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Introduction: Although Sumra and Sidr Saudi honey is widely used in traditional medicine due to its potent activity, it is unknown
whether its prolonged usage has impact upon bacterial virulence or leading to reduced antibiotic sensitivity. Thus, the study aims to
investigate the effect of prolonged (repeated) in-vitro exposure to Saudi honey on the antibiotic susceptibility profiles and biofilm
formation of pathogenic bacteria.

Methods: Several bacteria, including Staphylococcus aureus, Escherichia coli, and Acinetobacter baumannii, were in-vitro exposed
ten times [passaged (P10)]to Sumra and Sider honey individually to introduce adapted bacteria (P10). Antibiotic susceptibility profiles
of untreated (P0) and adapted (P10) bacteria were assessed using disc diffusion and microdilution assays. The tendency regarding
biofilm formation following in-vitro exposure to honey (P10) was assessed using the Crystal violet staining method.

Results: Adapted (P10) bacteria to both Sumra and Sidr honey showed an increased sensitivity to gentamicin, ceftazidime, ampicillin,
amoxycillin/clavulanic acid, and ceftriaxone, when compared with the parent strains (P0O). In addition, A. baumannii (P10) that was
adapted to Sidr honey displayed a 4-fold increase in the minimal inhibitory concentration of the same honey following in-vitro
exposure. 3-fold reduction in the tendency toward biofilm formation was observed for the Sumra-adapted (P10) methicillin resistant
S. aureus strain, although there was a lower rate of reduction (1.5-fold) in biofilm formation by both the Sumra- and Sidr-adapted
A. baumannii (P10) strains.

Conclusion: The data highlight the positive impact of prolonged in-vitro exposure to Saudi honey (Sumra and Sider) for wound-
associated bacteria since they displayed a significant increase in their sensitivity profiles to the tested antibiotic and a reduction in their
ability to form biofilm. The increased bacterial sensitivity to antibiotics and a limited tendency toward biofilm formation would
suggest the great potential therapeutic use of this Saudi honey (Sumra and Sidr) to treat wound infections.
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Introduction
Antimicrobial resistance (AMR) is a well-defined, continuously emerging phenomenon that poses frightening threats and
challenges to human health worldwide.'-* This is mainly due to the emergence bacterial strains that cannot be treated using the

currently available drugs. These are known as multidrug-resistant (MDR) bacteria or “superbugs”.' Multiple factors, including
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globalization and poor cleanliness, might trigger or enhance the emergence of AMR, although the term “antibiotics misuse” is
most often claimed to be the predisposing factor regarding the establishment and development of AMR."! The misuse of
antibiotics includes the under and over usage of these drugs by different means, such as the incorrect duration or dosage of the
prescribed antibacterial agents in different sectors (eg, veterinary medicine, agriculture and aquaculture), including human
health.? In addition, over-the-counter sales, or unguided empirical prescriptions of antibiotics by doctors/specialists, where
there was no real need for their use (eg, for patients with a viral infection), are commonly observed examples of unprofessional
practices globally across different sectors.” AMR has led to a worldwide health and economic burden because infections
caused by MDR bacteria are associated with the highest rate of mortality and economic losses.'>*® In 2006, it was reported that
about 50,000 deaths were attributed to hospital-acquired infections (HAIs) caused by drug-resistant strains in the United States
of America (USA) alone.” It was also estimated that globally, by 2050, about 10 million deaths annually will be caused by
AMR, unless targeted actions are implemented prior to this date. Furthermore, AMR increases the annual cost of healthcare by
20 billion dollars in the USA alone.®

Although multiple actions are taken to combat the AMR, scientists have focused on antibiotic-alternative approaches and
therapies, due to the high probability of their potential effectiveness and limited development of resistance compared with
conventional antibiotics." These approaches would include the use of plant-based products (eg, honey) as an antibacterial
agent to treat drug-resistant bacteria, such as Manuka, or Leptospermum scoparium honey, which is named after a species of
tea tree that is native to New Zealand.” Manuka honey displayed activity toward multiple Gram-positive and negative
pathogenic drug resistant bacteria, including Escherichia coli, methicillin-resistant S. aureus (MRSA), antibiotic resistant
beta-hemolytic streptococci and vancomycin-resistant Enterococci (VRE).”!'® Despite the considerable tolerance of biofilm to
antibiotics and its great challenge to medicine, an in-vitro study showed the successful eradication of biofilm growth by

P. aeruginosa and S. aureus when using Manuka honey.'"'> Interestingly, the sensitivity of Manuka-treated pathogenic
bacteria increased towards conventional antibiotics, compared with untreated ones."?

Saudi Arabia produces multiple types of honey, that according to the tree, nectar and/or location of hives, including Sider,
Talah and Sumra honey.'* Sider and Sumra honey are commonly used in traditional medicine to treat various infections as well
as gastric ulcers, probably due to their antioxidant, anti-inflammatory, and anti-bacterial properties.'> Sider honey, with an
80% w/v concentration, displayed potent activity against S. aureus, S. epidermidis and Shigella flexneri, while Dharm honey
of the same concentration showed a superior inhibitory effect toward E. coli, Proteus mirabilis, S. epidermidis and Shigella

flexneri.'® In addition, the promising sensitivity of Gram-positive and negative bacteria including B. cereus, S. aureus, E. coli,

Salmonella enterica as well as Trichophyton mentagrophytes (Fungi) toward Sider honey was also monitored. Moreover,
Saudi Sumra honey has been proven to be effective against multidrug-resistant (MDR) S. aureus, E. coli, and Candida
albicans in single and/or polymicrobial cultures.'’

Although the above-mentioned studies have highlighted the promising activity of Saudi honey and its historical usage in
traditional medicine to treat infectious diseases, there is a clear research gap concerning the effect of the prolonged, repeated
in-vitro exposure of Saudi honey on bacterial resistance to conventional antibiotics, as well as its ability to create biofilm. This
in-vitro study is essential for any potential therapeutic use of Saudi honey to treat infections caused by MDR and biofilm-
forming pathogenic bacteria. Accordingly, the current study aims to investigate the antibiotic susceptibility and biofilm
formation of honey-treated (adapted) pathogenic bacteria following repeated in-vitro exposure to various types of Saudi honey
in comparison with the same parent (untreated) bacterial strains.

Materials and Methods

Collection of Bacterial Isolates, Honey Samples and Antibiotic Discs

Several Gram-positive (n=7) and negative (n= 6) clinical and reference bacterial isolates that are associated with wound
infections were used in this study, including Staphylococcus aureus and Staphylococcus epidermidis, as Gram-positive
indicators, while Acinetobacter baumannii, Escherichia coli and Pseudomonas aeruginosa were the Gram-negative
strains. Clinical isolates were collected from King Khalid hospital in Hail, Saudi Arabia, as part of the routine diagnosis
procedure. To generate data with decent reliability and reproducibility for practical comparison, reference Gram-positive
and negative bacterial strains were purchased from the American Type Culture Collection (ATCC) (Manassas, United
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States) and National Collection of Type Cultures [(NCTC) Public Health England, Salisbury, United Kingdom)]. All of
the isolates were recovered, cultured and/or maintained in a Mueller-Hinton agar (MHA) and/or Mueller-Hinton broth
(MHB) (Thermo-Fisher Scientific, Massachusetts, United States).

Sumra and Sider honey was obtained from an authenticated company that sold honey in Al-Bah city, Saudi Arabia (Al
Amari, AL-Baha, Saudi Arabia).'” In addition, medical grade Manuka honey (Methylglyoxal 400) was purchased from
MaunukaGuard (Monterey, California, USA),” which was utilized as a positive control. All of the obtained honey was
inoculated into MHA plates and incubated at 37°C for 24 hours to ensure the absence of any contamination (a purity
check), then prepared as a 90% stock solution using sterile distilled water (dH,O) before any experimental work was
conducted. Antibiotic discs, including gentamicin (120 pg), ceftazidime (30 pg), ampicillin (10 pg), amoxycillin/
clavulanic (30 pg), ceftriaxone (30 pg), and imipenem (10 pg), were obtained from Condalab (Madrid, Spain) and
stored at —20°C in a dry place.

Long-Term Exposure of Bacterial Isolates to Honey Samples (Adaptation Process)

To evaluate the effect of the long-term, in-vitro exposure of bacterial isolates to various honey samples, each individual
bacterium was repeatedly exposed (ten times) to each tested honey sample (Sumra, Sider and Manuka) using an agar-
based diffusion method."? In brief, approximately 6-millimeter (mm) wells were formed at the center of a Mueller Hinton
agar plates, after which 200 pL of a sub-lethal concentration of each tested honey (30 mg/mL dissolved in sterile dH,O)
was added aseptically into the center of the well/s. Each parent (unexposed) bacterial isolate [Passage zero (P0)] was
distributed radially in triplicate around the central well and incubated at 37°C for 24 hours. Following incubation, the
bacteria that had grown in close proximity to the well were aseptically re-inoculated onto a plate containing the same or
a higher concentration of the tested honey. This procedure was repeated for a total of ten passages to generate the adapted
bacteria (P10) for each type of honey tested. The parent strains (P0O) were also sub-cultured ten times in MHA (without
any honey) as a negative control [(PO) negative control)] to ensure that any potential changes in the antibiotic
susceptibility of the adapted bacteria (P10) could be attributed to the honey exposure alone (the treatment) rather than
the sub-culturing process itself.

Antibiotic Susceptibility Testing

To assess the effect of honey on bacterial sensitivity toward antibiotics, the antibiotic susceptibility profiles of the isolates
prior to their exposure to honey [(P0) negative control)] as well as those of the isolates that had been treated ten times
with honey (P10) were determined.'® This was performed according to the standardized British Society for Antimicrobial
Chemotherapy (BSAC) disc diffusion method for antimicrobial susceptibility testing using MHA plates.'® The suscept-
ibility profiles of all of the Gram-positive isolates were determined against five different antibiotics, including gentami-
cin, ceftazidime, ampicillin, amoxycillin/clavulanic and ceftriaxone, whereas imipenem in addition to these five
antibiotics were used for the evaluation of the Gram-negative isolates. The plates were incubated for 24 hours at
37°C, after which the zones of inhibition were measured in millimeters (mm). This testing was carried out in triplicate for
each bacterium to provide more reliable and reproducible data. The average of the three reads and standard deviations
were also calculated.

Antibacterial Activity of Various Types of Honey Against Adapted (Honey-Treated)

and Parent (Untreated) Bacterial Strains

The minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations (MBCs) of Sider and Sumra honey
against adapted clinical isolates (P10) were assessed using a broth microdilution method.'® Overnight bacterial cultures of
clinical isolates with zero exposure (P0) as well as isolates with long-exposure (P10) were adjusted to a specific optical density
(ODgqg of 0.8), known as 0.5 MacFarland, followed by a 1:100 dilution using the MHB. Next, after the bacterial suspension
(100 pL) had been transferred to a 96-well microtiter plate, multiple concentrations (0—1000 mg/L) of the tested honey were
added. The inoculated plates were incubated aerobically at 37°C for 24 hours. Then, the MIC values were determined visually,
which is the lowest concentration of tested honey at which the bacterial growth was inhibited. Only then was the MBC
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assessed by transferring aliquots of 5 pL. from wells exhibiting no visible turbidity onto the MHA plate, followed by overnight
incubation at 37°C. The MBC values were determined as the lowest concentration of tested honey that led to the complete
absence of bacterial growth on the MHA plate.

Biofilm Formation Assay

A crystal violet assay was used to assess the biofilm formation by the clinical bacterial strains that had been treated with
each type of honey (P10) and the untreated isolates [(PO) negative control].'"” The overnight bacterial cultures were
diluted (1:100) using MHB, then transferred to a sterile 96-well microtiter plate and incubated at 37°C for 48 hours.
Next, the bacterial suspension was discarded, and the wells were washed twice in a sterile phosphate-buffered saline
(PBS) (Thermo-Fisher Scientific, Massachusetts, USA) before staining with 250 pL of 1% (w/v) crystal violet solution
(Sigma-Aldrich, Missouri, USAT) at room temperature until dry. Ethanol was added to each well and the absorbance
(OD600) was monitored using a plate reader. The experiments were performed in triplicate and the data for the isolates
with zero exposure (PO) were compared with the data for the treated strains (P10).

Statistical Analysis

The statistical analysis was conducted using GraphPad Prism (version 9). The analysis was performed on biofilm
formation essay reads to determine any potential significant changes between the parent (P0) (untreated) and adapted
(honey-treated) bacteria (P10) using the #-test.

Results

Effect of Honey Exposure on Bacterial Sensitivity to Antibiotics

In this study, certain honey-treated bacterial strains, that had previously been exposed in-vitro ten times to a single type
of honey, showed a significant increase in the size (mm) of their caused zone of inhibition (ZOI) to the tested antibiotics,
which varied from one type of honey to another. Most of the significant changes were observed in the tested reference
strains compared to the clinical isolates (Figures 1 and 2). The sensitivity data for each of the tested antibiotics to the
types of honey used will be presented in the following sections separately.

Alteration in the Susceptibility to Gentamicin

The S. epidermidis [ATCC 12228] that was treated with Sumra and Sider honey showed an increased sensitivity to
gentamicin. The largest inhibitory zones to gentamicin were observed in the adapted S. aureus [ATCC 25923], that had
been exposed ten times to Manuka and Sider honey individually, while S. pyogenes [ATCC 19615] showed an increased
susceptibility to gentamicin following exposure to all types of the honeys tested separately. The Gram-negative strains
that had been treated with Manuka honey exhibited a noticeable reduction in their resistance to gentamicin. The adapted
(P10) E. coli (ATCC 14169) and E. coli (ATCC 12923) strains displayed a larger zone of inhibition following long
exposure (P10) to Manuka and Sider honey, respectively.

Alteration in the Susceptibility to Ceftazidime

Treatment with Sider honey resulted in greater sensitivity toward ceftazidime among the clinical isolates of S. aureus
(217), S. epidermidis (ATCC 12228) and S. aureus (ATCC 25923). S. aureus (ATCC 25923) that had been treated (P10)
with Manuka honey and S. pyogenes (ATCC 19615) that had been treated with Sumra honey showed a similar increase in
their sensitivity to ceftazidime. All of the remaining adapted bacteria, (P10) revealed inhibitory zones to ceftazidime of
a similar size to those of the parent strains (P0). In addition, all of the adapted (P10) reference strains of E. coli had larger
ZOIls to ceftazidime (from around 8 mm to over 20 mm) following exposure to all three types of honey individually
(Sumra, Manuka, and Sider). Moreover, the treated strains of P. aeruginosa (NCTC12903) became more susceptible to
ceftazidime having been exposed to Manuka honey ten times.

Alteration in Susceptibility to Ampicillin
Adapted (P10) S. aureus (211) exhibited a reduced susceptibility to ampicillin following exposure to all of the types of honey
tested. In contrast, although S. epidermidis (ATCC 12228) was fully resistant to ampicillin, it showed a larger ZOI following
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Figure | Antibiotic susceptibility profiles of Gram-positive bacteria treated ten times (passage 10 (P10)) with different honeys including, Manuka (MK), Sumra (SM) and Sider
(SD), as well as parent (untreated) isolates [passage 0 (P0O)] and controls for passaging procedure without any treatment (control (P10-CoT).
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Figure 2 Antibiotic susceptibility profiles of Gram-negative bacteria treated ten times [passage 10 (P10)] with different honeys including, Manuka (MK), Sumra (SM) and
Sider (SD), as well as parent (untreated) isolates [passage 0 (P0)] and controls for passaging procedure without any treatment [passage control (P10-CoT).
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treatment with either Sumra or Manuka honey. Noticeably, S. aureus (ATCC 25923) that was exposed (P10) to Sumra and
Sider honey separately became sensitive to ampicillin, with an inhibitory zone (26 mm) of identical size compared to full
resistance (ZOI of 0 mm) prior to exposure. In addition, S. pyogenes (ATCC 19615) became more sensitive to ampicillin
following exposure to Manuka honey. The susceptibility of all of the tested Gram-negative bacteria remained unchanged,
except for that of P. aeruginosa (NCTC12903), which had been completely resistant to ampicillin previously, but became
sensitive to it, with a large ZOI following in-vitro exposure (P10) to Sumra and Sider honey, individually.

Alteration in Susceptibility to Amoxycillin/Clavulanic

Methicillin-resistant S. aureus (150) that was treated (P10) with Manuka honey showed a slight decrease in its ZOI. All of
the tested reference isolates of S. aureus displayed significant changes in their sensitivity profiles to this antibiotic following
exposure to the tested types of honey. S. aureus (ATCC 25923) and S. epidermidis (ATCC 12228), having been adapted
(P10) to all three types of honey, an exhibited significant increase in the size of their inhibitory zones caused by amoxycillin/
clavulanic, although larger zones by the same antibiotic were monitored for S. pyogenes (ATCC 19615) following long
exposure (P10) to Manuka honey. The most noticeable change in susceptibility was observed for the isolates that had been
treated with Sider honey, including E. coli NCTC 10418), (E. coli ATCC 14169), (E. coli NCTC 12923) and P. aeruginosa
(NCTC 12903), as they become sensitive to amoxycillin/clavulanic, compared to their complete resistance to it prior to their
exposure to Sider honey. In addition, adapted E. coli (NCTC 12923) and P. aeruginosa (NCTC12903) showed greater
sensitivity to this antibiotic following exposure to Manuka honey.

Alteration in Susceptibility to Ceftriaxone

S. aureus (211), S. aureus (ATCC 25923), S. epidermidis (ATCC 12228) and S. pyogenes (ATCC 19615) that had been
exposed to Sumra honey presented with a high susceptibility to ceftriaxone. Additionally, elevated activity by ceftriaxone
was observed against S. aureus (ATCC 25923) and S. epidermidis (ATCC 12228), that had been treated ten times with
Manuka and Sider honey, individually. Moreover, S. pyogenes (ATCC 19615) displayed a larger inhibitory zone
following in-vitro exposure to Manuka honey alone. All of the adapted reference isolates of E. coli (NCTC 10418),
E. coli (ATCC 14169), E. coli (NCTC 12923) and P. aeruginosa (NCTC12903) exhibited an increased sensitivity to
ceftriaxone following exposure to all of the types of honey tested.

Alteration in Susceptibility to Imipenem

The activity of imipenem was tested against Gram-negative clinical and reference isolates, which revealed complete
resistance and promising inhibition, respectively. There were no significant changes in the sensitivity profiles towards
imipenem for any of the adapted bacteria (P10) to the three types of honey tested, except for P. aeruginosa
(NCTC12903), that displayed a larger inhibitory zone caused by imipenem following in-vitro exposure to Sider and
Sumra honey separately.

Changes in the Honey’s Antibacterial Activity Profiles Following Exposure to Sider and

Sumra Honey

The number of MICs and MBCS of Gram-negative bacteria were slightly increased in the adapted bacteria (P10)
compared to the parent strain (P0) against both Sider and Sumra honeys. 4. baumannii (20) that had been exposed (P10)
to Sider honey displayed a 4-fold increase in its MIC value as well as slightly higher MBCs in comparison with the MIC
and MBC values of the parent strain against the same honey. The Gram-positive bacteria showed no changes in their MIC
values to both types of honey while the values for the MBCs were somewhat elevated.

Effect of Bacterial Adaption to Honey on Biofilm Formation

The Sumra and Sider honey-adapted bacterial strains were tested for biofilm formation by comparing their adherence to
the used surface with an untreated (P0O) bacterial strain (Figure 3). The following bacterial strains were tested: S. aureus
(211), S. aureus (22), MRSA, S. aureus (217), E. coli (41) and A. baumannii (20). An approximately 3-fold reduction in
biofilm formation among Sumra-adapted MRSA (p value=0.011) was observed. Moreover, there was an approximately
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Figure 3 The effect of bacterial adaptation to Sider and Sumra honey upon its formation of biofilm. Sumra honey-adapted Methicillin-resistant Staphylococcus aureus (150) and
Sumra honey-adapted Acinetobacter baumannii (20) resulted in a significant reduction of biofilm formation compared to the control, evidenced by reduced optical density. Also,
Sider honey-adapted Acinetobacter baumannii (20) showed great inhibition of biofilm formation when compared to the control. Error bars represent the standard error of the
mean. The results represent three (triplicates) independent experimental replicates. Statistical significances are *Indicated by and **When the p value < 0.05 and < 0.01, respectively.

1.5-fold reduction in biofilm formation among both the Sumra and Sider-adapted A. baumannii (20) (p value=0.008 and
0.003 respectively).

Discussion

Honey is well-valued and considered as one of nature’s finest gifts. Honey has been used for medicinal and dietary
purposes for a long time in different nations all over the world.”® In conventional medicine, honey is used to treat/control
various non-infectious illness (eg, cancer and asthma) and numerus infectious diseases, including, throat and wound
infections, tuberculosis, and hepatitis.21 Honey contains hundreds of compounds, such as amino acids, phenol, sugar,
minerals, flavonoids, vitamins, and antioxidants.!” Sumra and Sider are famous types of honey in Arab countries, and
their antimicrobial activity has been documented against a wide range of pathogens, including drug-resistant bacteria and
fungi.'” Honey’s antimicrobial activity has been attributed to several factors, such as the disruption of the bacterial cell
membrane.”> However, no information about potential bacterial resistance to honey has ever been reported.”> Although,
bacterial adaption to Manuka honey has been well-described'? and studied, there is no published data regarding the
adaptation effect of Saudi honey (the > ten times in-vitro exposure of the tested types of Saudi honey to bacterial strains
individually) on its antibiotic sensitivity profiles and ability regarding biofilm formation. Therefore, the current project
aimed to assess any potential changes in antibiotic sensitivity and biofilm formation for several clinical isolates following
long-term in-vitro exposure to Sider and Sumra honey, individually.

Several clinical isolates were repeatedly exposed (ten times) to Sumra and Sider honey separately to generate the
adapted bacteria (P10), after which their antibiotic susceptibility and biofilm formation were evaluated. The majority of
adapted bacterial strains (P10) showed an increased sensitivity based on their zone size to five different antibiotics
following repeated exposure to honey, although these changes were commonly observed in the adapted reference strains
rather than the clinical isolates (Figures 1 and 2). This could be because reference isolates are less historically exposed to
antimicrobial compounds, including honey (less selection pressure for resistance) compared with clinical isolates that
have been treated with various doses of numerous antibiotic drugs.'” Thus, the effect of in-vitro exposure to honey on the
reference strains in this study is more obvious and significant than that for the clinical strains. This suggests that further
or longer exposure/treatment of the tested clinical isolates to these types of Saudi honey could have a more positive effect
upon their sensitivity.

The obtained data show that the majority of the bacteria that adapted to Saudi honey became more sensitive to the cell
wall inhibitors, including ceftazidime, ampicillin, amoxycillin/clavulanic, ceftriaxone, and imipenem (Figures 1 and 2).
In line with a previous report,”® the increased sensitivity of the adapted bacteria to these antibiotics might be due to
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possible alterations in their cell wall permeability®® or/and efflux systems,?® following treatment with the tested honey. It
was claimed that the in-vitro exposure of bacterial isolates to an antimicrobial agent (eg, honey) can affect cell membrane
integrity, which has been observed in bacteria that have been adapted to antimicrobials.'®*® For instance, exposure to the
antibiotic gentamicin has led to changes in cell wall permeability.>” Another possible cause of the increased sensitivity of
the adapted bacteria to antibiotics could be that the repeated in-vitro exposure to the honey used (known as the adaptation
process) leads to a reduction in bacterial growth and fitness,?® which in turns causes the adapted bacteria to become more
sensitive to antibiotics.

The MICs and MBC:s values of the Gram-negative and positive adapted bacteria against both types of honey tested (Sumra
and Sider) were identical to those of the parent strains, except for 4. baumannii (20) that was adapted (P10) to Sider honey,
since a 4-fold increase in its MIC value toward this honey was monitored when compared to the parent strain (P0) (Table 1).
This observation is in line with a previous study that described how bacterial strains that had adapted to Manuka honey showed
similar MIC values to the parent strains against Manuka hone.'> However, the biofilm growth of adapted P. aeruginosa to
Manuka honey showed a higher MIC value for Manuka honey as well as an alteration in its sensitivity toward certain antibiotic
drugs.?” Honey contains multiple compounds, that engage in antibacterial activities through various modes of actions, so low/
limited resistance development is highly expected.***° Nevertheless, it would be worth conducting protein expression and
whole genome analysis of bacteria that had been treated with Saudi honey to reveal its bacterial targets as well as any possible
genomic and proteomic changes.

Biofilm formation is a well-known bacterial virulence factor that hampers wound healing and antimicrobial activity,
leading to a severe form of infection, serious complications, treatment failure and death.’’ Former studies have reported
the promising antibiofilm activity of multiple types of tested Saudi honey (eg, Sumra honey) to treat infections caused by
biofilm forming bacteria.'>!”

The current findings show a 3-fold reduction in biofilm formation for Sumra-adapted MRSA as well as an approxi-
mately 1.5-fold reduction in biofilm formation for both the Sumra and Sider-adapted 4. baumannii (20) strains (Figure 3).
A reduction in biofilm formation of S. aureus has been reported following treatment with triclosan, which has been
attributed to a reduced growth rate following exposure.'” This is in line with previous work that reported a reduction in
biofilm formation among Gram-positive bacteria that had adapted to Manuka honey, including S. aureus.** In contrast,
a higher tendency toward biofilm formation was observed among all of the tested Gram-negative bacteria that had adapted
to Manuka honey, although 4. baumannii was not tested.'> 4. baumannii tends to be more resistant to antibiotics and is one

Table | Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of Sumra and Sider Honeys of
Untreated Bacteria [Passage 0 (P0)] and ten Times Treated Honey [Passage 10 (P10)]

Isolates PO Sumra P10 PO Sider P10

MIC of MBC of MIC of MBC of MIC of MBC of MIC of MBC of
Sumra Sumra Sumra Sumra Sider Sider Sider Sider
(mg/mL) (mg/mL) (mg/mL) (mg/mL) | (mg/mL) | (mg/mL) (mg/mL) (mg/mL)

Gram positive

Staphylococcus aureus [211] 62.5 500 62.5 1000 125 1000 125 1000
Staphylococcus aureus [217] 62.5 500 62.5 1000 125 1000 125 1000
Methicillin-resistant 62.5 500 62.5 1000 125 1000 125 1000

Staphylococcus aureus [150]

Staphylococcus aureus [22] 62.5 500 125 500 125 500 125 1000

Gram negative

Acinetobacter baumannii (20) 62.5 500 125 1000 312 500 125 1000
Escherichia coli (141) 62.5 500 62.5 1000 125 500 250 1000
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of the most common bacteria associated with hospital-acquired infections, especially wound infections. A wound is
a complex environment, in which 4. baumannii usually form biofilm, leading to a delayed healing process and/or treatment
failure.’® The tested 4. baumannii exhibited a reduction in biofilm formation and low MIC for both types of Saudi honey.
Although more strains of 4. baumannii need to be tested for the further validation and confirmation of these results, this
finding is promising and supports the potential therapeutic use of the tested Saudi honey as an antimicrobial agent for
treating wound infections caused by this bacterium.

Although the current study might has successfully assessed the changes in antibiotic sensitivity and biofilm formation
of the tested bacteria following repeated in-vitro exposure to multiple types of Saudi honey, a few factors can be regarded
as limitations of this study. The bacterial virulence could be evaluated using an in-vivo model (eg, larvae) to gain more
knowledge about the pathogenesis of the bacteria following exposure to honey. In addition, an exploration of the growth
rate and genomic analysis would facilitate the identification of any potential emergence of variance or mutation occurring
at the genomic level.

Conclusion

In summary, the repeated in-vitro exposure of clinical bacteria to Saudi Sumra and Sider honey led to variable changes in
both their antimicrobial sensitivity profiles and tendency toward biofilm formation, while very limited resistance to the
used honey compared to the parent strains was observed. The increased antibiotic sensitivity of the adapted pathogenic
bacteria (eg, S. aureus and A. baumannii) to Saudi honey (Sumra and Sider) and a reduced tendency toward biofilm
formation are the main findings of this study. Although the exact mechanisms behind the resulting reduction in antibiotic
sensitivity and biofilm formation remain undefined and so further investigation is required, this positive effect on the
sensitivity profiles and biofilm formation of the tested bacteria that adapted to Saudi honey highlight the great potential
therapeutic use of these tested types of Saudi honey as antimicrobial agents for treating bacterial infections, especially
those associated with chronic wounds, since dressing these for a long period of time is mandatory.
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