Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Comparative Compositional Characterization of
New Zealand Manuka Honey and Selected Chinese
Honeys Using Multiple Chemical Indicators

Haiquan Chen
Graduate School of Bioagricultural Sciences, Nagoya University

Bo Chen
Food Inspection and Quarantine Center, Shenzhen Customs

Fengqi Wu
Food Inspection and Quarantine Center, Shenzhen Customs

Baohui Jin
Food Inspection and Quarantine Center, Shenzhen Customs

Zhi Yan
Food Inspection and Quarantine Center, Shenzhen Customs

Xiuwen Zhou
Department of Ocean Science and Engineering, Southern University of Science and Technology

Karyne M. Rogers
Department of Soil and Environmental Sciences, Lincoln University

Duoyong Zhao
Institute of Quality Standards & Testing Technology for Agro-Products, Xinjiang Academy of Agricultural
Sciences

Hao Wu

haowu®xmu, edu, cn

Key Laboratory of the Ministry of Education for Coastal and Wetland Ecosystems, College of the
Environment and Ecology, Xiamen University

Research Article

Keywords: stable isotopes, carbon and nitrogen contents, saccharide composition, mineral element
composition, botanical origin, chemometrics, New Zealand manuka honey

Posted Date: September 28th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10979615/v1

Page 1/25


https://doi.org/10.21203/rs.3.rs-10979615/v1
https://doi.org/10.21203/rs.3.rs-10979615/v1
https://doi.org/10.21203/rs.3.rs-10979615/v1

License: €© @ This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.

Page 2/25


https://creativecommons.org/licenses/by/4.0/

Abstract

New Zealand manuka honey is a high-value honey that has attracted increasing attention in the Chinese
market. Comparing its chemical characteristics with those of selected Chinese honeys provides valuable
information for understanding compositional variability among honey samples. In this study, stable
isotope ratios, carbon and nitrogen contents, saccharide composition, mineral element composition, and
chemometric analyses were integrated to investigate compositional differences between New Zealand
manuka honey and selected Chinese honeys of different botanical types. Clear compositional
differences were observed among the predefined honey sample groups within the present dataset.
Stable isotope ratios, carbon and nitrogen contents, saccharide composition, and mineral element
composition each provided complementary information for characterizing honey samples, with mineral
element composition making an important contribution to sample classification. Chemometric analyses,
including principal component analysis (PCA), Fisher discriminant analysis (Fisher-DA), and artificial
neural network (ANN) models, further showed that integrating multiple compositional indicators
substantially improved classification performance, with the supervised models clearly distinguishing
Chinese honey samples from New Zealand manuka honey. This study provides a comprehensive
comparative compositional analysis of New Zealand manuka honey and selected Chinese honeys based
on multiple complementary chemical indicators, providing comparative compositional data and an
integrated analytical strategy for future studies on honey characterization, quality evaluation, and
comparative analysis of commercial honey samples.

1. Introduction

Honey is a natural, sweet product produced by bees from the nectar of flowers and is mainly composed
of glucose and fructose[1], together with minor components such as vitamins, minerals, amino acids,
enzymes, and other bioactive compounds[2, 3]. Among commercial honeys, New Zealand manuka
honey[4] has attracted particular attention because of its distinctive compositional characteristics,
recognized health-promoting properties, and high market value. In recent years, the growing demand for
manuka honey has been accompanied by increasing concerns regarding product quality, authenticity,
and mislabeling[4, 5]. Consequently, reliable analytical approaches are increasingly required for the
characterization and quality evaluation of manuka honey and for comparison with selected Chinese
honeys.

To meet this demand, various analytical approaches have been developed for honey characterization
and origin evaluation, including spectroscopic techniques, nuclear magnetic resonance (NMR),
chromatographic analysis, stable isotope analysis, elemental profiling, and pollen analysis[6]. Among
these approaches, pollen analysis remains a widely used method for determining the floral origin of
honey[7] and is an important reference method for manuka honey authentication[4, 5]. However, pollen
analysis requires specialized expertise, and its application to manuka honey may be complicated by the
morphological similarity between manuka and kanuka pollen[4]. These limitations have encouraged the
development of complementary chemical approaches for honey characterization.
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Stable isotope analysis has become an important analytical approach for characterizing honey
composition and evaluating its botanical and geographical characteristics[8—10]. Stable isotope ratios
reflect differences in plant metabolic pathways and environmental conditions[8], providing valuable
compositional information for honey characterization. Carbon isotope ratios are closely associated with
plant photosynthetic pathways and can provide information on plant-derived carbon sources, making
them valuable for evaluating honey composition and detecting the addition of C4 plant-derived sugars,
such as cane or corn syrup[11, 12]. Nitrogen isotope ratios provide complementary environmental
information, as they are influenced by soil nitrogen sources, fertilizer application, biological nitrogen
fixation, land-use practices, and climatic conditions[8, 9]. Owing to the high analytical precision and good
reproducibility demonstrated for isotope-ratio measurements of honey saccharides, stable isotope
analysis provides reliable compositional information for honey characterization[13].

Mineral element composition provides another important source of chemical information for honey
characterization[14, 15]. Elemental profiles are influenced by soil characteristics, geological background,
environmental conditions, and regional ecosystems, enabling them to reflect the geographical
characteristics of honey production areas[16, 17]. Environmental contamination may also influence
trace- and heavy-metal concentrations in honey, allowing mineral profiles to reflect local environmental
conditions[17, 18]. ICP-MS enables the simultaneous determination of multiple macro- and trace
elements and has been widely applied to elemental fingerprinting and origin discrimination[19, 20].

In addition to stable isotope and mineral element analyses, a wide range of analytical techniques has
been employed to characterize honey composition, including near-infrared spectroscopy[7, 21, 22],
middle infrared spectroscopy[23], infrared spectroscopy[24, 25], and NMR[26, 27]; fingerprinting and
barcoding of proteins in honey[28, 29]; chemical composition analysis[30, 31], analysis of specific
components[32] and volatile chemical components in honey[33—-35]; and physicochemical indices[36,
37, 35, 3, 38]. These analytical techniques provide complementary information on the chemical
characteristics of honey from different analytical perspectives and have substantially improved the
characterization of honey composition. Among the major compositional indicators, fructose and
glucose, the two predominant saccharides in honey[39, 1], are important indicators of nectar-derived
carbohydrate composition and compositional variation among honey samples. Similarly, measurements
of the extracted protein fraction and bulk honey provide additional compositional information alongside
the corresponding stable isotope ratios, allowing different aspects of honey composition to be evaluated
jointly[40, 10].

Increasing attention has been directed toward integrating multiple complementary analytical approaches
to achieve a more comprehensive characterization of honey[6, 4]. Representative examples include the
combination of physicochemical indices with ATR-FTIR[25]; volatile compounds with physicochemical
parameters[41]; isotope ratio mass spectrometry (IRMS) with site-specific natural isotope fractionation
by NMR (SNIF-NMR)[42]; and the integration of stable isotope and elemental analyses[16, 8]. Collectively,
these studies suggest that combining complementary analytical information provides a more robust
characterization of honey than any individual analytical technique alone[19, 6]. Building on this concept,
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stable isotope ratios together with carbon and nitrogen contents, saccharide composition, and mineral
element composition can be integrated to capture complementary information on plant-derived carbon
sources, carbohydrate characteristics, and environmental and geological influences[6, 19]. The resulting
multidimensional datasets can be further evaluated using chemometric methods, which facilitate the
identification of characteristic variables, visualization of sample relationships, and classification of
predefined honey sample groups[6, 43, 44]. Accordingly, the combined use of complementary chemical
indicators and chemometric analysis offers a comprehensive analytical framework for honey
characterization and sample classification.

Based on the above considerations, this study integrated stable isotope ratios together with carbon and
nitrogen contents, saccharide composition, and mineral element composition with chemometric
methods to comprehensively compare the chemical characteristics of New Zealand manuka honey and
selected Chinese honeys. This integrated analytical strategy is intended to provide a comprehensive
characterization of honey composition by combining complementary chemical information from multiple
analytical dimensions. Chemometric methods were employed to evaluate sample relationships and
classification performance based on multidimensional compositional data. The overall aim of this study
was to establish a comprehensive analytical framework for comparing the chemical characteristics of
New Zealand manuka honey and selected Chinese honeys using multiple complementary chemical
indicators.

2. Materials and Methods
2.1 Sample Collection and Preparation

A total of 85 honey samples were analyzed from selected regions in China (n = 69) and New Zealand (n
=16). The Chinese samples were sourced from Beijing (n = 12), Hebei (n = 14), Shandong (n = 21), and
Shaanxi (n = 22). The sample details are shown in Table 1. The protein extraction method followed the
PRC National Standard GB/T 18932.1-2002[45].

Table 1

Information on Honey Samples
Country Quantity Honey type Origin
China 12 black locust honey  Shunyi, Beijing
China 14 black locust honey  Pingshan, Hebei
China 21 black locust honey  Tai'an, Shandong
China 22 rape honey Yangxian, Shaanxi
New Zealand 16 manuka honey New Zealand
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Table 2

One-way analysis of variance (ANOVA) of honey from five sample groups and three botanical origins
using F/G (Fructose/Glucose) and F + G (Fructose + Glucose). The values in the table are expressed as
mean + standard deviation.

ANOVA

Origin F/G F+G(g/100 g)

Sample Groups Beijing 1.52+0.16d 66.75+2.133a
Hebei 1.49+0.09d 69.54 +1.44b
Shandong 1.38+0.12c 66.66 + 2.83a
Shaanxi 0.94+0.05a 68.85 + 3.50ab
New Zealand 1.28 £ 0.04b 73.04£1.89¢c
p value <0.001 <0.001

Botanical Origin(g/100g) black locust honey 1.45+0.14C 67.54 +2.62A
rape honey 0.94 +0.05A 68.85 + 3.50A
manuka honey 1.28 £ 0.04B 73.04+1.89B
p value <0.001 <0.001

3-¢ and A~C Different superscript letter values indicate a significant difference among groups (p<0.05)

2.2 Stable Isotope Analysis

Stable isotope values of 6"°Np416in[10], 6™ Cpyorein45], and 6'3Cy,56,[46] along with the elemental
contents of Ny oteins Cprotein @Nd Choney in the honey samples, were measured using an Isotope Ratio
Mass Spectrometer (IRMS) (DELTA X, ADVANTAGE, Thermo Scientific, Bremen, Germany) equipped with
an Organic Elemental Analyzer (FLASH 2000). An appropriate amount of each dried protein or
homogenized honey sample was weighed into a tin capsule to obtain a sample signal intensity
comparable to that of the reference gas. The samples were then analyzed at a combustion temperature
of 850°C using helium as the carrier gas. IAEA-600 caffeine (6"*Cyppg = = 27.771%; 8"*Npjr_y, = +1.0%)
was used as the reference material for calibration of 85Ny 4tein 8"*Cproteins @Nd 8'*Cpgpey- ISOtope values
were calibrated using a single-point calibration approach rather than multi-point calibration. Sulfadiazine
(C=41.81%, N = 16.25%; Thermo Fisher, USA) was used to monitor the accuracy of C and N elemental
content measurements for Ny, otein Cproteins @d Choney- The 8'*Cr, and 8'3Cg, values were determined
using an LC-IRMS system consisting of a Dionex UltiMate 3000 HPLC, an LC Isolink interface, and a
DELTA V Advantage IRMS. Fructose and glucose were separated on a Rezex RCM-Monosaccharide Ca?*
column (300 x 7.8 mm, Phenomenex, USA) using ultrapure water as the mobile phase at a flow rate of
1.0 mL min-", a column temperature of 60°C, and an injection volume of 1-3 pL. The separated
compounds were oxidized online to CO, before isotope measurement. IAEA-CH-6 sucrose (8'3Cyppg = -
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10.449 + 0.043%) was used as the reference material for calibration of §'*C,, and §'*Cg,, also using
single-point calibration. The long-term analytical precision for 6"*Npoein @nd 8'*Cp, otein in @ working
standard protein derived from honey was 0.2% and 0.1%, respectively, and that for 6'*Cyney, 8'*Cpyy, and

8'3Cgy, in honey was 0.1%.

2.3 Saccharide Analysis

Fructose and glucose contents were measured using HPLC (1290 Infinityll, Agilent, Waldbronn, Germany)
with a RID detector (1290 RID, Agilent, Waldbronn, Germany) and a chromatographic column
(Carbohydrate ES, 5um 250x4.6mm, ECHWAY, China), following PRC National Standard GB 5009.8-
2023[47]. Calibration standards ranged from 1 mg/L to 10 mg/L for fructose (D-(-)-Fructose, = 99.5%,
Sigma) and glucose (D-(+) Glucose powder, = 99.5%, Sigma).

2.4 Mineral Element Analysis

Sixteen mineral elements (Na, Mg, Al, K, Ca, V, Cr, Mn, Fe, Co, Cu, Zn, Rb, Sr, Ba, Pb)[48] were quantified
using Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Thermo Scientific, iCAP-Q).
Approximately 1.0 g of honey was weighed and digested using a microwave digestion system. Samples
were digested in Teflon vessels with 10.0 mL of HNO, (AR, 65%, w/w, Merck, Darmstadt, Germany) for 2
hours. The digestion temperature program included an increase from room temperature to 100°C, then
to 180°C over 15 minutes, followed by an increase to 240°C over a further 15 minutes, maintaining 240°C
for 10 minutes before cooling. The mineralized extracts were redissolved to a total volume of 25 mL with
Milli-Q water (Integral 5, Milli-Q, Millipore, USA) and analyzed using ICP-MS. Calibration standards were
prepared using multi-elemental standard solutions (Multi-Element Calibration Standard 3, PerkinElmer,
USA) in 0.5% nitric acid (AR, 65%, w/w, Merck, Darmstadt, Germany) with concentrations ranging from
1.0 yg/L to 1.0 mg/L. Ge and Rh (50 pg/L) were used as internal standards to correct for instrument
drift.

2.5 Statistical Analysis

Data processing was conducted using SPSS Statistics 18 (IBM, USA), while figures were prepared using
Origin 2018 (OriginLab, USA) and GraphPad Prism 10 (GraphPad Software, USA). One-way analysis of
variance (ANOVA) was employed to compare the predefined honey sample groups, followed by the least
significant difference (LSD) test for post-hoc comparisons. Differences were considered statistically
significant at P < 0.05. Principal component analysis (PCA) was used to visualize the overall distribution
patterns of the predefined honey sample groups. Fisher discriminant analysis (Fisher-DA) and an
artificial neural network (ANN) were used as supervised classification models. Three-dimensional score
plots were generated using PCA and Fisher-DA to visualize sample distributions.

3. Results and Discussion
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3.1 Stable Isotope Ratios among Predefined Honey Sample
Groups

Stable isotope ratios were determined for both the extracted protein fraction and bulk honey samples.
After protein flocculation and isolation, 85Ny otein @nd 8'3Cpo1ein Were measured for the protein fraction,
whereas 6'3Cy,gneys 8'°Cpyy, @and 6'3Cg,, were measured for bulk honey. The 8N, i Values differed
significantly among the five predefined sample groups (Table S1; Fig. 1a). Hebei (1.56 + 1.35%) and New
Zealand (1.36 + 1.36%) formed one statistical group, whereas Beijing (3.19 + 0.91%), Shandong (3.63 *
0.69%), and Shaanxi (3.12 + 0.53%) formed another (p < 0.05). Similarly, the four carbon isotope
variables (8"3Cpoteins 8'*Choneys 8'*Cryy, @and 8'°Cg,) differed significantly among the predefined sample

groups (Table S1; Fig. Tb—e) and exhibited highly consistent variation patterns. Shaanxi had the most
negative 8'3Cyoin Value (- 27.37 + 0.47%), whereas Hebei had the least negative value (- 23.19 £
0.52%). 6'3Choney values were generally less negative than the corresponding 8"3Cprotein Values, except
in Shaanxi. Similar trends were observed for 6'3Cy ey, 8'*Cpy, and 8'*Cg,, (Fig. 1c—e). Although
&'3Choney was separated into four statistically distinct groups, 8'*C,, and 8'3Cg,, exhibited three similar
statistical groupings, indicating highly consistent carbon isotope signatures for the two major
monosaccharides. Shaanxi had the most negative mean 6'*C,, and 8'3Cg,,, values among the five
groups (- 27.50 + 1.02% and - 27.65 + 1.00%, respectively), while Hebei had the least negative mean
values (- 23.39 + 0.50% and - 22.88 + 0.52%, respectively).

When grouped according to botanical origin, 85N, i, also separated the three honey types into two

statistical groups (p < 0.05), with manuka honey showing the most negative mean value (1.36 + 0.85%),
whereas black locust and rape honeys exhibited more positive values of 2.90 + 1.32% and 3.12 + 0.53%,
respectively. The four carbon isotope variables showed a similar pattern, with rape honey exhibiting the
most negative values, black locust honey the least negative values, and manuka honey intermediate
values. Rape honey had the most negative mean 8'*Cy,gtein, 8'*Choneys 8'°Cpry, @nd 8'*Cg, values (-
27.37 £ 0.47%, - 27.43 £ 0.90%, - 27.50 + 1.02%, and - 27.65 + 1.00%, respectively), black locust honey
had the least negative values (- 24.14 £+ 1.12%, - 23.42 + 1.15%, - 23.60 + 1.04%, and - 23.21 + 0.99%,
respectively), and manuka honey had intermediate values (- 26.70 + 0.55%, = 25.20 + 0.33%, - 25.43 +
0.47%, and - 25.18 + 0.50%, respectively). Previous studies have indicated that black locust honey tends
to have more positive carbon stable isotope values than other honey types[11], and the present results
are consistent with these observations, with black locust honey exhibiting less negative 6'3C values than
rape and manuka honeys.

Figure 2 illustrates the relationships among the stable isotope variables and the predefined honey
groups. Figure 2a shows a clear separation among the three botanical honey types, indicating that the
combination of 8"*Npo1ein @nd 8'3C,o1ein Provides effective discrimination between honey varieties.
Black locust honey from different geographical origins also showed partial separation, although a small
overlap was observed between two groups. Figures 2b and 2c¢ show strong positive relationships
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between 6"*Cpytein @nd 6'°Cponey (R? = 0.78) and between 6'*Cg,, and 8'*Cy, (R* = 0.97), respectively.
The stronger correlation between 6'3Cg, and 8'3C,, is consistent with the similar isotopic

characteristics of the two major monosaccharides, whereas the relatively weaker relationship between
6"3Cprotein @Nd 873Cpopey reflects the different compositional fractions represented by protein and bulk

honey. Despite these differences, both relationships demonstrate a high degree of consistency among
the carbon isotope variables, indicating that each variable provides complementary compositional
information for honey discrimination. Although partial overlap was observed among black locust honeys
from different geographical origins, samples from the same botanical origin generally clustered within
similar regions of the scatter plots.

The carbon isotope fractionation in honey was further examined by comparing the absolute differences
in carbon stable isotope ratios between different honey components (Fig. 3). Box plots showed that the
absolute differences between carbon isotope variables varied among the five predefined sample groups
(Fig. 3a—e). The absolute differences between 8'*Cy,,e, and 8'*C,,;o1in Were larger in the Beijing, Shaanxi,
and New Zealand groups than in the Hebei and Shandong groups (Fig. 3a; p < 0.05), with the New
Zealand manuka honey group showing the largest difference within the present dataset. Hebei and
Shandong samples showed smaller and similar 6'3C differences. Differences in 6'3C values were also
observed among black locust honey samples from Beijing, Hebei, and Shandong. In contrast, the
absolute differences between §'*CFru and 8'3CGlu remained relatively small across all honey groups
(Fig. 3D), indicating high isotopic consistency between the two major monosaccharides. Together, these
results demonstrate distinct patterns in elemental composition among the investigated honey groups
and provide complementary compositional information for honey characterization.

Previous studies have reported that the difference between 6'3C,y,ey @and 8'°Cpq1ein in authentic manuka
honey is frequently greater than + 1.00%[44, 45]. A similar pattern was observed in the present study,
with most manuka honey samples exhibiting [6"3Cponey = 8"*Cpyroteinl Values exceeding 1.00%, which is
consistent with previous reports on the carbon isotope characteristics of manuka honey. Previous
studies have also suggested that the difference between &'3C,, and 8'3Cg,, in authentic honey is
generally less than 1.00%[35]. Consistent with this observation, all samples except one from Shandong
remained within this range, with only a single sample exhibiting a difference of 1.35%. Combined with
the strong correlation between 8'*C,, and 6'3Cg,, observed in Fig. 2c, these findings indicate that the
two major monosaccharides retain highly consistent carbon isotope signatures. Overall, the carbon
isotope differences among honey components support the use of multiple stable isotope variables as
complementary indicators for differentiating honey samples within the investigated dataset.

3.2 Carbon and nitrogen contents and saccharide
composition of honey

The nitrogen and carbon contents of the extracted protein fraction and the carbon content of bulk honey

differed significantly among the five predefined sample groups(Table S1; Fig. 4). New Zealand manuka

honey exhibited the lowest %N otein (5.56 + 0.92%) but the highest %Cpqtein (35.30 +1.02%) and %C,qney
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(34.33 £ 0.36%), with %Cy,,e, being significantly higher than that of the other sample groups (p < 0.05).
Three statistical groups were identified for %Ny, o1ein, Whereas %Cpq1ein @and %Choney were separated into
four groups. The %N o1cin cONtents of Beijing, Hebei, and Shandong black locust honeys were similar
(7.23+0.14%, 7.38 £ 0.11%, and 7.39 + 0.20%, respectively), indicating limited differentiation based on
the nitrogen content of the extracted protein fraction alone. When grouped according to botanical origin,
black locust honey exhibited the highest %N i, Whereas manuka honey exhibited the highest %Cotein
and %Cponey- Rape honey showed an intermediate %N, qtein Value but the lowest %Cy,, ¢, value, while its
%Chprotein did not differ significantly from that of black locust honey. Together, these results demonstrate
distinct patterns in carbon and nitrogen contents among the investigated honey groups and provide
complementary compositional information for honey characterization.

Fructose and glucose contents also differed significantly among the investigated honey groups (Table
S1; Fig. 4). Fructose content formed three statistical groups, with Shaanxi rape honey exhibiting the
lowest value (33.37 + 2.01%), whereas Beijing, Hebei, and New Zealand manuka honeys showed
comparable fructose contents (40.10 £ 1.76%, 41.59 + 1.29%, and 40.94 + 1.10%, respectively). In
contrast, glucose content was separated into four statistical groups, with Beijing black locust honey
showing the lowest value (26.64 + 2.40%) and Shaanxi rape honey the highest (35.48 + 1.97%). Hebei and
Shandong black locust honeys exhibited similar glucose contents (27.94 +1.17% and 28.04 + 1.41%,
respectively). When grouped according to botanical origin, fructose contents were comparable between
black locust and manuka honeys but lower in rape honey, whereas glucose content was highest in rape
honey and lowest in black locust honey. These differences in fructose and glucose contents further
demonstrate distinct sugar composition patterns among the investigated honey groups and provide a
basis for comparing F/G characteristics.

The fructose-to-glucose ratio (F/G) is an important compositional characteristic of honey that influences
flavour and crystallization and varies with botanical origin, geographical location, and climatic
conditions[3, 49, 35]. Therefore, both the F/G ratio and the total fructose and glucose content (F + G)
provide useful compositional information for differentiating honey samples. Honey from Beijing and
Hebei exhibited the highest F/G ratios (1.52 £ 0.16 and 1.49 = 0.09, respectively), whereas Shandong
black locust honey showed a slightly lower ratio (1.38 + 0.12). At the botanical level, black locust honey
had a higher mean F/G ratio (1.45 + 0.14) than manuka honey (1.28 + 0.04) and rape honey (0.94 + 0.05).
The total F + G content did not differ significantly between black locust honey (67.54 +2.62 g/100 g) and
rape honey (68.85 + 3.50 g/100 g), whereas manuka honey exhibited the highest value (73.04 + 1.89
g/100 g). Among black locust honeys, samples from Hebei had a higher total F + G content (69.54 + 1.44
g/100 g) than those from Beijing (66.75 + 2.13 g/100 g) and Shandong (66.66 + 2.83 g/100 g). Overall,
differences in carbon and nitrogen contents, saccharide composition, and F/G characteristics provide
complementary compositional information that, together with the stable isotope variables, supports the
multivariate discrimination of honey samples.

3.3 Mineral element composition of honey
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Mineral element concentrations differed significantly among the investigated honey groups (Table S1;
Fig. 5). Because mineral element composition in honey is strongly influenced by soil characteristics,
water availability, and local environmental conditions[8, 17], the observed differences are more likely to
reflect origin-related and geogenic characteristics than botanical-type-specific characteristics. Overall,
New Zealand manuka honey exhibited the highest concentrations for most mineral elements; however,
Fe and Zn differed from this general trend. The highest Fe concentration was observed in Beijing black
locust honey (3456.59 + 1072.16 pg/kg), while the highest Zn concentration occurred in Hebei black
locust honey (1307.16 + 772.00 pg/kg).

Among the investigated elements, Na, Mg, K, Ca, V, and Ba exhibited the greatest variability, being
separated into three or four statistically distinct groups among the five sample groups, whereas Cr, Mn,
Cu, Rb, Pb, Fe, and Zn exhibited relatively limited variability. Consequently, the former elements
contributed more strongly to differentiating the investigated honey groups. This trend is also reflected in
the standardized element profiles shown in Fig. 5, highlighting the stronger discriminatory potential of
elements with higher ANOVA F-values.

When samples were grouped according to botanical origin, manuka honey generally exhibited
significantly higher mineral element concentrations than both black locust and rape honeys. For most
elements, black locust honey and rape honey belonged to the same statistical group, indicating relatively
limited differentiation based solely on mineral composition. Overall, mineral element composition
provided complementary compositional information that, together with the stable isotope and
saccharide variables, supports subsequent multivariate analyses.

3.4 Statistical evaluation of compositional differences
among honey sample groups

One-way ANOVA was performed using 26 compositional variables, including stable isotope ratios,
carbon and nitrogen contents, saccharide composition, F/G, F + G, and mineral element concentrations,
to evaluate compositional differences among the predefined honey sample groups and botanical origins
(Tables S2 and 2). Significant differences were observed among the five predefined honey sample
groups for all investigated variables, although Zn exhibited the weakest discrimination (p = 0.003).
Similarly, all variables differed significantly among the three botanical groups except for Fe (p =0.010)
and Zn (p = 0.274). These results indicate that most investigated variables possess strong
discriminatory potential within the present dataset.

The two-sample Kolmogorov—Smirnov test further compared Chinese honey samples with New Zealand
manuka honey (Table S2). Fe was the only variable that did not differ significantly between the two
groups (p =0.931), whereas all remaining variables showed significant differences (p < 0.001). Overall,
the univariate statistical analyses confirmed substantial compositional differences among the
predefined honey groups and demonstrated that most investigated variables provided useful
discriminatory information for subsequent multivariate analyses. However, the relative contributions of
geographical origin and botanical type could not be separated within the present experimental design.
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3.5 Chemometric classification of honey samples

To further evaluate the discriminatory performance of the combined compositional dataset, principal
component analysis (PCA), Fisher discriminant analysis (Fisher-DA), and artificial neural network (ANN)
models were applied. PCA was used to visualize sample distribution patterns, whereas Fisher-DA and
ANN were employed to assess classification performance.

PCA was first applied to visualize the overall distribution of honey samples based on the combined
compositional dataset. The first three principal components explained 76.2% of the total variance,
increasing to 87.44% for the first six principal components. As shown in the three-dimensional score plot
(Fig. 6A), samples from the same predefined honey group generally clustered together, although partial
overlap remained among the three black locust honey groups from Beijing, Hebei, and Shandong. By
contrast, rape honey from Shaanxi and New Zealand manuka honey formed more distinct clusters with
limited overlap, and Chinese honey samples were also clearly separated from New Zealand manuka
honey. These results indicate that PCA captured the major compositional variation among the
investigated honey groups, although discrimination among the closely related black locust honey groups
remained limited. To further improve group discrimination, supervised classification models were
subsequently applied.

Fisher discriminant analysis (Fisher-DA) was subsequently applied to evaluate the classification
performance of different compositional datasets (Table S3). For discrimination among the five
predefined honey sample groups, classification accuracy increased from 80.0% using stable isotope
ratios alone to 90.6% using carbon and nitrogen contents combined with saccharide composition and
96.5% using mineral element composition, with the composite dataset achieving 100% original
classification accuracy. Cross-validation produced slightly lower accuracies but showed the same overall
trend, indicating good model robustness. Compared with PCA, Fisher-DA provided more compact
clustering and clearer separation among the predefined honey groups in the discriminant space

(Fig. 6B). In particular, Chinese honey samples and New Zealand manuka honey were clearly separated
in the discriminant space, reflecting pronounced compositional differences between the two groups
within the present dataset. Similarly, Fisher-DA also achieved excellent classification performance for the
predefined botanical groups. Both the original and cross-validated classification accuracies reached
100% for the stable isotope, carbon and nitrogen contents combined with saccharide composition, and
mineral element composition datasets. Using the composite dataset, only one manuka honey sample
was misclassified as rape honey during cross-validation, resulting in a cross-validated accuracy of
98.8%. However, because botanical type and geographical origin were not independently controlled in the
present dataset, these results should be interpreted as dataset-specific classification performance
rather than as independent evidence of botanical effects.

Artificial neural network (ANN) models further demonstrated excellent classification performance,
achieving 100% training and testing accuracies for discrimination among the five predefined honey
sample groups, Chinese and New Zealand honey samples, and the predefined botanical groups (Table
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S3). Normalized variable importance (Fig. 7) showed that the variables contributing most to
classification differed among the three classification tasks. For discrimination among the five predefined
honey sample groups, %Cpqtein together with several mineral elements (Rb, Mn, Cu, and K) contributed
most strongly. In contrast, discrimination between Chinese honey samples and New Zealand manuka
honey relied primarily on mineral element composition, particularly Mn, Cr, Rb, V, and Pb. For the
predefined botanical groups, glucose was the dominant variable, with a normalized importance
approximately twice that of the second-ranked variable (Zn), indicating a greater contribution of
saccharide composition to botanical classification within the present dataset.

Overall, the supervised Fisher-DA and ANN models achieved higher classification performance than PCA,
reflecting the advantage of supervised learning when multidimensional compositional information is
available. In particular, both models achieved excellent classification performance for Chinese honey
samples and New Zealand manuka honey, consistent with the pronounced differences in stable isotope
ratios, carbon and nitrogen contents, saccharide composition, and mineral element composition
observed in the preceding univariate analyses. However, because the present dataset was limited in
sample size and did not independently separate geographical origin from botanical origin, these
classification results should be interpreted as dataset-specific rather than as universally applicable
classification models. Future studies should include larger and more diverse honey datasets, particularly
manuka honey from different production years and geographical regions, together with additional
complementary chemical indicators. Such efforts would further improve the comprehensiveness of
honey characterization, strengthen the applicability of integrated chemometric models for honey quality
evaluation, and enhance consumer confidence in commercial manuka honey.

4. Conclusions

This study integrated stable isotope ratios, carbon and nitrogen contents, saccharide composition,
mineral element composition, and chemometric analyses to investigate compositional differences
among predefined honey sample groups and to compare New Zealand manuka honey with selected
Chinese honeys. The results demonstrated that these complementary compositional indicators revealed
clear compositional differences among the investigated honey sample groups, with mineral element
composition showing particularly strong discriminatory capability among the individual compositional
datasets.

The different compositional indicators provided complementary insights into honey characteristics.
Stable isotope ratios reflected differences associated with plant-derived carbon sources and
environmental conditions, whereas mineral element composition provided important information related
to regional and environmental characteristics. Carbon and nitrogen contents together with saccharide
composition provided additional compositional information that complemented stable isotope and
mineral element analyses, enabling a more comprehensive comparison of the chemical characteristics
of New Zealand manuka honey and selected Chinese honeys.
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Overall, this study provides comparative compositional data for New Zealand manuka honey and
selected Chinese honeys based on multiple complementary chemical indicators. The resulting
compositional dataset and integrated analytical strategy provide useful reference information for future
studies on honey characterization, quality evaluation, and comparative analysis of commercial honey
samples.
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8'3CFru - 6'3CGlul. In the box plots, the main box shows data lying between the first quartile (25% or Q1)
and the third quartile (75% or Q3). The range between Q1 and Q3 represents the Interquartile Range
(IQR), which represents the middle 50% of the data. The box plots also display the median line, mean,
and outliers. Different lowercase letters indicate significant differences among the four isotope
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Box plots comparing (@) %Nproteins (0) %Cproteins (€) %Choneys (d) Fructose; (e) Glucose compositions in
honey from five sample groups. In the box plots, the main box shows data lying between the first quartile
(25% or Q1) and the third quartile (75% or Q3). The range between Q1 and Q3 represents the Interquartile
Range (IQR), which represents the middle 50% of the data. The box plots also display the median line,
mean, and outliers. Lowercase letters (a-d) indicate significant differences recorded in the honey from
the five sample groups (p<0.05).
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Figure 5

Histogram plots showing differences in 16 elemental compositions across five sample groups. The
concentration of 16 mineral elements has been standardized in order to facilitate plotting, and the
original results are shown in Table S1. a-d Different lowercase letters indicate significant differences
were recorded in the honey from the five sample groups (p<0.05). The order of the elements is sorted
according to the F-values of significance analysis, from highest to lowest.
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