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Honeybee farmers from each location provided 8-12 oz samples of honey obtained in
July, representing spring honey samples since the honey was cumulatively produced over the
entire spring season. When beekeepers harvest honey in the beginning of summer, they use
that honey for sale and personal use since it is believed to have more floral diversity and better
taste (personal communication with beekeepers). For the fall honey samples, honey was freshly
collected in either September or October by scraping the honeycomb into a large plastic bowl
and allowing the honey to drain off the comb through a sieve (Fig. 6).

In order to collect the honeybees, the beekeeper removed a frame with many worker
bees on it, and approximately 30-40 bees were brushed into plastic vials (with a leather gloved
hand). The vials were quickly capped with a sponge, and the vials were placed in a cooler and
buried with ice up to the sponge top in order to sedate the bees and keep them docile during
transportation back to the laboratory. Then, each bee was placed in its own capped vial and
placed in a freezer at -15°C until needed for gut dissection. The bees remained refrigerated for
three months until dissections were performed in January 2022.

In addition to the collection of fall and spring honey at each site, pollen pellets were
collected for species identification. While honey contains pollen that can be analyzed, using
pollen pellets allowed for a direct analysis of the plants bees in particular areas are foraging on
in a more concentrated sample. Pollen pellet samples were collected by using a pollen trap
(shown attached to a hive in Fig. 5B). The pollen trap was placed at the entrance of the hive,
secured with lab tape, and left for half an hour or so or until the necessary amount of pollen
pellets were collected. As the bees fly through the trap, the pollen pellets get scraped off of

their hind legs, forelegs, and middle legs and deposited in the collection tray. Once five to ten
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pollen pellets were collected, the pollen trap was removed, and the pellets were placed in a
single collection tube labeled with the specific farm from which the pollen came. The tubes
were placed in a cooler with ice, along with the bees, to be transported back to the laboratory.
The tubes were placed in the freezer at -15°C to prevent growth of any fungi that might have
been associated with the sample.

Antimicrobial Assays

Assays to determine what honey concentration to use with ESKAPE pathogens.

Samples of Manuka honey were diluted to different honey concentrations to determine
which single concentration was best to test for the antimicrobial assay. Manuka honey was
used for these assays because it is known to be one of, if not the strongest, antimicrobial
honeys on the market due to its methylglyoxal content, a volatile organic compound (1,2-
dicarbonyl) (Nolan et al. 2019). Methylglyoxal is an aldehyde that arises non-enzymatically
when methylglyoxal synthase converts dihydroxyacetone-phosphate in the Manuka tree into
methylglyoxal (Nolan et al. 2019). One honey sample was diluted to 30% (30 mL honey: 70 mL
deionized water), one to 50% (50 mL honey: 50 mL deionized water), and one to 70% (70 mL
honey: 30 mL deionized water). A full concentration (100%) sample was also used for the
assays. The dilutions were refrigerated until needed. To create each dilution, the desired
amount of honey and water were poured into a 50 mL falcon tube and was taped onto a
nutator overnight to mix thoroughly. When ready to be used, the honey dilutions were
removed from the refrigerator and heated by placing the 50 mL falcon tube and placed in a
40°C water bath for approximately 15 minutes or until the honey became less viscous and could

be filtered via syringe filtration to eliminate pathogens (Hamden 2010). This temperature was
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not high enough to denature any bioactive enzymes that may have antimicrobial properties in
the honey (Subramanian et al. 2007). Once removed from the water, the dilutions were left to
return to room temperature prior to dipping the disks.

Staphylococcus aureus and E. coli were the two pathogens used to test the
concentration of the honey to be used in the antimicrobial assays (Al-Waili et al. 2011).
S. aureus was chosen to represent the gram positive ESKAPE pathogens, and E. coli was chosen
to represent the gram negative ESKAPE pathogens. Mueller-Hinton agar was poured into the
petri dish to a depth of 4 mm in 100 mL (or 150 mL) petri dishes. Cultures were incubated
overnight and then diluted to match a 0.5 McFarland turbidity standard. Each pathogen was
transferred to a plate, pipetting 100 L of each pathogen onto its own plate and using a
spreader for even distribution. The disks (n=9) that had been soaking in a particular honey for
two minutes were gently placed onto the plate to ensure full contact with the pathogen. Each
plate contained three honey-soaked disks, and a plate for each pathogen was created with
three control disks soaked in sterile, deionized water for two minutes. Three replicates per
culture per honey type were plated in addition to a control for each pathogen. The plates were
inverted and incubated at 40°C for 16-18 hours. When the plates were removed from the
incubator, zones of inhibition were measured in millimeters using a ruler, and organized in a
chart according to honey dilution the disks had soaked in as well as the pathogen by which the
disks were surrounded. Entire zones of inhibition, including the disk, the clear zone around the
disk if applicable, and the diffuse halo (i.e. the cloudy, visibly distinct area of reduced bacterial
growth compared to the control), were measured and recorded (Fig. 7). It is possible that the

diffuse halo was produced by a chemical in the honey interacting with the media to produce
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the color change, as we did not confirm that it consisted of bacterial growth. To test this in
future studies, disks soaked in the honey could be plated with no bacteria spread on the plate.
If a diffuse halo is produced, this would mean there is likely a chemical present in the honey
causing the growth media to alter in appearance. SigmaPlot version 14.5 (Systat, Palo Alto, CA)
was used to test for significant differences in assay response among spring and fall honeys from
each sample location, as well as Manuka honey (positive control), deionized water (negative
control), and tetracycline (positive control). No statistical difference was found between the
30% and 50% dilutions or between the 70% and 100% dilutions; however, there was a
significant difference (P=0.001) between the 30% and 50% dilutions and the 70% and 100%
dilutions. Because of this, a 70% dilution was used for subsequent assays to reduce viscosity for
filter sterilization.
Antimicrobial properties of summer and fall honey against ESKAPE pathogens

Summer and fall honey from each site were tested for antimicrobial activity using the
same disk diffusion assay as described in the previous section. In these assays, the honey was
tested for its efficacy against all six ESKAPE pathogens: E. faecium (Presque Isle Cultures® 524™),
S. aureus (Presque Isle Cultures® 4651™), Klebsiella pneumoniae (Presque Isle Cultures® 344™),
A. baumannii Bouvet and Grimont (American Type Culture Collection® 19606™), P. aeruginosa
(Presque Isle Cultures®99™), and E. coli (Presque Isle Cultures® 336™) as the representative
Enterobacter (De Oliveira et al. 2020). Twenty-four hours in advance, broth cultures of each of
the six ESKAPE pathogens were inoculated, incubated overnight, and then diluted to match a
0.5 McFarland turbidity standard. One hundred pL of each pathogen was transferred to a plate

and spread for even distribution. The disks that had been soaking in a particular honey for two



35

minutes were gently placed onto the plate to ensure full contact with the pathogen. Each plate
contained three honey-soaked disks, and a plate for each pathogen was created with three
control disks soaked in deionized water for two minutes. Three replicates per culture per honey
type were plated in addition to a control for each pathogen. Seventy precent Manuka honey
plates were used as a positive control; the negative control was plates with disks that were
soaked in sterile, deionized water. The plates were inverted and incubated at 40°C for 16-18
hours. When the plates were removed from the incubator, zones of inhibition were measured
as above, and organized in a chart according to honey type the disks had soaked in as well as
the pathogen by which the disks were surrounded. Lastly, the pH of each 70% dilution of honey
was measured and recorded using EMD colorpHast pH strips (pH 2.0-9.0) (Gibbstown, New
Jersey) because honey’s low pH plays a role in defense against pathogens (da Silva et al 2016).
Pollen Analysis

The spring honey and fall pollen pellet samples were collected and then shipped to
Global Geolab Limited (Alberta, Canada) laboratory for processing following their standard
protocols for pollen pellets and honey, respectively, and then sent directly to Dr. Sophie Warny
at Louisiana State University for palynology analysis and identification via microscopy.
Palynological analysis was conducted on using an Olympus BX41 microscope.
Microphotographs were taken with an Olympus QColor5 mounted digital camera. First, the
samples were scanned using a 40x objective making initial identifications of each pollen type
and taking photographic images of unknown pollen types. In making quantitative counts, each
pollen type was identified to the family, genus, or in some cases species level. Second, a

guantitative pollen count for each sample was conducted to determine the pollen types
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present and the frequency of each taxon using both 60x and 100x oil immersion objectives.
Statistically valid quantitative pollen count of a minimum of 300 pollen grains per sample were
used.
Honeybee Gut Dissection and Culture-Dependent Identification of the Bee Gut Community
Honeybees (n = 8 per location) were dissected, and their gastrointestinal microflora was
cultivated using the following procedure. To dissect the honeybee, the bases of the wings were
pinned to the paraffin wax in a glass petri dish. The paraffin wax filled the petri dish halfway.
The petri dish was set on a small ice pack that had been wrapped in one layer of paper towel to
preserve the microbial communities in the gut. The wings and legs were first removed with
forceps. Forceps, previously sterilized with 70% ethanol, were used to gently pinch the tip of
the abdomen, where the stinger is located, until the rectum and ileum came out, followed by
the midgut and crop. If needed, an additional pin was used to pin the abdominal exoskeleton.
The digestive tract was laid out in a straight line on the wax in the petri dish, and the midgut
and hindgut were cut and separated from one another. Each of the three gut sections was
placed into its own separate falcon tubes with sterile broth media. The four media used were
brain heart infusion (BHI), tryptic soy agar (TSA), Colombia agar with 5% defibrinated sheep’s
blood, and sugar water [50% sucrose in deionized water (v/v)] (Romero et al. 2019). The liquid
broth of each media containing sections of the bee gut were vortexed for a couple minutes.
Then, 300 pL were dispensed onto plates with plated media of each of the three media types
and spread to cover the entire plate. The plates were incubated for 24 hours at 40°C. Since the
cultures grew very well in three of the media (TSA, Colombia agar with 5% defibrinated sheep’s

blood, and BHI), serial dilutions were performed to allow distinct colonies to grow instead of
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lawns when plated. Dilutions of 10 and 10”7 were used to plate. When morphologically distinct
colonies could be visualized, a sterile loop was used to transfer the growing colonies to fresh
plates of the three media types to streak for isolation. A gram stain was then performed on
each isolate.
Identification of isolates by the 16S rRNA gene sequence

Isolates were grouped by morphotype, and a representative isolate for each
morphotype was chosen for 16S rRNA gene sequencing. A fresh broth culture of each culture
was inoculated and grown in the incubator overnight. For each isolate, genomic DNA extraction
and preparation for sequencing were conducted following a modified bead beating protocol
with the Fast DNA Spin Kit for Soil (MP Biomedicals, Solon, OH). The concentration of extracted
DNA was determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham,
MA). The isolates were prepared for PCR amplification in duplicate using PCR Master Mix (2X)
(Thermo Fisher Scientific, Waltham, MA) and custom sequencing primers (Integrated DNA
Technologies, Coralville, 1A), the forward primer 27F 5’-AGAGTTTGATCMTGGCTCAG-3’ (Lane
1991) and the reverse primer 1492 rM 5’-RGYTACCTTGTTACGACTT-3’ (Emerson and Moyer
2002). Five ng puL* of DNA was used for each PCR reaction. The samples were placed in the
thermocycler for PCR amplification using the following protocol: an initial denaturation of 95°C
for 10 min, followed by 30 cycles of 94°C for 1 min, 55°C for 90 sec, 72°C for 3 min, and a final
extension of 72°C for 7 min following Carmichael et al. (2013). Gel electrophoresis was used to
confirm amplification of the 16S rRNA gene sequencing using 2% ultrapure agarose with SYBR
Safe DNA Stain in 1X TAE running buffer. Following confirmation of amplification, the 1500kb

long 16S rRNA gene, a QlAquick PCR Purification Kit (Qiagen, Valencia, CA) was used to purify



38

the PCR products for Sanger sequencing. Bi-directional sequencing of each isolate was
performed at Eurofins Scientific (location). Sequencher (GeneCodes, Ann Arbor, MI) was used
to build and edit contiguous sequences from the forward and reverse sequences of each
isolate. The edited sequences were identified using NCBI BLAST. Statistical Analyses

All statistical analyses were conducted using SigmaPlot version 14.5 (Systat, Palo Alto,
CA). Analysis of variance (ANOVA) was used to test for significant differences (p <0.05) among
honey dilutions in order to determine which concentration of honey to use for experimental
assays. When assumptions for normality were not met, a non-parametric equivalent was used.
When significant differences were found, appropriate pairwise comparisons were completed. A
similar procedure was used to 1) test for significant differences among deionized water,
Tetracycline, and fall, spring, and Manuka honey at each site and 2) test for differences in
antimicrobial properties across sites both seasonally and over the course of the growing

season.

Results
Antimicrobial Assays

pH
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Among all spring and fall honey, Troutville spring honey had the lowest pH (3.8),
followed by Fincastle fall and Covington spring honey (4.0). Covington fall, Fincastle spring,
Martinsville spring, and Martinsville fall all had a pH of 4.3. Troutville fall honey acidity was 4.5.
Positive and Negative Controls

Disks soaked in deionized water (the negative control), all showed no zones of inhibition
(hereafter, ZOl); all honey and Tetracycline (positive control) produced ZOI. A majority of
Tetracycline disks showed significantly larger mean ZOIl than manuka honey and spring and fall
sample site honey (P<0.05) (Figs. 8 and 9). However, in the Martinsville honey test group,
Tetracycline mean ZOIl was significantly lower than all honey samples in E. coli and A. baumannii
plates (Fig. 8D).

Comparison of Manuka Honey to Fall and Spring Honey at Each Site

Fincastle

For E. coli, the mean ZOI of manuka honey (22.67 + 2.40 mm) was significantly larger
(P<0.001) than the mean ZOI for spring honey (13.00 £ 2.05 mm). The mean ZOI of manuka
honey was significantly larger (P<0.001) than fall honey mean ZOI (14.50 £ 1.00 mm) (Fig. 8A).
In K. pneumoniae, the mean ZOI of fall honey (20.39 + 1.69 mm) was significantly larger
(P=0.020) than the mean ZOl manuka honey (17.39 + 2.71) (Fig. 8A). In S. aureus, the mean ZOI
of spring honey (20.22 + 3.77 mm) was significantly larger (P=0.001) than the mean ZOlI for
manuka honey (15.83 + 1.54 mm) (Fig. 8A). In A. baumannii, the mean ZOI of fall honey (14.78 +
2.68 mm) was significantly larger (P=0.013) than the mean ZOI for fall honey (11.89 + 0.74 mm).

The mean ZOI for spring honey (14.06 + 1.29 mm) was also significantly larger (P=0.015) than
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the mean ZOI for manuka honey (Fig. 8A). All other comparisons between fall, spring, and
manuka honey were not significantly different (P>0.05).

Covington

For E. coli, the mean ZOI for fall honey (23.61 + 3.86 mm) was significantly larger
(P=0.004) than the mean ZOI for manuka honey (14.22 + 1.18 mm). In S. aureus, all pairwise
comparisons were significant (P<0.05). The mean ZOlI for fall honey (25.00 + 1.32 mm) was
significantly larger (P<0.001) than the mean ZOI for manuka honey (15.50 + 3.22 mm). In
addition, the mean ZOI for spring honey (18.17 £ 2.74 mm) was significantly larger (P=0.041)
than the mean ZOI for manuka honey (Fig. 8B). All other comparisons between fall, spring, and
manuka honey were not significantly different (P>0.05).

Troutville

In E. faecium, the mean ZOI for fall honey (24.00 + 3.12 mm) was significantly larger
(P=0.034) than the mean ZOI for manuka honey (18.22 + 5.84 mm) (Fig. 8C). In S. aureus, the
mean ZOI for manuka (24.22 + 4.58 mm) was significantly larger (P=0.013) than the spring
honey mean Z0I (19.33 + 2.87) (Fig. 8C). In A. baumannii, all pairwise comparisons were
significant (P<0.05). The mean ZOI for manuka honey was the largest (19.61 + 3.13 mm),
followed by fall mean ZOI (15.67 + 1.75 mm), then spring mean ZOI (13.17 + 1.54 mm) (Fig. 8C).
In K. pneumoniae, the mean ZOI of manuka honey (20.44 + 2.24 mm) was significantly larger
(P=0.021) than the mean ZOlI for spring honey (16.22 + 3.54 mm) (Fig. 8C). All other
comparisons between fall, spring, and manuka honey were not significantly different (P>0.05).

Martinsville
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In E. faecium, the mean ZOI for spring honey (10.72 £ 1.25 mm) was significantly larger
(P=0.03) than the mean ZOI for manuka honey (8.94 +1.45 mm) (Fig. 8D). All other comparisons
between fall, spring, and manuka honey were not significantly different (P>0.05).

Comparison of Fall and Spring Honey at Each Site

Fincastle

In S. aureus, the mean ZOI for spring honey (20.22 + 3.77 mm) was significantly larger
(P=0.017) than the mean ZOI for fall honey (16.56 + 0.73 mm). In K. pneumoniae, the mean ZOI
for fall honey (20.39 + 1.69 mm) was significantly larger (P<0.001) than the mean ZOI for spring
honey (15.33 + 2.29 mm) (Fig. 8A). All other comparisons between spring and fall honey were
not significantly different (P>0.05).

Covington

In S. aureus, the mean ZOI for fall honey (25.00 + 1.32 mm) was significantly larger
(P<0.001) than the mean ZOI for spring honey (18.17 £ 2.74 mm). In E. faecium, the mean ZOI
for fall honey (19.89 + 8.68 mm) was significantly larger (P=0.004) than the mean ZOI for spring
honey (17.56 + 6.14 mm) (Fig. 8C). In E. coli, the mean ZOI for fall honey (23.61 + 3.86 mm) was
significantly larger (P<0.001) than the mean ZOlI for spring honey (13.44 + 1.51 mm) (Fig. 8B). All
other comparisons between spring and fall honey were not significantly different (P>0.05).

Troutville

In A. baumannii, the mean ZOlI for fall honey (15.67 + 1.75 mm) was significantly larger
(P=0.022) than the mean ZOlI for spring honey (13.17 + 1.54 mm). In E. coli, the mean ZOlI for fall

honey (20.00 £ 0.97 mm) was significantly larger (P=0.009) than the mean ZOlI for spring honey
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(17.33 £ 1.28 mm) (Fig. 8C). All other comparisons between spring and fall honey were not
significantly different (P>0.05).

Martinsville

In S. aureus, the mean ZOlI for fall honey (27.33 + 3.39 mm) was significantly larger
(P=0.015) than the mean ZOlI for spring honey (21.56 + 2.24 mm). In E. faecium, the mean ZOI
for spring honey (10.72 + 1.25 mm) was significantly larger (P=0.030) than the mean ZOlI for fall
honey (10.22 + 1.00 mm) (Fig. 8D). All other comparisons between spring and fall honey were
not significantly different (P>0.05). Among sample sites, significant differences occurred more
frequently in Martinsville honey (Figs. 8 and 9).
Pollen Analysis

Dr. Warny analyzed a total of 2,539 pollen grains from the four sample sites (Figs. 10
and 11). Overall, spring honey was more diverse in pollen composition than fall honey. In
particular, Fincastle spring honey had the most diversity among all of the samples with 18
species identified. The dominant species were clover (33%), Russian olive (9%), and goldenrod
(7%) (Figs. 10 and 11). Martinsville spring honey was the second most diverse with 15 species
identified, the dominant species being clover (39%), locust tree (7%), and fabaceae from the
pea family (9%). Following Martinsville spring honey was Covington spring honey with 13
species identified, the dominant species being clover (24%), basswood tree (39%), and the
genus Prunus (peach, plum, or cherry) (9%). Finally, Troutville spring honey had 11 species
identified, the dominant species being clover (42%), mustards (12%), and dogwood tree (14%).
Among the fall pollen pellets, one species was recovered from Covington fall pellet: golden rod

(100%). Two species were identified in the Martinsville fall pellet: goldenrod (59%) and grass
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(41%), and three species were identified in fall pellets from Fincastle and Troutville. The
Fincastle species recovered were goldenrod (72%), and crepe myrtle (26%), and Asteraceae
(likely dandelion) (2%). The Troutville species recovered were goldenrod (82%), elm (16%), and
Asteraceae (likely sunflower) (2%).
Honeybee Gut Dissection and Culture-Dependent Identification of the Bee Gut Community
Forty-two different morphotypes were isolated from the honeybee gut (Figs. 12 and
13). One appeared to be fungal, so it was disregarded. A representative culture for each
morphotype was maintained for DNA sequencing. Thirty six of the 42 isolates had high-quality
data that allowed for successful contiguous sequence (forward and reverse sequence
combined) construction in Sequencher (Fig. 14). Ten different microorganisms total (across all
four locations, across all media types, and across midgut and hindgut segmentations) were
identified in NCBI BLAST (Fig. 15). Six identified species were from the Bacillus genus (B.
megaterium, B. thuringiensis, B. mycoides, B. anthracis, B. cereus, and B. weidmannii). The
remaining microbes identified were P. vagans, P. agglomerans, P. alvei, and S. marcescens.
According to results from the entire bee guts dissected in location, disregarding midgut
or hindgut location, in Fincastle, B. mycoides made up the largest portion of the bee gut species
identified (40%), followed by S. marcescens (30%), P. vagans (10%), B. weidmannii (10%), and B.
cereus (10%) (Fig. 16A). In Troutville, B. mycoides made up the largest portion of the bee gut
species identified (66.6%), followed by B. thuringiensis (11.1%), B. megaterium (11.1%), and P.
agglomerans (11.1%) (Fig. 16B). In Covington, B. mycoides again made up the largest portion of
the microbes identified (75%), followed by the only other microbe identified in Covington bees,

S. marcescens (25%) (Fig. 13C). In Martinsville, B. mycoides made up 33.3% of identified gut
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bacteria, followed by B. megaterium (22.2%), B. thuringiensis (22.2%), P. alvei (11.1%), and B.
anthracis (11.1%) (Fig. 16D).

Looking at species identified in bees’ midgut and hindgut at a given location, of the
Fincastle midgut community three species were identified: 40% S. marcescens, 40% B.
mycoides, and 20% B. weidmannii (Fig. 17A). In the hindgut of the bees dissected from
Fincastle, four species were identified: B. mycoides (40%), S. marcescens (20%), B. cereus (20%),
and P. vagans (20%) (Fig. 17B). Of the Covington bee midgut community, there were two
species identified: B. mycoides (66.7%) and S. marcescens (33.6%) (Fig. 17C). In the hindgut
community, the only species recovered and identified was B. mycoides (100%) (Fig. 17D). In the
Troutville honeybee midgut, only two species were identified: B. mycoides (75%) and B.
megaterium (25%) (Fig. 17E). In the Troutville hindgut community, three species were
identified: B. mycoides (60%), P. agglomerans (20%), and B. thuringiensis (20%) (Fig. 17F). In the
Martinsville midgut community, three microbes were identified: B. mycoides (50%), B.
megaterium (25%), and P. alvei (25%) (Fig. 12G). From the Martinsville honeybee hindgut, four
species were identified: B. thuringiensis (40%), B. mycoides (20%), B. megaterium (20%), and B.
anthracis (20%) (Fig. 17H).

Discussion

In order to determine antimicrobial strength of honey across the four sample sites in
southwest Virginia, antimicrobial assays were performed with ESKAPE pathogens to measure
and analyze Z0lI, the larger ZOl demonstrating stronger antimicrobial properties of a given
honey. Pollen from the sample site spring honey and fall pollen pellets were analyzed to

determine foraging diversity because the phytochemicals in plants have the capacity to impart
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antimicrobial properties in honey. Lastly, honeybee gut dissection and microbe identification
were performed to identify potential microbial products contributing to honey’s antimicrobial
properties.

Antimicrobial Assays

Naturally occurring antimicrobial agents, chemicals that kill or inhibit growth of
microorganisms, can be -cidal (kill microbes), -lytic (microbial cell lysing), or -static (inhibit but
do not kill microbes) (Madigan et al. 2014). Bactericidal agents kill the cell by tightly binding to
cellular targets, which causes a linear decrease in the viable cell count and only flattens total
cell count (Madigan et al. 2014). Bacteriolytic agents lyse a bacterial cell, therefore killing it,
which causes a linear decrease in the total cell count and viable cell count (Madigan et al.
2014). Bacteriostatic agents inhibit crucial biochemical processes in a way that, if the agent is
removed, the bacterial cell can continue growing (Madigan et al. 2014). The linear increase of
viable cell count and total cell count flattens upon the addition of the bacteriostatic agent then
increases linearly again once the agent it removed (Madigan et al. 2014). Antimicrobial agents
also have a wide variety of functional targets in the cell, for example cell wall structure, protein
synthesis, and membrane transport processes (Madigan et al. 2014).

Because of the floral, and therefore foraging, diversity in the spring, fall honey was
expected to be less antimicrobial than spring honey from the sample sites. However, fall honey
from each sample site tended to be stronger than spring honey in microbial growth inhibition.
Although some pathogens responded better to spring honey over fall, overall, fall honey was
more potent. Specifically, Martinsville fall honey was demonstrated to have the strongest

antimicrobial properties among sample site honey. The antimicrobial agents cannot be
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hypothesized; however, the difference in antimicrobial properties of the honey samples was
demonstrated.

pH

Due to honey’s acid content, primarily gluconic acid, the lower the pH, the stronger the
honey’s inhibition of microbial growth (da Silva et al 2016). The pH of honey commonly ranges
from 3.2 to 4.5, and the honey from spring and fall from each sample location lie within this
expected range (da Silva et al 2016). Martinsville seemed to produce the most antimicrobial
honey among sites and seasons even though its pH (4.3 in spring honey and fall honey) was in
the middle of the pH values of the sample honey, which contradicts the findings in da Silva et al.
2016. This suggests that compounds other than gluconic acid may be giving Martinsville honey
its antimicrobial strength. Although Troutville spring honey was the most acidic, it had the least
antimicrobial effect on the pathogens. Although not known, specific compounds are likely
present that are giving this honey its antimicrobial properties. Martinsville, although a
moderate 70% dilution pH among the other sample sites, was the darkest honey followed by
Covington then Fincastle and Troutville being the lightest of the fall honey (Fig. 6).
pH testing was the last of the methods to be conducted, and by the time it was performed,
most of the honey, all except Troutville, Martinsville, and Covington fall honey, crystallized (i.e.
became semi-solid, with large, visible sugar crystals). Crystallization is favored when water
content is elevated; however, if water content is too low, the honey becomes supersaturated
with glucose, which is less soluble than fructose (Conforti et al. 2006). This is why bees stop
dehydrating their honey once it reaches about 17% water concentration (Olaitan et al. 2007,

White and Doner 1980). If pH had been tested with the pure honey samples immediately upon
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collection, and if honey was stored at room temperature instead of being refrigerated, results
may have varied, and crystallization would likely have not occurred since dilution and cooler
temperatures promote crystallization (Conforti et al. 2006).
Positive and Negative Controls

In order to test the strength of the honey samples, deionized water was used to act as
the negative control, while manuka honey and tetracycline were used as the positive controls.
Disks soaked in deionized water on the ESKAPE pathogen plates did not produce ZOIl. Manuka
honey was used because it is a known, strong antimicrobial. In order to test the honeys against
a medical grade antimicrobial, the broad-spectrum antibiotic, tetracycline, was used.
Tetracycline is bacteriostatic, meaning it halts the growth of additional bacteria in a given area
(Grossman 2016). It binds the ribosomal complex, which prevents the association of aminoacyl-
tRNA with the bacterial ribosome, and therefore inhibits bacterial protein synthesis. (Roberts
2002). Change in pH drives the tetracycline to move across the membrane through porin
channels and into the periplasmic space where it binds reversibly to the prokaryotic 30S
ribosomal subunit, halting protein synthesis. Because of its mechanism of action, Tetracycline is
considered broad-spectrum because it is effective against both gram-negative and gram-
positive bacteria as well as intracellular chlamydiae, mycoplasmas, and rickettsiae. In some
cases, it is also effective against eukaryotic pathogens (Roberts 2002).
Comparison of Manuka Honey to Fall and Spring Honey at each Site

While significant differences were found in response of certain ESKAPE pathogens to
honey from particular sample sites, overall, Martinsville spring and fall honey was the most

effective against S. aureus, having the largest mean ZOl recorded (27.33 + 3.39 mm) across all
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honey and sample sites. Although spring honey was expected to be more effective as an
antimicrobial, and it was in some cases, fall honey across sites was more effective against
ESKAPE pathogens in mean ZOI calculated. Various phytochemicals were expected to be
present in spring honey due to the diversity of foraged pollen (Nolan et al. 2019). Although that
might have been the case in the spring sample site honey, something caused fall honey to be
more potent than spring. Manuka honey’s methylglyoxal content being 100 times higher than
that in average honey made it a standard for comparison (Mavric et al. 2008). Because fall
honey produced larger mean ZOls in many cases than manuka honey, a particular potent
phytochemical, or combination of phytochemicals were likely present.
Pollen Analysis

According to Di Pasquale, diversity of pollen in a honeybee’s diet is important in bee
health; however, quality of pollen is much more important than diversity (Di Pasquale 2016).
Depending on the bee’s job and hierarchy, it will allocate crude protein from pollen in a way to
better itself physiologically (Pernal and Currie 2000). For example, workers use the protein to
grow their ovaries and hypopharyngeal glands (Pernal and Currie 2000). Poor quality pollen,
meaning pollen that has lost its protein-based nutritional value due to dehydration, negatively
affects the hypopharyngeal glands, brood development, and worker longevity (Di Pasquale
2016). Habitat loss also leads to nutritional stress (Di Pasquale 2016). Alaux and colleagues
found that polyfloral diets boosted the bees’ immunocompetence, specifically by increasing
glucose oxidase activity (Alaux et al. 2010). Glucose oxidase produces gluconic acid, a driving

force in the acidity of honey (da Silva et al 2016).
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When beekeepers were surveyed regarding known forage in the area, the reported
forage differed from the recovered pollen (Fig. 10). The shaded boxed in Fig. 10 represent
pollen species that were reported as well as recovered. Some reported species were not
recovered; however, some recovered species had not been reported. It was unexpected that
trees would be just as prominent in honeybee diet. Walnut, Russian olive, pine, prickly ash, elm,
and crepe myrtle were among the tree pollen sources in the honeybee diet (Fig. 10). Pollen was
recovered that the beekeepers were unaware was in the area. Beekeepers speculated that the
Fabaceae identified in the spring honey samples from Troutville, Fincastle, and Martinsville
were likely black-eyed peas (Vigna unguiculata), which are commonly planted as a cover crop in
the fall in the region. Goldenrod provided the majority of the bees’ fall diet across sample sites,
consistent with beekeeper reports (Fig. 10).

Due to the fields of wildflower planted in the foraging vicinity, Troutville spring honey
was expected to be the most diverse in pollen species, therefore having an increased number of
plant phytochemicals causing it to have more antimicrobial strength than the rest of the honey
samples (Dillon and German 2002). However, pollen collected from the spring honey revealed
the smallest number of species identified (11) and that the bees were not primarily foraging on
the nearby wildflowers; rather, they were foraging mainly on holly trees, dogwood trees,
mustard, and Russian olive. Among spring honey samples, Fincastle had the most species
diversity (18), followed by Martinsville (16), Covington (12), and Troutville (11). Among fall
honey samples, Fincastle and Troutville had the most species diversity (3) followed by
Martinsville (2), and Covington (1). Based on the results, plant diversity being directly related to

antimicrobial strength was not demonstrated. However, Martinsville and Fincastle spring honey
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could indicate that it is not necessarily the pollen species diversity that is of importance in the
relation to honey’s antimicrobial properties; rather, it may be the chemical composition of
pollen from a particular species or group of species that influences the antimicrobial properties
of honey. For example, Starks and colleagues isolated the antimicrobial compounds in
goldenrod (Solidago sp.), which was prominent in the fall samples. The compounds identified,
two of which were clerodane diterpenes are solidagoic acids, are known to have moderate
antimicrobial activity against S. aureus (Starks et al. 2010). Additionally, Elm (Ulmus spp.) trees
possess a gene encoding for antimicrobial peptide (AMP) production (Newhouse 2005).
Therefore, some of the plants represented in the pollen samples are known to produce
compounds with antimicrobial activity. It is important to note that the pollen identified in the
spring honey is representative of the entire foraging season; however, the pollen pellets were a
single sample collected once during the season. Therefore, it is unknown if the fall pollen
pellets were indeed representative of the pollen on which bees were foraging during the entire
fall season at each sample site.
Honeybee Gut Dissection and Culture-Dependent Identification of the Bee Gut Community
Overall, ten microbial species were isolated from the honeybee gut, two of which were
specific to the midgut (B. weidmannii and P. alvei) and five of which were specific to the
hindgut (B. thuringiensis, B. anthracis, P. vagans, B. cereus, and P. agglomerans). B. mycoides
was the dominant species identified in both the midgut and hindgut of bees from each sample
location (Fig. 16 and Fig. 17). The second most prominent microbe found was S. marcescens,

found in the Fincastle and Covington midgut and the Fincastle hindgut (Fig. 16 and Fig. 17). The
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third most prominent species was B. megaterium, found in the Troutville and Martinsville
midgut and the Martinsville hindgut (Fig. 16 and Fig. 17).

B. mycoides was isolated from the midgut and hindgut from all four sample sites using
BHI and columbia agar supplemented with sheep’s blood. B. mycoides is Gram-positive, rod-
shaped, and spore-forming anaerobe, which has been isolated from soil and coastal sediment
(NCBI BLAST). B. mycoides is known to produce the volatile compounds phenylacetic acid and
methylphenyl acetate, which have antifungal and phytotoxic properties (Wu et al. 2020).

S. marcescens was isolated from both the Fincastle midgut (on BHI) and hindgut (on
TSA) as well as in the Covington midgut (on BHI and TSA). S. marcescens is a rod-shaped, Gram-
negative, facultative anaerobe in the family Yersiniaceae. It is known to be an opportunistic
pathogen, causing infections in wounds as well as the respiratory and urinary tract (Hejazi and
Falkiner 1997). S. marcescens has been found in a wide variety of environments, but because it
prefers damp conditions, as such it is commonly observed in bathrooms in toilets and on
shower walls as a pink-orange biofilm. S. marcescens can perform casein hydrolysis, allowing it
to produce extracellular metalloproteinases, important in cell-to-extracellular matrix
interactions. According to Duanis-Assaf, k-casein may have anti-biofilm activity by attaching to
adhesion-like proteins, prohibiting bacterial adhesion to surfaces (Duanis-Assaf 2020).
Metalloproteinases inhibit E. faecalis biofilms formation as well (Tay 2015). The locations from
which the top 5 most closely matched BLAST hits were identified, using the microbe’s accession
number, were mixed greens, rhizosphere soil, urine in canines, human blood, and human

sputem.
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B. thuringiensis was isolated only from the hindguts from Martinsville and Troutville on
TSA. B. thuringiensis is a Gram-positive, sporulating bacterium mostly found in soil but also
occurs has been found in the gut of many insects. When certain B. thuringiensis strains
sporulate, they produce insecticidal crystal proteins, also called delta endotoxins or Bt toxins, as
in B. thuringiensis toxins (Kumar et al. 1996). The Bt gene is divided into cry |, II, Ill, and IV
classes; cry codes a parasporal inclusion protein making it a biological pesticide, the most
commonly used biological pesticide all over the world (Kumar et al. 1996; Yilmaz et al. 2005). B.
thuringiensis is closely related to B. anthracis and B. cereus, and like B. cereus, B. thuringiensis
has been found to be more effective at treating S. aureus infection than some antibiotics
(Yilmaz et al. 2005). According to Yilmaz and colleagues, when tested against antibiotic disks,
some of which were Erythromycin, Vancomycin, Cephazolin, and Azithromycin, B. thuringiensis
was effective at inhibiting S. aureus growth (Yilmaz et al. 2005). Antibiotics produced by Bacilli
are effective against both Gram-positive and Gram-negative bacteria, but are more so effective
against Gram-positive (Yilmaz et al. 2005). The locations from which the top 5 most closely
matched BLAST hits were identified, using the microbe’s accession number, were mosquito
larva breeding sites, soybean nodules, soil, the shrimp gastrointestinal tract, and swamp forest
soil.

B. megaterium, also called Priestia megaterium, was isolated from the Martinsville
hindgut (on sucrose agar) and the midgut from Troutville and Martinsville (on TSA). It is a rod-
shaped, Gram-positive bacterium that is primarily aerobic and spore-forming. B. megaterium is
also among the largest known bacteria (Bunk et al. 2010). It produced penicillin amylase, which

is used to make synthetic penicillin. B. megaterium has been identified in honey and bee pollen
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(Mohammad et al. 2020). Emimycin, which inhibits bacterial replication, and oxetanocin, and
antiviral antibiotic, are two of the antibiotics B. megaterium produces, in addition to some
fungicidal toxins (Andrei and Snoeck 2021; Morita 1999; Vary 1994). The locations from which
the top 5 most closely matched BLAST hits were identified, using the microbe’s accession
number, were soil rice straw, cryoconite, saffron rhizosphere, soil, and wheat.

B. anthracis was solely isolated from the Martinsville hindgut and was grown on TSA. B.
anthracis is also the causative agent of anthrax, a lethal disease in livestock which can be
zoonotically transferred to humans (Spencer 2003). B. anthracis endospores are extremely
resilient, hence their past use as a bioweapon. B. anthracis is a Gram-positive and rod-
shaped bacterium and the only obligate pathogen in the Bacillus genus. PurE (N5-carboxy-
amino-imidazole ribonucleotide mutase) is an enzyme produced by B. anthracis that is believed
to be a potential target in antibiotic development (Kim et al. 4014). Little research has been
done since Kim’s study to discover the mechanism of action of PurkE. The location from which
the top most closely matched BLAST hit was identified, using the microbe’s accession number,
was the rhizosphere.

P. alvei was solely isolated from the Martinsville midgut on TSA. It is a Gram-positive,
rod-shaped, motile anaerobe. P. alvei is a secondary invader during outbreaks of European
foulbrood, a severe bacterial disease that affects brood, or larvae, caused by the Gram-positive
bacterium Melissocccus plutonius (Forsgren 2010; Djukic et al. 2012). Djukic and his colleagues
sequenced the genome of a strain of P. alvei called DSM 29, and they identified putative genes
encoding an antimicrobial peptide (AMP) (Djukic et al. 2012). Since 2012, further research has

demonstrated that P. alvei NP75 (a different strain) produces two antimicrobial peptides,
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paenibacillin N and P, both of which have effectiveness against clinical pathogens, paenibacillin
N against E. coli and paenibacillin P against Bacillus sphaericus (Jagadeesan et al. 2020).
Bacillus-derived AMPs are broad-spectrum (Sumi et al. 2014). Although their mechanism of
action is unclear, AMPs are thought to kill bacteria by either by forming channels in or
disrupting the bacterial cell wall (Sumi et al. 2014). The locations from which the top most
closely matched BLAST hits were honey, bee pollen, pond water, fish feces, and cow feces.

P. vagans was solely isolated from the Fincastle hindgut and was grown on BHI. Itis a
Gram-negative, rod-shaped aerobe. According to Kamber, P. vagans strain C9-1 produces at
least two antibiotics, one being herbicolin I. While the mechanism of action is unknown, it has
been examined and demonstrated as antibiotic, specifically in pears and apples infected with
Erwinia amylovora, a Gram-negative organism that is the causative agent of fire blight disease
(Kamber et al. 2012). The locations from which the top most closely matched BLAST hits were
Megymenum gracilicorne (saw toothed stinkbug) gut, infant blood, wounds, and pine.

P. agglomerans, closely related to P. vagans, was solely isolated from the Troutville
hindgut on BHI. It is a Gram-negative, rod-shaped aerobe known to produce antibiotics,
including herbicolin, pantocins, phenazine (Rezonnico 2017). According to Rezonnico (2017), P.
agglomerans strains are the most promising biocontrol agents from many plant diseases. A
lipopolysaccharide (IP-PA1) produced by P. agglomerans, has been shown to prime
macrophage activation in healing and protect against infection, allergies, and cancer (Nakata et
al. 2011). The locations from which the top most closely matched BLAST hits were cherries,

perithecium (the fruiting body of an ascomycete phylum fungus), and soil.
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B. cereus was solely isolated from the Fincastle hindgut on TSA. B. cereus is a Gram-
positive, rod-shaped, motile, facultatively anaerobic that has the capacity to sporulate. As
mentioned in the B. thuringiensis section, B. cereus, specifically strain M15, inhibits both Gram-
positive and Gram-negative bacteria and is more effective than some of the test antibiotics in
(Yilmaz et al. 2005). A study showed that B. cereus M15 was effective at inhibiting growth of
other B. cereus strains as well as Pseudomonas fluorescens, Microccocus flavus, and B.
thuringiensis (Yilmaz et al. 2005). Some of the polypeptide antibiotics produced by Bacillus that
work to inhibit bacterial growth of various species are bacitracin, gramycidin S, polymyxin,
tyrotricidin (Yilmaz et al. 2005). The locations from which the top 5 most closely matched BLAST
hits were outbreaks of infection in hospitals, the rhizosphere, spiders, a mosquito larva
breeding site, and a soybean nodule.

B. weidmannii was solely isolated from the Fincastle midgut and was grown on TSA. It is
Gram-positive, rod-shaped, aerobic, and spore-forming. According to Muriuki, B. weidmannii is
associated with dairy spoilage (Muriuki 2020). There is no known antimicrobial compound
produced by B. weidmannii that has been shown. The locations from which the top most closely
matched BLAST hits were farm water, fish gills, raw milk, and primarily soil.

Although the honeybee’s nine core gut bacterial clusters discussed in Kwong and
Moran’s literature review (Snodgrassella alvi, Gilliamella apicola, Lactobacillus Firm-4,
Lactobacillus Firm-5, and five Actinobacteria of the species Bifidobacterium asteroides) were
not identified, ten gut bacteria were isolated from the midgut, hindgut, or both and identified
(2016). The 10 microorganisms identified in this study were: six Gram-positive species from the

Bacillus genus (B. megaterium, B. thuringiensis, B. mycoides, B. anthracis, B. cereus, and B.
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Fig. 8. Zones of inhibition for ESKAPE pathogens. Disks soaked in either spring honey, fall
honey, Manuka honey, Tetracycline, or deionized water produced zones of inhibition (ZOl)
when placed on plates with a lawn of each ESKAPE pathogen. Mean ZOls were plotted for
each ESKAPE pathogen across the four sample locations: (A) Fincastle, (B) Covington, (C)
Troutville, (D) Martinsville. Values given as mean + standard deviation. Asterisks indicate
either the spring or fall honey is significantly different from manuka honey.
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Fig. 9. Zones of inhibition for ESKAPE pathogens from spring (A) and fall (B) honey by
sample location. Values given as mean * standard deviation. Asterisks indicate a significant
difference between spring and fall honey for the specific pathogen at the given site. The
asterisk is placed above the mean ZOlI that is significantly higher than its counterpart in the
opposite season.
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Fig. 10. Reported and recovered pollen from spring honey and fall pollen pellets from
sites. Fincastle pollen from spring honey (A) and pollen from fall pollen pellets (B). Covington
pollen from spring honey (C) and pollen from fall pollen pellets (D). Troutville pollen from
spring honey (E) and pollen from fall pollen pellets (F). Martinsville pollen from spring honey
(G) and pollen from fall pollen pellets (H). The shaded sections of the table indicate reported
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Fig. 11. Pollen recovered from each sample site in spring honey and fall pollen pellets. This
figure shows the percentages of the pollen species recovered from each location’s spring
honey as well as each location’s fall pollen pellet samples. Species diversity is the highest in
Fincastle spring honey, with 18 species recovered.



Fig. 12. Gut dissection.

Bacillus weidmannii and Paenibacillus alvei

Bacillus cereus, Bacillus thuringiensis, and
Bacillus anthracis, Pantoea vagans, and
Pantoea agglomerans

Fig. 13. Labeled dissected gut. Species found strictly in the midgut and hindgut are labeled.
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Fig. 14. Building a contiguous sequence. Once forward and reverse reads of the 16S rRNA
gene were received, the sequences were edited, choosing nucleotide base pairs based on
the chromatogram left undecided by Eurofins Scientific, and removing the beginnings and
ends of the sequences that did not have clean peaks. Once a contiguous sequence was built
and edited, the sequence was pasted into NCBI BLAST for microbe identification.
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= Bacillus megaterium (8.3%)

= Paenibacillus alvei (2.8%)

= Bacillus thuringiensis (8.3%)
Bacillus anthracis (2.8%)

A = Bacillus mycoides (52.8%)
= Serratia marcescens (13.9%)
Pantoea vagans (2.8%)
Bacillus weidmannii (2.8%)
= Bacillus cereus (2.8%)
= Pantoea agglomerans (2.8%)

Fig. 15. Cultivable gut microorganisms in the southwest Virginia bee gut. Percentages were
calculated based on all species identified across sample sites.
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Fig. 16. Cultivable communities from the whole bee gut by sample location: (A) Fincastle,
(B) Covington, (C) Troutville, (D) Martinsville. Percentages were calculated based on the
species that were identified at each sample site in the whole gut.
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Fig. 17. Cultivable communities from the bee midgut and hindgut by sample location.
Percentages were calculated based on the species that were identified at each sample site in

each gut region.
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