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Effects of sugar type and regional
variation on the biochemical
composition of royal jelly (Apis
mellifera L.)
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Royal jelly, owing to its rich biochemical composition, is widely used in apitherapy and human
nutrition. To enhance its production, honeybee colonies are often supplemented with industrial
carbohydrate sources. This study aimed to investigate how different locations (Dogansehir and Ulukdy)
and carbohydrate types influence the biochemical composition of royal jelly, including sugar content,
enzymatic activity, and phenolic compounds. The results revealed that both location and carbohydrate
source significantly affected the biochemical profile of the samples. The Dogansehir-glucose-fed group
exhibited the highest 10-hydroxy-trans-2-decenoic acid (10-HAD) content (2.77%, w/w; p<0.001),
whereas the Dogansehir-control group had the lowest (1.41%, w/w; p<0.001). Environmental
conditions in Dogangehir appeared to promote 10-HDA production, and glucose feeding proved to

be an effective strategy for optimizing it. Although glucose, fructose, and sucrose levels were similar
between locations, maltose content differed significantly. The highest glucose ratios were detected

in the Dogansehir bee-feed group (3.82%) and the Ulukdy bee-feed group (3.57%). Invertase activity
(4.51+1.34 U/mL) and catalase activity (21.78 +0.80 U/mL) were highest in glucose-fed bees, whereas
these parameters were lowest in the sucrose-fed group (0.72 +0.16 and 11.25 +2.66 U/mL, respectively;
p<0.01). Glucose feeding markedly increased the levels of invertase, catalase, total protein, amino
acids, proline, and 10-HDA in royal jelly (p <0.01). In conclusion, both environmental factors and
carbohydrate-based feeding exert significant effects on the biochemical composition of royal jelly.
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Honeybees produce various secretions and offer a wide range of products derived from the substances they
collect to sustain colony organization and development. Among these products, royal jelly stands out for its
ability to induce remarkable anatomical and physiological changes, particularly in genetically identical female
individuals"2. Owing to its high commercial value and limited production, royal jelly has created new and
profitable opportunities within the beekeeping industry. Despite Tiirkiye’s strong position in global apiculture,
its annual royal jelly output remains limited to only a few hundred kilograms. The increasing use of royal jelly
not only as a food supplement but also as an adjunct in the treatment of certain diseases has expanded market
demand and made its production economically attractive. Consequently, royal jelly continues to attract growing
scientific and economic interest®.

Royal jelly, secreted by the hypopharyngeal and mandibular glands of worker bees, is a vital biological
substance for both bee colonies and humans®. It is a white, creamy, slightly acidic (pH = 5), and mildly bitter
secretion with high nutritional value®. All individuals in a bee colony (queen, workers, and drones) are fed
royal jelly during their larval stage; however, the composition of royal jelly provided to queen larvae is the most
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nutritionally superior. Continuous feeding of the queen with royal jelly throughout her life enables her to lay her
own body weight in eggs daily. In this context, royal jelly provides significant biological advantages not only for
the queen but also potential health benefits for humans.

The growing interest in royal jelly is closely associated with its high energy value, biological activity, and
broad pharmacological potential. Indeed, royal jelly has been used as a natural supplement to enhance physical
performance, improve cognitive function, support sexual health, and aid in the management of various chronic
conditions such as anemia, hypercholesterolemia, viral infections, cancer, hypertension, and arteriosclerosis®.

The biochemical composition of royal jelly varies according to environmental factors such as climate,
geographic region, floral source, bee subspecies, and harvesting conditions. Due to its complex chemical nature,
royal jelly exhibits diverse pharmacological properties including antioxidant, neurotrophic, hypoglycemic,
hypocholesterolemic, hepatoprotective, hypotensive, antibiotic, anti-inflammatory, immunomodulatory,
anti-aging, and antitumor effects. The chemical composition of royal jelly plays a crucial role in determining
its biological functions. Proteins constitute 17-45% of its dry weight, of which 97-98% are nitrogenous
compounds; 2.3% are free amino acids and 0.16% are peptides. More than 80% of the total protein fraction
consists of major royal jelly proteins (MR]Ps), which comprise nine distinct members’. These proteins perform
their biological roles primarily through glycosylation and phosphorylation processes, and their concentration is
a key determinant of royal jelly’s nutritional quality and bioactivity.

Several enzymes such as glucose oxidase, invertase, and acid and alkaline phosphatases have been identified
in royal jelly. These temperature-sensitive enzymes are essential components that influence the nutritional and
biological quality of royal jelly®.

The present study aimed to investigate the effects of different feeding regimes on the chemical composition
of royal jelly obtained from colonies supplied with industrial sugars - including sucrose syrup, pasteurized bee
feed, and glucose syrup - whose health implications remain under discussion.

Materials and methods

Materials

Location selection

Two geographically distinct locations with differing floral compositions were selected to evaluate their effects
on royal jelly yield (Fig. 1)°. The study sites were the Ulukdy region (38°13'27.84” N, 38°27’34.92” E) in the
Battalgazi district of Malatya Province!'? and the Bugday Deresi region (38°05'44.88” N, 37°52'45.12" E) in the
Dogansehir district of the same province!!. The Ulukdy site is located approximately 26 km from the Malatya
city center, whereas Bugday Deresi lies about 74 km away and 15 km from Dogansehir town. Variations in plant
diversity arising from geographical differences are known to influence the biochemical composition of royal jelly.
The phytogeographical origin of royal jelly can be identified through microscopic pollen analysis'2. Previous
floristic studies have reported that members of the families Asteraceae, Fabaceae, Brassicaceae, Lamiaceae,
and Poaceae are the most abundant taxa in both Ulukéy and Dogangehir, though in varying proportions!'3-15.
This experimental design is therefore essential for evaluating the combined effects of location and dietary
carbohydrate sources on royal jelly production.

Colony preparation and royal jelly harvesting

The experiment was conducted at two different locations, with a control and three distinct feeding treatments
established at each site. Accordingly, a 2 (location) x 4 (feeding) factorial experimental design was implemented.
A total of 40 starter colonies 20 per location were used for royal jelly production (Table 1). In addition, 20
support colonies were maintained to provide capped brood frames to the experimental colonies once per week.
During spring, colony maintenance was carried out at the apiary located on the Inénii University campus.
The purchased colonies were subsequently divided into the designated experimental groups. To standardize
royal jelly production across treatments, all colonies were rendered queenless during the grafting and royal
jelly production period. The queen of each starter colony was removed prior to grafting, ensuring that. The
experimental work was carried out in two separate apiaries, and control and three feeding treatment groups were
established for the colonies in each location. All hives remained fully open throughout the study, ensuring that
the bees had unrestricted access to natural nectar and pollen sources during normal foraging flights. The control
colonies in both apiaries received no supplemental feeding and relied exclusively on freely foraged nectar and
pollen. Spring feeding was performed using the specific carbohydrate sources assigned to each group.

Throughout the royal jelly production period, colonies were fed ad libitum by replenishing feeders as the
food sources were depleted. Because glucose syrup is highly viscous, it was diluted with water (1:1, v/v) before
being supplied to the colonies (Table 1). Colonies were transferred to the designated field sites on June 14-15,
and royal jelly production was conducted between June 18 and July 3. Royal jelly was harvested seven times
during the production period, with each collection performed at 48-hour intervals.

In queenless colonies used for royal jelly production, two sealed brood frames from support colonies were
added periodically to maintain an adequate population of 5-15-day-old nurse bees!”. The harvested royal jelly
samples were stored in a deep freezer at — 18 °C until analysis. All collected samples were pooled within their
respective groups and homogenized before laboratory analyses.

Carbohydrate sources commonly used in beekeeping

A control group was established to evaluate the effects of different industrial sugars - crystallized granulated
sugar, pasteurized bee feed syrup, and glucose syrup -on royal jelly yield. To ensure high acceptance by the
colonies, these carbohydrate-based feed sources were provided following standard beekeeping practices'®. In
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Fig. 1. Locations in Malatya Province where the experimental colonies were established®.

Feeding treatments

Glucose Sucrose Bee feed Control

Glucose: Water (1:1v/v) Pasteurized Bee Feed Syrup:

Brix 82 Granulated Sugar: | Sucrose: 30-36%

DE 37 Water Glucose: 27-30% No feding; free foraging
Dextrose 14 (1:1v/v) Fructose: 37-40%

Maltose 12 Dry Matter: 72+2%

Table 1. The supply and Preparation of nutrients.

this study, the sugar types most commonly used by beekeepers for colony feeding were selected. The chemical
compositions of these feed materials are presented in Table 1.
(j=1: Control, 2: Glucose, 3: Sucrose, 4: Bee Feed).

Solvents and chemicals

Sugar standards - D-(+)-glucose (Sigma G8270), D-(-)-fructose (Sigma F0127), and sucrose (Sigma S9378)
- as well as potassium hexacyanoferrate(II) trihydrate (K,[Fe(CN).]-3H,0; Carrez I solution), zinc acetate
dihydrate (Zn(CH,COO),-2H,0; Carrez II solution), formic acid, ninhydrin, ethylene glycol monomethyl ether,
proline, propanol, ethanol, methanol, L-leucine, bovine serum albumin (BSA), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), acetic acid, sodium acetate trihydrate, and trans-10-hydroxy-2-decenoic acid were purchased from
Sigma-Aldrich (St. Louis, MO, USA). o-Phthalaldehyde (OPA), 9-fluorenylmethyl chloroformate (FMOC),
tetrahydrofuran (THF), borate buffer (0.4 N, pH 10.2), and triethylamine (TEA) were obtained from Fluka
(Buchs, Switzerland). Ultrapure water was used for all dilutions and for the preparation of the mobile phase.
All water-soluble reagents were prepared using double-deionized water produced by a Millipore Milli-Q system
(Millipore, USA).
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Methods
Determination of 10-HDA by HPLC
The content of 10-HDA in royal jelly samples was determined using high-performance liquid chromatography
with diode-array detection (HPLC-DAD). Analytically pure 10-HDA standards were prepared by diluting a
1.0 mg/L stock solution. Specifically, 0.010 g of 10-HDA was dissolved in a methanol-deionized water mixture
(1:2, v/v) to a final volume of 10 mL. Calibration solutions at concentrations of 0.5, 1, 2.5, 5, 10, 20, and 30 mg/L
were prepared from this stock solution.

Approximately 1 g of royal jelly was dissolved in 20 mL of methanol-water (50:50, v/v) and sonicated for
15 min in an ultrasonic bath. The mixture was then centrifuged at 10,000 rpm for 5 min, and the resulting
supernatant was filtered through a polytetrafluoroethylene (PTFE) membrane filter (0.20 um). A 5.0 mL aliquot
of the filtrate was injected into an ACE C18 column (250 mm x 4.6 mm, 5 um). The analysis was performed under
isocratic conditions at a flow rate of 1.0 mL/min. The mobile phase consisted of 0.1 M potassium dihydrogen
phosphate (KH,PO,) and methanol (55:45, v/v) adjusted to pH 4.1. The total run time was approximately
30 min, and the detection wavelength was set at 215 nm.

The 10-HDA content (%) was calculated as the ratio of the detected 10-HDA amount to the initial weight of
the royal jelly sample.

Determination of sugar

Approximately 1.00 g of royal jelly was accurately weighed into a 50 mL volumetric flask and dissolved in
ultrapure water. To this solution, 1 mL of Carrez I solution and 1 mL of Carrez II solution were sequentially
added to precipitate proteins and polysaccharides. The mixture was vigorously shaken for 1 min, made up to
volume with ultrapure water, and centrifuged at 4500 x g for 10 min at 20 °C. The clear supernatant was filtered
through a 0.45 um PTFE syringe filter, transferred into an HPLC vial, and injected into the chromatographic
system.

Sugar analysis (fructose, glucose, sucrose, and maltose) was carried out using a Waters HPLC system equipped
with a Waters 600 quaternary pump, Waters 717 Plus autosampler, Waters 2414 refractive index detector, and
a Waters TCM2 column oven. Chromatographic separation was achieved on a Waters Carbohydrate Analysis
column (3.9x300 mm, 4 pum particle size; WAT084038). Both the column and detector temperatures were
maintained at 35 °C. The mobile phase consisted of acetonitrile (HPLC grade; Merck 1.00029.2500) and ultrapure
water (75:25, v/v). The system operated under isocratic conditions at a flow rate of 1.4 mL/min. The injection
volume was 20 pL, and the total run time was 25 min. Detection was performed using the refractive index
detector (RID) set at 35 °C. Working calibration standards were prepared by serial dilution of stock solutions
with ultrapure water to yield five concentration levels: 10.0, 8.0, 6.0, 4.0, and 2.0 mg/mL (corresponding to 1.0%,
0.8%, 0.6%, 0.4%, and 0.2% w/v) for each sugar. All standard solutions were filtered through 0.45 um PTFE
syringe filters and stored at 4 °C until analysis. Quantification was performed using external standard calibration
curves prepared at five concentration levels in the range of 0.5-20 mg/mL for each sugar.

Analysis of metabolite and enzyme activities

Determination of invertase activity

Invertase activity in royal jelly samples was determined spectrophotometrically according to the method
described by Bogdanov'®. In this assay, p-nitrophenyl-a-D-glucopyranoside (pNPG) was used as the substrate.
The results were expressed as the invertase number (IN), representing the amount of sucrose hydrolyzed by the
enzyme in 100 g of royal jelly within 1 h.

Determination of catalase activity

Catalase activity was determined using the Megazyme Catalase Assay Kit (Megazyme International, Ireland)
following the manufacturer’s protocol. One unit (1 U) of catalase activity was defined as the amount of enzyme
required to decompose 1 pmol of hydrogen peroxide (H,0,) per minute under the assay conditions.

Proline analysis
Proline content was determined spectrophotometrically according to the method described by Bogdanov'® and
Ough?.

Total amino acid analysis

The concentration of free amino acids was determined using the Cd-ninhydrin method described by Doi et al.%.
Quantification was performed using a calibration curve prepared with L-leucine in the range of 1.2-42 mg/L,
and the results were expressed as milligrams of L-leucine equivalents per 100 g of royal jelly.

Total protein analysis

Protein content in royal jelly samples was determined using the Bradford method?!?2. Bovine serum albumin
(BSA) standards in the range of 10-100 ug/0.1 mL were used for calibration. The results were expressed as the
percentage of protein content.

Analysis of phenolic compounds

Phenolic compounds were extracted from royal jelly samples following the method described by Kamiloglu et
al.2® with minor modifications. Briefly, ultrapure water was added to royal jelly at a concentration of 100 mg/mL,
and the mixture was sonicated in an ultrasonic bath until completely homogenized. The resulting solution was
centrifuged at 15,000 x g for 10 min at 4 °C, and the supernatant was transferred into glass vials for analysis®.
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Phenolic compound analysis was performed using a Waters Alliance €2695 HPLC system equipped with a
photodiode array detector (Waters Corporation, Milford, USA). Chromatographic separation was achieved on a
Grace Smart RP C18 column (250 x 4.6 mm, 5 um). The mobile phases consisted of (A) 0.1% trifluoroacetic acid
(TFA) in Milli-Q water and (B) 0.1% TFA in acetonitrile. A linear gradient elution was applied as follows: 0 min,
5% B; 0-45 min, 35% B; 45-47 min, 75% B; 47-54 min, 5% B. The flow rate was maintained at 1.0 mL/min, the
injection volume was 10 pL, and detection was carried out using the diode array detector.

Identification and quantification of phenolic compounds were performed using external calibration curves
prepared in the range of 1-100 pg/g for each standard. The phenolic standards included gallic acid, homogentisic
acid, protocatechuic acid, catechin, 4-hydroxybenzoic acid, gentisic acid, chlorogenic acid, vanillic acid, caffeic
acid, epicatechin, p-coumaric acid, taxifolin, ferulic acid, 3,4-dimethoxybenzaldehyde, m-coumaric acid,
2-hydroxycinnamic acid, resveratrol, 3,4-dimethoxycinnamic acid, cinnamic acid, naringenin, hesperetin,
genistein, kaempferol, apigenin, pinocembrin, chrysin, myricetin, syringic acid, rutin hydrate, and caffeic acid
phenethyl ester. Results were expressed as milligrams per 100 g of royal jelly.

Statistical analyses

Descriptive statistics of all measured parameters were first calculated. To evaluate the effects of location (1:
Dogangehir; 2: Ulukdy) and feeding treatment (1: control; 2: glucose; 3: sucrose; 4: bee feed) on the biochemical
characteristics of royal jelly—namely 10-hydroxy-trans-2-decenoic acid (10-HDA), invertase (IN), catalase (U/
mL), total protein (%), proline (mg/kg), and total amino acids (mg/100 g)—a two-way factorial experimental
design (2 x4) was employed. The main effects and interactions between these factors were analyzed using the
General Linear Model (GLM) procedure according to the following mathematical model:

Yijk = p + ai + bj + (ab)ij + eijk
where:

Y,.j = observed value of the dependent variable,

u=overall population mean,

a,= effect of location (i=1: Dogansehir, 2: Ulukéy),

bj = effect of feeding regime (j=1: control, 2: glucose, 3: sucrose, 4: bee feed),
(ab),; = interaction effect between location and feeding regime,

€. = random error term, assumed to be normally distributed (0, 2).

In this study, data from the study groups for all parameters examined were evaluated to determine whether they
met the assumptions of normal distribution and parametric tests. This assessment was based on the Kolmogorov-
Smirnov test and other criteria for normality, including histogram, stem-and-leaf diagram, Q-Q (quantile-
quantile) plot, P-P (probability-probability) plot, kurtosis, and skewness. Descriptive statistics were calculated
for all parameters on a group basis. Following these evaluations, it was determined that for the parameters
examined, at least one group did not meet the normal distribution assumption, and thus the assumptions for
parametric tests were not satisfied. Therefore, the Kruskal-Wallis analysis of variance was used for comparisons
between groups. For parameters that yielded a significant result in this analysis, the Dunn-Bonferroni post-hoc
test was employed for multiple comparisons?#1- 2, All statistical analyses were conducted using SPSS software
(version 11.5, USA)?°.

Results and discussion

10-HDA analysis

The 10-HDA content of royal jelly is a critical indicator of its quality. Descriptive statistics showing the effects
of location and feeding treatments on 10-HDA levels are presented in Tables 2 and 3. The average 10-HDA
concentration was significantly higher in Dogansehir (2.38+0.64%) than in Ulukdy (2.07 £0.40%) (p < 0.05).

Factors n | 10-HDA
Dogangehir | 12 | 2.38+0.64
Locations
Ulukoy 12 | 2.07£0.40
p *t
Control 6 |1.44:0.044
Glucose 6 |[2.62+0.26°
Feeding treatments
Sucrose 6 |239+0.458
Bee Feed 6 |244+0.28B
p e
Total 24 [2224055
Procation x Feeding B

Table 2. 10-HDA levels in Royal jelly from colonies fed with different carbohydrate sources in two locations
(%w/w), (XS X). -: Not significant (p >0,05), **: p< 0,01, ***: p<0,001. *B: Differences between means with
different letters in the same column are significant (p < 0.05).
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Feeding treatments

Control
Locations (n=6) Glucose (n=6) | Sucrose (n=6) | Bee feed (n=6) | p
Dogansehir (n=12) | 1.41+0.05 |2.77+0.31 2.72+0.37 2.61+0.33
Ulukdy (n=12) 1.46+0.01* |2.47+0.018 2.06+0.194 2.27+£0.004 *
p

Table 3. Descriptive statistics of 10-HDA levels in Royal jelly from different locations (%w/w), (x£S X). -:
Not significant (p >0,05), * p <0.05. & 8: Differences between means with different letters in the same line are
significant (p < 0.05).

Yavuz and Giirel?” analyzed 13 royal jelly samples collected from commercial products in Tiirkiye and
colonies maintained at Akdeniz University. They reported that 10-HDA content ranged from 0.57% to 3.11%,
with approximately 50% of the samples falling below the legal limit of 1.4%. Similarly, Kolayli et al.? found that
18 royal jelly samples collected from various regions of Anatolia contained an average of 2.7 + 1.0% 10-HDA
as determined by HPLC analysis. Although their samples were collected under different regional and climatic
conditions, the results were comparable to those obtained in our study.

Keskin et al.?® investigated royal jelly samples collected over multiple years and reported that 10-HDA
concentrations varied between 2.1% and 2.6% depending on the year®’. In another study, the 10-HDA level
was 2.40% in the control colonies, 2.51% in those fed with sugar syrup, and 4.05% in colonies fed with a pollen
substitute, with the effect of feeding found to be statistically significant. Beykaya et al.>! also demonstrated
that the environmental conditions in Dogansehir (e.g., vegetation, climate, and soil characteristics) positively
influence bee productivity.

In the present study, the lowest 10-HDA concentration was observed in the control group, while
supplementation with glucose, sucrose, and bee feed significantly increased 10-HDA levels. The 10-HDA level
was lowest in the control group, and the difference relative to the feeding groups was statistically significant
(p<0.001). The highest concentration was recorded in the glucose-fed group (p < 0.001). These findings indicate
that supplementary carbohydrate feeding enhances 10-HDA synthesis in bees.

In conclusion, both location and feeding regime independently affected the 10-HDA content of royal jelly;
however, their interaction was not statistically significant. Environmental conditions in Dogansehir appear to
promote 10-HDA production, and glucose feeding is an effective strategy to optimize this process.

In the present study, the 10-HDA content of royal jelly samples obtained from different locations was
analyzed in detail. The highest 10-HDA concentration was observed in the Dogansehir-glucose group (2.77%,
w/w), whereas the lowest value was recorded in the Dogansehir-control group (1.41%, w/w) (p < 0.05). However,
statistically significant differences were found for 10-HDA levels among the feeding groups in Ulukdy (p < 0.05).
Overall, the 10-HDA content was higher in all feeding groups (except control group) from Dogansehir compared
with those from Ulukéy (Table 3), indicating that the environmental conditions in Dogangehir may be more
favorable for 10-HDA biosynthesis.

Sabatini et al.*? reported that 10-HDA content in natural royal jelly samples is typically above 1.4%. However,
Bloodworth et al.* found that in some high-quality royal jelly samples, 10-HDA concentrations can exceed
2.0%. Similarly, Garcia-Amoedo®* compared several royal jelly samples and reported that their 10-HDA levels
ranged between 1.8% and 3.0%.

In both locations, the control groups exhibited the lowest 10-HDA concentrations. Although increases were
observed in the sucrose- and bee feed-fed groups, the highest 10-HDA values were consistently recorded in the
glucose-fed colonies. Nevertheless, the magnitude of the increase in the sucrose- and bee feed-fed groups was
smaller compared to that in the glucose-fed groups.

In conclusion, glucose supplementation proved to be the most effective feeding strategy for enhancing 10-
HDA production in Dogansehir, and glucose was identified as the carbohydrate source that most efficiently
promoted 10-HDA biosynthesis.

Sugar analysis

A chromatographic method was employed to determine the saccharide composition (glucose, fructose, sucrose,
and maltose) of royal jelly samples collected from two locations and four feeding groups, and the results are
summarized in Table 4. Glucose, fructose, and sucrose were detected in all feeding groups at both sites, whereas
maltose was detected only in the glucose-fed colonies. The highest glucose concentrations were observed in the
Dogangehir-bee feed group (3.82%) and the Ulukdy-bee feed group (3.57%), while the lowest values were found
in the glucose-fed colonies at both locations.

Fructose levels were highest in the sucrose-fed groups of Dogansehir (5.44%) and Ulukoy (6.07%), and
lowest in the glucose-fed groups. Across all feeding treatments, sucrose concentrations were relatively lower than
those of glucose and fructose. The highest sucrose content was found in the Dogansehir-sucrose group (0.74%)
and Ulukoy-bee feed group (1.22%), while the lowest values occurred in the glucose-fed groups. Maltose was
detected only in glucose-fed colonies, reaching 2.26% in Dogansehir and 2.99% in Ulukéy.

Previous studies have reported that the sugar composition of royal jelly varies depending on both the dietary
carbohydrate sources and the environmental conditions of the colonies®®~’. Bee nutrition directly influences the
carbohydrate profile of royal jelly. In naturally fed colonies, sugar content depends on the type of nectar collected
and seasonal factors®”*. Nectar rich in sucrose may promote royal jelly production®. Conversely, colonies fed
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Feeding treatments
Control Sucrose
Locations (%) Glucose (%) | (%) Bee Feed (%) | p
Glucose |2.90 2.65 3.49 3.82 -
Fructose | 4.75 1.74 5.44 5.01 -
Dogansehir
Sucrose | 0.21 0.16 0.74 0.64 -
Maltose | ND 2.26 ND ND *
Glucose |3.43 2.55 3.04 3.57 -
Fructose | 4.90 1.51 6.07 5.28 -
Ulukoy
Sucrose | 0.24 0.20 0.88 1.22 -
Maltose | ND 2.99 ND ND *
Piocation Glucose B
Procaion FruCtOSE -
Plokasyon SUCTOSE -
Plokasyon Maltose ¥

Table 4. Sugar analysis results of Royal jelly from different locations and feeding treatments (%). -: Not
significant (p > 0.05).

with sugar syrups containing high levels of glucose and fructose tend to produce royal jelly with elevated glucose
and fructose concentrations but lower sucrose content'®*!. Feeding with pollen substitutes or formulated bee
feed provides a more balanced carbohydrate intake, which can result in relatively higher sucrose levels*>*. In
these samples, fructose and glucose ratios may generally be higher*+*.

ND : Not detected during sugar analyses, *: Statistical analysis was not performed.

In this study, the overall glucose, fructose, and sucrose concentrations were comparable between Dogansehir
and Ulukéy, but maltose content differed significantly, suggesting that location had a greater influence on
maltose production than on other sugars. Sugar levels were lowest in the control groups where no supplemental
feeding was provided. Glucose and maltose levels increased notably in the glucose-fed groups, while sucrose
concentrations were highest in the sucrose- and bee feed-fed groups, particularly in Ulukéy.

In conclusion, both location and feeding regime affected the sugar composition of royal jelly, but feeding had
a more pronounced effect - especially in increasing glucose and fructose levels. However, the differences were
not significant (p >0.05).

Analysis of metabolites and enzyme activities

The analysis of metabolites and enzyme activities in royal jelly provides essential insights into its biochemical
composition and potential health-promoting properties?®?’. These analyses are also crucial for assessing the
quality of royal jelly production and understanding underlying metabolic mechanisms. Royal jelly is particularly
rich in proteins, and amino acid analysis helps determine its protein quality and biological value. Among the key
biochemical parameters evaluated in royal jelly are invertase (IN), catalase (U/mL), total protein (%), proline
(mg/kg), and total amino acids (mg/100 g), all of which contribute to its biological activity and nutritional
value®,

Invertase plays a central role in energy production and sugar metabolism in bees?’, while catalase regulates
oxidative processes and protects tissues against oxidative stress®®. The total amino acid content of royal jelly
reflects its protein quality and functional properties®'>2. Descriptive statistics for metabolite and enzyme activity
analyses by location and feeding treatment are presented in Tables 5 and 6. The data indicate that environmental
conditions in Dogansehir may enhance invertase and proline concentrations.

According to the results, total amino acid content averaged 1012.0+11.3 mg/100 g in Ulukdy and
925.5+18.0 mg/100 g in Dogansehir. Among feeding treatments, the highest total amino acid level was recorded
in the control group (981.4 + 14.6 mg/100 g) and the lowest in the sucrose-fed group (831.4 +3.9 mg/100 g). Within
locations, Ulukéy-control samples had the highest total amino acid concentration (1012.0+11.3 mg/100 g),
whereas Ulukéy-bee feed samples had the lowest (741.4+£4.9 mg/100 g). Differences among feeding groups
were statistically significant (p < 0.01) (Table 6). These results suggest that environmental factors in Ulukdy may
enhance catalase and total amino acid production.

Proline levels were significantly higher in Dogansehir (4364.96+141.93 mg/kg; p<0.01), indicating that
this location provides favorable conditions for proline biosynthesis. Invertase activity (4.51 +1.34 U/mL) and
catalase activity (21.78£0.80 U/mL) were highest in glucose-fed bees, while the lowest values were recorded
in the sucrose-fed group (0.72+0.16 and 11.25+2.66 U/mL, respectively; p<0.01). These findings support the
stimulating effect of glucose on invertase and catalase synthesis.

Proline levels were elevated in glucose- and sucrose-fed colonies but lower in the control and bee feed
groups. The increased proline concentrations in glucose- and sucrose-fed bees may be attributed to the rapid
energy supply provided by these sugars, which supports metabolic processes and enhances proline synthesis®>>4.
Glucose feeding resulted in lower total amino acid levels, whereas sucrose feeding led to higher concentrations
(p < 0.01). Overall, glucose supplementation increased invertase and catalase activities, while sucrose feeding
reduced them.
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Factors ‘ n ‘ Invertase | Catalase Total Protein | Proline Total amino acid
Locations
Dogangehir | 12 [ 3.10£0.83 | 15.67+1.84 |1523+0.82 |4364.96+141.93 | 925.5+18.0
Ulukéy 12 | 1.96£040 |20.97+0.79 |19.77£3.19 |3941.00+3564 |1012+11.3
p . ot B ot .
Feeding
treatments
Control 6 |2.11+0.48> |20.09+0.27" | 16.30+1.56° 4079.40 +43.16* 981.4+14.64
Glucose 6 |4.51+1.349 |21.78+0.80° | 16.86+1.33¢ | 4552.26+109.38" | 894.9+25.2¢
Sucrose: 6 |0.72+0.16* | 11.25+2.66* | 14.60+0.43> | 4376.88+170.22" | 831.4+3.9°
Bee feed 6 |2.78+0.64° | 20.17+1.35" | 13.72+0.40° 3898.84+133.54 | 858.7 £52.6"
P %% % *% *t %%
Total ‘ 24 |2.53+£046 |18.32+1.13 | 15.37+0.56 4226.85+79.38 891.6+18.3
P Location x Feeding “ b H a “

Table 5. Descriptive statistics and effects of location and feeding method on invertase (IN), catalase (U/mL),
total protein (%), proline (mg/kg), and total amino acid (mg/100 g) levels in Royal Jelly. -: p>0.05, **: p<0.01.
»bed: Differences between means with different letters in the same column are significant (p < 0.05).

Locations | Feeding treatments | n | Invertase | Catalase Total protein | Proline Total amino acid
Control 3 |3.19+0.03F | 20.09+0.08° | 12.83+0.31* | 4217.81+87.535¢ | 950.9+3.3¢
Dogansehir Glucose 3 | 7.51£0.016 | 20.09+£0.40C | 19.77+0.18° | 4775.23+83.11° | 950.9+5.7¢
Sucrose 3 | 0.37+£0.02* | 530+£0.094 | 13.79+0.2148 | 4750.81+87.530 | 824.0+2.58
Bee Feed 3 | 1.34+0.02€ | 17.20+£0.15% | 14.52+0.365¢ | 3716.13+£213.18* | 976.1+3.6°
Control 3 | 1.04+0.01% | 20.09+£0.60C | 19.77+0.32° | 3941.00+35.64*F | 1012.0+11.3F
. Glucose 3 | 1.514£0.02P | 23.46+0.42P | 13.94+0.64F | 4329.29+56.54C | 838.8+4.0°
Uhukdy Sucrose 3 | 1.07+0.02% | 17.20+0.30% | 1541+0.50C | 4003.10+43.19*F | 838.8+3.58
Bee Feed 3 | 4.22+0.02F |23.1420.46P | 12.91+0.12% | 4081.55+101.695C | 741.4+4.94
Total 24 (2534046 |1832+1.13 |1537+056 |4226.85+79.38 891.6+18.3
PLocation x Feeding o o o a o

Table 6. Invertase (IN), catalase (U/mL), total protein (%), proline (mg/kg), and total amino acid (mg/100 g)
levels in Royal jelly from different locations feeding treatments, (x+ S X). **: p<0.01. A BC DEEG; Differences
between means with different letters in the same column are significant (p < 0.05).

Both location and feeding regime exerted significant independent effects on royal jelly’s biochemical profile.
Bees from Dogansehir exhibited higher invertase activity than those from Ulukdy, indicating that environmental
factors influence digestive enzyme levels. In contrast, catalase activity was higher in Ulukdy, suggesting enhanced
oxidative stress protection in that region. Protein concentrations were also higher in Ulukéy samples, which may
be related to environmental and genetic factors affecting protein metabolism®”.

Proline content averaged 3941.00 + 35.64 mg/kg in Ulukdy and 4364.96 + 141.93 mg/kg in Dogansehir.
Among feeding groups, the highest proline concentration was detected in the glucose-fed group (4552.26 +
109.38 mg/kg) and the lowest in the bee feed group (3898.84 + 133.54 mg/kg). The highest mean proline content
(4775.23 + 83.11 mg/kg) was observed in royal jelly from Dogansehir colonies fed with glucose syrup, possibly
reflecting a response to local environmental stress. Previous studies reported comparable proline levels, with
2.30% in royal jelly by Jie et al.>® and 1930 mg/kg by Saito et al.”’.

Higher total amino acid levels were detected in Ulukéy colonies, possibly due to the availability of diverse
natural pollen and nectar sources, which enhance amino acid bioavailability>®. Increased invertase activity was
observed in glucose-fed bees at both sites, while higher catalase activity was found in colonies fed with glucose
and bee feed, indicating a protective role of glucose against oxidative stress. Furthermore, protein levels were
elevated in glucose-fed bees, and proline levels were highest in Dogansehir colonies, suggesting that glucose
may enhance stress tolerance. Elevated amino acid levels in the Ulukdy control group indicate that diverse floral
resources and natural feeding conditions can promote amino acid synthesis and accumulation®.

Glucose feeding increased invertase and catalase activities, providing rapid energy and enhanced antioxidant
protection in the hypopharyngeal glands, which likely supports elevated protein and amino acid synthesis,
including 10-HDA, in royal jelly. These shifts demonstrate a direct link between nutritional input, bee physiology,
and R] biosynthetic capacity.

In summary, both environmental conditions and feeding regimes significantly influenced the biochemical
composition of royal jelly. Glucose feeding stimulated invertase, catalase, and proline production, while
natural feeding conditions in Ulukdy enhanced total amino acid levels. These findings highlight the combined
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importance of environmental and nutritional factors in shaping the metabolic profile and nutritional quality of
royal jelly.

Phenolic compound analysis

Phenolic compounds are organic molecules known for their potent antioxidant properties and are key indicators
of royal jelly quality®®. These compounds contribute to the antioxidant capacity of royal jelly by neutralizing free
radicals and reducing oxidative damage®!. The composition and concentration of phenolic compounds in royal
jelly can vary depending on bee diet, environmental conditions, and analytical techniques®.

In this study, HPLC chromatograms of royal jelly samples (Fig. 2) and the effects of different locations
and feeding regimes on individual phenolic compounds—including 2,3,4-trihydroxybenzoic acid, gallic acid,
4-hydroxybenzoic acid, ellagic acid, trans-cinnamic acid, caffeic acid, and p-coumaric acid—are presented
in Table 7. Significant differences were observed between the Dogansehir and Ulukéy samples. For instance,
2,3,4-trihydroxybenzoic acid and gallic acid levels were higher in Dogangehir, whereas 4-hydroxybenzoic acid
was more abundant in Ulukéy. These findings indicate that location is an important determinant of the amount
and distribution of phenolic compounds in royal jelly.

Phenolic compounds enhance the antioxidant potential and overall quality of royal jelly’”. Colonies
fed on natural pollen and nectar generally produce royal jelly with higher phenolic content®. In the present
study, feeding type (glucose, sucrose, or bee feed) significantly influenced phenolic composition. Glucose
supplementation particularly increased 4-hydroxybenzoic acid and p-coumaric acid concentrations, while
bee feed elevated ellagic acid content. The highest 4-hydroxybenzoic acid levels were observed in glucose-fed
colonies in both Dogansehir and Ulukéy.

A significant interaction was also found between location and feeding type. For example, trans-cinnamic
acid concentration was highest in the control group from Dogansehir, but lower in bee feed-fed colonies from
Ulukdy. In general, phenolic compound levels tended to decrease in colonies fed with sugar syrups, whereas
higher concentrations were detected in control colonies that relied solely on natural food sources®.

In conclusion, both location and feeding regime significantly affected the phenolic compound profile of royal
jelly. These variations directly influence the antioxidant capacity and overall biological quality of royal jelly.

Conclusion
In this study, the 10-HDA content of royal jelly ranged from 1.40% to 2.77%, with the highest levels observed in
the glucose-fed colonies from Dogansehir. Glucose feeding proved to be the most effective strategy for optimizing
10-HDA production, significantly enhancing its concentration compared with other carbohydrate sources.

The sugar composition of royal jelly primarily consisted of glucose, fructose, sucrose, and varying levels of
maltose depending on location and feeding regime. While glucose, fructose, and sucrose concentrations were
similar between Dogangehir and Ulukdy, maltose content differed significantly, indicating a stronger influence of
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Fig. 2. Chromatogram from HPLC analysis of royal jelly samples.
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p-coumaric
Locations | Feeding treatments | n | 2,3,4-Trihydroxybenzoic acid | Gallic acid | 4-hydroxybenzoic acid | Ellagic acid | Trans-cinnamic acid | Caffeic acid | acid
Control 3 |13.6+0.1F 2.8+0.1¢ | 12.4+0.18 5.2%0.0F 0.2+0.0F 0.6+0.0F 1.0+0.0F
Glucose 3 19.3+0.04 1.9+0.14 | 10.5+0.1* 3.5+0.08 0.2+0.0¢ 0.5+0.0% 0.8+0.0¢
Dogansehir
Sucrose 3 19.6+0.0° 2.0+£0.0* | 11.6+0.0® 4.9+0.0F 0.2+0.08 0.5+0.08 0.7+0.0*
Bee Feed 3 |12.8+0.1° 2.6+0.1%¢ | 11.8+0.18 5.5+0.0¢ 0.2+0.0P 0.6+0.06 1.0+0.0F
Total 3 [11.3£2.0 23+0.4 11.6+0.7 48+0.8 0.2+0.0 0.6+0.1 0.9+0.1
Control 3 | 13.4+0.08 23+0.148 | 17.240.0¢ 5.1+0.0F 0.1+0.0% 0.6+0.0P 0.8+0,0A8
Ul Glucose 3 | 13.5+0.0° 22+0.04% | 44.9+0.4F 3.6+0.0¢ 0.2+0.0F 0.6+0.0¢ 0.9+0.0°
UKO
Y Sucrose 3 |11.6+0.1¢ 2.0+0.384 | 40.0+0.8° 3.4+0.14 0.2+0.0P 0.5+0.08 0.9+0.0P
Bee Feed 3 113.0+£0.1° 2534020 |43.5+0.3F 4.0+0.0P 0.1+0.08 0.6+0.0% 0.8+0.08
Total 3129408 8.0+1.7 36.4+12.0 4.0+0.7 0.2+0.0 0.6+0.0 0.8+0.1
General 12.1£1.7 51+1.9 24.0+15.2 4.4%0.9 0.2%0.0 0.6+0.1 0.9+0.1
P o ot o o o o o
ocation
P rees o ot o ot o o o
‘eeding
P Location x Feeding * " * * * * *

Table 7. Phenolic compound levels in Royal jelly from different locations and feeding treatments (x+ S X).
**: p<0.01. & BCDEEG: Differences between means with different letters in the same column are significant
(p<0.05).

location on maltose formation. Both location and feeding regime affected sugar composition; however, feeding
had a more pronounced effect, particularly in increasing glucose and fructose ratios.

Metabolite and enzyme analyses provided deeper insight into the biochemical properties of royal jelly.
Glucose-fed bees exhibited lower amino acid levels but higher concentrations of invertase, catalase, total
protein, proline, and 10-HDA (p < 0.01). Sucrose feeding, on the other hand, resulted in increased amino acid
concentrations. These findings demonstrate that carbohydrate sources can modulate enzymatic activity and
nutrient composition in royal jelly.

Environmental factors and the diversity of pollen and nectar also played key roles in shaping the biochemical
composition of royal jelly. Location and feeding regime exerted significant independent effects on the metabolic
parameters of bees and were critical in determining the phenolic compound profile. The predominant phenolic
compounds identified were 2,3,4-trihydroxybenzoic acid, 4-hydroxybenzoic acid, p-coumaric acid, and gallic
acid. Glucose feeding particularly enhanced the levels of 4-hydroxybenzoic acid and p-coumaric acid, while bee
feed increased ellagic acid concentrations.

Overall, both environmental and nutritional factors significantly influenced the biochemical composition,
enzyme activities, and phenolic profiles of royal jelly. Glucose supplementation emerged as a key feeding strategy
to enhance royal jelly quality by promoting 10-HDA and antioxidant-related compounds, thereby improving its
nutritional and functional value.

Data availability
All data that support the findings of this study are contained within the article.
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