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Amino Acid Profile of Honey Bees (Apis mellifera), with Focus 

on L-Isoleucine 
 

Tori Millsteed 

Master of Biotechnology, Specialising in Agriculture and Environment 
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Abstract 

Honey bees are vital pollinators; hence their nutrition is significant in the context of the pollinating 

services that they provide. Due to environmental degradation, floral resources that bees rely on for 

food are becoming diminished, meaning that bee keepers increasingly use commercially produced 

feeds to supplement the diets of honey bees. A thorough understanding of bee nutrition is therefore 

vital to ensure that the dietary components usually accessed in floral resources are replaced, such 

as amino acids. Current knowledge of bee amino acid requirements is based on DeGroot (1953), 

who determined the essential amino acids for bees, and their minimal concentrations for maximal 

growth. As a result, many native Australian pollens are classed as deficient in isoleucine, falling 

below a dietary concentration of 4%. Due to the age of the study and the focus on maximal growth 

only, further research is needed to build upon DeGroot’s findings. This study assessed the effect 

of dietary isoleucine concentrations on honey bee growth, mortality, hypopharyngeal gland 

development and the amino acid profiles of the bee fat body tissue. We studied 2000 newly 

emerged bees fed diets of sucrose only, and sucrose with complete amino acids and 0%, 2%, 3.4% 

and 3.8% isoleucine. We measured changes in whole bee weight and head weight over time, and 

recorded mortality. The amino acid profiles of the bees were analysed by HPLC QQQ/MS, as well 

as the amino acids in commercial bee feeds and Redgum pollen, to assess their nutritional value. 

We confirmed that isoleucine is essential for bees, and that dietary concentrations significantly 

impact their physiology. We also found concentrations of some amino acids in the bees responded 

differently than expected, indicating that the essential and non-essential categorisations may be 

reviewed. Lastly, we concluded that concentrations of some amino acids were impacted by the 

presence and absence of isoleucine, suggesting relationships between amino acids that effect their 

metabolism. By building on DeGroot’s research, this study contributes to the knowledge of honey 

bee nutrition, which is valuable to bee keepers using supplementary feeds, and aids in mitigating 

the decline of honey bee populations. 

 

1. Introduction 
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Honey bees (Apis mellifera) are the single most important pollinator species globally (Hung et al, 

2018). They are key in maintaining natural environments which countless other species depend 

on, as well as supporting the agricultural systems built and relied upon by people (Quinlan et al, 

2022; Wright et al, 2018). In Australia, honey bees are vital for pollinating our unique and valuable 

native flora, as well as supporting our vast agricultural industry, and managed bees make up a 

significant portion of this pollinating capacity (AgriFutures Australia, 2022; Hendriksma et al, 

2019). However, honey bee populations are in decline, both in Australia and on a global scale 

(Durant, 2019). This is attributed to agricultural intensification, environmental degradation and 

reduced plant biodiversity, limiting the availability of flora species that bees rely on for their 

nutrition (Goulson et al, 2015). Additionally, use of pesticides and the prevalence of diseases 

impacts hives, as these are stressors that reduce bees’ resilience to periods of floral resource 

scarcity, and further reduces bee numbers (Goulson et al, 2015). Therefore, an additive cycle is 

created where insufficient nutrition reduces the number of bees in a hive, which reduces their 

capacity to forage for food and feed the upcoming brood, the consequence of which are hives that 

are weaker and less resilient to future stressors  (Branchiccela et al, 2019). In changing climate 

conditions and continued biodiversity losses, floral resources are expected to decrease further, 

while dependency on pollination by bees for agriculture is increasing (Aizen et al, 2008; Quinlan 

et al, 2022). Ensuring optimal nutrition for managed bees, despite floral resource losses, is 

necessary for maintaining their populations, enhancing natural environments and ensuring food 

security (DeGrandi-Hoffman et al, 2018; Ricigliano et al, 2022). This calls for greater 

understanding of bee nutritional requirements and the relevant indicators of nutritional health.   

 

The basic dietary requirements of honey bees include carbohydrates, proteins, lipids, minerals and 

vitamins (Somerville, 2000). Bee’s carbohydrates come from the sugary nectar in flowers, while 

pollen is their major source of protein and lipids (Wright et al, 2018). Pollen from different plants 

differ in their protein quantities and in the content of specific amino acids (Somerville, 2000). 

Some floral resources are more nutritionally valuable than others, meaning that, due to increasing 

floral resource scarcity, protein and amino acid requirements may not always be met. One essential 

amino acid that is thought to be deficient in many native Australian pollens is isoleucine (Manning, 

2001). 

 

Current knowledge of honey bee amino acid requirements is largely based on a study by DeGroot 

(1953), which determined that ten amino acids were essential for honey bee growth and 
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development (Table 1), meaning these amino acids cannot be produced independently by the 

organism and need to be consumed. Conversely, non-essential amino acids are not necessary in 

an organism’s diet as they can be produced by the body (Behmer, 2008). One amino acid that 

DeGroot found to be essential was isoleucine, and he determined the minimal concentration of 

isoleucine for maximal growth in bees was 4% of the total amino acids in the diet. Next, he tested 

a concentration of  3%, which resulted in less than maximal growth, and therefore concluded that 

less than 4% isoleucine was insufficient for maximal growth. This is significant for Australian 

apiary as many native flora species, such as Eucalyptus, Banksia and Melaleuca varieties, exhibit 

pollen isoleucine concentrations between 3 and 4% (Stace, 1996), with some as high as 3.8 or 

3.9% being considered deficient (Manning, 2001).  

 
Table 1. Minimum dietary concentrations of essential amino acids for maximal honey bee growth by percentage of 

total amino acids (DeGroot, 1953) 

Essential Amino Acid DeGroot’s Minimum % 

Arginine 3 

Histidine 1.5 

Isoleucine 4 

Leucine 4.5  

Lysine 3 

Methionine 1.5 

Phenylalanine 2.5 

Threonine 3 

Tryptophan 1 

Valine 4 

 

DeGroot’s research on amino acid requirements for honey bee nutrition is highly cited and forms 

the basis of government regulations and recommendations in Australia (Dpi.nsw.gov.au, 2021; 

Rural Industries Research and Development Corporation, 2006).  However, this research lacks 

data on the effects of dietary isoleucine concentrations between 3 and 4%. Furthermore, the 

complete amino acid diet DeGroot used as a base to test the effects of singularly omitting different 

essential amino acids was representative of the concentrations found in -casein, a milk protein 

that honey bees do not naturally consume. The paper itself states, “the observed minimal 

concentrations for maximal growth have nothing to do with the minimal required intake for 

maximal growth under natural conditions. They only represent the minimal amounts which, in 

combination with the amounts of the other amino acids, induced a growth rate maximal under the 

conditions of these experiments,” (DeGroot, 1953). Therefore, not only is the study not 

representative of honey bee isoleucine requirements under natural conditions, but it explicitly 

focused on minimal requirements for maximal growth, which is only one indicator of overall 

health. This calls for additional, up-to-date research to build upon DeGroot’s findings. Here we 

sought to analyse the effects of different dietary isoleucine concentrations, including completely 
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omitting isoleucine, and different concentrations between 3 and 4%, on honey bee growth and 

mortality. We also sought to identify and analyse the effect of these diets on other potential 

indicators of honey bee health.  

 

One important indicator of worker bee health is the development of the hypopharyngeal gland 

(Figure 1) (Hrassnigg and Crailsheim, 1998). This is an elongated organ in the bee’s head, 

connected to many secretory vesicles, which produces protein rich secretions to feed the brood 

(Feng et al, 2009). Worker bees take on specific roles at different ages after emerging from the 

pupal stage as adults. These are cleaner bees aged 1-2 days, nurse bees aged 3-12 days and forager 

bees aged 12 days and older, and the size and use of the hypopharyngeal gland evolves respectively 

(Hrassnigg and Crailsheim, 1998). Nurse bees are responsible for feeding the brood, therefore can 

be characterised by large hypopharyngeal glands and greater head weights. After bees become 

foragers the hypopharyngeal gland begins to decrease in size (Hrassnigg and Crailsheim, 1998). 

The development of the hypopharyngeal gland, the ability to feed the new brood and therefore 

support overall hive health and resilience is highly dependent on the nutritional status of the nurse 

bees, particularly their intake of essential amino acids (Hendriksma et al, 2019). In the absence of 

healthy nurse bees, the new brood will become malnourished and underdeveloped, and if this 

continues the hive will experience a brood break, resulting in significantly lowered productivity 

and the risk of hive death. Therefore, it is an important indicator of bee health. As the 

hypopharyngeal gland does not fully develop until around day 7, good nutrition and sufficient 

amino acids during this time is vital (Hrassnigg and Crailsheim, 1998). In this study we measured 

bee growth, specifically changes in head weight, as a proxy to test the effects of different dietary 

isoleucine concentrations on hypopharyngeal gland development.  

 

    
 

Figure 1. Location (left) and development (right) of the hypopharyngeal gland of the honey bee (Apis mellifera), 

throughout the stages of a worker bees’ life (Ahmad et al, 2021). 

 

Another potential indicator for bee health, that goes beyond growth and mortality, is the amino 

acid content of the bees themselves. Gage et al (2020) determined that different pollen diets can 

alter the amino acid levels in honey bee brains, and that this subsequently effected their resilience 

Newly emerged bee (1-2 days)          Nurse bee (3-12 days)                       Forager Bee (12+ days) 
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to parasitic stressors. Over the first week of life, newly emerged bees grow significantly, and their 

protein content increases by 20-25% (Gage et al, 2020). As amino acids are the building blocks 

of proteins and the essential amino acids cannot be produced by the organism independently, this 

is the period of their lifecycle in which consumption of essential amino acids should be at its 

highest (Behmer, 2008). Bees lacking nutritionally sufficient diets early on are unable to maintain 

levels of vital proteins or the metabolic pathways that these proteins are involved in, making them 

more susceptible to stressors throughout their lives (Gage et al, 2020). In addition to the brain, 

analysing the amino acid content of other parts of the bee may be useful. The bee fat body, found 

in the abdomen, is the site of immune response protein production and provides energy reserves 

for newly emerged bee, making the amino acid content of the fat body an important indicator of 

the overall bee health (Arrese & Soulages, 2010). Here we used HPLC QQQ/MS to analyse the 

free amino acids in the fat body tissue of bees fed treatment diets.    

 

The amino acid isoleucine is significant in the production of the immune response peptide 

defensin, which presents another possible indicator of honey bee health. Fehlbaum et al (2000) 

found that L-isoleucine and its analogs are highly specific defensin inducers, however, there is 

little research into the effect of dietary isoleucine on bee defensin production, partly because 

quantitation of peptides of such small size is difficult. Ivana et al (2015) were able to quantitate 

bee defensin by inducing its production in tissue of dissected honey bee glands, including in the 

hypopharyngeal gland, using a rabbit anti-honey bee defensin-1 antibody. In this study we 

attempted to quantitate defensin production in honey bee heads in response to a diet deficient in 

isoleucine. However, extraction of the defensin peptide from honey bee tissue proved to be too 

difficult. With more time to optimise the extraction of small peptides, defensin could be 

quantitated by Western Blotting or ELISA.  

 

To maintain hives and encourage brood during periods of floral resource scarcity, beekeepers 

commonly use supplementary pollen or artificial feeds as an alternate source of the necessary 

amino acids (Somerville, 2000). The feeds can be made up of a variety of ingredients, including, 

but not limited to, yeast, soybean flour, lupin flour or seaweed (Ricigliano et al, 2022). While a 

number of the companies producing these feeds state that they have been tested for their effects 

on bee growth, development, and hive health, their studies are not readily available (Feedbee.com. 

2022; Megabee.com. 2022). Furthermore, ingredient lists are often not provided, and when 

contacting the companies Feedbee and Megabee, they did not provide detailed ingredient lists. 

While commercial bee feeds are widely used among bee keepers, their specific nutritional values 
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are relatively untested. This is of particular significance in Australia where many native pollens 

have been found to be deficient of the amino acid isoleucine (Manning, 2001). Here we used 

HPLC QQQ/MS to analyse the free amino acid content of the feeds Agrisea, Feedbee, Ultrabee 

and Vitahive. We also analysed the free amino acid content of Redgum pollen as this is a native 

pollen commonly used as bee feed, and that is considered to contain adequate amounts of the 

essential amino acids for honey bees (Somerville, 1999). 

 

The aims of this study were to analyse the impacts of different dietary isoleucine concentrations, 

below DeGroot’s 4%, on honey bee growth, mortality, hypopharyngeal gland development and 

the amino acid profile of the bee fat body. With a treatment diet of sucrose only, we also aimed to 

determine the effect of having no amino acids in the diet. Furthermore, we aimed to determine the 

amino acid profiles of common commercial bee feeds and Redgum pollen, to compare them and 

determine their nutritional value in the context of the findings in the studied bees. By building on 

DeGroot’s research, this study contributes to the knowledge of honey bee nutritional requirements, 

which has potential benefits for the apiary industry, the agricultural industry, and for the Australian 

economy. Furthermore, new knowledge of the nutritional significance of Australian flora to honey 

bees will add value to the native vegetation and aid in efforts to mitigate population decline of 

managed bees.  

 

 

2. Materials and Methods 

 

2.1. Treatment Diets 

 

Treatment diets were made up to assess the effect of different dietary isoleucine concentrations on 

honey bee growth, mortality and amino acid content of the bees over the first 14 days of life. The 

five diet treatments consisted of complete amino acids in sucrose solution with 0%, 2%, 3.4% and 

3.8% isoleucine of total amino acids respectively, as well as a sucrose only treatment used to study 

the effect of having no amino acids in the diet. To do this, 100 g of an amino acid stock mix was 

made up with purified pharmaceutical grade L-enantiomer amino acids ordered from Bulk 

Nutrients Pure Supplements Australia, Top Nutrition and Pure Wellness Australia (as per 

availability). The concentrations used were representative of amino acid concentrations in 

Redgum pollen, as this is a common pollen source for managed bees in Australia, adjusted to omit 

isoleucine (Table 2) (Somerville & Nicol, 2006). A 1M sucrose solution was made up of 342 g 
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castor sugar in 1 L of deionised water and used as the base for the feed solutions. Paoli et al (2014) 

found that for managed bees, a diet ratio of protein to carbohydrates of 1:100 by molarity was 

ideal, equivalent to 1:230 by weight (w/w). Therefore, each treatment diet was made up of 0.5 g 

amino acid mix dissolved in 115 g of sucrose solution. The 0.5 g of amino acids consisted of the 

amino acid stock mix with the relevant percentage of isoleucine added for each treatment diet 

(Table 3). The amino acids were dissolved by shaking the solution and the final treatment feeds 

were stored at 4˚C.  

 

Table 2. Percentage of amino acids per total amino acids in stock mix, based on amino acid concentrations found in 

native Australian Redgum pollen (Somerville & Nicol, 2006). 

  

 
Table 3. Make up of treatment diets including sucrose only and complete amino acids with 0%, 2%, 3.4% and 3.8% 

isoleucine. Complete amino acid concentrations based on concentrations found in Redgum pollen (Somerville & 

Nicol, 2006) and amino acid to carbohydrate ratios based on Paoli et al, (2014). 

  

 

 

2.2. Caged Experiments 

 

A total of 2000 newly emerged bees were collected into 20 laboratory feeding cages with 100 bees 

in each. This allowed four replicate cages for each of the five treatment diets. Multiple frames 

from different hives were used so that each cage comprised of bees from three different hives, 

Amino Acid % in Stock Mix 

Alanine 5.67 

Arginine 7.08 

Asparagine 10.62 

Cysteine 2.10 

Glutamine 12.27 

Glycine 5.25 

Histidine 6.33 

Isoleucine - 

Leucine 6.72 

Lysine 5.74 

Methionine 3.07 

Phenylalanine 4.22 

Proline 14.66 

Serine 5.36 

Threonine 4.34 

Tyrosine 3.08 

Valine 5.82 

 Total: 100 

Treatment Sucrose 0% Ile 2% Ile 3.4% Ile 3.8% Ile 

Sucrose 

Solution (g) 

115 115 115 115 115 

Isoleucine (g) 

 

- - 0.01 0.017 0.019 

AA stock (g) 

 

- 0.5 0.49 0.483 0.481 
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approximately a third from each, to ensure genetic diversity. At collection the bees were less than 

24 hours old from time of hatching. This was ensured by brushing down selected brood frames so 

they were empty of newly hatched bees. They were then placed in frame boxes in an incubator 

overnight and the next morning, any bees on the brood frames had hatched in that time. Any frames 

used multiple days in a row were also brushed down before being left in the incubator for 

subsequent nights. As all 2000 bees could not be collected on one day, collection was staggered 

over four days, and the rest of the experiment staggered accordingly. With 500 bees being 

collected each day, the five cages collected on the first day were denoted as replicate 1 for each 

treatment diet, the cages collected on the second day as replicate 2, and so on (Figure 2). Bees 

were collected from brood frames into feeding cages (Figure 3) using insect tweezers to minimise 

handling. The cages contained bee candy to supply the necessary sugar requirements for the newly 

emerged bees during collection and before they were given the treatment diets. Once transported 

to the lab, syringes of diet solutions were inserted into the cages and the candy removed. These 

were checked daily and refilled as needed.  The cages were kept in a dark incubator at 32˚C and 

with water baths in the incubator to maintain the humidity at 65%. This was done to best replicate 

conditions in a beehive. The experiment continued for 14 days. 

 

    
Figure 2. Experimental design for collection of newly emerged bees    Figure 3. Bees in laboratory feeding cage

    

 

 

2.3. Growth  

 

To measure bee growth, batches of 15 bees were collected from each cage at days 0, 3, 7 and 10. 

The day 0 collection was from the brood frames of the corresponding hives to the cages so that 

100 bees were still put into each cage on day 0. For days 3, 7 and 10, they were collected from the 

caged 100. The bees were collected on dry ice in 15 ml falcon tubes, using insect tweezers and 

stored at -80˚C. All collected bees were weighed using a Mettler Toledo laboratory balance which 

gave results in grams to four decimal places. Whole bee weights were measured, and then the head 

0% Ile 2% Ile 
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removed by tweezers and weighed separately. Samples were kept on ice throughout. Once 

measured, the samples were again stored at -80˚C.   

 

The weight results were analysed by producing box plots in R to identify outliers. These were 

removed and the subsequent data assessed using the Shapiro-Wilke test and histograms to 

determine the distribution. Both the whole bee weight and head weight data sets were found to be 

non-normal and most representative of a gamma distribution, so a generalised linear model was 

chosen to analyse the data, with an ANOVA of the model used to determine the factors that had a 

significant effect on the results (Fox and Weisberg, 2019). The factors that were assessed were 

treatment, day (the time point when bees were collected for weight measurements), replicate 

(cages) and the treatment*day interaction. Then post hoc pairwise comparison tests were 

conducted using the lsmeans function, adjusted with ‘FDR’, to identify which days and treatments 

were significantly different from each other (Lenth, 2016).  

 

2.4. Mortality 

 

To assess the effect of the treatment diets on survival, cages were checked daily for dead bees, 

which were counted, recorded and removed. This was done for 14 days. The mortality results were 

analysed using the survival package in R to produce a Kaplan-Meier plot of overall survival 

probability over the 14 days (Therneau, 2022). Each replicate cage began with 100 bees and 

survival probabilities were based on average survival on each day, calculated from the replicates 

after outlier cages were removed. The Kaplan-Meier survival analysis was also used to calculate 

confidence intervals for the overall survival probability per treatment, and the p-value to determine 

if there were significant differences between groups. Post hoc pairwise comparisons were then 

conducted using the log-rank test in R (Therneau, 2022). 

 

2.5. Free Amino Acids in Bee fat body, Bee Feeds and Redgum Pollen 

 

Free amino acids in the bee fat body, bee feeds and Redgum pollen were analysed by targeted high 

performance liquid chromatography mass spectrometry, coupled with QQQ. Batches of six bees 

were sampled from the sucrose only, 0% Ile and 3.8% Ile treatment groups, at days 0, 3, 7 and 10, 

resulting in 12 samples. They were dissected, removing the gut from the semi-frozen abdomen 

and separating the abdomen from the rest of the bee. The abdomens were then pulverised by mortar 
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and pestle in liquid nitrogen to produce a homogenous powder and  triplicate 15 mg of samples of 

the homogenate were weighed out.  

 

We purchased samples of common bee feeds Agrisera, Feedbee, Ultrabee, Vitahive for amino acid 

content analysis and compared them to the amino acid concentration of native Australian Redgum 

pollen. Redgum pollen was used as a point of comparison as this is a native pollen commonly used 

as bee feed, and that is considered to contain adequate amounts of the essential amino acids for 

honey bees (Somerville, 1999). Of each feed and pollen 5 g were weighed out into 50 ml falcon 

tubes and pulverised using a drill mill to ensure the cells were sufficiently broken down. 15 mg 

samples were weighed out from each feed/pollen powder for free amino acid analysis. The 

remainder was stored at -20˚C. 

 

Metabolite Extraction buffer was made up of 90% methanol, 8 mg/L of adipic acid and 2.7 mg/L 

of 13C-Leucine. 500 l of metabolite extraction buffer was added into each sample and vortexed. 

Samples were then placed in a thermomixer preheated to 75˚C and shaken at 1200 rpm for 20 

minutes, before being centrifuged at maximum speed in a microfuge for 3 minutes. 100 l of the 

supernatant was then collected into a new tube, dried down by speed-vac and stored at -80˚C. Dry 

samples were resuspended in 100 l of H2O and centrifuged at 20 000 x g for 45 minutes to pellet 

insoluble debris. 50 l of the resulting supernatant was transferred into a vial for separation on a 

HILIC column (Agilent) HPLC (Agilent 1100) and analysed by QQQ-Mass Spectrometry 

(Agilent 6430) with an electrospray ion source (Le et al, 2021). 1 l of each sample was injected 

for analysis. For a standard curve 0.1-2000 mol serial dilutions of amino acids were prepared 

and 1 l injected for analysis. The column flow rate was 0.4 mL·min–1; the column temperature 

was 35°C, and the autosampler was kept at 10°C. Data were acquired using Agilent MassHunter 

Workstation Data Acquisition software (Le et al, 2021). 

 

Free amino acid area quantitation was normalised against an internal standard, 13C leucine, to 

adjust for extraction and LC-MS/MS errors. Outliers were removed by calculating standard error. 

The concentrations of each amino acid were analysed in R using a generalised linear model with 

gaussian or gamma distributions selected based on histograms of the data. An ANOVA of the 

generalised linear model was then used to determine factors with significant effects on the results 

(Fox and Weisberg, 2019). Post hoc pairwise comparisons were conducted using the lsmeans 
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function, adjusted with ‘FDR’ to compare the effect of treatments at each time point and time 

points for each treatment (Lenth, 2016).  

 

2.6. Total Amino Acids in Bee Feeds and Redgum Pollen  

 

From the remaining ground samples of the bee feeds and Redgum pollen, 2 g samples were 

weighed out and sent to the Australian Proteome Analysis Facility at Macquarie University to be 

analysed by liquid chromatography mass spectroscopy. Total amino acid profile analysis was 

performed as per APAF SOP AAA-001. Samples underwent 24hr liquid hydrolysis in 6M 

hydrochloric acid at 110 °C. Under these conditions, asparagine was hydrolysed to aspartic acid 

and glutamine to glutamic acid, therefore the reported amount of these acids is the sum of those 

respective components. Cysteine and tryptophan were not analysed. After hydrolysis, all amino 

acids were labelled using the Waters AccQTag Ultra chemistry and analysed on a Waters Acquity 

UPLC. Samples were analysed in duplicate, and results expressed as an average. Both the residue 

mass in protein molecular weight and the free amino acid molecular weight were assessed. For 

analysis of the amino acid profiles of the bee feeds and Redgum pollen, the results for duplicate 

samples were averaged and averages were used to calculate the percentage of each amino acid per 

total amino acids detected. Significant differences between the feeds were assessed using a 

generalised liner model, with an ANOVA of the model (Fox and Weisberg, 2019), and post hoc 

pairwise comparisons were conducted using the lsmeans functions adjusted with ‘FDR’ (Lenth, 

2016).   

 

 

3. Results  

 

The following results are compiled to analyse the effects of different dietary concentrations of 

isoleucine, below DeGroot’s 4%, on bee growth, mortality, hypopharyngeal gland development, 

and amino acid content of the bee fat body, during the first 14 days after emergence. Treatment 

diets tested were sucrose only (no amino acids), 0% Ile, 2% Ile, 3.4% Ile and 3.8% Ile. Isoleucine 

treatment diets contained all other amino acids in concentrations representative of Redgum pollen 

and isoleucine in the stated concentration.  

 

3.1. Growth 
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Whole bee weight was the greatest on day 0 across all treatments, followed by a significant drop 

in weight to day 3 and steady increases over days 7 and 10 (Figure 4) (Table 4: ANOVA of the 

generalised linear model, p-value <2.2e-16). For detail of the lsmeans (adj FDR) post-hoc pairwise 

comparisons of the time points for each treatment see Table 5. No significant differences were 

exhibited between treatment groups on day 0, as expected, as these were newly emerged bees that 

had not yet been subject to the treatment diets. Some significant differences were detected between 

the treatment groups on day 3, where the 2% Ile and 3.4% Ile diet resulted in the least loss of 

whole bee weight compared to the sucrose only diet (no amino acids) (Figure 5). Over day 7 and 

10 the amino acids diets with 3.4% and 3.8% Ile resulted in the greatest whole bee weights. The 

diet with 3.8% Ile resulted in a faster weight gain, plateauing between days 7 and 10 (Figure 5). 

Diets of sucrose only, 0% Ile and 2% Ile resulted in a smaller weight gain over the course of the 

10 days (Figure 4) (Table 4: ANOVA of the generalised linear model, p-value <0.0001). For detail 

of the lsmeans (adj FDR) post-hoc pairwise comparisons of treatments at each time point see Table 

6. 

 

 
Figure 4. Boxplot of whole bee weight (g) over time (days) for bees fed treatment diets of sucrose only, and complete 

amino acids with 0%, 2%, 3.4% and 3.8% isoleucine. Complete amino acid concentrations based on concentrations 

found in Redgum pollen (Somerville & Nicol, 2006). Letters indicate significantly different results. 
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Figure 5. Whole bee weight (g) over time (days),  for bees fed treatment diets of sucrose only, and complete amino 

acids with 0%, 2%, 3.4% and 3.8% isoleucine. Complete amino acid concentrations based on concentrations found 

in Redgum pollen (Somerville & Nicol, 2006). 

 

 

Table 4. Results from ANOVA of generalised linear model to identify factors with a significant effect on whole bee 

weight and bee head weight. Significant factors are highlighted. For further detail of ANOVA output see Tables S1-

S2. 

Factor Whole Bee Weight (p-value) Bee Head Weight (p-value) 

Day <2.2e-16 <2.2e-16 

Treatment 1.9e-05 8.47e-16 

Day : Treatment  0.035 4.03e-05 

 
 

Table 5. Post hoc pairwise comparison of days for each treatment, produced using lsmeans adjusted with ‘FDR’. 

Significantly different pairwise comparisons are highlighted. For detail of lsmeans output see Tables S3 and S5. 

Contrast Whole Bee Weight (p-value) Bee Head Weight (p-value) 

 Sucrose 0% Ile 2% Ile 3.4% 

Ile 

3.8% 

Ile 

Sucrose 0% Ile 2% Ile 3.4% 

Ile 

3.8% 

Ile 

Day 0-3 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Day 0-7 <0.001 <0.001 <0.001 <0.001 0.0003 <0.001 <0.001 <0.001 <0.001 <0.001 

Day 0-10  0.0001 00001 <0.001 0.0102 0.0003 <0.001 <0.001 <0.001 <0.001 <0.001 

Day 3-7  <0.001 0.0001 0.1344 0.0841 <0.001 0.0020 0.0122 0.0368 0.0003 0.5734 

Day 3-10  <0.001 <0.001 0.0183 <0.001 <0.001 0.0001 0.1142 <0.001 0.0001 0.3087 

Day 7-10  0.0908 0.4661 0.3390 0.0058 0.9162 0.4117 0.3259 0.0096 0.7237 0.1276 
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Table 6. Post hoc pairwise comparison of treatments on each day, produced using lsmeans adjusted with ‘FDR’.  

Significantly different pairwise comparisons are highlighted. For detail of lsmeans output see Tables S4 and S6. 

Contrast Whole Bee Weight (p-value) Bee Head Weight (p-value) 

 Day 0 Day 3 Day 7 Day 10 Day 0 Day 3 Day 7 Day 10 

Sucrose – 0% Ile 0.8269 0.0701 0.4447 0.9378 0.2888 0.7924 0.4175 0.0143 

Sucrose – 2% Ile 0.8269 0.0027 0.9295 0.5948 0.8653 0.0187 0.0022 0.0817 

Sucrose – 3.4% Ile 0.8269 <0001 0.3193 0.0441 0.8009 0.0072 0.0171 0.0045 

Sucrose – 3.8% Ile 0.8269 0.0701 0.0421 0.3997 0.2888 0.8668 0.0171 <0001 

0% Ile – 2% Ile 0.8269 0.1985 0.4447 0.5948 0.2888 0.0476 0.0171 0.4228 

0% Ile – 3.4% Ile 0.8269 0.0247 0.7814 0.0452 0.2888 0.0128 0.1194 0.6041 

0% Ile – 3.8% Ile 0.8269 0.9772 0.2889 0.4109 0.8769 0.8505 0.1306 0.0233 

2% Ile – 3.4% Ile 0.8269 0.2701 0.3193 0.0143 0.8769 0.6971 0.4175 0.2113 

2% Ile – 3.8% Ile 0.8810 0.1985 0.0421 0.1900 0.2888 0.0286 0.4175 0.0033 

3.4% Ile – 3.8% 

Ile  

0.8269 0.0247 0.3193 0.2908 0.3193 0.0084 0.9190 0.0817 

 

 

Bee head weight was the greatest on day 0, followed by a significant drop in weight to day 3, and 

steady subsequent decreases over days 7 and 10, in all treatment diets except 3.8% Ile, which 

resulted in a significant increase in bee head weight from day 3 to day 10 (Figure 6) (Table 4: 

ANOVA of generalised linear model, p-value <2.2e-16). For detail of the lsmeans (adj FDR) post-

hoc pairwise comparisons of time points for each treatment, see Table 5. As expected, no 

significant differences were observed between the treatment groups on day 0. On day 3 some 

significant differences were detected between treatment groups, where the 2% Ile and 3.4% Ile 

diets resulted in the least loss of weight compared to the other treatments (Figure 7). At day 7 the 

2% Ile, 3.4% Ile and 3.8% Ile diets all resulted in less loss of weight compared to the sucrose only 

diet. Diets with 3.4% Ile and 3.8% Ile resulted in the greatest bee head weights on day 10 and were 

not significantly different from one another. Feeding with complete amino acids plus 3.8% Ile 

resulted in decreasing head weight from day 0 to day 7. Head weight then increased from day 7 to 

10, to above the average weight at day 3 (Figure 7) (Table 4: ANOVA of generalised linear model, 

p-value <0.001). For detail of the lsmeans (adj FDR) post-hoc pairwise comparisons of treatments 

at each time point, see Table 6.  For further details of all weight data analysis see Tables S1-S6 

(appendix).  
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Figure 6. Boxplot of bee head weight (g) over time (days) for bees fed treatment diets of sucrose only, and complete 

amino acids with 0%, 2%, 3.4% and 3.8% isoleucine. Complete amino acid concentrations based on concentrations 

found in Redgum pollen (Somerville & Nicol, 2006). Letters indicate significantly different results. 

 

 
Figure 7. Bee head weight (g) over time (days) for bees fed treatment diets of sucrose only, and complete amino acids 

with 0%, 2%, 3.4% and 3.8% isoleucine. Complete amino acid concentrations based on concentrations found in 

Redgum pollen (Somerville & Nicol, 2006). 

 

 

3.2. Mortality  

 

Presence and absence of dietary isoleucine significantly affected overall survival probability of 

the newly emerged bees (Figure 8: Kaplan-Meier survival analysis, p-value <2e-16). Each 

replicate cage began with 100 bees and survival probabilities are based on average survival on 

each day, calculated from the replicates. The greatest overall survival probability to 14 days was 
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seen in the bees fed a diet of 3.8% Ile,  at 0.980. This was followed by the 3.4% Ile diet with an 

overall survival probability of 0.973, the 2% Ile diet at 0.957, the sucrose only diet at 0.843 and 

the 0% Ile diet at 0.833. Post hoc pairwise comparisons identified statistically significant 

differences between the treatment diets with isoleucine and those without, therefore the presence 

and absence of isoleucine in bees’ diets significantly impacted their survival (Table 7: pairwise 

survdiff analysis, p-values <0.001). The sucrose diet and 0% Ile were not significantly different 

from each other, nor were the diets with 2%, 3.4% or 3.8% Ile respectively. The significant 

differences become apparent after day 10 (Figure 8).  

 

 
Figure 8. Kaplan-Meier survival plot of overall survival probability between 0.8 and 1 (none below 0.8) for bees fed 

treatment diets of sucrose only, and complete amino acids with 0%, 2%, 3.4% and 3.8% isoleucine. Complete amino 

acid concentrations based on concentrations found in Redgum pollen (Somerville & Nicol, 2006). P-value <2e-16 

indicates significant difference between two or more groups. Shading indicates confidence intervals.  
 

Table 7. Post hoc pairwise comparisons by Log-rank test of survival analysis for bees fed treatment diets of sucrose 

only, and complete amino acids with 0%, 2%, 3.4% and 3.8% isoleucine. Complete amino acid concentrations based 

on concentrations found in Redgum pollen (Somerville & Nicol, 2006). Significantly different comparisons are 

highlighted.  

 Sucrose 0% Ile 2% Ile 3.4% Ile 

0% Ile 0.76 - - - 

2% Ile 7.5e-06 2.1e-06 - - 

3.4% Ile 1.0e-07 2.7e-08 0.34 - 

3.8% Ile 2.6e-08 9.7e-09 0.15 0.66 
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3.3. Free Amino Acids in the Bee Fat Body 

 

Due to the sensitivity of the model, a significant effect of the factors day, treatment and the 

day*treatment interaction was identified for all amino acids (ANOVA of the generalised linear 

model, p-values <2.2e-16 - 0.05), except glycine, for which there was no significant effect of the 

time points (Table S42), and glutamate, for which there was no significant effect of the treatment 

diets (Table S54). Additionally, the lsmeans pairwise comparisons identified highly significant 

contrasts between treatments and time points for concentrations of nearly all amino acids in the 

bees. For details of ANOVAs and lsmeans (adj FDR) post-hoc pairwise comparisons of treatments 

at each time point, and time points for each treatment, for all amino acids, see Figure S1 and Tables 

S7-S68 (appendix).   

 

Here only three treatment diets were tested, sucrose only (no amino acids), 0% Ile (all amino acids 

in concentrations representative of Redgum pollen, and no isoleucine), and 3.8% Ile (all amino 

acids in concentrations representative of Redgum pollen and isoleucine present at a concentration 

of 3.8% of total amino acids). The sucrose only diet resulted in the lowest amounts of amino acids 

in the bees overall, with concentrations of nearly all amino acids significantly lower compared to 

bees fed with the 0% Ile diet and the 3.8% Ile diet (Figure 9) (Tables S7-S68). Furthermore, 

concentrations of all essential amino acids decreased over time in the sugar fed bees, though 

concentrations of arginine decreased significantly less (Figure 9) (Table S32). The sucrose only 

diet resulted in most of the non-essential amino acids’ concentrations being maintained throughout 

the 10 days, except for tyrosine, which was significantly depleted by day 10 (Figure 9) (Table 

S41). For the bees fed a diet of 0% Ile, concentrations of most amino acids were greater than in 

bees fed the sucrose only diet. For the essential amino acids, most maintained their levels over 10 

days of bee development, except for phenylalanine, leucine, tryptophan and isoleucine, which 

were still observed to decrease. Concentrations of non-essential amino acid were also maintained 

on the 0% Ile diet (Figure 9).   

 

Significant differences were exhibited between bees fed diets of 0% Ile and 3.8% Ile, in the 

measured concentrations of a number of amino acids, suggesting a relationship with isoleucine. 

As expected, concentrations of isoleucine were significantly different between bees fed the 3.8% 

Ile diet and bees fed diets without isoleucine (Figure 9) (Table S19). The other amino acids 

effected were leucine, tryptophan, alanine and glutamine. Leucine, tryptophan and alanine 

exhibited decreasing concentrations over time in bees fed the sucrose only and 0% Ile diets, while 
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the 3.8% Ile diet resulted in an accumulation of these amino acids on day 10 (Figure 9) (Tables 

S14, S17, S38). Glutamine concentrations were observed to decrease over time on the sucrose 

only diet, accumulated over time on the 0% Ile diet, and accumulated significantly more on day 

10 with the 3.8% Ile diet (Figure 9) (Table S47). Amino acids that decreased in the bees over time, 

even on a diet of complete amino acids and 3.8% Ile, were phenylalanine, leucine, tryptophan and 

isoleucine. For details of ANOVAs and lsmeans (adj FDR) post-hoc pairwise comparisons of 

treatments at each time point, and time points for each treatment, for all amino acids, see Figure 

S1 and Tables S7-S68 (appendix).   

 

 

 
 

 
 

 
 

Figure 9. Free amino acid concentrations for bees fed diets of sucrose only, complete amino acids and 0% isoleucine, 

and complete amino acids with 3.8% isoleucine, over 10 day period. Complete amino acid concentrations in the diet 

based on the concentrations of amino acids found in Redgum pollen (Somerville & Nicol, 2006). 
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3.4. Free Amino Acids in Bee Feeds and Redgum Pollen 

 

Analysis of free amino acids in the bee feeds and Redgum pollen demonstrated that Feedbee and 

Redgum pollen had the greatest concentrations of most individual amino acids, and were 

significantly different from all other feeds (Figure 10) (Figure S3: ANOVA of generalised linear 

model, p-values <2.2e-16) but not significantly different from each other. The next greatest 

concentration of free amino acids was observed in Ultrabee, and the least was in Vitahive (Figure 

10). We excluded Agrisea from the free amino acid analysis as this is distributed in a liquid and 

has 1000-fold lower concentrations. Pairwise comparisons indicated that there was no significant 

difference in concentrations of free isoleucine between any of the feeds and Redgum pollen. For 

detail of the lsmeans (adj FDR) post-hoc pairwise comparisons of feeds overall and for isoleucine, 

see Table S69 (appendix).   

 
 

 

 
 

 

 

 

 

 

Figure 10. Free essential and non-essential amino acid concentrations found in commercial bee feeds Feedbee, 

Ultrabee and Vitahive, and in bee collected Redgum pollen.  

 

 

3.5. Total Amino Acids in Bee Feeds and Redgum Pollen 

 

Analysis of the total amino acids, including amino acids that are normally bound in proteins, in 

the commercial feeds and Redgum pollen showed that Ultrabee had significantly greater total 

amino acids of any of the feeds with 561.8 mg/g of fresh weight (Figure 11) (Figure S4: ANOVA 

of generalised linear model, p-values <2.2e-16). This was followed by Feedbee with 288.2 mg/g, 

Vitahive with 279.3 mg/g, Redgum pollen with 239.7 mg/g, which were not significantly different 
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from each other, and Agrisea with 0.326 mg/g which exhibited significantly less (Table 8), 

however this was the only feed distributed in liquid form. For detail of the lsmeans (adj FDR) 

post-hoc pairwise comparisons of feeds overall and for isoleucine, see Table S70 (appendix).   

 
Table 8. Total amino acid concentrations in commercial bee feeds Agrisea, Feedbee, Ultrabee and Vitahive, and in 

bee collected Redgum pollen. 

Feed/Pollen Total Amino Acids (mg/g FW) 

Agrisea 0.326 

Feedbee 288.2 

Redgum pollen 239.7 

Ultrabee 561.8 

Vitahive 279.3 

 

Ultrabee exhibited the greatest concentrations of total individual amino acids compared to all other 

feeds and Redgum pollen (Figure 11), while Agrisea was found to have the lowest (Table 8). For 

all individual amino acids, Ultrabee and Agrisea were significantly different from the other feeds 

and Redgum pollen, while Feedbee, Vitahive and Redgum pollen were not significantly different 

from each other. Regarding total isoleucine, Ultrabee exhibited significantly greater 

concentrations than Feedbee, Vitahive and Redgum pollen, which were not significantly different 

from each other, and Agrisea was found to have significantly less. For detail of the lsmeans (adj 

FDR) post-hoc pairwise comparisons of feeds overall and for isoleucine, see Table S70 

(appendix).    
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Figure 11. Total concentrations of individual essential and non-essential amino acids, including those bound in 

protein, found in commercial bee feeds Feedbee, Ultrabee, Vitahive, and in bee collected Redgum pollen.  

 

 

Table 9. Total concentrations of essential and non-essential amino acids in commercial bee feed Agrisea (Tabulated 

as values too small to show in Figure 11). 

Agrisea 

Amino Acid Amount (mg/g FW) Amount Listed on Agrisea bottle 

(mg/g) 

Histidine 0.011 0.007 

Serine 0.023 0.019 

Arginine 0.014 0.015 

Glycine 0.020 0.026 

Aspartic acid 0.039 0.072 

Glutamic acid 0.053 0.192 

Threonine 0.023 0.017 

Alanine 0.025 0.086 

Proline 0.013 0.009 

Lysine 0.017 0.018 

Tyrosine 0.008 0.014 

Methionine 0.007 0.005 

Valine 0.020 0.019 

Isoleucine 0.015 0.009 

Leucine 0.023 0.017 

Phenylalanine 0.014 0.013 

Total 0.326 - 

 

Generally, the ratios of the amino acids within each of the feeds were comparable (Figure 12). For 

their percentage amino acids (per total amino acids) all feeds and Redgum pollen exhibited high 

levels of similarity. Agrisea exhibited a greater percentage of isoleucine than Redgum pollen with 

4.7% compared to 4.6% respectively. All other bee feeds had lower percentages of isoleucine with 

4.1%, 4.5% and 4.2% for Vitahive, Feedbee and Ultrabee respectively (Figure 12). All the feeds 

were found to have above DeGroot’s recommended 4% dietary isoleucine as the minimal amount 

for maximal growth (Table 12).  
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Figure 12. Percentage of essential and non-essential amino acids per total amino acids in commercial bee feeds 

Agrisea, Feedbee, Ultrabee, Vitahive, and in bee collected Redgum pollen. Essential amino acids are compared to 

DeGroot (1953) percentages.  

 

4. Discussion  

 

This study aimed to analyse the impacts of different dietary isoleucine concentrations, below 

DeGroot’s 4%, on honey bee growth, hypopharyngeal gland development, mortality and amino 

acid content of the bee fat body. With a treatment diet of sucrose only, we also aimed to determine 

the effect of having no amino acids in the diet. Furthermore, we aimed to analyse the amino acid 

profiles of common commercial bee feeds and Redgum pollen, to compare them and determine 

their nutritional value in the context of the findings in the studied bees. To do this we studied 2000 

newly emerged bees fed diets of sucrose only, and sucrose with complete amino acids and 0%, 

2%, 3.4% and 3.8% isoleucine, and compiled results on physiology and amino acid metabolism.  

 

4.1. Physiology 

 

Honey bees continue to grow after emergence as adults, therefore have high protein intake 

requirements, including intake of essential amino acids, during the first 3-5 days of life. This is to 

support the considerable growth that they undergo up to day 10, including increasing their protein 

content as much as 20-25%, and development of essential organs such as the hypopharyngeal 

gland (Gage et al, 2020). This study found that whole bee weight decreased from days 0 to 3 as 
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bees use up the fat reserves they are born with, and then increased over time from days 3 to 10. 

Different dietary isoleucine concentrations impacted this growth. Diets of 3.4% Ile and 3.8% Ile 

resulted in the greatest whole bee weights on days 7 and 10. The sucrose only, 0% Ile and 2% Ile 

diets also resulted in growth over time, though less than 3.4% and 3.8% Ile. The 3.8% Ile diet 

appeared to achieve the maximum attainable growth for that concentration earlier than the other 

diets, as a plateau was observed between days 7 and 10. This study focused on isoleucine 

deficiency below DeGroot’s ideal 4% Ile, and the findings show that bee growth over time can 

still be achieved with lower isoleucine, and even with sucrose only (no amino acids), though 

concentrations closer to 4% resulted in the greatest whole bee weights. Therefore, dietary 

isoleucine is essential for maximal bee growth. Dietary isoleucine concentrations of 3.4% and 

3.8% are enough to achieve significant bee growth over time but cannot be determined as the 

optimal concentrations for growth, as an upper limit was not observed in this study.   

 

As well as whole bee weight increasing as bees grow from days 3 to 10, different segments of the 

worker bee undergo different periods of growth depending on their role (Hendriksma et al, 2019). 

The first role newly emerged bees take on is as a cleaner bee. They do not grow during this time, 

notably losing the weight of fat reserves that they emerged with. From day 3 worker bees become 

nurse bees which use the hypopharyngeal gland in their head to feed the brood (Hendriksma et al, 

2019). From about day 12 they transition from nurse bees to forager bees, resulting in the 

hypopharyngeal gland decreasing in size as it is no longer needed, while other parts of the body 

increase in weight, such as muscles in the thorax as bees begin to fly more (Hrassnigg and 

Crailsheim, 1998). Increases in bee head weight from days 3 to 12 have been documented in 

correlation with development of the hypopharyngeal gland, as well as subsequent decreases in bee 

head weight from day 12 onwards as they become foragers (Hrassnigg and Crailsheim, 1998). 

Hypopharyngeal gland development is highly dependent on intake of the necessary amino acids 

and is especially vital for nurse bees 3 to 12 days old (Paoli et al, 2014). Therefore, changes in bee 

head weight were measured in addition to changes in whole bee weight.  

 

This study found that dietary isoleucine concentrations significantly impacted bee head weight. 

All treatment diets resulted in a significant decrease in bee head weight from day 0 to day 3, the 

period where bees use up their fat reserves and the hypopharyngeal gland has not yet undergone 

significant development. From Day 7 to day 10 the diet of 3.8% Ile resulted in an increase in bee 

head weight, while all other treatment groups resulted in continual decreases, and the 3.8% Ile 

treatment group resulted in the greatest bee head weights by day 10 overall, surpassing the average 
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weights of the 3.8% Ile fed bees on day 3. Therefore, isoleucine concentrations significantly 

impacted bee head weight, highlighting its significance to hypopharyngeal gland development. 

Additionally, it appears that dietary isoleucine concentrations closer to DeGroot’s 4% was needed 

for increasing head weight from day 3 to day 10, the time when hypopharyngeal gland 

development and function is most vital. These findings further support DeGroot’s study as the 

treatment diet closest to 4% resulted in the greatest be head weight on day 10. However, similarly 

to the whole bee weight results, an upper limit for head weights were not observed in the studied 

bees.  

 

One limitation of this study is that, while bee head weight has been found to correlate with 

hypopharyngeal gland development, the hypopharyngeal gland was not measured directly. Head 

weight is representative of all components within the bees’ head, therefore does not measure 

development of the hypopharyngeal gland development exclusively. While head weight can be 

used as a proxy for hypopharyngeal gland development, as it has here, dissecting the head to isolate 

the hypopharyngeal gland and study it directly would be more accurate. This presents a potential 

direction for further research.  

 

Bees lacking the necessary amino acid intake in the first week after emergence have been found 

to exhibit reduced lifespans (Wright et al, 2018). Here, we found that bees fed diets lacking 

isoleucine exhibited significantly lower survival probabilities than bees fed complete amino acid 

diets, which could be a consequence of lower energy reserves in the first 3 days, leading to 

decreased resistance to stressors. This correlates with the whole bee weight results whereby a diet 

of sucrose only resulted in the greatest weight loss in bees between days 0 and 3 compared to the 

diets containing amino acids, as bees used up more of their fat reserves. This study found that an 

absence of isoleucine in the diet resulted in significantly decreased  survival, with the sucrose only 

diet and a diet of all amino acids except isoleucine (0% Ile) having the same outcome for bee 

survival. This highlights the significance of isoleucine and alludes to the importance of the 

essential amino acids as a whole.  

 

As an essential amino acid, isoleucine is vital for protein synthesis and muscle development, as 

well as playing a role in inter-tissue signalling and homeostasis and is therefore important for 

healthy development (Biswas et al,  2019; Wolfe, 2017). Isoleucine and its analogs have also been 

found to specifically induce the immune response peptide defensin in mammalian epithelial tissue 

(Fehlbaum et al, 2000). While similar studies have not been conducted on insects, it is likely that 
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isoleucine has relevance to the immune health of other defensin producing organisms such as 

honey bees. These factors have implications for an organism’s longevity, supporting the findings 

that a diet lacking isoleucine was just as detrimental to the survival of the tested honey bees as a 

diet with no amino acids at all. 

 

Conversely, the 2% Ile, 3.4% Ile and 3.8% Ile diets achieved the same outcomes for survival up 

to day 14, with dietary isoleucine above at least 2% being sufficient for overall survival 

probabilities above 95%. These findings suggests that dietary isoleucine requirements for bee 

survival are much lower than DeGroot’s 4%, and that the presence or absence of isoleucine from 

the diet has the greatest impact on overall survival probabilities in the first 14 days after 

emergence. Therefore, native pollens with isoleucine concentrations between 2% and 4% are 

likely sufficient for honey bee survival during this time. This presents a potential direction for 

future research on the effects of singularly omitting other essential amino acids from the diet on 

mortality, to determine if the consequences are comparable to having no amino acids at all, as with 

the omission of isoleucine.  

 

4.2. Free Amino Acids in Bee Fat Body 

 

The literature on bee bodily amino acid content suggests that subtle differences in diet can result 

in differences in the bee (Gage et al, 2020; Paoli et al, 2014). As amino acids are necessary for 

protein synthesis and vital biochemical pathways, concentrations in the fat body tissue are directly 

linked to the organism’s bodily functions at the molecular level (Arrese Soulages, 2010). This is 

therefore impacted by the diet, as essential amino acids cannot be produced by the organism and 

must be consumed (Behmer, 2008). Our research found that the presence and absence of amino 

acids in the diet was reflected in the the amino acid profile of the bee fat body tissue, and that 

presence and absence of isoleucine not only effected isoleucine concentrations in the bee, but also 

concentrations of some other amino acids.  

 

On a diet of sucrose only, most essential amino acids in the bees depleted over time, suggesting 

that free amino acids were being used up for the significant protein synthesis that occurs in the 

first two weeks of bees’ lives, and could not be replenished (Arrese Soulages, 2010). Interestingly, 

in bees fed the sucrose only diet, there were a number of non-essential amino acids that were also 

observed to decrease over time, suggesting that the bees were not able to synthesise them 

independently at the necessary concentrations. Tyrosine in particular is a non-essential amino acid 
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that almost completely depleted by day 10 in bees fed the sucrose only diet, and exhibited 

concentrations that were maintained over time when bees were fed diets containing amino acids, 

including tyrosine. Conversely, arginine is an essential amino acid that did not deplete to the same 

extent as the other essential amino acids in the sugar fed bees. When bees were fed a diet 

containing amino acids, including arginine, concentrations in the bees were seen to accumulate, 

similarly to the accumulation observed in most of the non-essential amino acids. Therefore, 

arginine and tyrosine are examples of amino acids that behaved differently than expected for their 

categorisation. These findings suggest that they should be studied further to review their 

classification as essential and non-essential.  

 

In the bees fed diets containing amino acids, most amino acid concentrations were observed to 

accumulate over time, suggesting that the levels in the treatment diets (representative of amino 

acid concentrations in Redgum pollen) were sufficient. The essential amino acids that were 

observed to decrease in bees fed the 0% Ile diet were phenylalanine, leucine, tryptophan and 

isoleucine. However, increasing the levels of isoleucine to 3.8% improved the concentrations of 

leucine, tryptophan and isoleucine over time. This result was expected for isoleucine as the 

presence and absence of the other essential amino acids from the diet was reflected in the fat body 

tissue. However, the results also suggest that concentrations of leucine and tryptophan are 

impacted by isoleucine concentrations, and may be dependent on sufficient levels of isoleucine in 

the diet. Concentrations of the non-essential amino acids alanine and glutamine were also observed 

to accumulate further when isoleucine was present, compared to the accumulation observed on a 

diet of all amino acids except isoleucine, suggesting that they may be conditionally essential, also 

depending on the presence of adequate concentrations of isoleucine in the body.   

 

Similar relationships are seen in human protein metabolism, whereby the branched chain amino 

acids isoleucine, leucine and valine provide the major nitrogen source for alanine and glutamine 

synthesis (Holeček, 2002). In situations of critical illness, alanine and glutamine concentrations 

can become depleted, triggering their synthesis from branched chain amino acids (Holeček, 2002). 

Additionally, branched chain amino acids have been found to compete with aromatic amino acids 

(phenylalanine, tyrosine and tryptophan) in the same neurotransmitter pathways (Holeček, 2018), 

representing another example of how some amino acids can affect the concentrations of others. 

These findings call for further research into the relationship between amino acids as it is possible 

that simply categorising amino acids as essential or non-essential does not account for the 

complexity of how they interact in the body. It is possible that some amino acids are not able to 
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be used effectively in the body without the presence of others and, conversely, we know that some 

amino acids can be synthesised from others when needed.  

 

Lastly, even in bees fed a diet of complete amino acids and 3.8% Ile, phenylalanine, leucine, 

tryptophan and isoleucine were still observed to deplete over the 10 days. They did not recover to 

the same levels as when the bees first emerged from their cells, indicating that the concentrations 

of these amino acids in Redgum pollen, the basis of amino acid concentrations in our treatment 

diets, may not be sufficient for bees’ development, or that these amino acids are present in much 

higher concentrations then necessary when bees first emerge. As Redgum pollen is a commonly 

used bee feed and is considered an ideal native pollen for bee amino acid requirements 

(Sommerville, 2000), these findings suggest that further research into the effect of native pollen 

diets on the subsequent amino acid profile of the bees’ themselves should be conducted.  

 

4.3. Amino Acids in Bee Feeds and Redgum Pollen  

 

With the decline of bee populations as a result of floral resource scarcity and diminished nutritional 

status, it is increasingly important that supplementary pollen sources, such as commercial feeds, 

meet bee nutrition requirements (Ricigliano et al, 2022). Here, we assessed the amino acid profiles 

of common bee feeds Agrisea, Feedbee, Ultrabee and Vitahive, as well as the amino acid content 

of Australian Redgum pollen, to determine if they provide sufficient quantities of amino acids, in 

relation to the findings for the studied bees.  

 

The amino acid contents of the feeds were generally comparable, with Feedbee, Ultrabee and 

Vitahive exhibiting concentrations greater than Redgum pollen for most amino acids. Analysis of 

free amino acids in the bees themselves indicated that concentrations of some amino acids in 

Redgum pollen may not be sufficient, despite Redgum generally being considered a good standard 

pollen source for bee nutritional requirements in Australia. These amino acids were phenylalanine, 

leucine, tryptophan and isoleucine. Both Feedbee and Ultrabee had greater concentrations of these 

amino acids than Redgum pollen in the free amino acid analysis, indicating that they may be 

sufficient supplementary pollens sources when available pollen is deficient, as well as for boosting 

bee hives and encouraging healthy brood (Ricigliano et al, 2022). Vitahive exhibited 

concentrations of these amino acids lower than the concentrations in Redgum pollen, suggesting 

that this feed would not make up for amino acid deficiencies.  
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In terms of the total amino acids, including amino acids bound in protein form, and the percentages 

of individual amino acids per total amino acids, Feedbee, Ultrabee and Vitahive exhibited greater 

concentrations of phenylalanine, leucine and isoleucine than in Redgum pollen, indicating that 

they would likely be better supplementary amino acid sources. Tryptophan concentrations were 

not measured in this analysis. Percentages of isoleucine in all feeds were generally comparable, 

and all were above DeGroot’s 4%. Overall, the amino acid content of Feedbee, Ultrabee and 

Vitahive indicate that they would provide improved dietary concentrations of essential amino 

acids compared to Redgum pollen.     

 

Regarding Agrisea, significantly lower amino acid concentrations were observed meaning that 

large quantities of this feed would need to be consumed by bees for their amino acid requirements 

to be met. Additionally, Agrisea is the only feed that is dispersed in a liquid form, raising questions 

as to how bees would be able to store it as a supplementary pollen source and use it to feed the 

brood. When comparing the amino acid concentrations from our analysis to those listed on the 

Agrisea bottle, most were within two-fold of the Agrisea nutritional information, indicating that 

the information provided by the company is a good representation of the true nutritional value. 

Agrisea was the only feed company which provided detailed nutrition information (AgriSea. 

2021). 

 

5. Conclusion 

 

This study confirmed that dietary isoleucine is essential for honey bees and that concentrations 

closer to 4%, i.e. the 3.4% Ile and 3.8% Ile diets, were best for optimal growth, compared to other 

concentrations tested. We also found that concentrations of some amino acids in the bees, 

including arginine and tyrosine, responded differently than expected, indicating that the essential 

and non-essential categorisations may be reviewed. Furthermore, dietary isoleucine was found to 

increase concentrations of other amino acids in the bees, suggesting relationships between amino 

acids where the metabolism of some can be impacted by others. This calls for further research as 

the essential and non-essential classifications, while important, may not cover the complexity of 

an organism’s amino acid requirements. Lastly, some amino acids were found to deplete over time, 

even when fed a complete diet with amino acids concentrations representative of Redgum pollen, 

suggesting that Redgum is not a dietarily  sufficient source of pollen for managed bees, and that 

alternative feeds, such as Feedbee or Ultrabee, should be used. By building on DeGroot’s research, 

this study contributes to the knowledge of honey bee nutritional requirements, which is valuable 
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to bee keepers using supplementary feeds, and aids in mitigating the decline of honey bee 

populations.  
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Appendix 

 
Table S1. Output from ANOVA of generalised linear model 1 on whole bee weight. 

 
 
Table S2. Output from ANOVA of generalised linear model 2 on bee head weight. 

 
 
Table S3. Output from whole bee weight lsmeans pairwise comparisons of day for each treatment. Treatments 1, 2, 

3, 4 and 5 are sucrose only, 0% Ile, 2% Ile, 3.4% Ile and 3.8% Ile respectively. 
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Table S4. Output from whole bee weight lsmeans pairwise comparisons of treatments on each day. Treatments 1, 2, 

3, 4 and 5 are sucrose only, 0% Ile, 2% Ile, 3.4% Ile and 3.8% Ile respectively. 
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Table S5. Output from bee head weight lsmeans pairwise comparisons of day for each treatment. Treatments 1, 2, 3, 

4 and 5 are sucrose only, 0% Ile, 2% Ile, 3.4% Ile and 3.8% Ile respectively. 
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Table S6. Output from bee head weight lsmeans pairwise comparisons of treatments on each day. Treatments 1, 2, 3, 

4 and 5 are sucrose only, 0% Ile, 2% Ile, 3.4% Ile and 3.8% Ile respectively. 
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Figure S1. Code used to assess distribution of bee free amino acid concentrations (example is for Phenylalanine), 

and subsequent output from ANOVA of generalised linear model used to identify significant factors.  
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Figure S2. Histogram produced for bee free amino acid concentrations (example is for Phenylalanine) to identify 

distribution of the data. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Table S7. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for 

Phenylalanine concentrations. 
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Table S8. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Phenylalanine 

concentrations. 

  
 

 

Table S9. ANOVA of generalised linear model to identify factors with significant effect on Threonine concentration 

in bee fat body. 
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Table S10. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Threonine 

concentrations. 

 
 
Table S11. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Threonine 

concentrations. 

 
Table S12. ANOVA of generalised linear model to identify factors with significant effect on Leucine concentration 

in bee fat body. 
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Table S13. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Leucine 

concentrations. 

 
 

Table S14. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Leucine 

concentrations. 

 

 
 

 Table S15. ANOVA of generalised linear model to identify factors with significant effect on Tryptophan 

concentration in bee fat body. 
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Table S16. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Tryptophan 

concentrations. 

 
 
Table S17. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Tryptophan 

concentrations. 

 
Table S18. ANOVA of generalised linear model to identify factors with significant effect on Isoleucine concentration 

in bee fat body. 
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Table S19. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Isoleucine 

concentrations. 

 
 
Table S20. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Isoleucine 

concentrations. 

 
Table S21. ANOVA of generalised linear model to identify factors with significant effect on Methionine 

concentration in bee fat body. 
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Table S22. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Methionine 

concentrations. 

 
 

Table S23. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Methionine 

concentrations. 

  
Table S24. ANOVA of generalised linear model to identify factors with significant effect on Valine concentration in 

bee fat body. 
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Table S25. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Valine 

concentrations. 

 
 

Table S26. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Valine 

concentrations. 

 
Table S27. ANOVA of generalised linear model to identify factors with significant effect on Histidine concentration 

in bee fat body. 
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Table S28. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Histidine 

concentrations. 

 

 
 

Table S29. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Histidine 

concentrations. 

  
Table S30. ANOVA of generalised linear model to identify factors with significant effect on Arginine concentration 

in bee fat body. 
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Table S31. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Arginine 

concentrations. 

 
 

Table S32. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Arginine 

concentrations. 

  
Table S33. ANOVA of generalised linear model to identify factors with significant effect on Lysine concentration in 

bee fat body. 
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Table S34. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Lysine 

concentrations. 

 
 

Table S35. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Lysine 

concentrations. 

  
 

 

Table S36. ANOVA of generalised linear model to identify factors with significant effect on Alanine concentration in 

bee fat body. 
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Table S37. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Alanine 

concentrations. 

  
 

Table S38. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Alanine 

concentrations. 

 
Table S39. ANOVA of generalised linear model to identify factors with significant effect on Tyrosine concentration 

in bee fat body. 
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Table S40. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Tyrosine 

concentrations. 

 

 
 
Table S41. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Tyrosine 

concentrations. 

  
Table S42. ANOVA of generalised linear model to identify factors with significant effect on Glycine concentration in 

bee fat body. 
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Table S43. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Glycine 

concentrations. 

 
 
Table S44. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Glycine 

concentrations. 

 
Table S45. ANOVA of generalised linear model to identify factors with significant effect on Glutamine 

concentration in bee fat body. 
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Table S46. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Glutamine 

concentrations. 

 
 
Table S47. Output from free amino acid lsmeans pairwise comparisons of days for each treatment, for Glutamine 

concentrations. 

 
Table S48. ANOVA of generalised linear model to identify factors with significant effect on Serine concentration in 

bee fat body. 
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Table S49. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Serine 

concentrations. 

 
 

Table S50. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Serine 

concentrations. 

 

 
Table S51. ANOVA of generalised linear model to identify factors with significant effect on Asparagine 

concentration in bee fat body. 
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Table S52. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Asparagine 

concentrations. 

 
 

Table S53. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Asparagine  

concentrations. 

  
Table S54. ANOVA of generalised linear model to identify factors with significant effect on Glutamate 

concentration in bee fat body. 
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Table S55. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Glutamate 

concentrations. 

 
 

Table S56. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Glutamate 

concentrations. 

  
Table S57. ANOVA of generalised linear model to identify factors with significant effect on Aspartate concentration 

in bee fat body. 
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Table S58. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Aspartate 

concentrations. 

 
 

Table S59. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Aspartate 

concentrations. 

  
Table S60. ANOVA of generalised linear model to identify factors with significant effect on Ornithine concentration 

in bee fat body. 
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Table S61. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Ornithine 

concentrations. 

 
 

Table S62. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Ornithine 

concentrations. 

  
Table S63. ANOVA of generalised linear model to identify factors with significant effect on Proline concentration in 

bee fat body. 
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Table S64. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Proline 

concentrations. 

 
 

Table S65. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for Proline 

concentrations. 

  
Table S66. ANOVA of generalised linear model to identify factors with significant effect on GABA concentration in 

bee fat body. 
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Table S67. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for GABA 

concentrations. 

 
 
Table S68. Output from bee free amino acid lsmeans pairwise comparisons of treatments on each day, for GABA 

concentrations. 

 
Figure S3. Code used to assess distribution of free amino acid concentrations of commercial bee feeds and Redgum 

pollen, and subsequent output from ANOVA of generalised linear model used to identify significant factors.   
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Table S69. Output from lsmeans pairwise comparisons of free amino acid concentrations of commercial bee feeds 

and Redgum pollen, overall and for Isoleucine. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S4. Code used to assess distribution of total (including bound) amino acid concentrations for commercial bee 

feeds and Redgum pollen, and subsequent output from ANOVA of generalised linear model used to identify significant 

factors.   
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Table 70. Output from lsmeans pairwise comparisons of total (including bound) amino acid concentrations for 

commercial bee feeds and Redgum pollen, overall and for Isoleucine. 

 

 
 

 

 



Tori Millsteed 22495345 12/06/2022 

 

 65 

 



Tori Millsteed 22495345 12/06/2022 

 

 66 

 



Tori Millsteed 22495345 12/06/2022 

 

 67 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


