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A B S T R A C T

Globally, the demand or natural remedies such as honey to manage ailments has increased. Yet,
the health benets and chemical composition o Arican honeys are not well understood.
Thereore, this study aimed to characterise the bio-unctional properties and the phytochemical
composition o 18 Apis melliera honeys rom Kenya, Uganda, and Cameroon in comparison to the
popular and commercially available Manuka 5+ honey rom New Zealand. The 2,2-diphenyl-1-
picrylhydrazyl radical scavenging assay (DPPH-RSA) was used to determine the antioxidant
property, whilst the agar well diusion and broth dilution (Minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC)) assays were used to determine antimi-
crobial property. Further, colorimetric methods were used or phytochemical analysis. Our results
showed that honeys collected rom Rit Valley region o Kenya (e.g. Poi, Salabani and Mbechot)
and Western region o Cameron (e.g. Bangoulap) had the highest antioxidant (DPPH RSA o
41.52–43.81%) and antimicrobial (MIC (3.125–6.25% w/v) and MBC (6.25–12.5% w/v)) activ-
ities. Additionally, the total favonoid (770–970 mg QE/100 g), phenol (944.79–1047.53 mg
GAE/100 g), terpenoid (239.78–320.89 mg LE/100 g) and alkaloid (119.40–266.57 mg CE/100
g) contents reached the highest levels in these bioactive Arican honeys, which signicantly and
positively correlated with their bio-unctional properties. The unctional and phytochemical
composition o these bioactive Arican honeys were similar to or higher than those o the Manuka
5+ honey. Furthermore, gas chromatography-mass spectrometry analysis o Arican honeys
revealed 10 most prominent volatile organic compounds that contribute to their geographical
distinction: triacontane, heptacosane, (Z)-9-tricosene, tetracosane, 6-propyl-2,3-dihydropyran-
2,4-dione, octacosane, 1,2,4-trimethylcyclohexane, 1,3-bis(1,1-dimethylethyl) benzene, 2-meth-
ylheptane and phytol. Overall, our ndings suggest that some o the tested Arican honeys are
natural sources o antimicrobial and antioxidant therapies that can be exploited upon urther
research and commercialized as high value honey.
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1. Introduction

Honey is a natural product that honey bees (Apis melliera L.) produce using nectar collected rom a single species o fowering plant
(reerred to as mono-foral honey) or rom a number o fowering plant species (reerred to as poly-foral honey). The distinctive
characteristic o each type o honey in terms o aroma, favour, colour, and chemical composition is infuenced by its geographical,
botanical, and seasonal origin [1,2]. Its chemical composition is urther infuenced by the harvest and post-harvest processing methods
and storage conditions [3]. Honey is comprised o more than 200 compounds, primarily carbohydrates (constituting 80%, majorly
ructose and glucose) and water (approximately 17%), accompanied by trace quantities o other constituents (accounting or 3%) [4,
5]. These include amino acids (predominantly proline), proteins, minerals, vitamins, enzymes, organic acids, and an array o
phytochemical compounds such as favonoids, phenolic acids, alkaloids, terpenoids, among others. The multiaceted array o com-
pounds within honey imparts it with a wealth o nutritional and medicinal attributes. Consequently, there has been a substantial surge
in demand or honey across the ood, pharmaceutical, cosmetic and beverage industries over centuries due primarily to its antimi-
crobial and antioxidant properties [6], and it is anticipated that by this year 2024, the consumption o honey may hit 2.8 million tons
worldwide [7].

The ability o honey to inhibit microbial growth is measured quantitatively using well/disk diusion assay, agar dilution methods,
broth (micro) dilution assay, and/or time-kill assay in the laboratory [8]. It is worth noting that the antimicrobial property o honey is
attributed to its high osmotic pressure, low moisture content, low pH and acidity, and the presence o compounds with antibacterial
eects such as hydrogen peroxide (H2O2), methylglyoxal, bee deensin-1, and polyphenols (favonoids and phenolic acids) and volatile
compounds [2,5,9]. These numerous components can act upon dierent target sites additively or synergistically, making it dicult or
any bacterium to develop resistance [5]. Whereas the presence o polyphenolic compounds (favonoids, phenolic acids and their
derivatives), enzymes (such as catalase and peroxidase), proteins, amino acids and other compounds acting through several mecha-
nisms contribute to the antioxidant property o honey [10]. The latter is generally determined spectro-photometrically using the 2,
2-diphenyl-1-picrylhydrazyl (DPPH) scavenging method [11]. In terms o value, the New Zealand/Australian mono-foral Manuka
honey is the amous and has been widely used or a variety o medical applications over conventional antibiotics because it displays
increased antimicrobial, antioxidant, anticancer and antibiolm capacity, among others [12,13].

Globally, intensive research on antimicrobial (against antibiotic susceptible and resistant bacterial strains in humans) and anti-
oxidant properties o honey including its bioactive chemical constituents has been carried out in Asia, Europe, and America, with
Arica still lagging [14]; albeit a high number o endemic andmedicinal plant species reported in the Arican continent when compared
to others [15]. It is not ully understood how these biological activities together with the phytochemical constituents vary among
dierent Arican honeys, and how they compare with those o the highly valued Manuka honey. Specically, only ew studies carried
out in Ethiopia [16], Kenya [17,18], South Arica [19], and Cameroon [20] have comparatively characterized these biological ac-
tivities and/or phytochemical contents just between their country-level honey and the Manuka honey. This study thereore aimed or
the rst time to compare the in vitro antimicrobial and antioxidant activities as well as phytochemical constituents among honeys rom
distinct geographical regions in Kenya, Uganda, and Cameroon in comparison to the Manuka 5+ honey. Further, the volatile organic
compounds (VOCs) o the studied Arican honeys were analysed and compared using gas chromatography coupled to mass spec-
trometry (GC-MS). The outcomes o this investigation oer valuable insights into the potential value o these honeys as natural
antimicrobial and antioxidant agents thereby directly contributing to the Sustainable Development Goals (SDGs) 3, while concurrently
establishing a distinctive geographical signature or each Arican honey variety.

2. Materials and methods

2.1. Chemicals

Analytical grade chemicals: Colchicine, erric–III–chloride (FeCl3), 1,10-phenanthroline, hydrochloric acid (HCl), Gallic acid,
Folin–Ciocalteu’s reagent, sodium carbonate (Na2CO3), aluminum chloride (AlCl3), sodium nitrite (NaNO2), quercetin, sodium hy-
droxide (NaOH), chloroorm, linalool, sulphuric acid (H2SO4), absolute ethanol, and 2, 2-diphenyl-1-picrylhydrazyl (DPPH) were
purchased rom Merck (Massachusetts, USA) through Kobian, Kenya Ltd. The Mueller-Hinton agar (MHA) was purchased rom
Himedia Laboratories Pvt. Ltd (Mumbai, India) through F&S Scientic, Nairobi, Kenya. Methanol and n-hexane were purchased rom
Merck (Darmstadt, Germany).

2.2. Honey sampling

Eighteen Apis melliera honey samples were collected rom apiaries located in dierent geographical areas in three Arican countries
including Kenya, Uganda, and Cameroon (Fig. 1). The description o the climatic conditions within each apiary site is provided in
Table S1. From each location, honeys were collected rom ve randomly selected hives and pooled to represent one sample per in-
dividual apiary. All these samples were sent to the Arican Reerence Laboratory or Bee Health at icipe and were immediately analysed
as described below. In this study, the mono-foral Manuka 5+ honey rom New Zealand purchased in a supermarket in Kenya was used
as a positive control.
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2.3. Biological activities o the honey samples

2.3.1. Antioxidant activity (2,2-diphenyl-1-picrylhydrazyl radical scavenging activity (DPPH-RSA)) o the honey samples
One (1) g o each honey sample was dissolved in 10 ml o absolute methanol or in vitro analysis o antioxidant activity or ree RSA.

Thereater, the DPPH assay was perormed by spectrophotometry as previously described by Mokaya et al. [18], but with slight
modications. Briefy, to 0.75 ml o each dissolved honey sample (10% w/v), 1.5 ml o DPPH solution (2 mg/100 ml methanol) was
added. This mixture was incubated or 15min in the dark at room temperature aterwards the absorbance was measured at 517 nm. For
this assay, 0.75 ml o methanol mixed with 1.5 ml o DPPH solution was used as control. Meanwhile, the blank sample consisted o
0.75 ml o each dissolved honey solution mixed with 1.5 ml o methanol. For the positive control, quercetin prepared at dierent
concentrations (10–100 μg/ml) was used to generate a standard curve (y = 0.591x + 38.413, R2 = 0.9988) and the results were
calculated as quercetin equivalent. Each honey sample was assayed three times, the results obtained were averaged and used to
determine the ree RSA, expressed as the percentage o inhibition using the ormula below:

% Inhibition = [(Control absorbance – Sample absorbance)/ Control absorbance] × 100

2.3.2. Antimicrobial activity o the honey samples

2.3.2.1. Bacterial growth and maintenance. Single colonies o each susceptible Gram-positive (Bacillus subtilis ATCC 6633 and Staph-
ylococcus aureus ATCC 205923) and Gram-negative (Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853) bacteria
sub-cultured on Mueller-Hinton Agar (MHA) or 24 h at 37 ◦C were used. To achieve a turbidity o 0.5 McFarland (≈1× 108 CFU/mL),
these colonies were inoculated into sterile distilled water by measuring the optical density (O.D.)= 0.132 at 600 nm. Streptomycin was
used as positive control or antimicrobial activity against both the Gram-positive and Gram-negative bacteria.

2.3.2.2. Agar well diusion assay. This assay was perormed in sterile MHA prepared in dierent clean Petri dishes (90 mm in diameter

Fig. 1. Map showing the 17 apiary sites (white dots) in Cameroon, Uganda and Kenya.
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and 17 mm deep) and the average area o inhibition zone (mm2) or each honey sample assayed in three biological replicates was
measured as previously described by Mokaya et al. [18].

2.3.2.3. Determination o minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) o the honey types. The
MIC was determined using broth microdilution method as previously described [21], but with slight modications. Dierent con-
centrations were prepared (1.25, 2.5, 3.125, 6.25, 12.5, 18.75, 25% w/v) rom stock solution o each honey sample (50% w/v) using
Mueller Hinton broth (MHB) medium. The bacterial cultures o 0.5 McFarland standard (1 × 108 CFU/ml) prepared above were used.
Two hundred (200) μl o each honey concentration was aseptically put in triplicate into 96-well micro titre plates (Agilent Biotec
Epoch) beore adding 10 μl o the bacteria to all columns. For positive control, the bacterial cultures were added to the MHB medium
alone in one well, then or negative control the bacterial cultures, MHB medium and streptomycin were all added in one well and or
sterility control only medium was put in one well. The positive, negative and sterility controls were each replicated three times. Ater
all the plates were prepared, the O.D. was analysed using BioTek microplate reader (Agilent, Caliornia, USA) at 600 nm at time 0 h
(t0h) beore incubating them or 24 h in a shaker (Eppendor, Incubator Shaker Series, Germany). The O.D. was measured again ater
24 h (t24 h). The MIC was determined by checking the O.D changes between t0 and t24 h. Viability tests were done or conrmation o
MIC and determination o MBC by culturing the contents o ve wells (two wells each below and above the determined MIC con-
centration, and the well with the determined MIC concentration) in the MHA plate. The plates were incubated or 24 h at 37 ◦C and the
bacterial growth was observed aterwards. This indicated that the wells with no change in O.D. indeed had no growth. The MBC or
each honey sample was thereater determined as the concentration at which there was no bacterial growth.

2.4. Quantication o phytochemicals in the honey samples

2.4.1. Sample preparation
One (1) gram o each honey sample was dissolved in 10 ml o distilled water or quantication o phytochemicals.

2.4.2. Total phenol content (TPC)
The TPC o each honey sample, expressed in mg o gallic acid equivalents (GAE)/100 g honey, was determined in triplicates

ollowing the Folin–Ciocalteu method as previously described by Mokaya et al. [18]. The calibration curve (0–250 μg/ml) was
generated using gallic acid as the standard (y = 0.0073x + 0.0233, R2 = 0.9992).

2.4.3. Total favonoid content (TFC)
The TFC o each honey sample, expressed in mg o quercetin equivalents (QE)/100 g honey, was determined in triplicates ollowing

the aluminium chloride (AlCl3) colorimetric assay as previously described byMokaya et al. [18]. The calibration curve (20–200 μg/ml)
was generated using quercetin as the standard (y = 0.0006x + 0.0028, R2 = 0.9981).

2.4.4. Total alkaloid content (TAC)
The TAC o each honey sample, expressed in mg o colchicine/100 g honey, was determined in triplicates according to the 1,10-

phenanthroline method as previously described by Kegode et al. [22]. The calibration curve (0.1–1.5 mg/ml) was generated using
colchicine as the standard (y = 1.866x + 0.2332, R2 = 0.9844).

2.4.5. Total terpenoid content (TTC)
The TTC o each honey sample, expressed in mg o linalool equivalents/100 g honey, was quantied in triplicates according to the

colorimetric method as previously described [22]. The calibration curve (10–500 mg/ml)) was generated using colchicine as the
standard (y = 0.0009x - 0.0158, R2 = 0.9914).

2.5. Gas chromatography coupled to mass spectrometry (GC-MS) analysis o honey samples

One (1) gram o each honey sample was weighed and diluted with 1 ml o ultra-pure water. The resultant mixture was then
vortexed or 2 min or complete homogeneity, then n-hexane (4 ml) added. Subsequently, the mixture was centriuged at 1500 rpm or
2 min and let to stand or 10 min to allow ormation o a biphasic system. The organic phase was transerred into a separate clean glass
vial and residue was used or a second and third cycle o extraction. The rst, second and third extracts were combined and centriuged
at 2500 rpm or 10 min and 1 ml o top layer was withdrawn, dried through anhydrous sodium sulphate, into 2 ml clear glass and
immediately analysed by GC-MS.

Chromatographic separation o the honey extracts was carried out using GC on an Agilent Technologies series A 7890 linked to a
5975C inert XL EI/CI MS, equipped with a (5%-phenyl)-methylpolysiloxane (HP-5 MS) column (30 m in length × 250 μm internal
diameter × 0.25 μm lm thickness) (Agilent, Palo Alto, CA, USA). One μl o each extract was injected into the GC-MS in the splitless
mode at an injector temperature o 270 ◦C. The oven temperature was held at 35 ◦C or 3 min, ollowed by a gradual increase rate o
10 ◦C/min to 280 ◦C and maintained at this temperature or 10 min or a total o 50 min. Helium was used as a carrier gas at a fow rate
o 1.2 ml/min. The temperature o the ion source was set at 240 ◦C and the ionization energy at 70 eV and ragment ions analysed in
scan mode over 40–450 m/zmass range. Experiment-specic retention indices (RIs) were calculated in reerence to C5–C32 n-alkanes.

The relative integration o each identied peak was determined using the ChemStation integrator and is presented as percentage

N.N. Ndungu et al.
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(%) relative abundance in Table S6. To eliminate potential column, or solvent contamination, blank runs were conducted and sub-
sequently analysed. Detected peaks were initially identied through a comparative analysis o mass spectral data against reerence
spectra published by library–MS databases: National Institute o Standards and Technology (NIST) 05, 08, and 11 as well as by
considering retention times and retention indices. When authentic standards were available, the compounds identications were
denitively conrmed by comparing their ragmentation patterns, retention times, and retention indices with those o commercially
available standards.

2.6. Statistical analysis

The R-Sotware version 4.2.2 [23] and the PAleontological Statistics (PAST) version 3.12 [24] sotware were used to compute all
statistical analyses. To compare the phytochemical contents, the antibacterial and antioxidant activities among the 18 honey samples,
a Kruskal-Wallis test ollowed by post-hoc Dunn’s test was ran ater conrming that the data or the parameters were not normally
distributed and the variances were not homogeneous using the Shapiro-Wilk test (P< 0.05) and Bartlett’s test (P< 0.05), respectively.
Principal components analysis (PCA) was perormed or visualization and analysis o the phytochemical contents among the dierent
honey samples. Spearman’s rank order correlation was conducted to establish the existence o relationships between the studied
parameters. The heatmap unction embedded in the R sotware was used to generate the heatmaps illustrating the mean abundance o
the dierent volatile organic compounds arising rom each honey sample. To assess the variation in chemical proles among dierent
honey samples, a one-way analysis o similarities (ANOSIM) using the Bray–Curtis dissimilarity matrix was conducted. Furthermore,
the similarity percentages (SIMPER) analysis was employed to determine the relative contributions o various compounds to the
dissimilarity observed among the volatiles in dierent honey samples. These results were then visualized using the non-metric
multidimensional scaling (NMDS) method.

3. Results and discussion

3.1. Biological activities o the honey samples

3.1.1. Antioxidant activity o the honey samples
The antioxidant activity o the honey samples was measured based on their ability to neutralize the DPPH ree radicals leading to a

colour change rom purple to colourless. Our results revealed that the ability to neutralize the DPPH ree radicals diered signicantly
between the Manuka 5+ honey (control) and the Arican honeys investigated herein (Kruskal-Wallis test: H = 55.54, d = 18, p <

0.0001) (Fig. 2). Among the studied Arican honeys, the Poi (DPPH RSA o 43.81%) and Salabani (DPPH RSA o 41.72%) honeys rom

Fig. 2. Box plot diagram showing the dierences existing among the honey samples rom New Zealand, Kenya, Uganda, and Cameroon based on
their DPPH radical scavenging activity (RSA) (%). In each boxplot, the ends o boxplot whiskers represent the minimum and maximum values o all
the data and dots show individual data points (n = 3 replicates). Box plots with dierent letters are signicantly dierent rom each other (Kruskal-
Wallis test ollowed by post-hoc Dunn’s test, P<0.05).
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the Rit Valley region o Kenya had the highest antioxidant capacity ollowed in descending order, by Bangoulap (DPPH RSA o
41.52%) and Maka (DPPH RSA o 39.55%) honeys rom the Western region o Cameroon, and Kilawa honey (DPPH RSA o 39.03%)
rom the Eastern region o Kenya. Interestingly, the antioxidant capacity o all these poly-foral honeys was comparable with that o
mono-foral Manuka 5+ honey (DPPH RSA o 43.48%), suggesting that they could be used as natural antioxidant agents to protect
human cells against the harmul eects o ree radicals [25]. The above DPPH RSA values were within the range reported in previous
studies (31.1–86.9%) [26–30]. However, the Chogoria honey rom the Eastern region o Kenya was the least potent in terms o
antioxidant activity, with a DPPH RSA o 8.45%. The quercetin standard equivalent or all the studied honey samples is shown in
Table S2.

3.1.2. Antimicrobial activity o the honey samples
As shown in Table 1, the area o inhibition against Gram-positive and Gram-negative bacteria diered signicantly between the

Manuka 5+ honey and the studied Arican honeys (p< 0.0001). Among the studied Arican honeys, honeys rom the Rit Valley region
o Kenya (specically Poi, Salabani and Mbechot) had the highest antimicrobial activity against B. subtilis, S. aureus and E. coli while
the Bangoulap honey rom the Western Region o Cameroon, was the most bioactive against P. aeruginosa. Interestingly, the MIC
(3.125–6.25% w/v) and MBC (6.25–12.5% w/v) values o these Rit Valley bioactive honeys against B. subtilis, S. aureus, and
P. aeruginosawere comparable with those o the popularly studied Manuka 5+ honey (Table S3). However, their MIC (6.25% w/v) and
MBC (12.5 % w/v) values against E. coli were higher than those o the Manuka 5+ honey (MIC (3.125% w/v) and MBC (6.25% w/v)
values). Taken together, these results suggest that the bioactive Rit Valley honeys could also be used as natural therapeutic agents
against inections caused by B. subtilis, S. aureus, and P. aeruginosa. O note, the MIC values o these bioactive Rit Valley honeys against
S. aureus, E. coli, and P. aeruginosa (3.125–6.25% w/v) were lower than those reported in previous studies (MIC (5–25% w/v)), but
their MBC values against these pathogens (6.25–12.5% w/v) were within the range reported in previous works (6.25–50% w/v) [21,
31]. On the other hand, the MIC (6.25–12.5% w/v) and MBC (12.5–18.75% w/v) values o the Bangoulap honey against the our
studied bacteria were higher than those o the Manuka 5+ honey (MIC (3.125–6.25% w/v) and MBC (6.25–12.5% w/v) values)
(Table S3). The Chogoria honey rom the Eastern region o Kenya displayed the least antimicrobial activity (Table S3, Table 1). The
studied Arican honey types and the Manuka 5+ honey displayed greater eectiveness against Gram-positive than Gram-negative
bacteria (Table 1), suggesting dierences in bactericidal activity as reported previously [8,31].

3.2. Quantication o phytochemicals

As illustrated in Table 2, the content o phenols, favonoids, alkaloids and terpenoids as well as the total phytochemical content
(favonoids + phenols + alkaloids + terpenoids) diered signicantly between the Manuka 5+ honey and the investigated Arican
honey types (p< 0.0001). In act, the Rit Valley honeys rom Kenya had the highest average values o total phenol, favonoid, alkaloid,
terpenoid and total phytochemical contents among all the studied Arican honey varieties, and their levels were like those o the
Manuka 5+ honey. In contrast, Chogoria honey had, in general, the lowest average values o all these phytochemicals. In our ndings,

Table 1
Comparison (Mean ± SEM) o the antibacterial area o inhibition (mm2) between the Manuka 5+ honey rom New Zealand and honey collected in
Kenya, Uganda, and Cameroon. Dierent superscript letters in each column indicate signicant dierences among the honey samples according to
Kruskal-wallis test ollowed by post-hoc Dunn’s test, p < 0.05.

Gram-positive bacteria Gram-negative bacteria

Country Region Honey samples Bacillus subtilis Staphylococcus aureus Escherichia coli Pseudomonas aeruginosa

New Zealand ND Manuka 5+ 448.03 ± 3.33a 343.75 ± 9.20a 248.48 ± 0.00a 241.28 ± 2.11a
Kenya Rit Valley Poi 517.14 ± 9.85a 322.95 ± 12.86a 237.93 ± 7.64a 191.76 ± 3.96a

Salabani 434.68 ± 17.3a 307.13 ± 6.86a 190.38 ± 10.84a, b 180.67 ± 2.94a
Radat 347.13 ± 10.07a, b 311.71 ± 8.13a 206.97 ± 2.36a 160.75 ± 0.73a, b
Tabar 297.9 ± 1.3a, b 231.31 ± 6.93a, b 192.22 ± 12.72a, b 152.97 ± 1.47b
Kaptombe 301.1 ± 6.88a, b 289.92 ± 27.3a, b 204.66 ± 7.05a 154.37 ± 0.71b
Mbechot 415.51 ± 10.03a 318.98 ± 5.47a 207.46 ± 4.13a 178.74 ± 1.93a

Eastern Chogoria 170.69 ± 0.68c 176.99 ± 7.02b, c 151.34 ± 2.12b 124.24 ± 0.50c
Kituti 208.15 ± 23.07b, c 258.91 ± 24.55a, b 126.65 ± 5.18b 141.04 ± 6.41b
Kilawa 183.99 ± 10.7b, c 291.51 ± 12.3a, b 158.79 ± 2.16a, b 177.84 ± 7.5a, b
Endau 291.2 ± 16.82a, b 231.74 ± 4.68b, c 172.03 ± 9.46a, b 176.67 ± 7.09a, b
Ikutha 253.16 ± 14.14a, b 244.66 ± 1.83a, b 226.48 ± 2.94a 138.86 ± 2.13b, c

Coastal Wusi 322.24 ± 10.84a, b 246.17 ± 16.17a, b 205.16 ± 12.98a 139.73 ± 1.55b, c
Ilila 237.05 ± 14.54a, b 196.38 ± 1.83b, c 156.11 ± 7.25b, c 158.80 ± 2.13a, b

Uganda Western Biiso 351.55 ± 8.48a, b 223.52 ± 0.92b, c 170.16 ± 10.07b, c 154.64 ± 1.61b, c
Cameroon Western Bangoulap 238.22 ± 2.2b, c 242.72 ± 1.45a, b 197.22 ± 3.39a 207.41 ± 1.23a

Maka 220.96 ± 17.85b, c 202.41 ± 12.47b, c 144.04 ± 3.57b, c 175.45 ± 2.1a, b
Baang18 206.37 ± 3.58b, c 224.83 ± 15.51b, c 137.57 ± 0.00b, c 163.75 ± 2.21a, b
Baang30 382.50 ± 38.36a, b 219.06 ± 6.05b, c 155.31 ± 0.00b, c 175.5 ± 2.33a, b
Streptomycin 993.66 ± 0.4a 714.21 ± 0.14a 743.40 ± 0.17a 423.60 ± 0.31a
p-value 1.425e-05 6.495e-05 2.306e-05 1.376e-05

*ND-Indicates that the inormation is not available on the product’s label.

N.N. Ndungu et al.



Heliyon 10 (2024) e30839

7

Ta
bl
e
2

Co
m
pa
ris
on
(M
ea
n±

SE
M
)o
t
he
co
nt
en
to
f
av
on
oi
ds
,p
he
no
ls,
alk
alo
id
s,
te
rp
en
oi
ds
an
dt
ot
al
ph
yt
oc
he
m
ica
ls
be
tw
ee
nt
he
M
an
uk
a5

+
ho
ne
y
ro
m
Ne
w
Ze
ala
nd
an
dh
on
ey
sc
ol
lec
te
di
nK

en
ya
,U
ga
nd
a,

an
d
Ca
m
er
oo
n.
Di
e
re
nt
su
pe
rsc
rip
tl
et
te
rs
in
ea
ch
co
lu
m
n
in
di
ca
te
sig
ni
c
an
td
i
er
en
ce
sa
m
on
g
th
eh
on
ey
sa
m
pl
es
ac
co
rd
in
g
to
Kr
us
ka
l-W

all
is
te
st
o
llo
we
d
by

po
st-
ho
cD

un
n’
st
es
t,
P
<
0.
05
.

Co
un
try

Re
gi
on

Ho
ne
y
sa
m
pl
es

Fl
av
on
oi
ds
(m
g
QE
/1
00

g)
Ph
en
ol
s(
m
g
GA

E/
10
0
g)

Al
ka
lo
id
s(
m
g
CE
/1
00

g)
Te
rp
en
oi
ds
(m
g
LE
/1
00

g)
To
ta
lp
hy
to
ch
em
ica
ls

Ne
w
Ze
ala
nd

ND
M
an
uk
a5

+
90
3.
33

±
0.
00

a
10
59
.8
6
±
0.
00

a
33
0.
55

±
0.
62

a
28
2
±
0.
64

a
25
75
.7
4
±
0.
63

a

Ke
ny
a

Ri
t
Va
lle
y

Po
i

97
0
±
9.
62

a
10
47
.5
3
±
0.
79

a
25
1
±
0.
31

a
28
5
±
0.
64

a
25
54
.1
0
±
8.
35

a

Sa
lab
an
i

92
0
±
0.
00

a
10
24
.2
5
±
0.
00

a
22
6.
58

±
0.
62

a
27
4.
22

±
0.
00

a
24
45
.0
5
±
0.
62

a

Ra
da
t

48
6.
67

±
19
.2
5b

73
6.
58

±
1.
58

b
15
8.
52

±
0.
31

a
17
6.
44

±
0.
64

b
15
58
.2
1
±
18
.4
6b

Ta
ba
r

45
3.
33

±
9.
62

b
76
9.
45

±
0.
79

a,
b

13
6.
55

±
0.
31

b
18
5.
33

±
0.
64

b
15
44
.6
7
±
11
.2
1b

Ka
pt
om

be
55
3.
33

±
9.
62

b
73
5.
21

±
0.
79

b
11
8.
86

±
0.
62

b
27
0.
89

±
0.
00

a
16
78
.2
9
±
9.
16

b

M
be
ch
ot

10
70

±
9.
62

a
99
8.
22

±
0.
79

a,
c

26
6.
77

±
0.
31

a,
c

32
0.
89

±
1.
28

a
26
55
.8
8
±
9.
96

a

Ea
ste
rn

Ch
og
or
ia

40
3.
33

±
0.
00

b,
c

45
0.
27

±
1.
58

b,
d

42
.2
3
±
0.
62

b,
d

20
2
±
0.
00

b
10
97
.8
4
±
1.
38

c

Ki
tu
ti

70
3.
33

±
9.
62

a,
b

73
6.
57

±
2.
37

b
35
3.
59

±
0.
62

a,
c

25
0.
89

±
1.
28

a,
b

20
44
.3
9
±
8.
24

a,
b

Ki
law

a
53
6.
67

±
9.
62

b,
c

64
4.
79

±
1.
58

b
18
6.
92

±
0.
62

a,
b,
c

31
4.
22

±
0.
64

a
16
82
.6
1
±
9.
00

b

En
da
u

65
8.
89

±
5.
56

a,
b

87
3.
56

±
0.
79

a,
b

22
8.
72

±
6.
19

a,
b

28
3.
11

±
0.
64

a
20
44
.2
9
±
3.
19

a,
b

Ik
ut
ha

63
6.
67

±
9.
62

a,
b

90
2.
79

±
8.
46

a,
b

14
5.
12

±
0.
31

b
22
2
±
0.
00

b
19
06
.5
8
±
17
.4
3b

Co
as
ta
l

W
us
i

57
0
±
9.
62

b,
c

49
4.
11

±
0.
79

b,
d

54
.0
2
±
5.
09

b,
d

26
6.
44

±
1.
28

a
13
84
.5
7
±
10
.5
9b

Ili
la

85
3.
33

±
9.
62

a
97
9.
04

±
1.
58

a
15
3.
70

±
3.
09

a
22
5.
33

±
1.
28

b
22
11
.4
1
±
8.
79

a

Ug
an
da

W
es
te
rn

Bi
iso

80
3.
33

±
9.
62

a
98
7.
72

±
1.
21

a
14
5.
12

±
0.
62

a
23
6.
44

±
0.
64

a,
b

21
72
.6
2
±
8.
80

a

Ca
m
er
oo
n

W
es
te
rn

Ba
ng
ou
lap

77
0
±
9.
62

a
94
4.
79

±
0.
79

a,
b

11
9.
40

±
0.
62

a,
b

23
9.
78

±
0.
00

a,
b

20
73
.9
7
±
8.
53

a

M
ak
a

77
0
±
9.
62

a
72
0.
14

±
0.
79

b
10
3.
86

±
0.
31

b
25
7.
23

±
7.
60

a,
b

18
51
.2
3
±
17
.4
8a
,b

Ba
a
ng
18

57
0
±
9.
62

b,
c

46
2.
60

±
0.
79

b,
d

79
.7
4
±
0.
62

b
24
5.
33

±
0.
64

a,
b

13
57
.6
8
±
9.
48

b

Ba
a
ng
30

82
0
±
9.
62

a
68
7.
26

±
0.
79

b
10
4.
93

±
0.
31

b
26
0.
89

±
1.
28

a
18
73
.0
8
±
10
.5
0a
,b

p-v
alu
e

1.
07
e-0

5
9.
93
e-0

6
1e
-0
5

1.
05
1e
-0
5

1.
04
e-0

5

*N
D-
In
di
ca
te
st
ha
tt
he

in
o
rm
at
io
n
is
no
ta
va
ila
bl
eo
n
th
ep
ro
du
ct’
sl
ab
el.

N.N. Ndungu et al.



Heliyon 10 (2024) e30839

8

the average values o favonoid and phenolic content in all the tested Arican honeys ranged between 403.33 and 1070 mg QE/100 g
and 450.27–1059.86 mg GAE/100 g, respectively. These values were higher than those reported or mono- and poly-foral honeys in
previous studies (0.86–73.02 mg QE/100 g or favonoids and 2–142.61 mg GAE/100 g or phenols) [18,32,33].

It is worth mentioning that the high level o variability in the bio-unctional properties o the studied honeys recorded herein could
be partly linked to dierences in the levels o several actors, especially favonoid and phenolic compounds, as was suggested beore or
similar cases [18,34]. Some studies have shown that these plant-derived secondary metabolites are responsible or the scavenging
activity o honey against the ree radical DPPH [35–37]. Other studies have shown that they limit the development o numerous
Gram-positive and Gram-negative bacteria [38]. Our results concurred with these previous ndings as signicant and positive cor-
relations were observed between the phytochemicals (phenols and favonoids) and antioxidant (DPPH RSA %)/antimicrobial activity
(Fig. 3). Signicant and positive correlations were also ound between total terpenoid content and DPPH RSA (%) (r = 0.48, p < 0.05),
the antibacterial activity against S. aureus (r = 0.55, p < 0.05) and P. aeruginosa (r = 0.62, p < 0.01) (Fig. 3). Further, levels o ter-
penoids signicantly and positively correlated with those o favonoids (r = 0.51, p < 0.05). These ndings thereore suggest that in
combination with favonoids, terpenoids may also contribute to the biological activities o honey because the presence o terpenes rom
which they are derived is apparently limited in honey when compared to phenolic and favonoid compounds [9]. Alkaloid may also
contribute to the bio-unctional properties o honey in combination with favonoids due to signicant and positive correlation ound
between this compound and favonoids (r = 0.51, p < 0.05), and the antibacterial activity against S. aureus (r = 0.68, p < 0.01) and
P. aeruginosa (r = 0.47, p < 0.05) (Fig. 3).

The quality and quantity o the phytochemicals investigated herein are partly infuenced by the geographical and foral origin o
the nectar [9,32,39,40]. As such, they could be used to provide a unique geographical ngerprint or dierent types o honey as was
suggested beore [41]. Clear separation o Arican and Manuka 5+ honey varieties based on their phytochemical contents using PCA in
this study support this opinion (Fig. 4). Notably, Poi and Salabani honeys rom the Rit Valley region in Kenya were close to each other
and both were close to the Manuka 5+ honey. Also, they were relatively close to the Mbechot honey rom the same region on the
positive side o PCA 1. Poi and Salabani honeys with the Manuka 5+ honey were airly close to those rom the Eastern (e.g. Endau and
Kituti) and Coastal (e.g. llila) regions o Kenya, Western regions o Uganda (e.g. Biiso) and Cameroon (Bangoulap) on the positive side
o PCA 1, but were rather separated rom the rest o honeys on the negative side o PCA 1. Chogoria honey rom Eastern Kenya was very
dierent rom all the Arican honey samples investigated herein including the Manuka 5+ honey. However, since the amounts o these
phytochemicals vary seasonally [42–44], elucidating the infuence o seasonality on their levels and consequently on the bioactivity o
these Arican honey types is recommended.

3.3. Volatile organic compounds in Arican honey samples

A total o 129 volatile organic compounds (VOCs) across all samples were detected (Tables S4 and S5). These VOCs encompassed a
diverse range o chemical classes, including 9 ketones, 5 alcohols, 5 benzenoids, 25 terpenes, 4 carboxylic acids, 3 esters, and several

Fig. 3. The correlation between alkaloids, phenols, terpenoids or favonoids and antioxidant activity (DPPH RSA (%))/antimicrobial activity, with
corresponding correlation coecient and signicant levels. p < 0.05 “*“, p < 0.01 “**“, p < 0.001“***”.

N.N. Ndungu et al.
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others. Within this rich array o compounds, specic VOCs exhibited signicantly higher abundances in certain honey samples
compared to others (ANOSIM: R-stat = 0.089, p < 0.001). Noteworthy among these ndings was the prevalence o identical volatile
compound proles in Endau, Tabar, and Kilawa honeys rom Kenya (Fig. 5). This striking similarity is urther conrmed by our non-
metric multidimensional scaling (NMDS) plot (Fig. 6A), which clearly demonstrates the clustering o these three honey samples,
underscoring the consistency in their volatile compositions. Conversely, certain honey samples, such as those rom Chogoria and Ilila,
displayed distinct proles o volatile organic compounds when compared to samples rom Poi and Maka. These dierences in volatile
composition were primarily attributed to the presence o the ten most abundant compounds, as illustrated in Fig. 6B, suggesting that
they could also be partly used to diagnose the geographical and/or foral sources o honey. However, uture studies on their anti-
microbial and antioxidant properties are required. Other minor volatile compounds detected in some o tested Arican honeys such as
α-pinene and D-limonene [45], camphor [46], eucalyptol [47,48] and camphene [49] have been demonstrated to have antioxidant
and/or antimicrobial activities (Table S5). It is worth noting that there was not enough Mbechot, Kituti, and Kaptombe honeys to run

Fig. 4. Principal components analysis showing the similarities (or dissimilarities) existing among the honey samples rom New Zealand, Kenya,
Uganda, and Cameroon based on their phytochemical contents. Total variance explained by 83.63%.

Fig. 5. The honey samples emit dierent volatile organic compounds (VOCs). (A) Heatmap showing the mean abundance o the VOCs in each honey
sample. Abbreviation o the 129 VOCs are shown in Table S9 (C1–C129). “Red”, “dark-orange” and “yellow” colours indicate a high, average and
low abundance, respectively. The abbreviations o the VOCs are shown in Table S5.

N.N. Ndungu et al.
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this GC-MS analysis.

4. Conclusion

Overall, honeys rom the Rit Valley (particularly Poi, Salabani and Mbechot) and Western (particularly Bangoulap) regions o
Kenya and Cameroon, respectively, are o particular interest because they displayed the highest antioxidant (DPPH RSA o
41.52–43.81%) and antimicrobial (MIC (3.125–6.25% w/v) and MBC (6.25–12.5% w/v)) activities among the tested Arican honey
types, which were like those o the Manuka 5+ honey. Thus, their potential to be used as natural sources o antimicrobial and anti-
oxidant therapies needs to be urther probed. Their high bioactivities were partly linked to their high levels o phenols
(944.79–1047.53 mg GAE/100 g), favonoids (770–970 mg QE/100 g), terpenoids (239.78–320.89 mg LE/100 g) and/or alkaloids
(119.40–266.57 mg CE/100 g). This nding urther supports the useulness o these phytochemicals together with the 10 most
abundant VOCs identied herein by GC-MS as potential markers or pinpointing the geographical origin o honey.
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