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Skin and chronic wound infections are an increasing and urgent health problem
worldwide. Their management is difficult and the development of antibiotic resistance
by both planktonic and biofilm-associated bacteria necessitates the use of alternative
treatments. The purpose of this study was to compare the antimicrobial activity of four
honeys from different floral and geographical origins: Melipona beecheii honey (Cuba)
and three Apis mellifera honeys [Manuka honey (New Zealand), A. mellifera honey
(Cuba), and African honey (Kenya)]. The physicochemical parameters were within the
ranges reported for these honeys and M. beecheii honey stood out due to its acidic
character. An agar incorporation technique was used to determine the minimum active
dilution of each honey against 52 clinical isolates (34 Gram-positive, 17 Gram-negative,
and 1 Candida albicans). The antibiofilm activity of honeys was tested by assessing their
ability to inhibit biofilm formation and to disrupt preformed biofilms. Overall, M. beecheii
honey had the highest antimicrobial and antibiofilm activity, although a marked disruption
in preformed biofilms was shared by all tested honeys. Structural changes induced by
M. beecheii honey on Staphylococcus aureus and Pseudomonas aeruginosa cells were
observed by transmission electron microscopy suggesting that this honey has a potent
antimicrobial action and may be an excellent candidate for the development of topical
preparations for the treatment of infected wounds.

Keywords: honey, antimicrobial activity, minimum active dilution, biofilm, bacterial ultrastructural analysis

INTRODUCTION

The development of new classes of antibiotics has diminished over the past 20 years, with few
companies remaining active in this pharmaceutical area. At the same time, antibiotic-resistant
bacteria have significantly increased, largely due to overuse and misuse of antibiotics. This
antibiotic crisis is in progress globally and involves drugs not only for systemic use, but also for
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topical use: for instance, the management of chronic wounds
often requires long-term therapy (e.g., diabetic foot, venous
ulcers, and pressure ulcers). Given the difficulty in treating
these infections, the antimicrobial potential of unconventional,
non-antibiotic treatments has evoked interest. In particular, the
potential role of honey — renowned for its wound-healing
properties since ancient times — has been rediscovered in
recent years (Molan, 1999; Maddocks and Jenkins, 2013; Cooper,
2016). Diverse honeys differ in the potency of their antibacterial
activity depending on plant source, geographical location, and
harvesting, processing, and storage conditions. Honey may kill
bacteria, and this effect is largely attributed to high osmolarity,
acidity (pH and free acidity), low water activity, hydrogen
peroxide production, and the presence of other phytochemical
components (Kwakman et al., 2010; Kwakman and Zatt, 2012;
Alvarez-Suarez et al., 2018).

In particular, Manuka medical-grade honey, one of the
major and most extensively investigated varieties, has potent
bactericidal activity and is currently approved for clinical
application in infected wound management (Kwakman and Zatt,
2012). This honey is derived from nectar collected by honeybees
(Apis mellifera) from the Manuka bush (Leptospermum
scoparium) indigenous to New Zealand and Australia. It
contains very high concentrations of the antibacterial compound
1,2-dicarbonyl methylglyoxal (Adams et al., 2008; Mavric et al.,
2008). Continuous exposure to sub-lethal concentrations of
Manuka honey for 28 days failed to select for honey-resistant
bacteria (Cooper et al., 2010). However, incomplete knowledge
of honey’s antibacterial factors and their contribution to bacterial
killing hampers general applicability of honey in clinical settings.

To the best of our knowledge, there are very few studies
investigating traditional African and Cuban honeys for potential
wound care (Ndip et al., 2007; Alvarez-Suarez et al., 2010b). Very
recently, two Cuban polifloral honeys (one from A. mellifera
bees and one from Melipona beecheii bees) were compared in
our laboratory. As a result, M. beecheii honey turned out to be
a more important source of bioactive compounds with better
biological properties and also exhibited a higher antimicrobial
activity (Alvarez-Suarez et al., 2018). Based on these results,
the aim of this study was to investigate and compare the
in vitro antimicrobial activities of two Cuban honeys, an African
(Kenyan) honey and the widely investigated Manuka honey.

MATERIALS AND METHODS

Honey Samples
Four different honeys, all collected between 2013 and 2015,
were used. Three honeys from A. mellifera: (i) Manuka, from
New Zealand, unifloral source (L. scoparium) (Alvarez-Suarez
et al., 2016); (ii) polyfloral A. mellifera honey from Cuba and
(iii) Kenyan honey, unifloral source (Faurea saligna), henceforth
referred to as “African,” and one (iv) polyfloral honey from
M. beecheii from Cuba (Alvarez-Suarez et al., 2018).

Honey samples (250 g) were obtained directly from
beekeepers, except for Manuka honey, which was obtained
from New Zealand Honey LTH, imported to Italy by Efit Srl. The

samples were packed and sealed in amber glass bottles and stored
at 4◦C in the dark until processed. The botanical origin of honey
was confirmed by traditional qualitative microscopic analysis
and frequency determination of the classes of pollen grains in
the samples (Louveaux et al., 1978; Von Der Ohe et al., 2004).
Before analyses were performed, the samples were kept at room
temperature overnight.

Physicochemical Parameters, Chemical
Composition and Total Antioxidant
Capacity
To confirm the quality parameters, all the honey samples were
tested using the usual physicochemical tests, such as ashes (%),
color (mm Pfund), Diastase activity (Schade units), free acidity
(meq/kg), pH, electrical conductivity (mS/cm), moisture (%) and
the hydroxymethylfurfural (HMF) test (mg/kg) (Official Methods
of Analysis of the (Association of Official Analytical Chemists
[AOAC], 1990; EU Council, 2002).

For the chemical composition analysis, the Folin-Ciocalteu
method (Singleton et al., 1999) was used for total phenolic
content (TPC) determination and results were expressed as mg of
gallic acid equivalents (GAE) per 100 g of honey (mg GAE/100 g
of honey). The aluminum chloride colorimetric method was used
for the total flavonoid content (TFC) analysis (Chang et al., 2002)
and results were expressed as mg of (+)-catechin equivalents
per 100 g of honey (mg CE/100 g of honey). Total carotenoid
content (TCC) was determined spectrophotometrically (Alvarez-
Suarez et al., 2010b) and results were expressed as mg of
β-carotene equivalents per kg of honey (mg βcarotE/kg of honey).
Free amino acids content was determined by the Cd-ninhydrin
method (Doi et al., 1981) and results were expressed as mg
of L-leucine equivalents per 100 g of honey (mg LE/100 g of
honey), whilst the Bradford method was used for protein content
(Alvarez-Suarez et al., 2010b) and results were expressed as mg
of bovine serum albumin equivalents per 100 g of honey (mg
BSA/100 g of honey). Vitamin C content was determined using
a reversed-phase HPLC-DAD system. Ascorbic acid was used as
standard and results were expressed as mg VitC/100 g of honey
(Alvarez-Suarez et al., 2010a). Folic acid content was determined
by RP-HPLC system following the methodology previously
described for the determination of water-soluble vitamins in
honey (Ciulu et al., 2011). Vitamin B9 (folic acid) was used as
standard and results were expressed as mg folic acid/kg of honey.

The ferric reducing antioxidant power (FRAP) (Benzie and
Strain, 1996) and DPPH radical scavenging assays (Velázquez
et al., 2003) were used to determine the total antioxidant capacity
(TAC) of the honey samples. Trolox was used for the calibration
curves in both assays and the results were expressed as µmoles of
Trolox equivalents per 100 g of honey (µmol TE/100 g of honey).

Microbial Strains
A collection of 52 clinical isolates, recovered from human
specimens in laboratories in central Italy between April 2013 and
September 2015, was used. In order to achieve easier comparison,
this collection (34 Gram-positive, 17 Gram-negative, and 1
Candida albicans) was in part the same recently used in

Frontiers in Microbiology | www.frontiersin.org 2 June 2018 | Volume 9 | Article 1378

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01378 June 22, 2018 Time: 17:31 # 3

Morroni et al. Antimicrobial Activity of Honey

a comparative study of the physicochemical, chemical, and
biological properties of the two Cuban honeys (Alvarez-Suarez
et al., 2018).

Determination of Minimum Active
Dilution of Each Honey
The minimum active dilution (MAD) was determined by an
agar incorporation technique with Mueller-Hinton agar (Oxoid,
Basingstoke, England), supplemented with 5% sheep blood for
streptococci. A dilution series with final honey concentrations
in the range of 1 — 20% (v/v), in 1% increments, was used for
susceptibility assays. Duplicate control plates with no honey were
included to confirm the viability of the cultures. Each culture was
inoculated on agar plates using an auto-pipettor and plates were
incubated at 37◦C overnight. The MAD was the lowest honey
dilution at which microbial growth was completely inhibited
(Alvarez-Suarez et al., 2018).

Antibiofilm Activity
Biofilm formation and quantification were assessed using
previously described microtiter-plate test. The cut-off OD (ODc)
for the microtiter-plate test was three standard deviations above
the mean OD of the negative control. Strains were classified as
follows: OD < ODc non-adherent; ODc < OD < 2 X ODc weakly
adherent; 2 X ODc < OD < 4 X ODc moderately adherent; 4 X
ODc < OD strongly adherent (Stepanovic et al., 2000).

The effects of honeys on biofilm formation were evaluated
by means of the crystal violet static biofilm formation assay in
microtiter plates. Bacteria were initially grown in tryptic soy
broth (TSB, Oxoid, Basingstoke, United Kingdom) supplemented
with 1% glucose. After 18 h, stationary phase cultures were
harvested by centrifugation and adjusted to an OD650 of 0.1. To
determine whether honey prevented biofilm formation, biofilms
were established in microplates, using TSB supplemented with
honey (2–22%, in 2% increments), by inoculating each well
with 200 µL of broth culture. Plates were incubated aerobically
at 37◦C for 24 h. To estimate biomass, unattached cells were
gently aspirated and discarded, and adherent cells were washed
twice with phosphate buffer saline (PBS) and stained with
crystal violet [0.25% (w/v)] for 10 min. They were subsequently
washes twice with PBS and cell-bound crystal violet was
resolubilized with ethanol. Absorbance was measured at 690 nm
using a Multiscan Ascent (Thermo Scientific, Waltham, MA,
United States).

To determine the effect of the honeys on preformed biofilms,
24-h biofilms in microtiter plates were washed twice with PBS,
then 200 µL aliquots of honey dissolved in TSB (2–22%, in 2%
increments) were added to each well. The plates were incubated at
37◦C for a further 24 h, then they were stained with crystal violet
and biofilms were assessed as described previously (Stepanovic
et al., 2000; Lu et al., 2014). The S. epidermidis ATCC35984 has
been included as a biofilm-producing reference strain.

Transmission Electron Microscopy
The honeys’ effects on bacterial ultrastructure were studied by
transmission electron microscopy (TEM) analysis conducted in

a Gram-positive (Staphylococcus aureus) and a Gram-negative
(Pseudomonas aeruginosa) organism.

Overnight cultures in BHI broth were diluted to obtain an
OD675 of 0.1, approximately corresponding to 1 × 108 cfu/mL.
Then, 1 mL of the culture was mixed with 20 mL of brain heart
infusion (BHI) agar (Oxoid) in a Petri dish. Before solidification
of the medium, a well (10 mm in diameter) was created in
the middle of the inoculated plate and a 100-µl aliquot of
honey was placed inside. The plates were incubated overnight at
37◦C. Electron microscopy was performed on agar slices taken
immediately outside the zone of inhibition and from peripheral
areas of the plate (positive control). The specimens were fixed
in 2.5% glutaraldehyde and post-fixed in Os04 in cacodylate
buffer, dehydrated with alcohol, and embedded in araldite resin.
Ultrathin sections were observed with CM10 electron microscope
(Philips Industries, Eindhoven, Netherlands).

Statistical Analyses
For physicochemical parameters, chemical composition, total
antioxidant capacity, MDA assays and antibiofilm activity,
statistical analyses were performed using IBM SPSS Statistics
for Windows, version 20.0. A one-way ANOVA was used to
determine significant differences amongst honey samples with
a Bonferroni correction for multiple sample comparison. In all
cases a p-value <0.05 was considered as statistically significant.
The samples were analyzed in triplicate and on two different
occasions. The four honeys were tested simultaneously. Results
were expressed as mean± standard deviations (SD).

RESULTS

Physicochemical Parameters, Chemical
Composition and Total Antioxidant
Capacity
The physicochemical parameters, chemical composition and total
antioxidant capacity of the four honey types are shown in Table 1.

According to the color analysis Manuka honey was classified as
light amber honey (Pfund values between 51 and 85 mm), while
African honey was classified as dark honey (Pfund > 114 mm).
This is also, in contrast to the A. mellifera and M. beecheii
honeys that were previously classified as extra light amber honeys
(Alvarez-Suarez et al., 2018). The moisture values were within the
recommended values for both honey types: not exceeding 20%
for A. mellifera and 30% for M. beecheii honey. The pH values
in the A. mellifera honey samples (Manuka, African and Cuban)
showed no significant differences between the three honey types.
However, when compared with the M. beecheii honey, the pH
values significantly differed between both bee species: M. beecheii
honey had lower pH values than A. mellifera honey (p < 0.05).
Similarly to pH, free acidity was higher in M. beecheii honey
(p < 0.05) than in A. mellifera honey, confirming the acidic
character of M. beecheii honey as compared to A. mellifera honey.
In all honey samples the ash content and electrical conductivity
values did not exceed the recommended limits (≤0.6% and <8
Schade units, respectively), suggesting that the samples have

Frontiers in Microbiology | www.frontiersin.org 3 June 2018 | Volume 9 | Article 1378

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01378 June 22, 2018 Time: 17:31 # 4

Morroni et al. Antimicrobial Activity of Honey

TABLE 1 | Physicochemical parameters, bioactive compounds and total antioxidant capacity in the four honey types in study.

Parameters Manuka honey African honey A. mellifera honey∗ M. beecheii honey∗

Physicochemical parameters

Color (mm Pfund) 62.11 ± 3.02a 121.62 ± 12.86b 37.35 ± 6.52c 41.65 ± 7.68c

Moisture (%) 10.22 ± 1.53a 12.26 ± 1.61b 16.74 ± 0.38c 28.62 ± 3.25c

pH 4.51 ± 0.81a 4.83 ± 0.21a 4.76 ± 0.41a 3.20 ± 0.21b

Free acidity (meq/Kg of honey) 21.63 ± 5.73a 23.01 ± 4.16a 32.65 ± 4.85b 41.52 ± 8.19c

HMF (mg/kg of honey) 19.42 ± 2.32a 38.87 ± 1.32b 16.54 ± 3.12c 9.23 ± 1.32d

Diastase index (◦Gothe) 19.03 ± 213a 14.32 ± 2.20b 13.75 ± 1.52b 1.30 ± 0.12c

Electrical conductivity (mS/cm) 0.28 ± 0.026a 0.48 ± 0.03b 0.33 ± 0.02a 0.58 ± 0.14c

Ashes (%) 0.16 ± 0.01a 0.27 ± 0.02b 0.18 ± 0.04a 0.46 ± 0.03c

Bioactive compounds

Total phenolic content (TPC) (mg GAE/100 g of honey) 43.16 ± 6.29a 126.84 ± 9.53b 54.30 ± 7.19c 94.39 ± 14.55d

Total flavonoid content (TFC) (mg CE/100 g of honey) 3.82 ± 0.82a 6.73 ± 0.70b 2.68 ± 0.38c 4.19 ± 0.37d

Total carotenoids content (TCC) (mg βcarotE/kg of honey) 4.63 ± 0.46a 5.21 ± 0.84b 4.78 ± 0.34a 6.24 ± 0.29c

Vitamin C content (VitC) (mg/100 g of honey) 2.84 ± 0.28a 2.73 ± 0.08a 4.55 ± 0.87b 8.84 ± 0.84c

Total free amino acids content (mg LE/100 g of honey) 185.49 ± 8.52a 61.19 ± 9.31b 99.15 ± 12.04c 119.69 ± 13.95d

Total protein content (mg BSA/ g of honey) 2.62 ± 0.32a 1.35 ± 0.16b 1.81 ± 0.22b 2.71 ± 0.26a

Folic acid content (µg folic acid/ 100 g of honey) 0.61 ± 0.06a 5.46 ± 0.42b 8.34 ± 0.15c 7.37 ± 1.19d

Total antioxidant capacity (TAC)

FRAP (µmol TE/100g of honey) 126.83 ± 7.43a 192.92 ± 10.63b 159.70 ± 17.28c 175.82 ± 10.83d

DPPH (µmol TE/100 g of honey) 44.63 ± 3.18a 64.10 ± 1.99b 31.06 ± 2.19c 42.23 ± 1.66a

Sample was analyzed in triplicate and data are presented as means ± standard deviation. The mean values within a row with different letters are significantly different for
p < 0.05. ∗Values previously reported by our group in these honey samples (Alvarez-Suarez et al., 2018).

a nectar origin. Regarding the freshness indicators of honey
(HMF and Diastase index), all honey samples were within the
recommended limits for both indicators.

The total content of bioactive compounds differed
significantly (p < 0.05) between the four honey types (Table 1).
African honey had the highest values (p < 0.05) of TPC and
TFC, compared to the rest of the honeys, whilst M. beecheii
honey had the highest values of TCC and vitamin C content
(p < 0.05). Manuka honey was the honey with the highest free
amino acids content (p < 0.05), whilst the M. beecheii and
A. mellifera honeys had the highest values of total protein and
folic acid content, respectively. A similar behavior was found in
the total antioxidant capacity results, with a marked difference
in the FRAP and DPPH values between the honey types, were
African honey showed the highest values of total antioxidant
capacity (p < 0.05) following by M. beecheii honey.

MAD Assessment
The MAD of the four honey types are summarized, with statistical
analysis, in Table 2. M. beecheii honey, previously found to
display greater antimicrobial activity than A. mellifera honey
(Alvarez-Suarez et al., 2018), exhibited a superior activity (MAD
range, 1–10%) also compared to Manuka (MAD range, 8- > 20%)
and African (MAD range, 6- > 20%) honeys (p < 0.05).
A particular difference was recorded against C. albicans (MAD
of M. beecheii honey, 3%, vs. MAD of the other honeys, > 20%)
(p < 0.05). However, M. beecheii honey was less active against
Streptococcus species (MAD range, 4–10%) than against the other
species tested (MAD range, 1–3%) (p < 0.05). This Cuban
honey was also the most effective in preventing Proteus mirabilis

swarming (MAD, 2%), however, the result wasn’t statistically
significant.

Effects of the Four Honeys on Microbial
Biofilm Formation
One strain for each species was assessed for its biofilm-
forming ability after 24 h; 5/23 clinical isolates (S. aureus
13, Staphylococcus epidermidis 35, Streptococcus pyogenes 12,
Streptococcus gordonii 143, and P. aeruginosa 24) turned out to
be strong biofilm producers and were chosen to evaluate the
honeys’ effects on biofilm formation. In addition, S. epidermidis
ATCC35984 was used as control (Supplementary Figure S1).

When biofilms were established in the presence of honey
concentrations of 2–22%, a significant reduction in biomass
was consistently observed at concentrations ≥ 8% (p < 0.05)
(Figure 1). Remarkably, M. beecheii honey was the most effective
in preventing S. epidermidis, S. pyogenes, and S. gordonii
biofilm formation and was already active at 2% (p < 0.05).
The inhibiting effect of Manuka honey, at low concentrations
(2 – 6%), on the formation of S. aureus biofilm was greater
than that of the other honeys (p < 0.05). Overall, the
African honey was the least effective and P. aeruginosa was
the species least susceptible to the honeys’ inhibition of
biofilm production, however the results weren’t statistically
significant.

Effects of Honeys on Established
Biofilms
We also assessed the ability of the four honey types to remove
established biofilms produced by the five test strains and
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TABLE 2 | In vitro antimicrobial activity of Manuka, African, A. mellifera, and M. beecheii honeys against 52 clinical isolates∗.

Strain Manuka African A. mellifera M. beecheii

S. aureus (n = 5) 8.0 ± 0.3a 6.0 ± 0.1b 16.0 ± 0.8c 2.0 ± 0.1d

S. epidermidis (n = 5) 9.0 ± 0.8a 7.0 ± 0.4b 14.0 ± 0.6c 1.0 ± 0.02d

S. pneumoniae 10.0 ± 0.6a 10.0 ± 0.7a 11.0 ± 0.4a 4.0 ± 0.4b

S. pyogenes (n = 5) 12.0 ± 0.4a 16.0 ± 0.2b 15.0 ± 0.2b 6.0 ± 0.2c

S. agalactiae 14.0 ± 0.8a >20.0 ± 0.5b 19.0 ± 0.2b 10.0 ± 0.6c

S. mitis 11.0 ± 0.2a 14.0 ± 0.3a 14.0 ± 0.7a 7.0 ± 0.3b

S. oralis 10.0 ± 0.6a 12.0 ± 0.3a 11.0 ± 0.2a 6.0 ± 0.2c

S. anginosus 11.0 ± 0.4a 14.0 ± 0.6a 14.0 ± 0.6a 8.0 ± 0.4b

S. parasanguinis 12.0 ± 0.6a 14.0 ± 0.2a,b 15.0 ± 0.4b 8.0 ± 0.2c

S. salivarius 12.0 ± 0.1a 15.0 ± 0.6b 14.0 ± 0.5b 7.0 ± 0.1c

S. gordonii 11.0 ± 0.4a 13.0 ± 0.7a 11.0 ± 0.6a 6.0 ± 0.2b

E. faecalis (n = 5) 11.0 ± 0.6a 14.0 ± 0.4a >20.0 ± 0.4b 3.0 ± 0.06c

E. faecium (n = 5) 10.0 ± 0.7a 9.0 ± 0.2a 18.0 ± 0.3b 2.0 ± 0.02c

L. monocytogenes 9.0 ± 0.1a 9.0 ± 0.6a 17.0 ± 0.3b 3.0 ± 0.01c

E. cloacae 12.0 ± 0.7a 9.0 ± 0.4b 15.0 ± 0.8c 2.0 ± 0.02d

C. freundii 12.0 ± 0.6a 9.0 ± 0.6b 14.0 ± 0.6c 2.0 ± 0.01d

S. fyris 14.0 ± 0.4a 10.0 ± 0.4a 20.0 ± 0.7b 3.0 ± 0.03c

S. marcescens 19.0 ± 0.3a 9.0 ± 0.3b 16.0 ± 0.8c 2.0 ± 0.01d

A. baumannii 11.0 ± 0.2a 8.0 ± 0.5b 19.0 ± 0.2c 3.0 ± 0.04d

K. pneumoniae 14.0 ± 0.5a 11.0 ± 0.4b 17.0 ± 0.4c 2.0 ± 0.06d

P. aeruginosa (n = 5) 14.0 ± 0.4a 9.0 ± 0.1b 11.0 ± 0.8c 2.0 ± 0.02d

E. coli 23 (n = 5) 11.0 ± 0.9a,b 10.0 ± 0.5a 13.0 ± 0.1b 3.0 ± 0.01c

P. mirabilis 14.0 ± 0.6a 7.0 ± 0.2b 13.0 ± 0.3a 2.0 ± 0.04c

4.0 ± 0.1a,c∗∗ 6.0 ± 0.3a∗∗ 9.0 ± 0.5b∗∗ 2.0 ± 0.1c∗∗

C. albicans >20.0 ± 0.6a 20.0 ± 0.8a >20.0 ± 0.3a 3.0 ± 0.2b

Sample was analyzed in triplicate in two different occasions and data are presented as means ± standard deviation. Mean values within a row with different letters (a–d)
are significantly different for p < 0.05. ∗We have already recently reported data on M. beecheii and A. mellifera honeys against this strains collection (Alvarez-Suarez
et al., 2018). Some of the data are reported here again to make comparison with other honeys easier. ∗∗This value indicates the honey dilution which is able to prevent
P. mirabilis swarming.

the S. epidermidis ATCC35984. The results were consistent
with those described above for biofilm formation inhibition
(Figure 2). All types of honey induced a pronounced
reduction of established biofilms, at concentrations ≥8%
(p < 0.05), but without leading to their complete eradication.
Interestingly, M. beecheii honey, already at a concentration
of 2%, produced a reduction in biofilm mass of over 70%
in S. epidermidis, S. pyogenes, and S. gordonii, but, as well
as A. mellifera honey, had low activity against P. aeruginosa
(p < 0.05).

Ultrastructural Studies
The effect of M. beecheii honey, showing the greatest
antimicrobial activity, on bacterial ultrastructure was investigated
in S. aureus 13 and P. aeruginosa 24.

Compared to untreated cells, honey-treated S. aureus 13 cells
displayed wall thickening, non-homogeneous cytoplasm, and
unpreserved morphology. However, the most significant changes
were observed during cell division, when daughter cells did not
fully separate, with the septum being thickened and often not
completely formed (Figures 3A,B).

In P. aeruginosa 24, honey-induced morphological
modifications were even more distinct, but did not involve
cell division. The presence of cellular debris in TEM images

indicated cells lysis. Interestingly, cross-sections of honey-
treated bacteria exhibited multilayered concentric structures
(Figures 3C,D).

DISCUSSION

The worldwide emerging antibiotic resistance and the increasing
unavailability of drugs active against multidrug resistant bacteria
necessitates the search for alternative antimicrobial strategies.
The need for new therapeutic approaches is at the base of
the renewed interest in a number of natural products showing
antimicrobial activity, in particular honey for potential topical
use (Maddocks and Jenkins, 2013; Cooper, 2016).

A large number of studies of New Zealand/Australian Manuka
honey have shown that (i) it has broad spectrum activity against
pathogenic bacteria (Willix et al., 1992; Karayil et al., 1998; French
et al., 2005); that (ii) such activity is independent of susceptibility
or resistance to common antibiotics (Willix et al., 1992; Karayil
et al., 1998; Cooper et al., 2002); and that (iii) honey-susceptible
organisms — unlike what easily happens with systemic antibiotics
and other topical antimicrobials — are apparently unable to turn
honey-resistant (Blair et al., 2009; Cooper et al., 2010; Maddocks
and Jenkins, 2013). Conversely, very limited data are available
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FIGURE 1 | Honey’s effect on biofilm formation. Inhibition of biofilm development using Manuka (A), M. beecheii (B), A. mellifera (C), and African (D) honeys.
Biofilms of S. aureus (green), S. epidermidis (orange), S. pyogenes (black), S. gordonii (red), P. aeruginosa (blue), and S. epidermidis ATCC35984 (violet) were grown
for 24 h in TSB supplemented with honey (2–22%). Biofilm formation is expressed as absorbance at 690 nm. Error bars represent ± standard deviation (SD).
Non-significant values (p > 0.05), compared to the control, are represented by dotted histograms.

on the antimicrobial activity of other honeys, and this study
was aimed at reducing this gap by comparing Manuka with two
recently investigated Cuban honeys (Alvarez-Suarez et al., 2018)
and an African honey.

The chemical composition of honey is important information
that can be used to justify its biological properties. The four
honey types here analyzed showed to be an important natural
source of bioactive compounds such as polyphenols, flavonoids,
vitamin C and folates. Similarly, all honey showed an important
total antioxidant capacity that has been previously correlated with
the content of bio-compounds and their biological properties
(Alvarez-Suarez et al., 2010b, 2018).

Our results indicate that Cuban M. beecheii honey
demonstrates potent inhibitory activity — greater than that
of other honeys including Manuka — against all clinical
isolates tested, that included representatives of Gram-positive,
Gram-negative, and C. albicans. Overall, the honeys exert their
antimicrobial effect regardless of the microorganism, suggesting
a non-specific action. On the other hand, it is well-established
that differences in chemical composition, largely due to different
botanical origin, may account for substantial inter-honey
variability (Voidarou et al., 2011). Very recently, we showed that
different physicochemical parameters are responsible for the
higher antimicrobial activity of M. beecheii honey compared to
A. mellifera honey (Alvarez-Suarez et al., 2018).

In particular, honey is regarded as potentially effective
in the management of biofilm-associated infections: previous

studies have demonstrated that honey may both hinder biofilm
formation and reduce preformed biofilms (Alandejani et al., 2008;
Jervis-Bardy et al., 2011; Kilty et al., 2011; Maddocks et al., 2012,
2013; Nassar et al., 2012; Majtan et al., 2014; García-Tenesaca
et al., 2018). Here we showed that four honeys inhibit biofilm
production by S. aureus, S. epidermidis, S. pyogenes, S. gordonii,
and P. aeruginosa strains, and reduce preformed biomass without
complete biofilm eradication. Overall, M. beecheii honey showed
the strongest antibiofilm effect, and P. aeruginosa proved to
be the species least susceptible to honey effect on biofilm
inhibition.

The effect of M. beecheii honey on cellular ultrastructure was
investigated by TEM in S. aureus and P. aeruginosa. Strong
thickening of the septum with alteration of bacterial morphology
was observed in S. aureus. Previous studies indicated that
autolysines are involved in the failure of S. aureus cells to
progress normally through cell cycle to form thickened septa
during division without cell separation (Henriques et al., 2010;
Jenkins et al., 2011, 2014). It is reasonable to assume that
M. beecheii and Manuka honeys have a similar mechanism of
action involving the cell division machinery. Particularly marked
structural changes were seen in honey-treated P. aeruginosa cells:
in addition to a previously described loss of structural integrity
(Henriques et al., 2011), multilayered concentric structures were
observed.

Among the physicochemical parameters of honey, the acidity
and the osmolarity represent the principal factors responsible
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FIGURE 2 | Honey’s effect on established biofilms. Reduction in biofilm mass following treatment by Manuka (A), M. beecheii (B), A. mellifera (C), and African (D)
honeys (2–22%) on 24-h established biofilms of S. aureus (green), S. epidermidis (orange), S. pyogenes (black), S. gordonii (red), P. aeruginosa (blue), and
S. epidermidis ATCC35984 (violet). Biofilm formation is expressed as absorbance at 690 nm. Error bars represent ± standard deviation (SD). Non-significant values
(p > 0.05), compared to the control, are represented by dotted histograms.

FIGURE 3 | Electron microscopic analysis. The M. beecheii honey’s effect on S. aureus (B), and P. aeruginosa (D) cellular structure. Untreated cells of S. aureus (A)
and P. aeruginosa (C). Original magnification, X44,000.
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for the antimicrobial activity of honey. However, there are other
factors that are closely related to the antimicrobial capacity of
honey such as the hydrogen peroxide content, and other non-
peroxide components such as methylglyoxal, the antimicrobial
peptide bee defensin-1, polyphenols and other compounds from
the bees (Scepankova et al., 2017).

In this study, M. beecheii honey showed a more pronounced
acid character (pH and free acidy values) compared to Manuka,
African, and A. mellifera honeys; this result, as well as the high
TPC, could explain the greatest M. beecheii honey antimicrobial
activity.

CONCLUSION

Cuban M. beecheii honey displayed the highest antimicrobial
activity, greater than that of the well-established and medically
available Manuka, and should be regarded as an excellent
candidate for further studies aimed at providing valuable insights
into the topical issue of the treatment of chronic wound
infections due to pathogens that do not respond to antibiotic
therapy. It is noteworthy that M. beecheii honey also showed
a noticeable antioxidant capacity known for promoting the
healing of wounds. Further experiments will be required to clarify
which honey compounds actually play a role in antimicrobial
activity.

AUTHOR CONTRIBUTIONS

EG, AB, and MB designed the study. EG and AB collected
and analyzed the data, and wrote the paper together with
JA-S. GM, SS, EM, MM, and SF did the laboratory work in
order to investigate the honey’ antimicrobial activity. AP studied
the honeys’ effects on bacterial ultrastructure by transmission
electron microscopy (TEM) analysis. JA-S, FG, LM, and
MG characterized the honeys for physicochemical parameters,
chemical composition and total antioxidant capacity.

ACKNOWLEDGMENTS

We thank Ernest Simeoni and the African Beekeepers Ltd.
(Nairobi, Kenya) for the supply of African honey.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.01378/full#supplementary-material

FIGURE S1 | One strain for each species was assessed for its biofilm-forming
ability after 24 h. OD690 values above the red line indicate strong biofilm producer
strains. The cut-off was deduced as suggested by Stepanovic et al. (2000).

REFERENCES
Adams, C. J., Boult, C. H., Deadman, B. J., Farr, J. M., Grainger, M. N. C.,

Manley-Harrey, M., et al. (2008). Isolation by HPLC and characterization of the
bioactive fraction of New Zealand manuka (Leptospermum scoparium) honey.
Carbohydr. Res. 343, 651–659. doi: 10.1016/j.carres.2007.12.011

Alandejani, T., Marsan, J. G., Ferris, W., Slinger, R., and Chan, F. (2008).
Effectiveness of honey on S. aureus and P. aeruginosa biofilms. Otolaryngol.
Head Neck Surg. 141, 114–118. doi: 10.1016/j.otohns.2009.01.005

Alvarez-Suarez, J. M., Giampieri, F., Brenciani, A., Mazzoni, L., Gasparrini, M.,
Gonzalez-Paramas, A. M., et al. (2018). Apis mellifera vs Melipona beecheii
Cuban polifloral honeys: a comparison based on their physicochemical
parameters, chemical composition and biological properties. LWT Food Sci.
Technol. 87, 272–279. doi: 10.1016/j.lwt.2017.08.079

Alvarez-Suarez, J. M., Giampieri, F., Cordero, M., Gasparrini, M., Forbes-
Hernández, T. Y., Mazzoni, L., et al. (2016). Activation of AMPK/Nrf2
signalling by Manuka honey protects human dermal fibroblasts against
oxidative damage by improving antioxidant response and mitochondrial
function promoting wound healing. J. Funct. Foods 25, 38–69. doi: 10.1016/j.
jff.2016.05.008

Alvarez-Suarez, J. M., González- Paramás, A. M., Santos-Buelga, C., and
Battino, M. (2010a). Antioxidant characterization of native monofloral cuban
honeys. J. Agric. Food Chem. 58, 9817–9824. doi: 10.1021/jf1018164

Alvarez-Suarez, J. M., Tulipani, S., Dìaz, D., Estevez, Y., Romandini, S.,
Giampieri, F., et al. (2010b). Antioxidant and antimicrobial capacity of
several monofloral Cuban honeys and their correlation with color, polyphenol
content and other chemical compounds. Food Chem. Toxicol. 48, 2490–2499.
doi: 10.1016/j.fct2010.06.021

Association of Official Analytical Chemists [AOAC] (1990). Official Methods of
Analysis of the Association of Official Analytical Chemists, 15th Edn. Rockville,
MD: AOAC.

Benzie, I. F., and Strain, J. J. (1996). The ferric reducing ability of plasma (FRAP) as
a measure of “antioxidant power”: the FRAP assay. Anal. Biochem. 239, 70–76.
doi: 10.1006/abio.1996.0292

Blair, S. E., Cokcetin, N. N., Harry, E. J., and Carter, D. A. (2009). The unusual
antibacterial activity of medical-grade Leptospermum honey: antibacterial
spectrum, resistance and transcriptome analysis. Eur. J. Clin. Microbiol. Infect.
Dis. 10, 1199–1208. doi: 10.1007/s10096-009-0763-z

Chang, C. C., Yang, M. H., Wen, H. M., and Chern, J. C. (2002). Estimation of total
flavonoid content in propolis by two complementary colorimetric methods.
J. Food Drug Anal. 10, 178–182.

Ciulu, M., Solinas, S., Floris, I., Panzanelli, A., Pilo, M. I., Piu, P. C., et al.
(2011). RP-HPLC determination of water-soluble vitamins in honey. Talanta
83, 924–929. doi: 10.1016/j.talanta.2010.10.059

Cooper, R. A. (2016). Honey for wound care in the 21st century. J. Wound Care 25,
544–552. doi: 10.12968/jowc.2016.25.9.544

Cooper, R. A., Halas, E., and Molan, P. C. (2002). The efficacy of honey in inhibiting
strains of Pseudomonas aeruginosa from infected burns. J. Burn Care Rehabil.
23, 366–370. doi: 10.1097/01.BCR.0000036453.98917.41

Cooper, R. A., Jenkins, L., Henriques, A. F., Duggan, R. S., and Burton, N. F.
(2010). Absence of bacterial resistance to medical-grade manuka honey. Eur.
J. Microbiol. Infect. Dis. 29, 1237–1241. doi: 10.1007/s10096-010-0992-1

EU Council. (2002). Council directive 2001/11 O/EC of 20 December 2001 relating
to honey. Off. J. Eur. Commun. 10, 47–52.

Doi, E., Shibata, D., and Matoba, T. (1981). Modified colorimetric ninhydrin
methods for peptidase assay. Anal. Biochem. 118, 173–184. doi: 10.1016/0003-
2697(81)90175-5

French, V. M., Cooper, R. A., and Molan, P. C. (2005). The antibacterial activity of
honey against coagulase-negative staphylococci. J. Antimicrob. Chemother. 56,
228–231. doi: 10.1093/jac/dki193

García-Tenesaca, M., Navarrete, E. S., Iturralde, G. A., Villacrés Granda, I. M.,
Tejera, E., Beltrán-Ayala, P., et al. (2018). Influence of botanical origin and
chemical composition on the protective effect against oxidative damage and the
capacity to reduce in vitro bacterial biofilms of monofloral honeys from the
andean region of ecuador. Int. J. Mol. Sci.. 19:45. doi: 10.3390/ijms19010045

Henriques, A. F., Jenkins, R. E., Burton, N. F., and Cooper, R. A. (2010).
The intracellular effects of manuka honey on Staphylococcus aureus. Eur. J.
Microbiol. Infect. Dis. 29, 45–50. doi: 10.1007/s10096-009-0817-2

Frontiers in Microbiology | www.frontiersin.org 8 June 2018 | Volume 9 | Article 1378

https://www.frontiersin.org/articles/10.3389/fmicb.2018.01378/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01378/full#supplementary-material
https://doi.org/10.1016/j.carres.2007.12.011
https://doi.org/10.1016/j.otohns.2009.01.005
https://doi.org/10.1016/j.lwt.2017.08.079
https://doi.org/10.1016/j.jff.2016.05.008
https://doi.org/10.1016/j.jff.2016.05.008
https://doi.org/10.1021/jf1018164
https://doi.org/10.1016/j.fct2010.06.021
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1007/s10096-009-0763-z
https://doi.org/10.1016/j.talanta.2010.10.059
https://doi.org/10.12968/jowc.2016.25.9.544
https://doi.org/10.1097/01.BCR.0000036453.98917.41
https://doi.org/10.1007/s10096-010-0992-1
https://doi.org/10.1016/0003-2697(81)90175-5
https://doi.org/10.1016/0003-2697(81)90175-5
https://doi.org/10.1093/jac/dki193
https://doi.org/10.3390/ijms19010045
https://doi.org/10.1007/s10096-009-0817-2
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01378 June 22, 2018 Time: 17:31 # 9

Morroni et al. Antimicrobial Activity of Honey

Henriques, A. F., Jenkins, R. E., Burton, N. F., and Cooper, R. A. (2011). The effect
of manuka honey on the structure of Pseudomonas aeruginosa. Eur. J. Microbiol.
Infect. Dis. 30, 167–171. doi: 10.1007/s10096-010-1065-1

Jenkins, R., Burton, N., and Cooper, R. (2011). Manuka honey inhibits cell division
in methicillin-resistant Staphylococcus aureus. J. Antimicrob. Chemother. 66,
2536–2542. doi: 10.1093/jac/dkr340

Jenkins, R., Burton, N., and Cooper, R. (2014). Proteomic and genomic analysis of
methicillin-resistant Staphylococcus aureus (MRSA) exposed to manuka honey
in vitro demonstrated down-regulation of virulence markers. J. Antimicrob.
Chemother. 69, 603–615. doi: 10.1093/jac/dkt430

Jervis-Bardy, J., Foreman, A., Bray, S., Tan, L., and Wormald, P. J. (2011).
Methylglyoxal-infused honey mimics the anti-Staphylococcus aureus biofilm
activity of manuka honey: potential implication in chronic rhinosinusitis.
Laryngoscope 121, 1104–1107. doi: 10.1002/lary.21717

Karayil, S., Deshpande, S. D., and Koppikar, G. V. (1998). Effect of honey on
multidrug resistant organisms and its synergistic action with three common
antibiotics. J. Postgrad. Med. 44, 93–96.

Kilty, S. J., Duval, M., Chan, F. T., Ferris, W., and Slinger, R. (2011). Methylglyoxal:
(active agent of manuka honey) in vitro activity against bacterial biofilms. Int.
Forum Allergy Rhinol. 1, 348–350. doi: 10.1002/alr.20073

Kwakman, P. H., te Velde, A. A., de Boer, L., Spejer, D., Vandenbroucke-Grauls,
C. M., and Zaat, S. A. (2010). How honey kills bacteria. FASEB J. 24, 2576–2582.
doi: 10.1096/fj.09-150789

Kwakman, P. H., and Zatt, S. A. (2012). Antibacterial components of honey.
IUBMB Life 64, 48–55. doi: 10.102/iub.578

Louveaux, J., Maurizio, A., and Vorwohl, G. (1978). Methods of Melissopalynology.
Bee World 59, 139–157. doi: 10.1080/0005772X.1978.11097714

Lu, J., Turnbull, L., Burke, C. M., Liu, M., Carter, D. E., Schlothauer, R. C., et al.
(2014). Manuka-type honeys can eradicate biofilms produced by Staphylococcus
aureus strains with different biofilm-forming abilities. PeerJ 2:e326.
doi: 10.7717/peerj.326

Maddocks, S. E., and Jenkins, R. E. (2013). Honey: a sweet solution to the
growing problem of antimicrobial resistance? Future Microbiol. 8, 1419–1429.
doi: 10.221/fmb.13.105

Maddocks, S. E., Jenkins, R. E., Rowlands, R. S., Purdy, K. J., and Cooper, R. A.
(2013). Manuka honey inhibits adhesion and invasion of medically important
wound bacteria in vitro. Future Microbiol. 8, 1523–1536. doi: 10.2217/fmb.
13.126

Maddocks, S. E., Lopez, M. S., Rowlands, R. S., and Cooper, R. A. (2012). Manuka
honey inhibits the development of Streptococcus pyogenes biofilms and causes
reduced expression of two fibronectin binding proteins. Microbiology 158,
781–790. doi: 10.1099/mic.0.053959-0

Majtan, J., Bohova, J., Horniackova, M., Klaudiny, J., and Majtan, V.
(2014). Anti-biofilm effects of honey against wound pathogens Proteus
mirabilis and Enterobacter cloacae. Phytother. Res. 28, 69–75. doi: 10.1002/
ptr.4957

Mavric, E., Wittmann, S., Barth, G., and Henle, T. (2008). Identification and
quantification of methylglyoxal as the dominant antibacterial constituent of

Manuka (Leptospermum scoparium) honeys from New Zealand. Mol. Nutr.
Food Res. 52, 483–489. doi: 10.1002/mnfr.200700282

Molan, P. C. (1999). The role of honey in the management of wounds. J. Wound
Care 8, 415–418. doi: 10.12968/jowc.1999.8.8.25904

Nassar, H. M., Li, M., and Gregory, R. L. (2012). Effect of honey on Streptococcus
mutans growth and biofilm formation. Appl. Environ. Microbiol. 78, 536–540.
doi: 10.1128/AEM.05538-11

Ndip, R. N., Malange Takang, A. E., Echakachi, C. M., Malongue, A., Akoachere,
J. F., Ndip, L. M., et al. (2007). In-vitro antimicrobial activity of selected honeys
on clinical isolates of Helicobacter pylori. Afr. Health Sci. 7, 228–232.

Scepankova, H., Saraiva, J. A., and Estevinho, L. M. (2017). “Honey health benefits
and uses in Medicine,” in Bee Products - Chemical and Biological Properties, ed.
J. Alvarez-Suarez (Cham: Springer).

Singleton, V. L., Orthofer, R., and Lamuela-Raventós, R. M. (1999). Analysis of
total phenols and other oxidation substrates and antioxidants by means of
Folin-Ciocalteu reagent. Methods Enzymol. 299, 152–178. doi: 10.1016/S0076-
6879(99)99017-1

Stepanovic, S., Vukovic, D., Dakic, I., Savic, B., and Svabic, M. V. (2000).
A modified microtiter plate test for quantification of staphylococcal biofilm
formation. J. Microbiol. Methods 40, 175–179. doi: 10.1016/S0167-7012(00)
00122-6

Velázquez, E., Tournier, H. A., Mordujovich De Buschiazzo, P., Saavedra, G.,
and Schinella, G. R. (2003). Antioxidant activity of Paraguayan plant extracts.
Fitoterapia 74, 91–97. doi: 10.1016/S0367-326X(02)00293-9

Voidarou, C., Alexopoulos, A., Plessas, S., Karapanou, A., Mantzourani, I.,
Stavropoulou, E., et al. (2011). Antibacterial activity of different honeys against
pathogenic bacteria. Anaerobe 17, 375–379. doi: 10.1016/j.anaerobe.2011.
03.012

Von Der Ohe, W., Oddo, L. P., Piana, M. L., Morlot, M., and Martin, P. (2004).
Harmonized methods of melissopalynology. Apidologie 35(Suppl. 1), S18–S25.
doi: 10.1051/apido:2004050

Willix, D. J., Molan, P. C., and Harfoot, C. G. (1992). A comparison of the
sensitivity of wound-infection species of bacteria to the antibacterial activity of
manuka honey and other honeys. J. Appl. Bacteriol. 73, 388–394. doi: 10.1111/j.
1365-2672.1992.tb04993.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Morroni, Alvarez-Suarez, Brenciani, Simoni, Fioriti, Pugnaloni,
Giampieri, Mazzoni, Gasparrini, Marini, Mingoia, Battino and Giovanetti. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 9 June 2018 | Volume 9 | Article 1378

https://doi.org/10.1007/s10096-010-1065-1
https://doi.org/10.1093/jac/dkr340
https://doi.org/10.1093/jac/dkt430
https://doi.org/10.1002/lary.21717
https://doi.org/10.1002/alr.20073
https://doi.org/10.1096/fj.09-150789
https://doi.org/10.102/iub.578
https://doi.org/10.1080/0005772X.1978.11097714
https://doi.org/10.7717/peerj.326
https://doi.org/10.221/fmb.13.105
https://doi.org/10.2217/fmb.13.126
https://doi.org/10.2217/fmb.13.126
https://doi.org/10.1099/mic.0.053959-0
https://doi.org/10.1002/ptr.4957
https://doi.org/10.1002/ptr.4957
https://doi.org/10.1002/mnfr.200700282
https://doi.org/10.12968/jowc.1999.8.8.25904
https://doi.org/10.1128/AEM.05538-11
https://doi.org/10.1016/S0076-6879(99)99017-1
https://doi.org/10.1016/S0076-6879(99)99017-1
https://doi.org/10.1016/S0167-7012(00)00122-6
https://doi.org/10.1016/S0167-7012(00)00122-6
https://doi.org/10.1016/S0367-326X(02)00293-9
https://doi.org/10.1016/j.anaerobe.2011.03.012
https://doi.org/10.1016/j.anaerobe.2011.03.012
https://doi.org/10.1051/apido:2004050
https://doi.org/10.1111/j.1365-2672.1992.tb04993.x
https://doi.org/10.1111/j.1365-2672.1992.tb04993.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Comparison of the Antimicrobial Activities of Four Honeys From Three Countries (New Zealand, Cuba, and Kenya)
	Introduction
	Materials and Methods
	Honey Samples
	Physicochemical Parameters, Chemical Composition and Total Antioxidant Capacity
	Microbial Strains
	Determination of Minimum Active Dilution of Each Honey
	Antibiofilm Activity
	Transmission Electron Microscopy
	Statistical Analyses

	Results
	Physicochemical Parameters, Chemical Composition and Total Antioxidant Capacity
	MAD Assessment
	Effects of the Four Honeys on Microbial Biofilm Formation
	Effects of Honeys on Established Biofilms
	Ultrastructural Studies

	Discussion
	Conclusion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


