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Foreword 
Australia has 11 native stingless bee species (genera Tetragonula and Austroplebeia), and as in other 
tropical regions across the world, the stingless bee industry is a rapidly growing emerging industry. 
Yet Australian stingless bees remain understudied. Honey produced by these native pollinators has 
long been purported to have beneficial health properties, and these claims have been substantiated by 
the discovery (from this work) that the low GI sugar trehalulose is a major component in these 
honeys. Research conducted in this project has for the first time established the origin of this rare 
sugar, and examined honeys from different sources to better understand conditions under which 
trehalulose is formed. 

The natural distribution of stingless bees in Australia ranges from the sub-tropical coastal regions of 
New South Wales and Queensland to the tropical coasts of Queensland, Northern Territory and 
Western Australia. This project has examined honey produced by different stingless bee species 
across wide-ranging environments throughout these regions, from suburban backyards to horticultural 
crops. The characteristic profiles of both sugar composition and organic acids produced under these 
conditions have been documented. These provide valuable data to support the development of a Food 
Standard and also to safeguard the consumer against fraudulent substitution. 

These research outcomes will support the Australian Native Bee Association in its quest for an 
Australian Food Standard to enable stingless bee honey to be accepted as a specialist food 
commodity, with trehalulose used as a specific marker of authenticity of this high-value product. This 
improved understanding of the beneficial value of Australian stingless bee honey, and expanding its 
applications in food, have the potential to support the development of a new industry for Australian 
native stingless bees beyond pollination services and hobby beekeeping. 

This project was funded by AgriFutures Australia with industry support from the Australian Native 
Bee Association (ANBA) and an in-kind provision of invaluable stingless bee honey samples with 
known provenance from ANBA members. 

This report is an addition to AgriFutures Australia’s diverse range of research publications. It forms 
part of our Emerging Industries Arena, which aims to provide support to new and emerging 
agricultural industries in Australia. Most of AgriFutures Australia’s publications are available for 
viewing, free download or purchase online at www.agrifutures.com.au.  

 

Michael Beer 
General Manager, Business Development 
AgriFutures Australia 

http://www.agrifutures.com.au/
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Executive summary 
What the report is about 

This research was undertaken with the support of the Australian Native Bee Association (ANBA) and 
sought to establish the biological origin of trehalulose, a rare and beneficial disaccharide that has 
recently been identified as the major sugar present in honey of Australian native Tetragonula bee 
species.  

Who is the report targeted at? 

This report provides scientific evidence to substantiate research outcomes at a technical level. This 
research has generated knowledge that will inform future research, and benefit stingless bee honey 
producers by providing ANBA with data that can be used to contribute to a future Food Standard via 
application to FSANZ. Such a Food Standard would give recognition to this honey product and 
regulate its production, with associated commercial gain, owing to quality control. A greater 
understanding of the properties of the honey, including its sugar content and the factors that determine 
this, together with an appreciation of the organic acid content of the honey, will give consumers and 
chefs a basis for understanding the unique flavour of the honey. 

Where are the relevant industries located in Australia? 

Figure 1: The natural distribution of Australia’s stingless bees. 
(https://sugarbag.net/faq#stingless-bees-in-australia) 

 

Stingless bees (Apidae: Meliponini) occur naturally in Australia’s tropical and subtropical regions 
(Figure 1). The strongest industry representation occurs along coastal regions of NSW and 
Queensland, with ANBA having established branches in Brisbane, Cassowary Coast, Rockhampton, 
Gladstone, Wide Bay, Sydney, Mid North Coast of NSW and Coffs Harbour. The stingless bee 
industry is comprised of a diverse group of producers ranging from small-scale backyard producers to 
large-scale keepers with up to 1500 hives. This research will ultimately benefit all facets of this 
industry, but uptake of this research will differ across this diverse industry.  



 

x 

Background 

Stingless bees produce a sweet but tangy honey that is highly prized by consumers and has long been 
thought to have therapeutic properties. The recent identification of the low GI, acariogenic sugar 
trehalulose as a major component of these honeys has given further credence to these beneficial 
claims. This unusual sugar is not found as a major component in any other food, and serves as a 
distinctive marker of authenticity of stingless bee honeys. However, the biological origin of 
trehalulose in this honey was unknown, and this research was undertaken to determine whether 
trehalulose is produced in the environment, in the bee or in the hive. 

Aims/objectives 

This project sought to determine the biological origin of trehalulose and additionally identify 
environmental requirements to optimise the natural production of this disaccharide in stingless bee 
honey. 

A secondary aim was to determine the relative production of organic acids in stingless bee honey 
under the same conditions. A variety of sour and tangy tastes are developed through bacterial 
fermentation of stingless bee honey, and are thought to be linked to acetic, lactic and other organic 
acid production in the honey. 

The knowledge generated by this research provides essential scientific data required by ANBA in its 
quest for a Food Standard for this highly prized honey. 

Methods used  

Specialised stingless bee experimental hives were constructed with Tetragonula carbonaria colonies 
established inside. While confined to their hives, these colonies were fed pure sugars (sucrose, 
glucose, fructose, etc) and the honey was collected to determine the biosynthetic precursors of the 
bioactive disaccharide trehalulose. To investigate the stability of trehalulose in honey, replicate 
stingless bee honey samples were ‘aged’ at 4 °C, 20 °C and 30 °C to determine storage effects on 
sugar composition. 

Stingless bee honey samples (n=111) of known provenance (stingless bee species, hive location, 
season and hive history) were also analysed by LC-MS/MS and ion chromatography for both sugar 
composition and organic acid production to determine the impact of these differing factors on these 
key honey attributes. 

Results/key findings 

Feeding experiments conducted in this study have established that the biological precursor of 
trehalulose is sucrose, a major component in some (but not all) floral nectars. Stingless bees fed 
sucrose in experimental hives produced honey rich in trehalulose. Trehalulose is a hydrolysis-resistant 
isomer of sucrose and was shown to be stable in stored honey samples under laboratory conditions. 
This study also examined the amount of trehalulose present in honey across the major Australian 
stingless bee species from both rural and urban sources, and provides valuable information for the 
Australian stingless bee industry about the conditions required to optimise the trehalulose content in 
honey. The research team also examined organic acid content in the same honeys across the major 
Australian stingless bee species to provide a better understanding of the contribution these organic 
acids make to the characteristic tangy taste associated with stingless bee honeys.  

Further research is required to expand knowledge of which plant species visited by stingless bees have 
floral nectar rich in sucrose. Positioning hives close to such species would seem ideal for the 
production of trehalulose-rich stingless bee honey. 
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Implications for relevant stakeholders 

There is much to be gained by this emerging industry in the wider recognition and also regulation of 
their specialised honey through a Food Standard. Knowledge generated in this project will help 
formulate a solid basis for ANBA to proceed with the development of a Food Standard for stingless 
bee honey, with trehalulose as a marker of authenticity. The potential commercial benefit from 
increased demand for and a higher price of stingless bee honey is greater for large-scale producers. It 
is expected that these producers will lead the implementation of production/storage conditions to 
optimise bioactive trehalulose composition in stingless bee honey, and the development of a Food 
Standard within five years after the completion of this project. 

Findings from this research have been widely circulated through both mainstream and social media, 
and this has led to increased public appreciation of and consumer demand for stingless bee honey, 
both nationally and globally. It is expected that similar mainstream and social media interest will 
follow the publication of research conducted in this project. All research findings from this project 
will be published in scientific journals and further disseminated to industry. 

Recommendations 

To further exploit the results of this research, there is a key knowledge gap that needs to be addressed. 
Surprisingly, there is limited available knowledge of the sugar profiles of floral nectar of many 
Australian native plants, and also key commercial crops. Such knowledge would enable beekeepers to 
selectively site hives in locations close to sources of sucrose-rich nectar and thereby bolster the 
trehalulose content of stingless bee honey produced in their hives. It is further speculated that 
production of trehalulose-rich honey may be of benefit to stingless bee colonies and the nurturing of 
their young, perhaps by affording them protection against predators that are unable to utilise 
trehalulose. 

Analysis of the floral sugar composition of various commercial crops should be undertaken to identify 
crops with floral nectar rich in sucrose. These crops are where stingless bee pollination services could 
be most beneficially coupled with high trehalulose honey production. To date, macadamia has been 
identified as one such possible crop, although there is conflicting literature on the percentage sucrose 
in the floral nectar. The sugar compositions of the floral nectars of many other crops are currently 
unknown, particularly in the Australian context. Such knowledge could be most beneficial in further 
developing the emerging stingless bee industry.  

While this research has demonstrated that the conversion of sucrose to trehalulose (and to a lesser 
extent to the trisaccharide erlose) occurs in stingless bees that are fed sucrose, and also seems to 
continue in the honey, the responsible agent for this biological conversion has yet to be elucidated. 
Future work by the authors is required to identify the source of this biological activity within stingless 
bees responsible for this conversion. This will provide a greater understanding of this phenomenon for 
the benefit of all stakeholders. 

Stingless bee honey has a distinctive sweet/sour flavour. The finding that the organic acid content of 
the honey is considerable, together with its unique sugar profile, means future investment in an 
organoleptic assessment of the honey, and correlation with the chemical profile, is warranted for the 
benefit of this emerging industry. It is recommended that the levels of organic acids in stingless bee 
honey be studied as the honey ages, and that these levels be correlated with sensory attributes.  

In developing a Food Standard for stingless bee honey, it will be necessary to include the full range of 
concentrations observed for the bioactive components studied, particularly trehalulose/glucose/ 
fructose composition and organic acid levels across species and location. 
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Introduction 
With a long history of traditional Indigenous use [1], Australian stingless bee honey attracts a high 
market value and is understood to have a range of therapeutic properties, including antidiabetic and 
antioxidant benefits. However, until now these benefits have lacked attribution to specific bioactive 
components. 

The research team recently identified for the first time a novel disaccharide as a major component in 
honeys of the major Australian stingless bee species Tetragonula carbonaria and Tetragonula 
hockingsi [2]. It has long been recognised that Australian stingless bee honey contains high levels of a 
single disaccharide, but this was previously reported as maltose, although this sugar was never 
separated or characterised [3]. The team has now isolated and identified the disaccharide by both LC-
MS/MS analysis and NMR spectroscopy as the more unusual trehalulose [2]. This disaccharide is a 
hydrolysis-resistant isomer of sucrose with an unusual α-(1→1) glycosidic linkage and known 
acariogenic and low glycaemic index properties, and a small intestine hydrolysis rate one third of that 
of sucrose [4]. 

The previously unrecognised abundance of this bioactive sugar in stingless bee honeys is concrete 
evidence that supports the reported health attributes of this product. A third Australian stingless bee 
species Austroplebeia australis has yet to be examined, and the investigation of potential bioactive 
disaccharides in the honey of this species has been included in this study. 

The presence of the bioactive disaccharide trehalulose in stingless bee honey also has the potential to 
greatly add to the commercial value of this product and the GVP of the stingless bee industry, and 
have a valuable impact on this emerging rural industry. It is important that reliable information be 
provided on how to optimise the concentration of this beneficial bioactive sugar in honey, and this is 
what makes the aims of this present research unique. A better understanding of the beneficial value of 
Australian stingless bee honey, and expanding its applications in food, have the potential to support 
the development of a new industry for Australian native stingless bees, beyond pollination services 
and hobby beekeeping. 

This study examined the amount of trehalulose present in honey across the major Australian stingless 
bee species from both rural and urban sources. The team investigated how this unusual sugar is 
formed through feeding experiments and also its stability through storage experiments. This research 
provides valuable information for the Australian stingless bee industry to better understand the 
conditions required to achieve higher trehalulose content in honey. The team also examined organic 
acid content in the same honeys across the major Australian stingless bee species from both rural and 
urban sources, to better understand the contribution these organic acids make to the characteristic 
tangy taste associated with stingless bee honeys. 
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Objectives 

The objectives of this project were: 

1. Identify conditions under which maximal bioactive disaccharide is formed and retained in 
stingless bee honey. 

2. Examine the relative production of short chain fatty acids in stingless bee honey under the 
same conditions. A variety of sour and tangy tastes are developed through bacterial 
fermentation of stingless bee honey. The sour, citrus flavours can be very pleasing to honey 
connoisseurs, and are thought to be linked to acetic, lactic and other acid production in the 
honey [3]. 

3. Work with keepers of stingless bee hives to translate identified conditions into workable 
hive/honey production quality control criteria to produce stingless bee honey with optimised 
and standardised bioactive content. 

4. Work with Australian Native Bee Association (ANBA) to develop a Food Standard based on 
this novel disaccharide as a marker for this premium product. 
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Outputs of this research 
1. Guidelines for optimum stingless bee honey production/storage conditions for maximal 

bioactive disaccharide content. These guidelines will form the basis of quality control criteria 
for a standardised stingless bee honey product. 

2. Crucial data towards the development of an Australian Food Standard (FSANZ) for stingless 
bee honey based on good science 

3. A reproducible marker for differentiation of this premium product to guard against fraudulent 
substitution.  

Industry fact sheets detailing the in-hive production/storage conditions to enable optimal abundance 
of the bioactive disaccharide in stingless bee honey should now be developed in collaboration with the 
ANBA leadership team. 

 

 

Outcomes from this research 
1. Increased consumer awareness of the beneficial value of stingless bee honey. 

2. Increased consumer demand for stingless bee honey. 

3. Increased industry production driven by better economic returns for honey. 

4. Increased prevalence of these beneficial insects and knowledge of their role in pollinating 
commercial crops, fruits and backyard plants. 

Current stingless bee honey retails for $200/kg, but honey production is limited by competing greater 
financial returns offered through propagating and selling hives. Marketing of a therapeutic bioactive 
in stingless bee honey is likely to see the financial value of stingless bee honey increase (in analogy to 
the elevated returns for Manuka honey production related to MGO content). For example, it is 
calculated that an increased stingless bee honey retail price of $300/kg could tip the balance in favour 
of honey production, with potential retail sales worth in excess of $2.4 million per year based on the 
existing ~8000 commercial hives [5] and re-estimated ~10,700 commercial hives [6]. 
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Methodology 
This project combines good science with integrated industry involvement and communication to 
ensure uptake of project outputs to benefit this burgeoning industry. 

1. Stingless bee experimental hives were fed pure sugars (sucrose, glucose, fructose, etc), and 
honey was collected to determine the biosynthetic precursors of the bioactive disaccharide. 

2. Replicate stingless bee honey samples were ‘aged’ both in-hive and post-collection under 
controlled laboratory conditions (e.g. 4 °C, 20 °C and 30 °C) to determine storage effects on 
sugar composition. 

3. Stingless bee honey samples (n = 111) of known provenance (stingless bee species, hive 
location, season, length of time in hive, hive history, etc) were provided through ANBA (in-
kind contribution) and analysed by LC-MS/MS and/or ion chromatography (IC) for bioactive 
disaccharide content and also organic acid production. 

4. Multiple hives located at the same sites were used to establish inter-hive differences and 
moderate the number of variables being tested. 

5. Data analysis was undertaken to examine all variables statistically and correlate with 
bioactive disaccharide content to determine optimum production conditions for maximal 
bioactive disaccharide content. 

6. Results have been presented and discussed with industry (ANBA) at all points to ensure 
industry ground-truthing of results and to translate identified conditions into hive/honey 
production quality control criteria. Ensuring a consistent and reliable honey composition will 
enable the ANBA to move forward with developing a Food Standard for stingless bee honey. 

7. Results of feeding experiments have been formally written up and published in Journal of 
Agricultural and Food Chemistry, a high-impact scientific journal, with further publications 
to follow. It is intended that all research outcomes from this project will be published in 
scientific journals and further disseminated to industry. 

8. Communication of the results was done through the ANBA newsletter The Cross-Pollinator, 
public seminars at UQ, and media outlets to ensure greater consumer awareness of the 
beneficial value of stingless bee honey. 
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Materials and methods 
Chemicals and reagents 
White table sugar was purchased from Coles supermarkets and used for sucrose feeding experiments 
with Australian stingless bees. D-Glucose (>99.5%) and D-fructose (>99%) were purchased from 
Sigma Aldrich (Castle Hill, Australia) for stingless bee feeding experiments. Authentic trehalulose 
(supplier specified  >90% purity) was purchased from Biosynth Carbosynth (Staad, Switzerland) and 
compared with trehalulose isolated from stingless bee honey. Trehalulose and erlose (>98% purity by 
NMR spectroscopy) isolated from natural stingless bee honey were used as analytical standards. 
Analytical sugar standards including sucrose (>99.5%), maltose (>99.5%), D-glucose (>99.5%) and D-
fructose (>99 %) were purchased from Sigma Aldrich (Castle Hill, Australia). Erlose analytical 
standard (98%) was purchased from Hayashibara, Japan. Analytical organic acids were purchased 
from Sigma Aldrich (Castle Hill, Australia), including acetic acid, adipic acid, citric acid, fumaric 
acid, D-gluconic acid, L-lactic acid, D-malic acid, D-tartaric acid, malonic acid, maleic acid, oxalic 
acid, D-quinic acid, L-shikimic acid, sorbic acid and succinic acid. De-ionised (DI) water was 
collected from a Milli-Q system (Millipore, USA).  

 

Instrument methods 

UHPLC-MS/MS analysis 

Sample preparation 

Feeding experiment ‘honey’ samples (~10 mg) were dissolved in DI water (1 mL), mixed, and a 
sample of this honey solution (0.4 mL) was diluted with acetonitrile (1.2 mL) and then filtered (0.2 
µm) ready for LC-MS/MS analysis. Field-collected honeys and storage experiment honeys were 
treated similarly. 

UHPLC-MS/MS instrument method 

A Shimadzu Nexera ultra-high-performance liquid chromatograph (UHPLC) coupled with a 
Shimadzu 8045 MS/MS detector with Lab Solutions software was used for honey sample analysis. A 
CTO-20AC column oven was operated at 35 °C, housing an analytical Waters Acquity UHPLC BEH 
Amide 1.7 µm, 2.1 x 100 mm column. Mobile phases included (A) 70% DI water/30% acetonitrile 
with 0.1% NH4OH and (B) 20% DI water/80% acetonitrile with 0.1% NH4OH. Column elution was 
0.2 mL.min-1 with mobile phase B held at 100% for 1 min followed by linear gradients of B from 100-
58% (1-12.5 min), 58-100% (12.5-16.5 min), and held at 100% (16.5-20 min).  

Disaccharides trehalulose and sucrose were analysed via selected reaction monitoring (SRM) 
transitions of m/z 341.2→179.2 (quantitation) with m/z 341.2→251.2 and m/z 341.2→161.2 
(confirmation). Monosaccharides glucose and fructose were analysed based on SRMs of m/z 
179.2→113.1 (quantitation) with m/z 179.2→101.1 and m/z 179.2→89.0 (confirmation). 
   

Ion chromatography analysis 

Sample preparation 

For sugar analysis, field-collected, feeding and storage experiment honey samples were weighed, 
diluted with DI water by 100,000, filtered (0.22 µm RP filter, Merck) to remove particulates, and then 
further filtered through a Dionex OnGuard II RP cartridge to remove hydrophobic matrix 
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interferences, before injection. Mixed sugar standards concentrations ranged from 1.00 – 50.00 mg/L. 
Field-collected honeys and storage experiment honeys were treated similarly. 

For organic acid analysis, honey samples were diluted 1 in 100, filtered (0.22 µm RP filter, Merck), 
and then further filtered through a Dionex OnGuard II RP filter cartridge before injection. 

Ion chromatography instrument method – sugar analysis 

A short ion chromatography method (20 min) was used to quantify the sugars, fructose, glucose, 
sucrose, maltose and trehalulose in stingless bee honey samples, and the long method (60 min) was 
used to quantify the trisaccharide and erlose. A ThermoFisher Interion Ion Chromatograph 
(ThermoFisher Scientific, Waltham, MA, USA) with a 2 µL injection loop, and an AS-AP 
autosampler with tray cooler (20 °C) was configured for pulsed amperometric detection of 
carbohydrates. The eluent was prepared using a Dionex EGC 500 KOH cartridge (ThermoFisher 
Scientific, Sunnyvale, CA, USA), a Dionex CR-TC and Qiagen nuclease-free water was used due to 
its low conductivity. Separations were achieved on a Dionex CarboPac PA210 150 x 2 mm column 
and a Dionex CarboPac PA210 30 x 2 mm guard column and detected using an electrochemical 
detector using a gold electrode, an Ag/AgCl reference electrode and the Gold, Carbohydrate 
Quadrupole waveform. A Queensland Health in-house method based on Thermo technical note 73348 
[7] was used as the basis for the short method, with all compounds of interest eluting by 10 min at 29 
mM KOH before a cleaning program was initiated. For the long ion chromatography method (60 
min), the Queensland Health in-house method was based on ThermoFisher PA210 column product 
specification [8] with all compounds eluting by 40 min at 12 mM KOH before the cleaning program 
was initiated. Chromeleon software (Version 7.2.7.10369, ThermoFisher Scientific, Sunnyvale, CA, 
USA) was used for system control and data processing.  
 
Method validation – sugar analysis 

Standards from 1.00 – 50.00 mg/L were utilised for glucose, fructose, sucrose, maltose, trehalulose 
and erlose. The linearity of the calibration curve demonstrated for each with coefficients of 
determination (R2) ranging from 0.99960 – 0.99998. Repeatability (intra-day) RSD ranged from 0.17 
– 2.51% and reproducibility (inter-day) RSD from 0.20 – 2.94% and are shown in Table 1. Limit of 
quantitation was the level of the lowest standard for each sugar (0.1 g/100 g). Stingless bee honey 
samples were additionally run by HPLC-RID and the results were found to be within the uncertainty 
of the HPLC-RID method for glucose and fructose. 

Table 1: IC-PAD validation data for six sugars analysed 

Analyte Retention 
time (min) 

Linear range 
(mg/L) R2 Repeatability 

RSD (%) 
Reproducibility 

RSD (%) 
Glucose 6.19 1.00 – 50.00 0.99981 2.24 2.80 
Sucrose 7.27 1.00 – 50.00 0.99998 2.10 2.94 
Fructose 8.24 1.00 – 50.00 0.99944 0.90 0.98 
Trehalulose 18.06 1.00 – 50.00 0.99983 0.17 0.20 
Erlose 30.13 1.00 – 50.00 0.99960 2.51 2.51 
Maltose 34.5 1.00 – 50.00 0.99997 1.12 - 

 

Ion chromatography instrument method – organic acid analysis 

A ThermoFisher Interion Ion Chromatograph (ThermoFisher Scientific, Waltham, MA, USA) with a 
2 µL injection loop and an AS-AP autosampler with tray cooler (20 °C) was configured for 
suppressed conductivity detection of anions. The Queensland Health method was based on the 
Thermo application note [9]. Separations were achieved on a Thermo Scientific Dionex IonPac AS11-
HC analytical column (2 × 250 mm) connected to a Dionex IonPac AS11-HC guard column (2 × 50 
mm) The eluent source was a Dionex EGC 500 KOH Eluent Generator Cartridge fitted with Dionex 



 

7 

CR-ATC 500 Continuously Regenerated Anion Trap Column. The KOH gradient was 1 mM (-2 to 24 
min), 15 mM (24-35 min), 27 mM (35-40 min) and 60 mM (40-44 min), then returning to 1 mM, with 
a total run time of 45 min and a flow rate of 0.4 mL/min. 

Instrument validation – organic acid analysis 

Standards from 0.5 – 150 mg/L were used for acetate, adipate, citrate, fumarate, gluconate, lactate, 
malate, tartrate, malonate, maleate, oxalate, quinate, shikimate, sorbate and succinate, with linear 
calibration curves and R2 values between 0.99742 – 0.99996. Limit of quantitation was the level of 
the lowest standard for each anion equivalent to 50 mg/kg honey. Repeatability (intra-day) RSD 
ranged from 0.53 – 1.68% and reproducibility (inter-day) RSD from 1.19 – 1.92% and are shown in 
Table 2 for honey sample SH111. Spiked recoveries were conducted using SH68 and are shown in 
Table 3.   

Table 2: Repeatability and reproducibility data for six organic acids in honey sample SH111 by 
IC. 

Compound Repeatability  
RSD (%) 

Reproducibility 
RSD (%) 

Acetic acid 0.53 1.19 
Citric acid 1.68 1.85 
Gluconic acid 0.67 1.48 
Lactic acid 1.15 1.84 
Quinic acid 1.28 1.92 
Shikimic acid 1.45 1.57 

 

Table 3: Spiked recovery data (100 mg/L) for organic acids for sample SH68 by IC. 

 

 

Preparative isolation of novel sugars 

Sample preparation 

Sucrose feeding experiment honey S1 (see below) (0.2532 g) was dissolved in DI water (1.25 mL) 
and filtered (0.2 µm) into an MS vial. 

HPLC-ELSD separation of novel sugars 

Shimadzu Class-VP HPLC system including an auto-sampler (Shimadzu SIL-10ADvp), liquid 
chromatography pump (Shimadzu LC-10ADvp), system controller (Shimadzu SCL-10Avp), column 
oven (Shimadzu CTO-10A VP) operated at 40 °C and Shimadzu Evaporative Light Scattering 
Detector–Low Temperature (ELSD-LT) controlled by Class-VP software were used for isolation of 
novel sugars. A Phenomenex Luna 5 µm NH2 100Å 250 x 4.6 mm column was used with an isocratic 
mobile phase comprising 85% acetonitrile and 15% DI water at a flow rate of 2.5 mL.min-1. A 
Shimadzu ELSD-LT detector was operated at 350 kPa and 45 °C and an injection volume of 30 µL 

Compound Recovery (%) 
Acetic acid 102 
Apidic acid 87 
Citric acid 96 
Fumaric acid 90 
Lactic acid 104 
Oxalic acid 100 
Sorbic acid 93 
Succinic acid 95 
Tartaric acid 95 
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used. The elution flow was diverted to a collection tube when the target peak (trehalulose RT 8.7 min, 
erlose RT 12.9 min) emerged, with fractions collected before reconnection of the column eluant to the 
ELSD detector. Acetonitrile was removed in vacuo and the samples were frozen and lyophilised to 
give erlose (11.48 mg, 8.6 % yield) and trehalulose (46.98 mg, 35% yield). 

NMR analysis of novel sugars 

1H nuclear magnetic resonance (NMR) spectra of the purified sugars in D2O were obtained using an 
AV500 (500.13 MHz) Bruker Avance system with a 5 mm SEI Probe and a zg45 pulse experiment 
(ns=128), at 298 K, with a spectral width of 12.0 ppm (6009.6 Hz). Chemical shifts (δ values in parts 
per million; ppm) were reported and utilised residual protio-form of the solvent as internal standard 
(δ4.80). Reported signals included values for chemical shift (δ), multiplicity (s: singlet, d: doublet, m: 
multiplet), and coupling constant (J in Hz). 13C NMR spectra were recorded in D2O, with added 1,4-
dioxane (δ67.40) used as reference, on a Bruker Avance 500 (125.77 MHz) spectrometer with 
complete proton decoupling. 2D COSY, HSQC, HMBC, TOCSY, (500 MHz) spectra were used to 
confirm spectral assignments. 

HRAM LC-MS/MS analysis of novel sugars 

High-resolution accurate mass (HRAM) spectral data was collected using a Thermo Dionex Ultimate 
3000 ultra-high-performance liquid chromatograph (UHPLC) combined with a Q Exactive Orbitrap 
high-resolution accurate-mass (HRAM) spectrometer (Thermo Fisher Scientific, Waldham, MA, 
USA). LC separation utilised a Waters Acquity UHPLC BEH Amide 1.7 µm, 2.1 x 100 mm column 
at 45 °C. The mobile phase consisted of (A) 70% DI water/30% acetonitrile with 0.1% NH4OH and 
(B) 20% DI water/80% acetonitrile with 0.1% NH4OH. The column was eluted at 0.2 mL.min-1 with 
mobile phase B held isocratically at 80% for 20 min. Sugar detection was performed by negative 
electrospray ionisation (ESI) using full-scan/AIF or full-scan/ddMSMS mode using an inclusion list 
of trehalulose: 341.10893 ([M-H]-) and 387.11441 ([M+HCOO]-), erlose: 503.16176 ([M-H]-) and 
549.16724 ([M+HCOO]-). The normalised collision energy (NCE) was set to 20%. The instrument 
was controlled by Xcalibur (version 3.0.63, Thermo Fisher Scientific, Scoresby, Australia). 

 

Identification of conditions under which maximal bioactive 
disaccharide is formed and retained in stingless bee honey 

Sugar feeding to stingless bees 

Experimental microcolonies (Tetragonula carbonaria) were created in special shallow observation 
boxes with plastic windows to allow viewing of all parts of the nest. These microcolonies were 
allowed to forage in the environment freely for three days to allow for repairs of any damage from 
transfer of the microcolony, and for collection of nectar, pollen and building materials (plant resins). 
Some supplementary food (50:50 sucrose:water) was provided internal to the nest during this time.  

Any honey pots that were filled or partially filled to this point were marked and not used for honey 
extraction and analysis. Bees were then confined using fine wire mesh with plastic external feeders 
attached to the entrance of each hive for bee feeding of sugar solutions. Empty honey pots and those 
under construction were noted and used for collecting feeding experiment honey. 

Confined microcolonies were fed either sucrose solution (50:50 sucrose:water) or 1:1 glucose/fructose 
solution (25:25:50 glucose:fructose:water) via the external plastic feeders, and bees were observed to 
fill and cap honey pots. Once capped, this ‘honey’ made from sugar solutions was collected via a 
clean pipette by piercing the observation plastic window and honey pot cap. 
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Honey pot samples for sucrose feeding experiments (S1-S7) and glucose/fructose feeding experiments 
(GF1-GF3) were stored at 4 °C until analysis. A further ‘honey’ sample (S0) was collected from an 
artificial honey pot (fashioned from Apis mellifera wax) that the bees, fed with sucrose solution in the 
confined hive, half-filled and left uncapped.  

Analysis of ‘honey’ produced in confined feeding experiments 

Feeding experiment ‘honey’ was analysed by UHPLC-MS/MS for confirmation of sugar identity and 
by ion chromatography for sugar quantification. The novel sugars produced in the feeding 
experiments were isolated by HPLC-ELSD from sample S1 (trehalulose and erlose) and their 
identities confirmed by detailed NMR analysis.  

Honey storage experiments 

Pasteurised and unpasteurised honey storage 

Fresh honey samples from two Australian stingless bee species, Tetragonula carbonaria and 
Tetragonula hockingsi, were obtained from hives directly and used within 14 days. The honey 
samples were divided into two groups, pasteurised and unpasteurised control groups, with three 
replicates (6 g) in each group. The three replicates in the pasteurised group were heated in a water 
bath at 63 °C for 30 min [10], whereas the unpasteurised were untreated. Each replicate of the 
pasteurised and unpasteurised groups was divided into three temperature groups (2 g) and stored at 
hive temperature (30 ± 1 °C), laboratory temperature (20 ± 1 °C) or fridge temperature (4 ± 1 °C) for 
40 days. The samples were sealed in screw cap vials and covered with aluminium foil during storage.  

Analysis of pasteurised and unpasteurised honey stored at three temperatures 

The sugar composition of the stored honey samples was analysed at commencement and at 20-day 
intervals via ion chromatography as described in the methods section. Honey samples were diluted by 
a factor of 100,000 in Millipore water and filtered (0.2 µm syringe filter). 

Honey composition compared with hive variables 

Collection of honey samples in collaboration with ANBA 

Australian stingless bee honey samples (n=111) were collected between 2 October 2020 and 16 
March 2021 from five local species (Tetragonula carbonaria, n=61; Tetragonula hockingsi, n=25; 
Tetragonula davenporti, n=3; Austroplebeia australis, n=19; Austroplebeia cassiae, n=3) from natural 
forest, suburban garden and farm locations in regions including Peachester, Mooloolah Valley, 
Tarragindi, Tallebudgera Valley, Redbank Plains, Moggill, West End and North Isis (Cooyar, Golden 
Fleece, Goodwood, Miles, Mundubbera, Marlborough, Hervey Bay), Gympie and Bundaberg. This 
honey collection involved engagement of stingless beekeepers (through ANBA) to provide diversity 
of honey samples of known provenance across regions, species, urban/non-urban hive locations and 
storage conditions (known time since hive was split or robbed, if known). Honey samples were 
collected in October, November and December 2020, and March 2021. Information on whether the 
honey was derived from a single pot of a combination of pots was also collated. For the rarer bee 
species, including Tetragonula davenporti and Austroplebeia cassiae, only limit samples were 
available (n=3 for each).  

Sugar profile of stingless bee honey 

The sugar profile of the stingless bee honey samples (n=111) were analysed by ion chromatography 
sugar analysis method and identified by retention time and quantitated against external standards. For 
comparison, samples were also run by HPLC-RID. 
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Organic acid profile of stingless bee honey 

The organic acid profile of the stingless bee honey samples (n=111) were analysed by ion 
chromatography organic acid (anion) analysis method and identified by retention time and quantitated 
against external standards including acetic, adipic, citric, fumaric, gluconic, lactic, malic, maleic, 
malonic, oxalic, quinic, shikimic, sorbic, succinic and tartaric acids.  

Statistical analysis 

Descriptive statistics (means, standard deviations, medians) and boxplot presentations with Tukey 
whiskers and one-way ANOVA test were conducted using GraphPad Prism 9.0.0 (GraphPad 
Software, San Diego, CA, USA). Tukey multiple comparisons tests compared the mean of each group 
(species or habitat) with the mean rank of every other group, correcting for multiple comparisons 
using statistical hypothesis testing, giving P values as multiplicity adjusted (α = 0.05). An unpaired t 
test (two-tailed) was used to obtain P values for trehalulose levels by genera (α = 0.05). Principal 
component analysis was conducted on standardised data, with principal components selected by 
parallel analysis with variable selecting for graphing in score plots including species and habitat. For 
statistical purposes, the concentrations of organic acids with levels < LOQ mg/kg were taken as 
LOQ/2 mg/kg. 
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Results and discussion 
Identification of conditions under which maximal bioactive 
disaccharide is formed and retained in stingless bee honey 

Sugar feeding to stingless bees 

Experimental microcolonies of Tetragonula carbonaria were only allowed access to one of two sugar 
solutions to assess whether the stingless bees could convert either sucrose solutions or 
glucose/fructose solutions into trehalulose. Upon feeding sucrose to microcolonies, ‘honey’ samples 
S1-S7 were produced and collected. In addition ‘honey’ S0 produced in an artificial pot of Apis 
mellifera wax was collected. Upon feeding glucose/fructose solutions to microcolonies, ‘honey’ 
samples GF1-GF3 were collected. All these ‘honeys’ were less viscous and much paler than regular 
honey produced by stingless bees. 

UHPLC-MS/MS and ion chromatography coupled to a pulsed amperometric detector (IC-PAD) were 
separately used to investigate the composition of ‘honey’ after sugar feeding to stingless bees. IC-
PAD has been used widely for the quantitation of sugars ranging from monosaccharides to 
oligosaccharides, and requires very simple sample preparation [11,12]. 

After feeding sucrose solutions to stingless bees, the sugars present in the extracted ‘honey’ samples 
S1-S7 were analysed by LC-MS/MS and IC-PAD, which together confirmed the presence of fructose, 
glucose, trehalulose and a minor trisaccharide. Fructose, glucose and trehalulose were confirmed as 
present in S1-S7 by comparison with the retention time of sugar standards (by both methods) and by 
comparisons of the MS/MS fragmentation patterns obtained via LC-MS/MS. Trehalulose was the 
most abundant sugar present, constituting 64.5 to 71.6 % of total sugars detected.  The full sugar 
profiles for these ‘honey’ samples resulting from sucrose feeding are shown in Table 4 and Figure 2. 
To establish the identity of the unknown trisaccharide, it was isolated by HPLC-ELSD and confirmed 
to be erlose by NMR analysis (see below) and HRAM-MS/MS. Honey sample S0 (collected from an 
artificial honey pot fashioned from Apis mellifera wax) showed a very similar profile to that observed 
for honey samples S1-S7, except that a small amount of residual sucrose was detected.  

Table 4: Sugar composition (g/100 g) of ‘honey’ as determined by ion chromatography (IC-
PAD), produced by confined stingless bees fed sucrose solutions. 

Honey code 
for sucrose 

feeding 

Glucose 
(g/100 g 
sample) 

Fructose 
(g/100 g 
sample) 

Sucrose 
(g/100 g 
sample) 

Trehalulose 
(g/100 g 
sample) 

Maltose 
(g/100 g 
sample) 

Erlose 
(g/100 g 
sample) 

Total sugar 
(g/100 g 
sample) 

S1 0.21 5.79 ND* 40.38 ND* 10.05 56.43 
S2 ND* 4.94 ND* 38.49 ND* 12.63 56.06 
S3 0.56 5.69 ND* 37.34 ND* 11.57 55.16 
S4 0.28 6.71 ND* 44.06 ND* 14.43 65.47 
S5 2.30 8.44 ND* 54.91 ND* 17.25 82.90 
S6 2.56 7.68 ND* 55.97 ND* 16.67 82.88 
S7 2.18 9.73 ND* 53.89 ND* 17.71 83.51 
S0 2.79 9.49 2.03 58.62 ND* 18.67 91.60 

ND* = Not detected 
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Figure 2: Composition of stingless bee ‘honey’ produced in bee made pots (S1-S7), and in an 
artificial uncapped pot of Apis wax (S0), by bees fed sucrose.  
 

Upon feeding stingless bees glucose/fructose solutions, the sugars in the honey samples GF1-GF3 
were analysed by LC-MS/MS and IC-PAD. Quantification (by IC-PAD) confirmed that the major 
sugars present in this honey were glucose and fructose, which were the only sugars detected and 
persisted in a 1:1 ratio, as shown in Table 5 and Figure 3. 

Table 5: Sugar composition (g /100 g) of ‘honey’, as determined by ion chromatography (IC-
PAD), produced by confined stingless bees fed glucose/fructose solutions 

Honey code 
for glucose 
/ fructose 
feeding 

Glucose 
(g/100 g 
sample) 

Fructose 
(g/100 g 
sample) 

Sucrose 
(g/100 g 
sample) 

Trehalulose 
(g/100 g 
sample) 

Maltose 
(g/100 g 
sample) 

Erlose 
(g/100 g 
sample) 

Total sugar 
(g/100 g 
sample) 

GF1 26.30 32.13 ND* ND* ND* ND* 58.43 
GF2 27.78 30.57 ND* ND* ND* ND* 58.35 
GF3 28.20 29.81 ND* ND* ND* ND* 58.01 

ND* = Not detected 
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Figure 3: Composition of stingless bee ‘honey’ (GF1-GF3) produced in bee-made pots by bees 
fed glucose/fructose.  

Characterisation of trehalulose and erlose formed during feeding experiments 

Preparative HPLC-based isolation of the disaccharide and trisaccharide formed in the sucrose feeding 
experiment (‘honey’ sample S1) was undertaken. The disaccharide fractions from 6.0-10.5 min were 
iteratively collected and combined, then concentrated in vacuo and freeze-dried to give trehalulose 
(46.98 mg, 35%), with identical NMR and MS spectra as for trehalulose isolated from natural 
stingless bee honey [2]. The trisaccharide fractions were collected repeatedly between 11.5-14.5 min, 
then concentrated under vacuum and freeze-dried to give the trisaccharide (11.93 mg, 8.6 % yield). 
From HRMS, the deprotonated molecular ion [M-H]- at m/z 503.1622 (calculated for C18H31O16

-: 
503.1618) confirmed the compound as a trisaccharide, with key disaccharide and monosaccharide 
fragment ions m/z 341.1085 and m/z 179.0552 respectively. The full high resolution mass spectral 
data obtained for the trehalulose and erlose isolated from the feeding experiment S1 are reported in 
Table 6. 
Table 6: High resolution mass spectral data obtained for trehalulose and erlose isolated from 
feeding experiment honey S1. 

Saccharide Molecular ion  Calculated [M-H]- Observed [M-H]- HRMS (ES-)  m/z (Rel. Int. %) 
Trehalulose [C12H22O11-H]- 341.1089 341.1082 221.0657 (1), 179.0549 (100), 161.0442 

(20), 149.0443 (4), 143.0336 (11), 
131.0336 (4), 119.0335 (28), 113.0229 
(14), 101.0229 (41), 89.0230 (54), 
87.0074 (2), 73.0281 (2), 71.0125 (17), 
59.0125 (23). 

Erlose [C18H32O16-H]- 503.1618 503.1622 503.1622 (M-H-,100), 341.1085 (3), 
323.0987 (15), 281.0880 (4), 263.0772 
(7), 221.0660 (12), 179.0552 (27), 
161.0446 (29), 143.0339 (8), 119.0338 
(7), 113.0231 (6), 101.0232 (10), 
97.0282 (2), 89.0232 (14), 73.0283 (3), 
71.0126 (6), 59.0126 (7). 
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1H NMR and 13C NMR signals of the trisaccharide were fully assigned and the structure was 
determined to be erlose (α-D-glucopyranosyl-(1→4)-α-D-glucopyranosyl-(1→2)-β-D-fructofuranose) 
by comparison with literature data [13-15]. The structure of the trisaccharide (erlose) thus corresponds 
to sucrose with an additional glucosyl unit attached at C-4, and presumably arises via a biological 
transformation of sucrose concommitant with the isomerisation to trehalulose. Previously, erlose was 
isolated from floral and honeydew honey [16] and was reported to be formed from sucrose and honey 
invertase [17]. Erlose is also present in silverleaf whitefly honeydew [14] and has been shown to be 
produced by yeast Metschnikowia reukaufii cell extracts [13]. 

Source of trehalulose/erlose 

These feeding experiments demonstrate that live stingless bees can convert sucrose directly into 
trehalulose. Feeding sucrose solutions resulted in ‘honey’ that contained mostly trehalulose, fructose 
and erlose. A larger amount of erlose was produced in this ‘honey’, ranging from 17.8 to 22.5% of 
total sugars detected, than was found in natural stingless bee honey (T. carbonaria) in which erlose 
was 0.60-0.77% of total sugars detected (see ion chromatography analysis below). Limited glucose 
was observed formed in S1-S7 (Table 4 and Figure 2), presumably because it is incorporated into the 
erlose (sucrose with an appended glucose). Levels of sugars observed in S0 honey were very similar 
to S1-S7, albeit with minor residual sucrose (2.2%), so the artificial pot made of Apis mellifera wax 
did not result in any significant difference in trehalulose levels formed, indicating that the stingless 
bee honey pots themselves do not stimulate trehalulose formation. Remarkably, feeding 
glucose/fructose solutions resulted in ‘honey’ that was largely unchanged compared with the feeding 
solution, with glucose and fructose predominant (Table 5 and Figure 3).  

These experiments show that the stingless bees transform sucrose to trehalulose (and to a lesser extent 
erlose). It is therefore unlikely that the stingless bees source their trehalulose directly from the 
environment, but indirectly via transformation of sucrose present in nectar. Stingless bees were unable 
to form trehalulose directly from 1:1 solutions of monosaccharides glucose and fructose. Hence, it 
follows that nectar high in sucrose will result in stingless bee honey high in trehalulose, and that the 
best method to optimise the trehalulose content in stingless bee honey would be to source nectar high 
in sucrose and provide stingless bees with access to that nectar naturally. Erlose may have formed in 
our feeding experiments at higher levels as compared with natural stingless bee honey due to higher 
concentrations of sucrose available in these feeding experiments compared with natural nectar.  
 
It is possible that the sugar composition of stingless bee honey, including fructose, glucose, 
trehalulose and erlose, and lack of sucrose, could be used for stingless bee honey authentication. 
However, the discovery that sucrose feeding of stingless bees produces ‘honey’ with a similar sugar 
profile to that observed naturally presents a quandary. Sucrose feeding still produces a ‘honey’ high in 
the beneficial sugar trehalulose, but surely lacks components contributing to the overall honey 
product.  

 

Honey storage experiments 

Pasteurised and unpasteurised honey storage 

Stingless bee honey for each species (T. carbonaria and T. hockingsi) were divided into an 
unpasteurised (control) group and a pasteurised group. The pasteurised group replicates (n=3 for each 
storage temperature) were heated to 63 °C as is used by some honey producers to increase honey 
storage life. The unpasteurised group were stored as received. For each group, honey was stored for 
40 days at fridge (4 ± 1 °C), room (20 ± 1 °C) and hive (30 ± 1 °C) temperatures and analysed at 20-
day intervals.  
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Figure 4: Sugar composition of Tetragonula carbonaria honey storage samples for 
unpasteurised (control) honey and pasteurised honey, stored for 0, 20 or 40 days at fridge (4 ± 
1 °C), room (20 ± 1 °C) and hive (30 ± 1 °C) temperatures. 

 

 

Figure 5: Sugar composition of Tetragonula hockingsi honey storage samples for 
unpasteurised (control) honey and pasteurised honey, stored for 0, 20 or 40 days at fridge (4 ± 
1 °C), room (20 ± 1 °C) and hive (30 ± 1 °C) temperatures. 
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Comparing the sugar composition at 20-day intervals over the total storage time of 40 days, the minor 
amount of sucrose in the initial honey samples was consumed through storage after 20 days for all 
temperature groups. For T. hockingsi, this appeared to be converted to trehalulose (Figure 5). For T. 
carbonaria, some conversion to monosaccharides appeared to occur, although probably not 
statistically significant (Figure 4). 

Comparing pasteurised versus unpasteurised treatments, no significant difference between the groups 
was seen, so the conversion of sucrose is unlikely due to a bacteria in the honey, which would be 
killed in the pasteurisation process. Storage temperature did not seem to affect this conversion of 
sucrose to trehalulose. Hence the storage experiment suggests that the conversion from sucrose to 
trehalulose continues in the honey itself in the absence of feeding bees, at all of the temperatures 
studied. 

Honey composition compared with hive variables 

Collection of honey samples in collaboration with ANBA 

Stingless bee honey samples (n=111) were collected between 2 October 2020 and 16 March 2021 
from five local species (Tetragonula carbonaria, n=61; Tetragonula hockingsi, n=25; Tetragonula 
davenporti, n=3; Austroplebeia australis, n=19; Austroplebeia cassiae, n=3) from natural forest areas 
(n=50), suburban garden (n=29) and farm locations (n=32) in regions including Peachester, 
Mooloolah Valley, Tarragindi, Tallebudgera Valley, Redbank Plains, Moggill, West End and North 
Isis (Cooyar, Golden Fleece, Goodwood, Miles, Mundubbera, Marlborough, Hervey Bay), Gympie 
and Bundaberg. This honey collection involved engagement of stingless beekeepers (through ANBA) 
to provide diversity of honey samples of known provenance across regions, species, urban/non-urban 
hive locations and storage conditions (known time since hive was split, if known). A database 
containing all relevant information was compiled, including whether the honey originated from a 
single honey pot. Identified farms included macadamia and lychee farms. Honey samples were 
collected in October, November and December 2020, and March 2021, and when known, information 
was provided on the last time the hive was split or robbed. Information on whether the honey was 
derived from a single pot of a combination of pots was also collated. 

Sugar profiles of stingless bee honey 

The sugar content of the honeys (n=111) was analysed by HPLC-RID and HPIC-PAD against an 
extensive set of sugar standards. HPLC-RID is unable to distinguish between maltose and trehalulose 
due to co-elution, so HPIC-PAD is the superior identification technique giving a significant difference 
in retention time for these sugars (maltose 35 min, trehalulose 17.9 min). Major sugars present in 
Tetragonula species include fructose, glucose and trehalulose, as the only disaccharide. Austroplebeia 
species displayed fructose, glucose and some sucrose, and A. australis showed significantly lower 
levels of trehalulose (P = 0.0001 for T. carbonaria, and P < 0.0001 for T. hockingsi) than in 
Tetragonula species (Figure 6). Table 7 contains overall summary data for sugar content of stingless 
bee honeys. Table 8 contains summary sugar content for stingless bee honeys by genera. In this study, 
trehalulose means in honey were 4.5 ± 3.7 g/100 g in Austroplebeia and 18.5 ± 11.6 g/100 g for 
Tetragonula.  
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Figure 6: Box plots with Tukey whiskers showing differences between species for the 
dominant sugars (A) trehalulose, (B) fructose, (C) glucose and (D) sucrose, showing 
significant differences determined by ordinary one-way ANOVA. A.a = A. australis, A.c. = A. 
cassiae, T.c. = T. carbonaria, T.d.= T. davenporti, T.h.= T. hockingsi . Key: ns (P > 0.05, not 
marked), * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001. 

 

Table 7: Summary sugar content for all stingless bee honeys. 

Sugar Retention 
time (min) 

Mean 
(g/100 g) 

SD  
(g/100 g) 

Min  
(g/100 g) 

Max 
(g/100 g) 

LOQ  
(g/100 g) 

Glucose 6.1 12.9 8.2 < LOQ 34.3 0.1 
Sucrose 7.2 0.46 1.54 < LOQ 10.1 0.1 
Fructose 8.1 21.1 9.5 < LOQ 39.7 0.1 

Trehalulose 18.1 15.7 11.9 < LOQ 48.7 0.1 
Erlose 30.1 0.12 0.42 < LOQ 3.5 0.1 

Maltose 36.2 0.08 0.33 < LOQ 3.5 0.1 
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Table 8: Summary sugar content for stingless bee honeys by genera. 
 Austroplebeia (n = 22) Tetragonula (n = 89) 

Sugar Mean  
(g/100 g) 

SD  
(g/100 g) 

Min  
(g/100 g) 

Max  
(g/100 g) 

Mean 
(g/100 g) 

SD  
(g/100 g) 

Min  
(g/100 g) 

Max 
(g/100 g) 

Erlose 0.21 0.73 < LOQ 3.5 0.10 0.30 < LOQ 2.18 
Fructose 30.5 5.8 13.9 37.1 18.8 8.8 < LOQ 39.7 
Glucose 17.1 5.5 < LOQ 22.7 11.9 8.4 < LOQ 34.3 
Maltose ND - - - 0.09 0.37 < LOQ 3.50 
Sucrose 2.1 3.0 < LOQ 10.1 ND - - - 

Trehalulose 4.5 3.7 < LOQ 15.0 18.5 11.6 < LOQ 48.7 
 

Among Tetragonula carbonaria/hockingsi honeys, generally lower levels were observed for 
trehalulose from samples originating from a lychee farm versus a suburban garden, natural forest or 
wet sclerophyll with remnant macadamia (Figure 7). Lychee (Litchi chinensis Sonn.) nectar 
composition has been reported as 18% sucrose, 43%, glucose, 38 % fructose [18]. The highest average 
level of trehalulose in Tetragonula honey was observed for honey from suburban gardens, although 
there was no significant difference (P > 0.05) to honey from hives located near wet sclerophyll with 
remnant macadamia (Figure 7). As shown in Figure 7, there were significant differences between 
suburban garden and natural forest (P = 0.02), macadamia farm (P = 0.04), lychee farm (P < 0.0001). 
Further statistical differences are shown in Figure 7. Suburban gardens provide variety and abundance 
of nectar sources for the generalist stingless bee, and typically were highest in trehalulose levels. Wet 
sclerophyll contains tall eucalypts and related trees, as well as understory shrubs and even grasses 
[19]. It is an unknown what species are favoured by the bees and what proportion of nectar is collected 
from remnant macadamia also nearby the hives. There was no significant difference between 
macadamia farm honey trehalulose levels and levels in natural forest honey (P > 0.05) when 
considering g per 100 g honey. It is now evident that high levels of sucrose (92%) in macadamia 
nectar published in the literature were misreported [20], with Macadamia integrifolia analysed as 
containing 55% fructose, 45% glucose and 0% sucrose in the original report [21]. However, 
Macadamia tetraphylla HX was reported to contain 57% sucrose, 8% fructose and 14% glucose, with 
the remainder cyclitols [22]. An earlier report on M. integrifolia nectar reported average sucrose of 
55.8 ± 1.5 %, showing diurnal variation [23]. The two different hives of macadamia honey were 
largely consistent between pots within the one hive, but differed markedly between similarly located 
hives in the trehalulose content as a percentage of total sugars (Figure 8), with one hive averaging 
77% trehalulose and the other 29% trehalulose (Appendix 1). Hence, any high percentage of total 
sucrose in nectar translating to high honey trehalulose will only be reflected in honey pots filled when 
that nectar resource is available. Such variation in trehalulose expressed as percentage of total sugars 
was also observed for honey from hives in the vicinity of wet sclerophyll and remnant macadamia, 
natural forest and suburban gardens. While suburban gardens featured a higher content of trehalulose 
based on grams per 100 g of honey, a macadamia hive displayed highest trehalulose as a percentage 
of total sugars (Figure 8). 



 

19 

 

Figure 7: Box plots with Tukey whiskers showing differences between Tetragonula hive 
habitats for the sugars (A) trehalulose, (B) fructose and (C) glucose as g per 100 g of honey, 
showing significant differences determined by ordinary one-way ANOVA. Key: ns (P > 0.05, 
not marked), * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001. 
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Conclusion: Initial analysis suggests that while there is natural variation between similar honey 
samples, the largest determinant of sugar composition is bee species and hive habitat. Long-tongued 
bee species, such as stingless bees (Apidae: Meliponini], are reported to be associated with nectar rich 
in sucrose [24, 25]. The observed differences between Austroplebeia honey and Tetragonula honey 
could reflect the clear differences in their foraging activity and resource consumption [26], as well as 
differing digestive abilities.  

 

Figure 8: Box plots with Tukey whiskers showing differences between Tetragonula hive 
habitats for the sugar trehalulose as a percentage of total sugars detected, showing significant 
differences determined by ordinary one-way ANOVA. Key: ns (P > 0.05, not marked), * P ≤ 0.05, 
** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001 

 

In this study, multiple individual single pot honey samples were collected within individual hives, and 
across different hives of the same species at the same location. Analysis of these honeys showed 
considerable variability in trehalulose content both within a hive and between hives, and may reflect 
differences in timepoints/seasons that the individual pots were filled. The least percentage variation of 
trehalulose from different pots in a single T. carbonaria hive (macadamia farm) was from 73.4% to 
83.2% trehalulose. Another hive from the same location (macadamia farm) varied from 15.1% to 
47.4% trehalulose. The most variation within a single hive was observed for T. hockingsi hive from a 
natural forest location, with trehalulose ranging from 0.13% to 94.3% based on percentage of total 
sugars. The least variation within a hive was observed for an A. australis hive from a suburban 
garden, which ranged from 3.55 to 8.8%. Data for all honey pots analysed separately from the same 
hive are summarised in Appendix 1. Within-hive comparisons (for those hives with multiple pots of 
honey collected separately) are provided, with average, SD, minimum and maximum values and range 
over the different pots for each compound (% of total sugars). 

Results suggest that trehalulose content in Tetragonula stingless bee honey is dependent on local 
habitat, most likely related to sucrose content of local floral sources, and is not dependent on storage 
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conditions. This is important information for industry and will enable industry to select preferred 
floral sources to optimise trehalulose content of Tetragonula stingless bee honey. Observed minor 
variations in sugar composition are presumed to reflect variations in the proportion of different plants 
flowering at any point in time. By contrast, Austroplebeia honey was more complex, and contained 
fructose, glucose, some sucrose and significantly lower levels of trehalulose than in Tetragonula 
honey but most samples were collected from suburban gardens (n=17) and natural forests (n=5) based 
on availability. Some small, as-yet-unidentified peaks were observed in some Austroplebeia honeys, 
and this requires further examination. The variation in each sugar content (g/100 g honey) for each 
species is summarised in Figure 9. Figure 10 summarised variation of sugar content (g/100 g honey) 
for each hive habitat, noting that suburban honey depicted here includes a mix of Tetragonula and 
Austroplebeia honeys. Figure 11 depicts variation in sugar content (g/100 g honey) for each sample 
collected, based on pot, hive, species and habitat. 

 

Figure 9: Box plots with Tukey whiskers showing variation in honey sugar content by species. 
A.a = A. australis, A.c. = A. cassiae, T.c. = T. carbonaria, T.d.= T. davenporti, T.h.= T. hockingsi.   
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Figure 10: Box plots with Tukey whiskers showing variation in honey sugar content by hive 
habitat for all Tetragonula and Austroplebeia species.  
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Figure 11: Graph showing variation in sugar content (g/100 g honey) based on pot, hive, 
species and habitat. 
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Organic acid profiles of stingless bee honey 

In total, 13 acids of the 15 targeted organic acids were quantitated in the range of field-collected 
honeys. Organic acids including gluconic acid, acetic acid and lactic acid were the most prevalent, 
while certain honeys contained low levels of adipic acid, citric acid, malic acid, maleic acid, malonic 
acid, quinic acid, shikimic acid, sorbic acid and succinic acid. No fumaric acid was detected in any 
honey. Tartaric acid appeared on the shoulder of an unknown peak and could not be quantitated, but 
appeared to be at a low level. Summary data for all honey samples are shown in Table 9. Summary 
data for honeys for each of the two genera are shown in Table 10. 

Table 9: Summary organic acid content for all stingless bee honeys. 
Organic acid 
conjugate base 

Retention 
time (min) 

Mean 
(mg/kg) 

SD 
(mg/kg) 

Min 
(mg/kg) 

Max 
(mg/kg) 

LOQ 
(mg/kg) 

Acetate  5.6   3487 3820 ND 19950 50 
Quinate  6.4   419 431 ND 2353 50 
Gluconate  7.3   17193 7405 1594 40592 50 
Lactate  8.0   4471 4857 ND 20594 50 
Shikimate 11.3   47 47 < LOQ 393 50 
Sorbate 24.2   93 139 < LOQ 913 50 
Adipate 26.4   54 94 < LOQ 621 50 
Succinate 26.8   67 101 < LOQ 561 50 
Malate 26.9   139 206 < LOQ 928 50 
Tartrate 27.8   ND - ND - 50 
Malonate 28.0   25.0 0.3 ND < LOQ 50 
Maleate* 29.4   185 225 ND 1125 50 
Oxalate 31.5   40 42 < LOQ 223 50 
Fumarate 31.8   ND - ND - 50 
Citrate 40.6   228 251 < LOQ 1062 50 

* coelutes with benzoate 

 

Table 10: Summary organic acid content for stingless bee honeys by genera. 

 Austroplebeia (n = 22) Tetragonula (n = 89) 
Organic acid 
conjugate base 

Mean 
(mg/kg) 

SD 
(mg/kg) 

Min 
(mg/kg) 

Max 
(mg/kg) 

Mean 
(mg/kg) 

SD 
(mg/kg) 

Min 
(mg/kg) 

Max 
(mg/kg) 

Acetate 883 428 263 2135 4131 4010 ND 19950 
Adipate ND - - - 61.7 103.3 < LOR 621.2 
Citrate 74 85 < LOQ 290 266.1 263.6 6.75 1062 
Fumarate ND - - - ND - - - 
Gluconate 23848 8818 7084 40592 15548 6016 1594 29200 
Lactate 52 83 ND 389 5563 4838 ND 20594 
Malate 374 262 ND 786 81 140 < LOR 928 
Maleate* 164 225 ND 851 190 225 ND 1125 
Malonate ND - - - 25.0 0.4 ND 28 
Oxalate 22 14 < LOQ 50 45.0 44.8 < LOR 223 
Quinate 320 159 111 771 444 473 ND 2353 
Shikimate 70 37 < LOQ 146 41.7 47.3 < LOR 393 
Sorbate 49 44 ND 162 104 152 < LOR 913 
Succinate ND - - - 77 111 < LOR 561 
Tartrate ND - - - ND - - - 
* coelutes with benzoate        
 

D-Gluconic acid was the predominant organic acid in stingless bee honey, detected in all samples, 
ranging from 1594 to 40592 mg/kg honey. Higher levels were observed in A. australis honey samples 
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compared with T. carbonaria and T. hockingsi samples (P < 0.0001). The average gluconic acid level 
across all honey samples was 17193 ± 7405 mg/kg. In A. australis, the average was 25020 ± 8685 
mg/kg honey. By contrast, a recent report of gluconic acid in honey bee honey from eight countries, 
determined by LCMS, reported an average of 2995.6 ± 1602.3 mg/kg and a range of 649.0 – 6475.1 
mg/kg [27]. Comparing these figures, the level of gluconic acid in stingless bee honey averaged up to 
10-fold higher. An ion chromatography method reported that chestnut honey contained the highest 
amount of gluconic acid (12725 ± 1715 mg/kg) [28]. Quantification of gluconic acid in 10 honey bee 
honeys by capillary zone electrophoresis [29] reported an average of  9520 ± 3600 mg/kg. Previously, 
Oddo [3] reported a very similar level in T. carbonaria honey for gluconic acid of 9900 ± 1300 
mg/kg. In the current study, T. carbonaria honey contained 16483 ± 5994 mg/kg, T. davenporti 18984 
± 7181 mg/kg and T. hockingsi 12853 ± 5225 mg/kg. 

Lactic acid ranged from ND – 20594 mg/kg honey, but much lower levels were observed in 
Austroplebeia honeys tested, and it was only detected in three out of 22 Austroplebeia honeys. Acetic 
acid was detected in all but seven honey samples, ranging from ND – 19950 mg/kg honey. Acetic acid 
was significantly lower in Austroplebeia honeys (P = 0.0090 for T. carbonaria, P = 0.0094 for T. 
davenporti).  

Lactic acid and acetic acid were not targeted in a previous study [27] of honey bee honey, but 
compared with the levels reported by Mato [29], the levels in many stingless bee honeys are higher, 
particularly for Tetragonula species. While the average of acetic acid in honey bee honey was 145.7 ± 
131 mg/kg, stingless bee honey acetic acid levels in T. carbonaria averaged 4246 ± 4155 mg/kg, T. 
hockingsi averaged 3302 ± 2877 mg/kg and T. davenporti averaged 8687 ± 7086 mg/kg. In A. 
australis, an average of 975 ± 386 mg/kg for acetic acid was obtained, and in A. cassiae, this was 319 
± 80 mg/kg. Comparing lactic acid, average values were 5843 ± 4846 mg/kg in T. carbonaria, 10392 
± 9052 in T. davenporti and 4300 ± 3936 mg/kg in T. hockingsi. Lower levels were reported in honey 
bee honey, 208.9 ± 227 mg/kg. In A. australis, the mean was lower again at 57 ± 89 mg/kg, whereas 
lactic acid wasn’t detected in A. cassiae. 

Difference between species for each of gluconic acid, acetic acid and lactic acid are shown in Figure 
12, while Figure 13 shows differences based on reported habitat in the hive vicinity. There were 
significant differences in acetic acid and lactic acid based on habitat (Figure 13).  

The range of citric acid was < LOQ – 1062 mg/kg honey, malic acid < LOQ – 928 mg/kg honey, 
maleic acid ND –1125 mg/kg honey, quinic acid ND – 2353 mg/kg honey and sorbic acid < LOQ – 
913 mg/kg honey. Significantly higher malic acid was found in A. australis honey compared with 
Tetragonula honeys (T. carbonaria, P < 0.0001; T. davenporti, P = 0.0011; and T. hockingsi, P < 
0.0001) (Figure 14). All other organic acids had a maximum level under 700 mg/kg honey. Malonate 
was detected in only one honey at a level under LOQ. Variations by species and hive habitat of these 
minor organic acids are summarised in Figures 15 and 16. Previously Oddo [3] reported citric acid of 
230 ± 90 mg/kg honey and malic acid of 120 ± 30 mg/kg honey in T. carbonaria honey by an 
enzymatic method. 

In this study, multiple individual single-pot honey samples were collected within individual hives, and 
across different hives of the same species at the same physical location. Analysis of these honeys 
showed considerable variability in organic acid content both within a hive and between hives and may 
reflect differences in timepoints/seasons that the individual pots were filled, which is an unknown 
compared with when the honey was collected. Data showing variation within and between hives for 
hives for which honey was collected separately from each honey pot is shown in Appendix 2. Within-
hive comparisons (for those hives with multiple pots of honey collected separately) are provided, 
including average, SD, minimum and maximum values and range over the different pots for each 
compound (% of total organic acid). The biggest ranges for acetate, gluconate and lactate were T. 
davenporti hive 109 (natural forest, 23.7%, 58.9% and 33.7%, respectively) and T. carbonaria hive 5 
(natural forest 25.3%, 55.6% and 31.3%, respectively). Austroplebleia honey had the smallest within-
hive ranges. 
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Figure 12: Box plots with Tukey whiskers showing differences between species for the 
dominant organic acids (A) gluconic, (B) acetic and (C) lactic acids, showing significant 
differences. A.a = A. australis, A.c. = A. cassiae, T.c. = T. carbonaria, T.d.= T. davenporti, T.h.= 
T. hockingsi . Key: ns (P > 0.05, not marked), * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001. 
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Figure 13: Box plots with Tukey whiskers showing differences based on observed hive habitat 
for the dominant organic acids (A) gluconic, (B) acetic and (C) lactic acids, showing significant 
differences. Key: ns (P > 0.05, not marked), * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001. 
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Figure 14: Box plots with Tukey whiskers showing differences between species for malic acid, 
showing significant differences.  A.a = A. australis, A.c. = A. cassiae, T.c. = T. carbonaria, T.d.= 
T. davenporti, T.h.= T. hockingsi . Key: ns (P > 0.05, not marked), * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 
0.001, **** P ≤ 0.0001. 
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Figure 15: Box plots with Tukey whiskers showing variation in minor organic acids by species. 
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Figure 16: Box plots with Tukey whiskers showing variation in minor organic acids by hive 
habitat reported. 
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A variety of sour and tangy tastes are present in stingless bee honey. Although reported high values of 
free acid have sometimes been associated with honey fermentation, the high acidity of honey from 
stingless bees has not been connected with food spoilage [30]. The high organic acid content is likely 
a regular parameter of stingless bee honey. The sour, citrus-like flavours can be very appealing to 
honey connoisseurs, and now can be attributed to significant gluconic, acetic and lactic and the other 
minor organic acids observed in the honey. Gluconic acid arises through oxidation of nectar glucose 
and may indicate high levels of bee glucose oxidase. Gluconobacter spp. bacteria present in guts of 
bees and ripening honey may also produce gluconic acid. It can also be present as the cyclised 
gluconolactone. It is thought that a longer time for honey ripening results in higher gluconic acid 
levels [31]. Interestingly, malic and citric acids generally regarded as prominent in honey were 
relatively low in stingless bee honey, with quinic acid frequently higher, with an average of 419 ± 431 
mg/kg honey. Acetic acid likely indicates honey fermentation when its levels are excessive, however 
there have been no studies of normal levels of acetic acid in stingless bee honey. Quinic acid has 
previously been reported in honey bee honey from 20 – 4470 mg/kg [32] and was previously 
associated with Erica spp. honey [33]. Quinic acid was detected in all honey bee honeys by an ion 
chromatography method and was highest in fir honey (1779 ± 340 mg/kg) [28]. 

Organic acid profiles have been suggested as possible markers of botanical origin of honey [31, 33]. 
Quinic acid and citric acid were significantly higher in honey in the vicinity of macadamia than other 
habitat groups. Significant differences between observed habitats are shown in Figure 17 for quinic 
acid, citric acid, malic acid and maleic acid. The organic acid profile of each sample collected is 
depicted in Figure 18, showing variation by hive, species and habitat. The great variation within hives 
(Figure 18 and Appendix 2) and between hives located similarly, particularly observed for 
Tetragonula species, makes it difficult to predict any effect of seasonal collection time. 
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Figure 17: Box plots with Tukey whiskers showing differences based on observed hive habitat 
for minor organic acids (A) citric acid, (B) quinic acid, (C) malic acid and (D) maleic acid, 
showing significant differences. Key: ns (P > 0.05, not marked), * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 
0.001, **** P ≤ 0.0001. 
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Figure 18: Graph showing variation in organic acids based on pot, hive, species and habitat. 
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Implications 
The project team leader has met with Australian Native Bee Association (ANBA) committee 
members to discuss outcomes of this research and implications for this emerging industry. The 
stingless bee industry is comprised of a diverse group of producers ranging from small-scale backyard 
producers to large-scale keepers with up to 1500 hives (Tobias Smith, Industry Synopsis Document), 
and it is expected that uptake of research findings will differ across these groups. The potential 
commercial benefit from increased demand for and a higher price of stingless bee honey is greater for 
large-scale producers, and it is expected that these producers will lead the implementation of 
production/storage conditions to optimise bioactive composition in stingless bee honey, and the 
development of a Food Standard within five years after the completion of this project. Several of these 
leading producers have been collaborators in this research, and have provided key honey samples for 
this study. As research partners and collaborators, these producers are closely connected to the 
research, research outputs and research communication, and this collaboration will ensure more rapid 
adoption of research outputs by these leading producers.  

Data gained from this study will be used by the ANBA Honey Committee to support the development 
of a Food Standard for stingless bee honey, and also to enable the unusual bioactive disaccharide 
trehalulose to be used as a marker to guard against fraudulent substitution of this honey.  

Stingless bee (Meliponini) honey is a high-value food product, but the true industry value has yet to 
be fully realised. There is great demand for the product, which has generated a high market price. This 
high price may motivate unscrupulous operators to produce fake or adulterated honey that replicates 
the flavour of the product but is cheaper to produce. Trehalulose would be an excellent marker to 
detect fake honey as it is not readily synthesised and is only available at great cost. 
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Recommendations 
Outcomes of this research have been disseminated through seminars and presentations to both 
scientific community and directly to industry. The first scientific manuscript from this research has 
been published, with further manuscripts to follow. Ideally, industry fact sheets should also be 
prepared in conjunction with relevant state government departments and disseminated through 
industry and government channels, via print and social media. Such fact sheets would also act as 
educational material for the general public, and raise awareness of the genuine health benefits of 
stingless bee honey as validated by this scientific research. 

To further exploit the results of this research, analysis of the floral sugar composition of various 
commercial crops should be undertaken to identify crops with floral nectar rich in sucrose. These 
crops are where stingless bee pollination services could be most beneficially coupled with high 
trehalulose honey production. To date, macadamia has been identified as one such possible crop, 
although this is still to be confirmed as conflicting literature has been cited. As a percentage of total 
sugars present, macadamia hives can show high trehalulose. This research identifies that suburban 
gardens produce Tetragonula honey rich in trehalulose. The sugar compositions of the floral nectars 
of many other crops are currently unknown, particularly in the Australian context. Such knowledge 
could be most beneficial in further developing the emerging stingless bee industry. 

The transformation of sucrose to trehalulose occurs when the bees are fed sucrose, but also seems to 
continue in the honey in the absence of bees. Future work by the authors and collaborators will be 
undertaken to assess the source of this biological activity within stingless bees that contributes to the 
conversion of sucrose to trehalulose, and also to a lesser extent to erlose. This will provide a greater 
understanding of this phenomenon for the benefit of all stakeholders.  

Stingless bee honey has a distinctive sweet/sour flavour. The finding that organic acid content of the 
honey is considerable, together with its unique sugar profile, mean future investment in an 
organoleptic assessment of the honey, and correlation with the chemical profile, is warranted for the 
benefit of this emerging industry. It is recommended that the levels of organic acids in stingless bee 
honey be studied as the honey ages, and that these be correlated with sensory attributes. 

In developing a Food Standard for stingless bee honey, it will be necessary to include the full range of 
concentrations observed for the bioactive components studied, particularly trehalulose/glucose/ 
fructose composition and organic acid levels across species and location. 
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Appendix 1 
Table 11: Statistics for honey pots collected from each hive, for each sugar (A.a = A. australis, T.c. = T. carbonaria, T.d.= T. davenporti, T.h.= T. 
hockingsi). ¤ 

    Values for % of total sugars detected for each honey pot within a hive.* 
Hive Bee 

species 
Detailed 
habitat 

Measure♢ Erlose  
(%) 

Fructose  
(%) 

Glucose  
(%) 

Maltose  
(%) 

Sucrose  
(%) 

Trehalulose  
(%) 

152 T.c. Wet 
sclerophyll 
remnant 
macadamia 

Av 0.32 32.03 15.12 0.11 0.11 52.31 
SD 0.48 11.11 8.68 0.03 0.03 19.22 
Min 0.10 13.27 0.16 0.10 0.10 35.54 
Max 1.18 42.25 21.92 0.16 0.16 85.07 
Range 1.08 28.98 21.75 0.07 0.07 49.53 

214 T.c. Wet 
sclerophyll 
remnant 
macadamia 

Av 0.10 41.14 23.68 0.10 0.10 34.87 
SD 0.02 4.27 3.68 0.02 0.02 7.38 
Min 0.08 33.74 19.79 0.08 0.08 25.61 
Max 0.12 44.46 29.69 0.12 0.12 46.18 
Range 0.04 10.72 9.90 0.04 0.04 20.57 

316 T.c. Wet 
sclerophyll 
remnant 
macadamia 

Av 0.09 24.81 11.63 0.09 0.09 63.30 
SD 0.01 2.26 3.59 0.01 0.01 5.70 
Min 0.08 22.43 6.23 0.08 0.08 55.04 
Max 0.10 28.57 16.14 0.10 0.10 71.03 
Range 0.03 6.14 9.91 0.03 0.03 15.98 

406 T.c. Wet 
sclerophyll 
remnant 
macadamia 

Av 0.10 30.81 14.11 0.10 0.10 54.77 
SD 0.01 6.01 4.10 0.01 0.01 9.74 
Min 0.08 23.24 11.25 0.08 0.08 38.45 
Max 0.12 39.96 21.27 0.12 0.12 64.38 
Range 0.04 16.72 10.02 0.04 0.04 25.93 

101 T.c. Lychee farm 
with eucalypt 

Av 0.09 52.16 39.87 0.09 0.09 7.71 
SD 0.01 3.73 6.21 0.01 0.01 8.06 
Min 0.07 45.74 34.72 0.07 0.07 0.07 
Max 0.10 55.44 47.03 0.10 0.10 19.08 
Range 0.03 9.69 12.32 0.03 0.03 19.01 

177 T.c. Lychee farm 
with eucalypt 

Av 0.10 49.55 40.81 0.10 0.10 9.33 
SD 0.04 6.12 10.58 0.04 0.04 16.68 
Min 0.07 38.77 22.37 0.07 0.07 0.07 
Max 0.17 53.50 47.21 0.17 0.17 38.58 
Range 0.10 14.73 24.84 0.10 0.10 38.52 
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    Values for % of total sugars detected for each honey pot within a hive.* 
Hive Bee 

species 
Detailed 
habitat 

Measure♢ Erlose  
(%) 

Fructose  
(%) 

Glucose  
(%) 

Maltose  
(%) 

Sucrose  
(%) 

Trehalulose  
(%) 

322 T.c. Lychee farm 
with eucalypt 

Av 0.08 48.94 37.08 0.08 0.08 13.75 
SD 0.01 3.37 5.45 0.01 0.01 8.17 
Min 0.07 45.89 33.03 0.07 0.07 0.08 
Max 0.08 54.12 45.55 0.08 0.08 20.83 
Range 0.02 8.23 12.51 0.02 0.02 20.75 

371 T.c. Lychee farm 
with eucalypt 

Av 0.10 47.62 34.98 1.73 0.10 15.47 
SD 0.02 7.21 10.52 3.66 0.02 15.82 
Min 0.07 39.10 22.18 0.07 0.07 0.07 
Max 0.12 55.53 46.20 8.29 0.12 36.01 
Range 0.05 16.44 24.02 8.21 0.05 35.94 

109^ T.d. Natural forest Av 0.11 40.49 20.65 0.11 0.11 38.53 
SD 0.01 4.39 5.33 0.01 0.01 9.57 
Min 0.10 37.85 15.91 0.10 0.10 27.71 
Max 0.12 45.56 26.41 0.12 0.12 45.88 
Range 0.02 7.71 10.51 0.02 0.02 18.17 

124 A.a. Suburban 
garden 

Av 0.08 58.70 34.87 0.08 0.08 6.17 
SD 0.00 1.01 1.74 0.00 0.00 2.23 
Min 0.08 57.00 32.29 0.08 0.08 3.55 
Max 0.09 59.56 36.64 0.09 0.09 8.82 
Range 0.01 2.57 4.35 0.01 0.01 5.27 

195 A.a. Suburban 
garden 

Av 0.09 56.66 31.26 0.09 3.71 8.21 
SD 0.01 3.54 4.31 0.01 2.41 6.37 
Min 0.08 50.85 23.92 0.08 0.08 5.01 
Max 0.09 59.93 34.88 0.09 5.71 19.59 
Range 0.01 9.08 10.96 0.01 5.63 14.58 

153# A.a. Suburban 
garden 

Av 0.09 49.28 21.87 0.09 5.12 23.55 
SD 0.00 2.22 2.90 0.00 0.49 5.61 
Min 0.09 47.71 19.82 0.09 4.77 19.59 
Max 0.09 50.85 23.92 0.09 5.46 27.52 
Range 0.00 3.14 4.10 0.00 0.69 7.94 

1 T.h. Natural forest Av 2.49 31.23 20.69 0.15 0.15 45.28 
SD 3.27 28.51 19.78 0.03 0.03 44.70 
Min 0.13 0.13 0.13 0.13 0.13 0.13 
Max 6.92 55.92 43.55 0.20 0.20 94.39 
Range 6.79 55.79 43.42 0.08 0.08 94.26 
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    Values for % of total sugars detected for each honey pot within a hive.* 
Hive Bee 

species 
Detailed 
habitat 

Measure♢ Erlose  
(%) 

Fructose  
(%) 

Glucose  
(%) 

Maltose  
(%) 

Sucrose  
(%) 

Trehalulose  
(%) 

2 T.h. Natural forest Av 0.13 29.53 23.24 0.13 0.13 46.84 
SD 0.07 17.06 14.11 0.07 0.07 30.84 
Min 0.08 0.25 0.25 0.08 0.08 22.05 
Max 0.25 42.13 36.55 0.25 0.25 98.77 
Range 0.17 41.88 36.31 0.17 0.17 76.72 

3 T.h. Natural forest Av 0.12 37.60 18.01 0.12 0.12 44.03 
SD 0.04 2.41 12.95 0.04 0.04 13.74 
Min 0.08 34.40 0.18 0.08 0.08 32.14 
Max 0.18 40.91 28.45 0.18 0.18 60.85 
Range 0.10 6.51 28.27 0.10 0.10 28.72 

4 T.h. Natural forest Av 0.13 31.26 10.60 0.13 0.13 57.73 
SD 0.02 6.00 9.81 0.02 0.02 15.52 
Min 0.12 26.18 0.16 0.12 0.12 32.42 
Max 0.16 41.26 25.96 0.16 0.16 71.06 
Range 0.05 15.08 25.79 0.05 0.05 38.63 

5 T.c. Natural forest Av 0.11 30.89 16.87 0.11 0.11 51.91 
SD 0.02 15.80 15.66 0.02 0.02 30.97 
Min 0.08 12.17 0.09 0.08 0.08 22.03 
Max 0.14 47.81 33.41 0.14 0.14 87.48 
Range 0.06 35.65 33.32 0.06 0.06 65.45 

5 T.c. Macadamia 
farm 

Av 0.19 22.16 0.19 0.19 0.19 77.06 
SD 0.03 4.21 0.03 0.03 0.03 4.28 
Min 0.17 16.08 0.17 0.17 0.17 73.39 
Max 0.24 25.69 0.24 0.24 0.24 83.23 
Range 0.06 9.61 0.06 0.06 0.06 9.84 

6 T.c. Macadamia 
farm 

Av 0.14 47.03 23.23 0.14 0.14 29.32 
SD 0.03 5.40 9.04 0.03 0.03 12.14 
Min 0.10 40.22 8.92 0.10 0.10 15.14 
Max 0.17 52.91 32.80 0.17 0.17 47.37 
Range 0.07 12.69 23.89 0.07 0.07 32.23 

7# T.c. Macadamia 
farm/suburban 

Av 0.15 40.20 33.25 0.15 0.15 26.10 
SD 0.06 3.45 8.67 0.06 0.06 12.30 
Min 0.11 37.76 27.12 0.11 0.11 17.40 
Max 0.19 42.63 39.39 0.19 0.19 34.79 
Range 0.08 4.87 12.27 0.08 0.08 17.39 

* Honey was collected separately from five pots per hive, except for those marked ^ (three pots per hive) and # (two pots per hive).  
♢ Range in each column is formatted from red to white, highest range to lowest range.     
¤ Percentages of total sugars detected utilised LOQ/2 (0.05 g/ 100 g) for those sugar below LOQ.   
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Appendix 2 
 
Table 12: Statistics for honey pots collected from each hive, for each organic acid (A.a = A. australis, T.c. = T. carbonaria, T.d.= T. davenporti, T.h.= 
T. hockingsi).¤ 

    Values for % of total organic acid detected for each honey pot* 
Hive Bee 

species 
Detailed 
habitat 

Measure♢ Acetate 
(%) 

Adipate 
(%) 

Citrate 
(%) 

Gluconate 
(%) 

Lactate 
(%) 

Malate 
(%) 

Maleate / 
benz (%) 

Malonate 
(%) 

Oxalate 
(%) 

Quinate 
(%) 

Shikimate 
(%) 

Sorbic 
acid (%) 

Succinate 
(%) 

152 T.c. Wet 
sclerophyll 
remnant 
macadamia 

Av 27.98 0.98 0.77 38.26 29.65 0.07 0.07 0.07 0.34 1.83 0.19 0.20 0.84 
SD 5.62 0.63 0.32 12.79 6.88 0.02 0.02 0.02 0.22 0.81 0.04 0.27 0.41 
Min 19.31 0.07 0.58 24.61 19.77 0.04 0.04 0.04 0.09 0.92 0.13 0.07 0.26 
Max 34.52 1.62 1.34 57.59 36.74 0.09 0.09 0.09 0.65 2.89 0.22 0.67 1.36 
Range 15.21 1.54 0.77 32.99 16.97 0.04 0.04 0.04 0.56 1.97 0.09 0.61 1.11 

214 T.c. Wet 
sclerophyll 
remnant 
macadamia 

Av 20.83 0.39 1.13 49.03 26.20 0.16 0.16 0.16 0.34 1.93 0.17 0.30 0.88 
SD 5.55 0.30 0.46 10.49 4.09 0.20 0.20 0.20 0.25 1.52 0.05 0.24 0.64 
Min 14.07 0.10 0.67 32.97 20.93 0.04 0.04 0.04 0.14 0.08 0.10 0.06 0.37 
Max 29.17 0.89 1.69 58.89 32.40 0.52 0.52 0.52 0.72 3.85 0.24 0.58 1.81 
Range 15.10 0.79 1.02 25.92 11.48 0.48 0.48 0.48 0.58 3.77 0.14 0.51 1.44 

316 T.c. Wet 
sclerophyll 
remnant 
macadamia 

Av 18.53 0.32 0.67 54.73 23.71 0.07 0.07 0.07 0.14 1.77 0.14 0.09 0.45 
SD 6.36 0.14 0.33 14.58 8.16 0.01 0.01 0.01 0.05 0.72 0.04 0.06 0.23 
Min 10.73 0.08 0.33 33.60 12.95 0.05 0.05 0.05 0.07 1.24 0.11 0.05 0.16 
Max 25.98 0.42 1.20 73.58 35.68 0.08 0.08 0.08 0.20 3.03 0.22 0.21 0.79 
Range 15.26 0.34 0.87 39.99 22.73 0.03 0.03 0.03 0.13 1.78 0.10 0.16 0.64 

406 T.c. Wet 
sclerophyll 
remnant 
macadamia 

Av 18.42 0.32 0.56 54.05 23.79 0.40 0.07 0.07 0.25 2.17 0.12 0.31 0.17 
SD 7.45 0.27 0.48 18.09 9.66 0.74 0.02 0.02 0.17 1.13 0.04 0.32 0.22 
Min 11.44 0.06 0.06 30.13 13.85 0.05 0.05 0.05 0.01 1.17 0.06 0.06 0.03 
Max 29.65 0.66 1.17 70.47 34.79 1.72 0.08 0.08 0.49 3.43 0.19 0.86 0.56 
Range 18.21 0.60 1.10 40.34 20.94 1.68 0.04 0.04 0.48 2.26 0.12 0.80 0.53 

101 T.c. Lychee farm 
with eucalypt 

Av 4.43 0.10 0.12 84.84 8.46 0.23 1.42 0.10 0.10 0.24 0.40 0.20 0.10 
SD 4.24 0.03 0.07 9.87 6.91 0.16 0.70 0.03 0.03 0.12 0.67 0.13 0.03 
Min 1.31 0.07 0.02 70.86 0.14 0.09 0.62 0.07 0.07 0.10 0.06 0.10 0.07 
Max 11.75 0.14 0.21 96.26 16.10 0.48 2.18 0.14 0.14 0.41 1.59 0.43 0.14 
Range 10.44 0.08 0.18 25.40 15.96 0.39 1.56 0.08 0.08 0.31 1.53 0.32 0.08 

177 T.c. Lychee farm 
with eucalypt 

Av 3.88 0.16 0.24 87.64 6.32 0.28 1.59 0.16 0.16 0.35 0.12 0.79 0.16 
SD 5.10 0.06 0.18 12.46 7.32 0.17 1.47 0.06 0.06 0.38 0.07 0.86 0.06 
Min 0.24 0.07 0.07 67.49 1.12 0.04 0.22 0.07 0.09 0.14 0.06 0.14 0.07 
Max 12.51 0.24 0.54 96.40 17.52 0.53 3.83 0.24 0.24 1.03 0.24 2.10 0.24 
Range 12.26 0.17 0.48 28.90 16.40 0.48 3.61 0.17 0.16 0.89 0.18 1.96 0.17 
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    Values for % of total organic acid detected for each honey pot* 
Hive Bee 

species 
Detailed 
habitat 

Measure♢ Acetate 
(%) 

Adipate 
(%) 

Citrate 
(%) 

Gluconate 
(%) 

Lactate 
(%) 

Malate 
(%) 

Maleate / 
benz (%) 

Malonate 
(%) 

Oxalate 
(%) 

Quinate 
(%) 

Shikimate 
(%) 

Sorbic 
acid (%) 

Succinate 
(%) 

322 T.c. Lychee farm 
with eucalypt 

Av 3.19 0.12 1.66 86.90 6.99 0.29 0.73 0.12 0.10 0.42 0.11 1.00 0.12 
SD 4.63 0.03 2.04 11.65 7.94 0.15 0.56 0.03 0.03 0.23 0.02 0.79 0.03 
Min 0.09 0.09 0.12 73.27 0.14 0.11 0.09 0.09 0.06 0.14 0.09 0.14 0.09 
Max 10.52 0.16 4.87 99.17 17.20 0.45 1.19 0.16 0.14 0.66 0.14 2.23 0.16 
Range 10.43 0.07 4.75 25.90 17.07 0.34 1.11 0.07 0.07 0.53 0.05 2.09 0.07 

371 T.c. Lychee farm 
with eucalypt 

Av 4.01 0.13 0.89 81.19 11.40 0.71 1.17 0.13 0.16 0.68 0.10 1.38 0.13 
SD 4.28 0.05 1.21 12.55 10.40 1.05 0.53 0.05 0.12 0.58 0.04 1.05 0.05 
Min 0.14 0.07 0.13 68.26 1.05 0.13 0.52 0.07 0.05 0.13 0.06 0.14 0.07 
Max 11.30 0.21 3.04 95.57 25.53 2.57 1.77 0.21 0.36 1.37 0.14 2.63 0.21 
Range 11.16 0.13 2.91 27.31 24.48 2.44 1.25 0.13 0.31 1.24 0.09 2.48 0.13 

109^ T.d. Natural forest Av 18.31 0.11 0.50 58.22 20.40 0.43 0.30 0.09 0.11 1.64 0.27 0.32 0.22 
SD 11.93 0.06 0.41 30.11 17.59 0.65 0.34 0.07 0.05 1.14 0.20 0.30 0.21 
Min 5.71 0.05 0.17 32.47 0.64 0.05 0.05 0.05 0.06 0.67 0.08 0.05 0.05 
Max 29.44 0.17 0.96 91.33 34.37 1.18 0.69 0.17 0.17 2.89 0.47 0.65 0.45 
Range 23.73 0.12 0.79 58.86 33.72 1.13 0.64 0.12 0.10 2.23 0.40 0.60 0.40 

124 A.a. Suburban 
garden 

Av 2.88 0.08 0.44 93.36 0.08 1.83 0.34 0.08 0.07 0.93 0.21 0.27 0.08 
SD 0.70 0.01 0.40 2.02 0.01 0.63 0.36 0.01 0.05 0.24 0.05 0.19 0.01 
Min 2.07 0.06 0.08 90.20 0.06 1.09 0.06 0.06 0.01 0.72 0.14 0.08 0.06 
Max 3.96 0.09 1.03 95.44 0.09 2.59 0.79 0.09 0.11 1.20 0.29 0.48 0.09 
Range 1.89 0.03 0.96 5.23 0.03 1.49 0.73 0.03 0.10 0.48 0.14 0.40 0.03 

195 A.a. Suburban 
garden 

Av 4.19 0.10 0.15 91.60 0.10 2.21 0.58 0.10 0.07 0.93 0.48 0.10 0.10 
SD 1.58 0.03 0.05 2.80 0.03 0.53 1.08 0.03 0.06 0.22 0.27 0.03 0.03 
Min 2.44 0.07 0.12 88.92 0.07 1.52 0.07 0.07 0.00 0.67 0.15 0.07 0.07 
Max 5.68 0.13 0.25 94.78 0.13 2.82 2.51 0.13 0.13 1.28 0.75 0.13 0.13 
Range 3.23 0.07 0.13 5.86 0.07 1.30 2.44 0.07 0.13 0.61 0.60 0.07 0.07 

153# A.a. Suburban 
garden 

Av 2.24 0.10 0.10 94.20 0.10 0.62 0.10 0.10 0.10 2.81 0.12 0.10 0.10 
SD 0.27 0.01 0.01 0.73 0.01 0.07 0.01 0.01 0.01 0.50 0.03 0.01 0.01 
Min 2.05 0.09 0.09 93.69 0.09 0.57 0.09 0.09 0.09 2.46 0.10 0.09 0.09 
Max 2.43 0.10 0.10 94.72 0.10 0.67 0.10 0.10 0.10 3.17 0.14 0.10 0.10 
Range 0.39 0.01 0.01 1.03 0.01 0.11 0.01 0.01 0.01 0.71 0.04 0.01 0.01 

1 T.h. Natural forest Av 8.06 0.14 0.31 76.04 9.17 1.53 2.38 0.14 0.06 2.52 0.18 0.14 0.14 
SD 7.64 0.07 0.23 16.01 10.90 2.65 3.30 0.07 0.06 1.39 0.04 0.07 0.07 
Min 1.45 0.05 0.14 52.22 0.55 0.14 0.05 0.06 0.01 0.17 0.13 0.05 0.05 
Max 19.63 0.22 0.70 89.30 23.96 6.26 7.74 0.22 0.16 3.60 0.24 0.22 0.22 
Range 18.18 0.17 0.56 37.08 23.40 6.12 7.68 0.16 0.16 3.43 0.11 0.17 0.17 

2 T.h. Natural forest Av 10.82 0.14 1.40 68.81 16.05 0.17 2.00 0.14 0.15 0.79 0.10 0.14 0.13 
SD 7.71 0.04 1.27 18.69 10.19 0.08 1.81 0.04 0.05 0.43 0.04 0.04 0.06 
Min 3.02 0.11 0.20 47.65 1.69 0.11 0.12 0.11 0.09 0.11 0.06 0.11 0.06 
Max 20.55 0.20 3.42 91.89 26.61 0.31 4.46 0.20 0.20 1.14 0.16 0.20 0.20 
Range 17.52 0.08 3.23 44.24 24.92 0.19 4.35 0.08 0.11 1.02 0.11 0.08 0.14 
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    Values for % of total organic acid detected for each honey pot* 
Hive Bee 

species 
Detailed 
habitat 

Measure♢ Acetate 
(%) 

Adipate 
(%) 

Citrate 
(%) 

Gluconate 
(%) 

Lactate 
(%) 

Malate 
(%) 

Maleate / 
benz (%) 

Malonate 
(%) 

Oxalate 
(%) 

Quinate 
(%) 

Shikimate 
(%) 

Sorbic 
acid (%) 

Succinate 
(%) 

3 T.h. Natural forest Av 14.73 0.16 1.53 58.41 19.34 0.41 3.38 0.16 0.23 1.94 0.21 0.21 0.40 
SD 4.74 0.05 1.24 10.23 8.05 0.31 4.27 0.05 0.15 1.67 0.08 0.10 0.38 
Min 8.26 0.08 0.21 31.05 6.69 0.08 0.44 0.08 0.16 0.95 0.08 0.16 0.16 
Max 27.77 0.23 2.92 72.66 36.27 0.75 10.32 0.23 0.50 4.92 0.33 0.36 1.05 
Range 19.51 0.15 2.72 41.60 29.58 0.67 9.88 0.15 0.34 3.97 0.26 0.20 0.89 

4 T.h. Natural forest Av 27.34 0.08 2.29 31.36 36.57 0.16 0.55 0.09 0.14 1.64 0.08 0.21 0.37 
SD 1.55 0.02 0.80 1.89 2.18 0.14 0.74 0.01 0.10 1.60 0.02 0.10 0.18 
Min 25.69 0.04 1.02 29.81 33.69 0.08 0.10 0.08 0.04 0.49 0.06 0.09 0.09 
Max 29.34 0.10 2.92 34.63 39.82 0.42 1.84 0.10 0.29 4.43 0.11 0.36 0.57 
Range 3.65 0.06 1.91 4.82 6.13 0.34 1.74 0.02 0.26 3.94 0.04 0.27 0.48 

5 T.c. Natural forest Av 14.60 0.12 0.68 61.59 20.25 0.24 0.74 0.12 0.12 1.88 0.11 0.15 0.12 
SD 11.52 0.02 0.30 22.05 12.33 0.17 0.42 0.02 0.02 0.94 0.03 0.03 0.02 
Min 2.90 0.09 0.31 27.93 10.13 0.13 0.15 0.09 0.09 0.79 0.06 0.11 0.09 
Max 28.23 0.15 1.03 83.54 41.38 0.55 1.18 0.15 0.15 3.05 0.14 0.19 0.15 
Range 25.33 0.06 0.71 55.61 31.25 0.42 1.02 0.06 0.06 2.26 0.08 0.08 0.06 

5 T.c. Macadamia 
farm 

Av 20.41 0.09 2.51 40.85 33.45 0.09 0.45 0.09 0.17 2.09 0.09 0.29 0.07 
SD 4.70 0.01 0.55 6.76 3.24 0.01 0.22 0.01 0.02 0.33 0.01 0.13 0.03 
Min 14.31 0.08 1.67 30.65 29.28 0.08 0.09 0.08 0.13 1.68 0.07 0.09 0.02 
Max 26.44 0.11 3.09 48.25 37.92 0.11 0.64 0.11 0.19 2.50 0.10 0.41 0.11 
Range 12.13 0.03 1.41 17.60 8.64 0.03 0.55 0.03 0.06 0.82 0.03 0.32 0.08 

6 T.c. Macadamia 
farm 

Av 15.43 0.11 1.30 56.32 23.23 0.08 0.46 0.08 0.21 2.94 0.08 1.11 0.26 
SD 4.29 0.07 0.24 8.27 4.11 0.01 0.46 0.01 0.20 0.30 0.01 0.38 0.33 
Min 10.39 0.06 0.91 46.13 18.66 0.06 0.08 0.06 0.09 2.64 0.07 0.66 0.07 
Max 20.84 0.23 1.48 65.29 28.28 0.09 1.27 0.09 0.55 3.33 0.09 1.64 0.85 
Range 10.45 0.16 0.57 19.17 9.62 0.03 1.19 0.03 0.47 0.70 0.01 0.98 0.78 

7# T.c. Macadamia 
farm/suburba
n 

Av 5.29 0.22 0.64 75.32 8.87 0.23 7.86 0.22 0.22 2.08 0.15 0.42 0.22 
SD 1.14 0.21 0.39 0.47 8.74 0.23 11.02 0.21 0.21 2.42 0.07 0.49 0.21 
Min 4.49 0.07 0.37 74.98 2.69 0.07 0.07 0.07 0.07 0.37 0.10 0.07 0.07 
Max 6.09 0.37 0.92 75.65 15.05 0.39 15.65 0.37 0.37 3.80 0.20 0.76 0.37 
Range 1.61 0.30 0.55 0.67 12.36 0.32 15.58 0.30 0.30 3.43 0.10 0.70 0.30 

* Honey was collected separately from five pots per hive, except for those marked ^ (three pots per hive) and # (two pots per hive).      
♢ Range in each column is formatted from red to white, highest range to lowest range.          
¤ Percentages of total organic acids detected utilised LOQ/2 (25 mg/kg) for those organic acids below LOQ.       
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