of
catalase [62]. Additionally, some fungi are inhibited by factors present in honey that are
not its high sugar content [55], which could be due to the existence of unknown
antifungal factors.
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6.2 Antiviral activity
A study by Hashemipour et al. [63] showed that honey has antiviral effects against
herpes simplex virus 1 (HSV-1),with honey being more effective in action compared to
acyclovir. Manuka and clover honey have been reported to show antiviral activity
against varicella zoster virus (VZV) with an IC50 (concentration that causes 50%
inhibition) of 45 mg/mL [64]. Honey has also been reported to have activity against
rubella virus [65]. Also, Manuka honey seems to have potential medical value in use as
an antiviral agent against influenza virus, with Watanabe et al. [66] reporting an IC50 of
3.6 ± 1.2 mg/mL.

The specific compounds in honey that give honey its antiviral effects seem to be largely
unknown. Further investigation into this field is required to confirm the existence, and
determine the nature of such compounds.
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Research Plan
Rationale
Only a small number of published papers specifically investigate the antimicrobial
properties of Western Australian (WA) honeys. Irish et al. [39] investigated the
properties of 477 honeys, 96 being from WA. They reported that marri (Corymbia
calophylla), and jarrah (Eucalyptus marginata) honey from W.A had very high activity.
There is potential for the development of WA honeys into medical products. WA
honeys might show very good and stable activity, but without further research they
cannot be exploited and developed into medical products. Further research is needed to
gain a better understanding of the characteristics and nature of the antimicrobial activity
in W.A honeys. Therefore, to investigate the antimicrobial properties of WA honeys;
two WA jarrah, two WA marri honeys and one WA pasture honey will be tested.
Manuka (Activon) honey and artificial honey will be used as comparitors.

Aims & Hypothesis
The main aim of the project is to examine the role of H2O2 in the antimicrobial activity
of Western Australian honeys.
More specifically, the aims and hypotheses are:
1. Investigate the overall contribution of hydrogen peroxide to the
antimicrobial properties of WA honeys.
Hypothesis: hydrogen peroxide contributes to the antimicrobial activity of honey,
but it is not the only factor contributing to such activity

2. Investigate the effect of honey on bacterial growth dynamics.
Hypothesis: Honey will cause at least a 4 log reduction in cfu/mL of bacteria
after 16 hours, and will decrease the rate of bacterial growth in a concentrationdependent manner

3. Investigate the presence, or absence of synergistic effects between the
known antimicrobial components of honey.
Hypothesis: There is no synergistic activity between the antimicrobial
components of honeys
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4. Investigate the effect of Gram-negative outer membrane on honey
antimicrobial activity.
Hypothesis: The Gram-negative outer membrane of bacteria will have a
protective affect against honeys antimicrobial activity

Experimental design
Experimental and observational units
Honey is the experimental unit because the same honeys will be used for all the tests
and procedures. The honeys also make up the observational units as data will be
collected on them.

Confounding variables
Honey concentration
Honey concentration is a confounding variable for the H2O2, and time-kill
assays. Bang et al. [32] reports that the amount of H2O2 a honey produces
depends on the concentration of the honey. If concentration of honey is not
accounted for it becomes a variable that can affect results. Conclusions drawn
from such tests could be incorrect because there is another variable at play. To
control for this all the honeys will be diluted to final concentrations of 25%
(w/v) for the agar diffusion assays, 30% (w/v) for the H2O2 assays, and 40%
(w/v) for the time-kill assays.
Age of honey
Irish et al. [39] tested 10 honeys with peroxide-dependent activity over an 8 to
22 month period and reported that activity dropped with an average of 9.5%
phenol equivalence. If the activity of a honey drops significantly during the
course of the project, any conclusions we draw could be inaccurate. Honey used
for lab tests will be regularly tested to ensure that activity is stable.
Time between dilution of honey and use of the honey for testing
Honey needs to be diluted to produce significant levels of H2O2 [32]. Once
diluted H2O2 concentration will increase up to a certain point, and then start
decreasing [32]. If the time between dilution and inoculation is not taken into
account, independent tests of the same honey could yield different results. To
control for this, all honey samples will be treated with inoculum approximately
1.5 hours after the initial dilution.
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Unknown confounding variables
Unknown confounders will be accounted for via matching with positive and/or
negative controls. Broth microdilution will be run with and without catalase for
the honey activity tests. Manuka (Activon) honey will be used as a comparator
for the H2O2 assays. Tests will be run with and without chemicals for the Gramnegative outer membrane assay. For time-kill assays, bacterial cultures not
treated with honey will be run alongside the treated cultures. The agar diffusion
assay will have wells that are not treated with honey, and exogenous H2O2 will
be used as a comparison.

Clinical implications/translation
The results of the project will provide valuable new information regarding H2O2’s
contribution to the antibacterial properties of Western Australian honey. If jarrah and
marri are found to have strong antimicrobial properties, it opens up room further
research in order to determine if they are suitable for use as medical products. If H2O2 is
found to contribute to the activity of WA honeys will give us a better idea of how the
honey will act in a medical setting when applied to wounds. The discovery that Gramnegative outer membranes have an effect on honey activity has implications for its use
as a medical wound dressing. It could lead to honey becoming less favourable when
treating infections caused by Gram-negative bacteria. Additionally, local honey farmers
will also benefit because they will have scientific evidence that they can use to
market/promote their honeys to consumers.
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Aim 1: Investigate the overall contribution of hydrogen
peroxide to the antimicrobial properties of WA honeys.
Method: Broth microdilution assay
Broth microdilution will be performed based on methods in CLSI guideline M07-A10
[67]. 4 bacteria will be used. Staphylococcus aureus (ATCC 700699) will be used as it
has historically been used to test honey activity, Enterococcus faecalis (NCTC 775) and
Pseudomonas aeruginosa (PAO1) will be used because both have naturally high levels
of antibiotic resistance, and Escherichia coli (NCTC 10538) will be used because is a
commonly tested Gram-negative bacteria. Each bacteria, respectively, will be inoculated
into 0.85% (w/v) saline and subsequently made up to 0.5 McFarland standard (approx.
1.5 x 108 cfu/mL) with 0.85% (w/v) saline. Each solution will then be diluted using 4 ×
Mueller Hinton Broth (MHB) (w/v) to make a 2% (v/v) solution of inoculum. Unless
stated otherwise, bacterial inoculum for each assay will be prepared in this manner. For
each plate the minimum inhibitory concentration (MIC) of the honey for each organism
will be determined visually as the lowest concentration of honey resulting in an
optically clear well. The optical density (OD) of the plates will be measured at 600 nm
at zero, and 24 hours. Each independent test will be run three times for each honey to
get an average MIC.
MIC with catalase
Each independent test will use a single honey, and two 96 well plates. One plate
will have honey treated with 5600 U/mL catalase to destroy H2O2, and the other
will not have catalase. On each plate, instead of two-fold serial dilutions, each
organism will be inoculated into honey concentrations ranging from 0% to 30%
(w/v) (2% increments) after adding 50 μL aliquots of inoculum, with a final
volume per well of 200 μL. This gives a higher degree of accuracy and
discrimination when determining MICs. For this assay E. faecalis inoculum was
set to 1 McFarland standard (3 × 108 cfu/mL) and then diluted 1/50 with 4 ×
MHB.
MICs of hydrogen peroxide
The final concentrations of H2O2 will range from 4096 to 128 μM in doubling
dilutions, and including the additional concentration of 3072 μM after adding 50
μL aliquots of inoculum, with a final volume per well of 200 μL.
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Effect of hydrogen peroxide accumulation on MICs
To examine the effect of H2O2 accumulation on the MIC of honey solutions,
honeys will be prepared at 30% and incubated at room temperature (approx.
22°C) for 3 h. This concentration of honey was chosen as it was also used in the
H2O2 accumulation assays described below. MICs then be determined as
described above, with the honey solutions being further diluted such that final
concentrations ranged from 22% to 0% (w/v) (2% increments) after adding 52.5
µL aliquots of inoculum, to a final volume per well of 210 μL.

Statistics: The MICs of honey in the presence, and absence of catalase will be analysed
via one-tailed paired t-tests. Significance level (α) will be set at 0.05. MICs from the
hydrogen peroxide accumulation assay will be analysed via Student’s two-tailed t-test,
assuming equal variance. Where applicable, and unless otherwise stated, statistics will
be done on R version 3.3.1 in combination with RStudio.

Outcome: For the jarrah and marri honeys, the plates with catalase will report a
significantly higher MIC compared to the plates without catalase. For Manuka
(Activon) honey, the MICs of the plates with catalase will not be significantly different
to the MICs of the plates without catalase. This will confirm that hydrogen peroxide
makes a significant contribution to the total activity of honey.

Method: Colorimetric assay for H2O2 quantification
H2O2 quantification will be performed based on methods outlined in Kwakman et al.
[26]. Honey will be made up to 30% (w/v) with reagent containing 50 μg/mL odianisidine and 20 μg/mL horseradish peroxidase in 10 mM phosphate bugger (pH 6.5).
The reaction will run for 5 minutes before being stopped using 6 M H2SO4. Afterwards,
OD will be read at 540 nm. This will be done at 0, 1, 2, 3, 4, 6 and 24 hours. To
calculate H2O2 concentrations a calibration curve will be made via two-fold serial
dilutions of H2O2 ranging from 550 to 2.1 μM.
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Figure 4, Glucose (GO) assay kit Detection of glucose via glucose oxidase (GO) and
peroxidase, monitored at 540 nm from Siegrist [68]; p.19.
Outcome: The levels of H2O2 in jarrah and marri will be significantly higher than the
levels of H2O2 in Manuka (Activon) honey. The levels of H2O2 in all the honeys will
rise to a certain level and then start falling down to give no measurable levels of H2O2.

Method: Agar diffusion assay
An agar well diffusion assay will be performed based on methods in Roshan et al. [42].
Mueller-Hinton agar will be inoculated with Staphylococcus aureus (ATCC 700699) at
0.5 McFarland standard (approx. 1.5 x 108 cfu/mL). Each honey will be diluted out into
20, 30, 40, and 50% (w/v) dilutions. 8mm wells will be cut into the agar and 100µl of
each honey solution will be added to each well. Wells containing exogenous H2O2 will
be run alongside the honeys to compare the activity of honey H2O2 to exogenous H2O2.
One of the wells will contain a negative control that is not treated with honey. Plates
will be incubated for 24 hours before zones of growth inhibition are measured.

Statistics: Difference in zone sizes will be analysed via one-way analysis of variance
(ANOVA). Significance level (α) will be set at 0.05. If significance is detected via oneway ANOVA, a post-hoc test will be conducted using Tukey’s Honest Significant
Difference (HSD) test.

Outcome: Wells containing high concentrations of H2O2 will have larger zones of
inhibition. Exogenous H2O2 will have a smaller zone of inhibition compared to the
honeys.
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Aim 2: Investigate the effect of honey on bacterial
growth dynamics.
Method: Time-kill assay
Time-kill assays will be performed based on methods described by Roshan et al. [42].
Two bacteria, Staphylococcus aureus (ATCC 700699), and Escherichia coli (NCTC
10538) will be used. Inocula will be prepared by culturing bacteria overnight in 10 mL
Tryptone soy broth (TSB) at 36oC with shaking, and then diluting 1/50 in 4 × MHB.
Bacterial inoculum will be added to a 60% (w/v) honey solution to make a final solution
of 40% (w/v). A solution containing SDW and inoculum will be used as growth control.
Aliquots will be removed at 0, 1, 2, 4, and 6 hours, and serially diluted for viable counts.
The assay will be repeated such that viable counts can also be performed at 16, 20, and
24 hours. The limit of detection will be set at 3 × 102 cfu/mL, based on detecting three
colonies from the 1/10 dilution.

Outcome: Bactericidal activity of WA jarrah and marri honey will increase with time.

Method: Bacterial growth curves
Inocula will be prepared by culturing S. aureus ATCC 700699, E.coli ATCC 25922,
and P. aeruginosa ATCC BAA-47 overnight in 10 mL TSB at 36oC with shaking, and
then adjusting to 0.5 McFarland standard using 0.85% saline. The assay will be
performed in a 96-well microtiter tray as follows: Volumes of 60% honey and 2 × TSB
will be aliquoted into wells so that after adding 20 µL inoculation, wells contained final
concentrations of 24, 12, and 6% honey, and 1 × TSB with a final volume per well of
200 µL. If required, SDW will be used to make the well volumes up to 200 µL. Wells
containing 1 × TSB will be inoculated as above and used as positive growth controls.
Wells without inoculum will be used as negative growth controls. Trays will be
incubated at 36oC with shaking and their OD determined at 600 nm every hour, 0 to 8 h
post-inoculation. Another microtiter tray will be prepared such that the OD can be
determined the following day at every hour from 14 to 24 h post-inoculation.
Statistics: 24 hour ODs obtained from the growth curves will be analysed via Student’s
two-tailed t-test, assuming unequal variance. Significance level (α) will be set at 0.05.

Outcome: Higher concentrations of honey will report less bacteria growth relative to
the growth control
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Aim 3: Investigate the presence, or absence of
synergistic effects between the known antimicrobial
components of honey.
Method: Checkerboard assays
Potential synergistic action between several honey components will be investigated
using checkerboard assays. Artificial honey will be used to represent the osmotic effect
on honey, with concentrations of 32, 24, 16, and 8% (w/v). The remaining test
substances will be at doubling dilutions; gluconic acid from 1.0 to 0.03125 M, H2O2
from 2048 to 2 µM, and myricetin, which is a representative phytochemical, from 256
to 4 µg/mL. All test substances will be tested against each other for a total of 6
combinations. Inoculum aliquots of 50 µL will be added to wells of a 96-well plate such
that the final concentration of each test substance was at the desired concentration, with
a final volume per well of 200 µL. If required, the volume in the wells will be made up
to 200 µL with SDW. The OD of the plates are to be measured at 600 nm at zero, and
again at 24 h. After 24 h incubation at 36oC MICs will be determined as described
previously. The presence of synergism will be determined via the FIC index, calculated
using the following formula:
FIC =

𝑀𝐼𝐶 𝑜𝑓𝑡𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝐴 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛
𝑀𝐼𝐶 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝐴 𝑎𝑙𝑜𝑛𝑒

+

𝑀𝐼𝐶 𝑜𝑓𝑡𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝐵 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛
𝑀𝐼𝐶 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝐵 𝑎𝑙𝑜𝑛𝑒

Synergism was defined as an FIC of ≤ 0.5, additivity as 0.5 < FIC ≤ 4, and antagonism
as FIC > 4.

Outcome: There will be synergistic activity between some of the antimicrobial
components of honey.
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Aim 4: Determine the effect of Gram-negative outer
membrane on honey antimicrobial activity
Method: Broth microdilution assay
Broth microdilution will be performed as described previously.
MICs with membrane modifiers
To determine the effect of the Gram-negative membrane on the activity of honey,
chemicals will be used to disrupt the Gram-negative membrane. Polymyxin B
nonapeptide (PMBN) and ethylenediaminetetraacetic acid (EDTA) will be used
to permeabilise the outer membrane, and carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) will be used to uncouple the proton gradient. 4 bacteria,
Pseudomonas aeruginosa (PAO1), Pseudomonas aeruginosa (ATCC 15442),
Escherichia coli (NCTC 10538), and Escherichia coli (ATCC 25922) will be
used.

Each independent test of a honey will use four 96 well plates, one for each
bacteria. PMBN will be used at final concentrations of 10 μg/mL for both E. coli
strains, 0.0625 μg/mL for P. aeruginosa ATCC BAA-47, and 0.3125 μg/mL for
P. aeruginosa ATCC 15442. EDTA will be used at final concentrations of 0.625
mM for both P. aeruginosa strains, 2.5 mM for E. coli NCTC 10538, and 5 mM
for E. coli ATCC 25922. CCCP will be used at final concentrations of 100 μM
for both E. coli strains and 200 μM for both P. aeruginosa strains.

Each chemical will be added to honey concentrations ranging from 0 to 20%
(w/v) (2% increments). Each plate will then be inoculated using the
corresponding bacteria. For each plate, the minimum inhibitory concentration
(MIC) of the honey for each chemical will be recorded. The OD of the plates
will be measured at 600 nm at zero, and 24 hours. Each independent test will be
run three times for each honey to get an average MIC. Wells containing purely
honey at concentrations of 0 to 20% (w/v) will be run in each plate as a negative
control. Two-fold serial dilutions of novobiocin at concentrations ranging from
256 to 8 µg/mL will be used as a positive control for PMBN.

Statistics: The MICs of honey in the presence, and absence of chemicals will be
analysed via one-way analysis of variance (ANOVA). Significance level (α) will be set
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at 0.05. If significance is detected a post-hoc test will be conducted using Tukey’s
Honest Significant Difference (HSD) test.

Outcome: For all honeys, against all bacteria, wells with PMBN, EDTA and CCCP
added will report significantly higher MICs compared to the negative control that
contains purely honey. This will show us that the Gram-negative outer membrane could
have a protective effect against honey activity.
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