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Effect of Dietary Amino Acids on Growth, Development and
Amino Acid Profile of HoneyBees Apis melliferg, with Focus
on L-Isoleucine

Tori Millsteed
Master of Biotechnology, SpecialisingAmgriculture and Environment
The University of WesterAustralia

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 diminishedheaning thabee keepers increasingly ussmmercially produced
feedsto supplement thdietsof honey beedA thorough understanding of bee nutritiotherefore

vital to ensurehat the dietary components usually accessed in floral resources acedeplah

as anmo acids Current knowledge ofde amino acid requiremeritsbased on DeGroot (1953),

who determined thessentiabmino acid$or beesand th& minimal concentrationgor maximal

growth. As a result, many native Australian pollens #assedas defigent in isoleucine, falling

below a dietary concentration d¥s4 Due to the age of the study and fibeus onrmaximal growth

only, furtherr esearch is needed to build upon DeGr o
of dietary isoleume concentrationson honey bee growth, mortality, hypopharyngeal gland
developmentand the amino acid profiles of the bizé¢ body tissue We studied2000 newly
emerged bees fed digtssucrose only, and sucrose with complete amino acids and 0%, 2%, 3.4%
and 3.8% isoleucin@Ve measured changes in whole bee weight and head weight over time, and
recorded mortality. The amino acid profiles of the bees aeag/sed by HPLC QQW®IS, as well

asthe amino aciglin commercial beéeeds and Redgum pollen, dagsss their nutritional value.

We confirmed that isoleucine is essential for bees, andliéttry concentrationsignificantly
impacttheir physiology We also found concentrationssafime amino acids in the beesponded
differently than expectedndicaing that theessential and neessential categorisations may be
reviewed.Lastly, we concluded thatoncentrations of some amino acislere impactedby the
presence and absence of isoleucine, suggesting relatishshigeen amino acids that effect their
metabolismBy bui l ding on DeGrootds research, this
bee nutrition, which is valuable to bee keepers usupplementary feeds, and aids in mitigating

the decline of honey bee populations.

1. Introduction
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Honey kees Apis melliferg are the single most important pollinator species globBliynget al,

2018) They are key in maintaining natural environments which countless other species depend
on, as well as supporting the agricultural systems built and reliedmppeople (Quinlaet al,

2022; Wrightet al, 2018). In Australighoney bees are vital for pimlating our unique and valuable
native flora, as well as supporting our vast agricultural industry, and managed bees make up a
significant portion of this péihating capacity AgriFutures Australia, 2022; Hendriksnea al,

2019) However, honey bepopuhtionsare in decline, both in Australia and on a global scale
(Durant, 2019) This is attributed to agricultural intensificatioenvironmental degradaticard
reduced plant biodiversity, limiting the availability of flora species that bees rely onéefior th
nutrition (Goulsonet al, 2015) Additionally, use of pesticides and the prevalence of diseases

i mpacts hives, as t hese ilenmceto getiodeod fomlrresourcen a t
scarcity, and further reduces bee numbé&msu{sonet 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 faband feed the upcoming brood, the consequence of which are hives that
are weaker and less rasiit to future stressorsBfanchiccelaet al, 2019) In changing climate
conditions and continued biodiversity losses, floral resources are expected to el fribes,

while dependency on pollination by bees for agriculture is increasing (Aizen 608l, Quinlan

et al 2022). Ensuring optimal nutrition for managed bek=spite floral resource lossds
necessary for maintaining their populations, enhanaoigural environments and ensuring food
security PeGrandiHoffman et al, 2018; Riciglianoet d, 2023. This calls for greater

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

The basic dietary requiremis of honey bees include carbohydrates, proteins, lipids, minerals and
vitamins (Somerville, 20 0 ) . Beebs carbohydrates come fron
pollen is their major source of protein and lipids (Wrighéal, 2018). Pollen from diéfrent plants

differ in their protein quantities and the content ofspecific amino acisl(Someville, 2000)

Some floral resources are more nutritionally valuable than others, meaning that, due to increasing
floral resource scarcityrpteinand amino ad requirements may natwaysbe metOne essential

amino acid that is thought to Heficient in many native Australian pollens is isoleucMarining,

2001)

Current knowledge ofdney bee amino acid requiremeistiargely based on a study by DeGroot
(1953) which determined that ten amino acids were essentialhtivey beegrowth and
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developmeniTable 1) meaning these amino acids cannot be produteependentlyby the
organismand need to be consumed. Conversely-e&sential amino acids are na&cessary in

an organismoés diet as t hBehmerc2808)Omeaminp aca dhatc e d
DeGroot found to be essential wiasleucine, and he determined the minimal concentration of
isoleucine for maximal growth in bees was 4% of the tota&hamcids in the diet. Next, he tested

a concentration of 3%, which resulted in l#sn maximal growth, and therefore concluded that
less than 4% isoleucine was insufficient for maximal growth. This is significant for Australian
apiary as many nativedita species, such as Eucalyptus, Banksia and Melaleuca varieties, exhibit
pollen isoleicine concentrations between 3 and 4% (Stace,) 198 some as high as 3.8 or
3.9% being considered deficiemignning, 2001)

Table 1. Minimum dietary concentratidmf essential amino acids for maximal honey bee growth by percentage of
total amino a&ids (DeGroot, 1953)

Essential Amino Acid DeGrootds Mini mun
Arginine 3
Histidine 1.5
Isoleucine 4
Leucine 4.5
Lysine 3
Methionine 1.5

Phenylalanine 2.5
Threonhe 3
Tryptophan 1

Valine 4

DeGr oot 6 s r es e equeementsfor hamay beeonutadtioniischighly cited and forms
the basis of government regulations and recommendations in AusbBpliasw.gov.au, 2021;

Rural Industries Research and Devetgmt Corporation, 2006) However, this research lacks
data on e 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
essentihamino acids was representative of the concentrations fouaetasein, a milk protein

that honey bees do not naturally consume. The paper itself statehye o bser ved
concentrations for maximal growth have nothing to do with the minimal requitalle for
maximal growth under natural conditions. Thayly represent the minimal amounts which, in
combination with the amounts of the other amino acids, induced a growth rate maximal under the
conditions o f t(De6rece, 19863). pTaerefommt dnly isothe study not
representative of honey bésleucine 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, tp-d at e research to build upon

sought to analyse the effects of different dietary isoleucine concentrations, including completely
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omitting isoleucineand different concentrations between 3 and 4%, on honey bee growth and
mortality. We also sought to identify and analyse the effectheté diets on other potential

indicators of honey bee health.

Oneimportant indicator ofvorker bee health is the development of the hypopharyngeal gland
(Figure 1) Hrassnigg and Crailsheim, 1998 Thi s i s an el ongated o
connectedo many secretory vesicles, which produces protein rich secretions to feed the brood
(Fenget al, 2009) Worker bees take on specific roles at different ages after emerging from the
pupal stage asdults. These are cleaner bees ag2dlays, nurse beeged 312 days and forager

bees aged 12 days and older, and the size and use of the hypopharyngeal glancspebtesely
(Hrassnigg and Crailsheim, 1998)urse bees are responsible for feedimgbrood, therefore can

be characterised by large hypopirageal glands and greater head weights. After bees become
foragers the hypopharyngeal gland begins to decrease insassfigg and Crailsheim, 1998)

The development of the hypopharyngeal glahd, ability to feed the new brood and therefore
support @erall hive health and resiliencehghly dependent on the nutritional status of the nurse
beesparticularly their intake of essential amino adidendriksmeaet al, 2019) In the absence of
heathy nurse bees, the new brood will become malnourisheduaddrdeveloped, and if this
continues the hive will experience a brood break, resulting in significantly lowered productivity
and the risk of hive deathlherefore, it is an important indicator dee health.As the
hypopharyngeal gland does not fully é&p until around day 7, good nutrition and sufficient
amino acidsluring this time is vitalfirassnigg and Crailsheim, 1998) this study we measured

bee growth, specifically changes in head \ugi@s a proxy to test the effects of different dietary

isoleucine concentratioren hypopharyngeal gland development

S R

wa emerged b2da ik Nursee’o‘ days) s Forager Bee (12+ days) .
Figure 1. Location (left) and development (right) of thgopharyngeal gland of the honey bee (Apis mellifera),
throughoutthes t ages of a Ahmadkekeal20blpesd | i fe (

Another potential indicator for bee healthat goes beyond growth and mortality the amino
acid content of the bees themselv@ageet al (2020) determined that different pollen diets can
alter theamino acid levels in honey bee brains, and that this subsequently effected their resilience
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to parasitic stressors. Over the first week of life, newly emerged bees grow significaohtiyes

protein content increases by-28% (Gageet al, 2020). As anmo 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 consumptiohessential amino acids should be at its
highest Behmer, 2008)Beedacking 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 susceptilel to stressors throughout their lives (Gagal 2020). In additiorto the brain,
analysing the amino acid content of other parts of thertagde useful. The bee fat body, found

in the abdomeris the site of immune response protpimoduction and provides energy reserves

for newly emerged beenaking the amino acid caarit of the fat body an important indicator of

the overallbeehealth Arrese & Soulages, 2010Here we usetHPLC QQQ/MSto analyse the

free amino acids ithefat bod; tissueof bees fed treatment diets

The amino acid isoleucine is significant in tpeoduction of the immune response peptide
defensin, which presents another possible indicator of honey bee health. Febtla (2D00)
found that Lisoleucine andt$ analogs are highly specific defensin inducers, however, there is
little research intahe effect of dietary isoleucine on bee defensin production, partly because
guantitation of peptides of such small size is difficult. lvahal (2015) were able tougntitate

bee defensin by inducing its production in tissue of dissected honey bee giahdsng in the
hypopharyngeal gland, using a rabbit dmdney bee defensih antibody.In this studywe
attempted to quantitate defensin production in honey badshin response to a diet deficient in
isoleucine. However, extraction of the defensaptde from honey bee tissue proved to be too
difficult. With more time to optimise the extraction of small peptides, defensin could be
guantitated by Western Blottiray ELISA.

To maintain hives and encourage brahding periods of floral resource scay, beekeepers
commonlyusesupplementary pollen or artificial feeds an alternate source of the necessary
amino acids (Somerville, 2000). The feeds can be maaé apariety of ingredients, including

but not limited to, yeast, soybean flour, lufpiour or seaweed (Riciglianet al, 2022). While a

number of the companies producing these feeds state that they have been tested for their effects
on bee growthdevdopment,and hive healtitheir studies are not readily availableegdbee.com.

2022; Me@bee.com. 2022)Furthermore, ingredient lists amdten not provided and when
contacting the companies Feedbee and Megabee, they did not provide detailed inggedient
While commercial bee feeds are widely used anmmeekeepersheir specific nuttional 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 aciceismhe (Manning, 2001). Here we used
HPLC QQQ/MSto analyse the free amino acid contehthe 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 heynbeegSomerville, 1999)

The ains of this studywereto analyse the impacts of different dietary isoleucine concentrations
bel ow De Gomohoreylee géo%th, mortalitiypopharyngeal glandevelopmentand

the amino acigrofile of the bee fatdy. With atreatment diet of sucrose only, we adémed to
determine the effect of having no amino acids in the diet. Furthermeraimed to determine the
amino acid profiles of common commercial bee feeds and Redgum,gollesmpare them and
determne their nutritional value in the context of thedings in thestudiedbees By building on
DeGrootds research, this study contributes t
which has potential benefits for the apiary industry, the algui@l industry, and for the Australian
economy. Erthermore, 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 cbmpleteamino acids irsucrose solution with 0%, 2%, 3.4% and

3.8% isoleucine of total amino acids respectively, as well as a sucroseeatyent used to study

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

made up with pufied pharmaceutical grade-énantiomer amino acids ordered from Bulk
Nutrients Pure Supplements Australia, Top Nutrition and Pure Wellness Australia (as per
availability). The concentrations used were represigetaof amino acid concentrations in
Redgum pllen, as this is a common pollen source for managed bees in Australia, adjusted to omit
isoleucine (Table 2)Somerville& Nicol, 2009. A 1M sucrose solution was made up of 342 g

10
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castor sugar in 1 L of deiord water and used as the base for the fdaetd@us. Paolet 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 maid@.bijg o
amino acid mix dissolved in 115 g sdicrose solution. The 0.5 g of amino acids consisted of the
amino acid stock mix with theelevant percentage of isoleuciaddedfor each treatment diet

(Table 3). The amino acids were dissolved by shakingahdion and the final treatment feeds
weres ored at 4eC.

Table 2. Percentagef amino acidgpertotal amino acids in stock mix, based on amino acid concentrations found in
native Australian Redgum polléBomerville& Nicol, 2006).

Amino Acid % in Sto& 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

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 Redgur{Spatierville &
Nicol, 200§ and amino acid t@arbohydrate ratios based on Paoli et al, (2014).

Treatment Sucrose 0% lle 2% lle 3.4% lle 3.8% lle
Sucrose 115 115 115 115 115
Solution ()

Isoleucine (g) - - 0.01 0.017 0.019
AA stock (g) - 0.5 0.49 0.483 0.481

2.2 CagedExperiments

A total of 2000 newly emerged bees were collected intalfratory feedingages 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 cagepcsed ofbees from three different hives,

11
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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 fonewly hathed 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 arctdyat
subgquent 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 éagy genoteds 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 contad bee caty 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 ré@rmesed

were checked daily and refilled as needed. T
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 fodays.

Treatment1l  Treatment2 Treatment3 Treatment4 Treatment5 ' y IS
Sugar Only 0% lle 2% lle 3.4% lle 3.8% lle h
lL -‘ 7/ V. B -!\7‘ '

100 Bees/
Cage

(collected day 1) 11 21 31 4.1 5.1 3 o £'Y A.

Replicate 1
Replicate 2

(Collected day 2) 1.2 2.2 3.2 4.2 5.2
Replicate 3
(Collected day 3) 1.3 23 33 4.3 5.3
Replicate 4
(Collected day 4) 14 24 34 44 54

-
Figure 2. Experimental design for collection of newly emerged bddgure 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 O collectio 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 8,I0athey were collected from the

caged 100. The bees were collected on dry ice in 15 ml falcon tubes, usingvieszers and
storedat8 0 e C. Al |l <coll ected bees were weighed us

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

12
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removed by tweezers and weighed separately.p&smmwrere kept on ice throughout. Once

measured, the samples were again storel Ate C .

The weight results were analysed by producing ploxs in R to identify outliers. These were
removed and the subsequent data assessed using the SWii@rdest and histograms to
determine the distribution. Both the whole bee weight and head weight data sets were found to be
non-normal and most represtative of a gamma distribution, so a generalised linear model was
chosen to analyse the datath an ANOVA of the modelusedto determine the factors that had a
significant effect on the results (Fox and Weisberg, 2019). The factors that were assssed w
treatment, day (the time point when bees were collected for weight measuremsgiicste

(cages) and the taément*day interaction. Then post hoc pairwise comparison tests were
conducted usingtiemeans uncti on, adj ust e dhichvdays and tieBtDdS , t

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

2.4. Mortality

To assess theffect of the treatment diets on survival, cages were checked daily for dead bees,
which were counted, recorded and removed. This wasfdotié days. The mortality results were
analysed using the survival package in R to produce a Kapdeer plot of overall survival
probability over the 14 days (Therneau, 202ach replicate cage began with 100 bees and
survival probabilitiesvere based on average survival on each day, calculated from the replicates
after autlier cagesvere removedThe KaplanMeier survival analysis was also used to calculate
confidence intervals for the overall survival probability per treatment, andvhkeip b determine

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

conducted usmthe logrank test in R (Therneau, 2022

2.5. Free AminoAcids in Beefat body,BeeFeeds and RedguRollen

Free amino acids in the bee fat body, bee feeds and Redgum pollen were analysed byigingeted
performance liquid chromatographyass spectroatry, coupled with QQQ. Batches of six bees
were sampled from the sucrose only, 0% lle and 3.8% lle treatnwmigyrat days 0, 3, 7 and 10,
resulting in 12 samples. They were dissected, removing the gut froserthidrozenabdomen

and separating the atmhen from the rest of the bee. The abdomens were then pulverised by mortar

13
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and pestle in liquid nitrogen to pnacke a homogenous powder and triplicate 15 mg of samples of

the homogenate were weighed out.

We purchased samples of common bee feeds Agriseealbee, Ultrabee, Vitahive for amino acid
content analysis and compared them to the amino acid concentrfatiative Australian Redgum

pollen. Redgum pollen was used as a point of comparison as this is a native pollen commonly used
as bee feed, andatis considered t@ontain adequate amounts of the essential amino acids for
honey beegSomerville, 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 bdakem 15 mg
samples were weighed out from each feed/pollen powder for free amino acid analysis. The

remainder \as stored a2 0 e C.

Metabolite Extraction buffer was made up of 90% methanol, 8 mg/L of adipic acid and 2.7 mg/L
of 13C-Leucine. 5001 of metabolite extraction buffer was added into each sample and vortexed.
Samples were then placedarthermomixerpreeat ed t o 75eC and shake
minutes, before being centrifuged at maximum speed in a microfuge for 3 minuted.oi@0e
supernatant was then collected into a new tube, dried down by-gpeedd storeda8 0 e C. Dr vy
samples were resugped in 1001 of H2O and centrifuged at 20 000 x g for 45 minutes to pellet
insoluble debris. 5@ of the resulting supernatant was transferred into a vial for separation on a
HILIC column (Agilent) HPLC (Agilent 1100) and analysed by Q®@ss Spectromst

(Agilent 6430)with an electrospray ion sourfee et al, 2021) 1 m of each sample was injected

for analysis. For a standard curve-@d00mmol serial dilutions of amino acids were prepared

and 1n injected foranalysis.The column flow rate was OmL-min'!; the column temperature

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

Workstation Data Aagjsition software(Le et al, 2021)

Free amino acidrea quantitationvas normalised against an internal s, 2°C leucine, to
adjust for extraction and L®IS/MS errors. Outliers were removby calculating standard error.
The concentrationsf each amino acid ereanalysedn R using a generalised linear model with
gaussiaror gammadistributions selected bad on hikograms ofthe data.An ANOVA of the
generalised linear model was then usedetermindactors withsignificanteffects on the results

(Fox and Weisberg, 2019). Post hoc pairwise comparisons were conducted udsrgeidues

14



Tori Millsteed 22495345 12/06/2022

function, adjusted wt h  doFcbnipére the effect of treatments at each time point and time

points for each treatmefitenth, 2016).

2.6. Total Amino Acid inBeeFeed andRedgunPollen

From the remaining ground samples of the bee feeds and Redgum pollen, 2 g sanples w
weighed out and sent to the Australian Proteome Analysis Facility at Macquarie University to be
analysed by liquid chromatography mass spsctipy. Total amino acid profile analysis was
performed as per APAF SOP AAB01. Samples underwent 24hr liquiydrolysis in 6M
hydrochloric acid at 110 °C. Under these conditi@sparagine was hydrolysed aspartic acid
andglutamine toglutamic acid, therefore the reported amount of these acids is the sum of those
respective components. Cysteine arygptophanwere not analysed. After hydrolysis, all amino
acids were labelled using the Waters AccQTag Ultra chemistry and analysed onsaAtqtety

UPLC. Samples were analysed in duplicate, and results expressed as an Bo¢habpe.residue

mass in protein mecular weight and the free amino acid molecular weight were asséssed.
analysis of the amino acid profiles of the bee feedsRedfum pollen, the results for duplicate
samples were averagadd aerages were used to calculate the percentage of eawh aod per

total amino acidsdetected Significant differences between the feeds were assessed using a
generalised liner model,ith an ANOVA of the model (Fox and Weisberg, 2019), and post hoc
pairwise comparisons were conducted usinglgsheeanduncto ns adj ust ed wi th
2016).

3. Results

The following resultsare compiled toanalysethe effects of differentlietary concentrations of
isoleucing below D&r o0 o t 6os bed gtgwth, mortality, hypopharyngeal gland development,
and amino aid contentof the bee fat bodyjuring the first 4 days afteremergenceTreatment
diets tested wersucrose only (no amino acids), 0% lle, 2% lle, 3.4% lle and 3.8%dleucine
treatmentietscontained all other amino acids in concentrations reptaive 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 k&) {TANOVA of the
generalised linear modekvalue <2.2€16). For detail of thesmeans(adj FDR) poshoc pairwise
comparisons of the time points for each treatment see Table 5. No significant differences were
exhibited between treatment groups on dagslexpected, as these were newly emerged bees that
had not yet been subject to theatment diets. Some significant differences were detected between
the treatment groups on day 3, where the 2% lle and 3.4% lle diet resulted in the least loss of
whole kee weight compared to the sucrose only diet (no amino acids) (Figure 5). Overrdhy 7 a
10 the amino acids diets with 3.4% and 3.8% lle resulted in the greatest whole bee. Whight

diet with 3.8% lle resulted in a faster weight gain, plateauing betdaer7 and10 (Figure 5).

Diets of sucrose only, 0% lle and 2% lle resulted in alemaleight gain over the course of the

10 days (Figure 4) (Table 4: ANOVA of the generalised linear moded|ye <0.0001). For detail

of thelsmeangadj FDR) postoc mirwise comparisons of treatments at each time point see Table

6.
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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% aBd% isoleucineComplete amino acid concentrations based on concentrations
found in Redgum pollgfSomerville & Nicol2006. Letters indicate significantly different results.
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Figure 5. Whole bee weight (g) over time (days), for bees fed treatre¢gmbtiucrose only, and complete amino
acids with 0%, 2%, 3.4% and 3.8% isoleucine. Complete amino acid concentrations based on concentrations found
in Redgum polleiSomerville & Nicol 2006)

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

weight and bee head weight. Significant factors are highlightedfuftirer detail of ANOVA output see Tabl&l-

S2
Factor Whole Bee Weight (walue) Bee Head Weight (palue)
Day <2.2e16 <2.2e16
Treatment 1.9e05 8.47el6
Day : Treatment 0.035 4.03e05

Table 5. Post hoc pairwise comparison of days for each treatment, produced using lantkang s t e d
Significantly different pairwise comparisons are highlighted. For detail of Issieatput see Tald&3 and S5

Contrast Whole Bee Weight (value) Bee Head Weight fpalue)
Sucrose| 0% lle | 2% lle | 3.4% 3.8% Sucrose| 0% lle | 2% lle | 3.4% 3.8%
lle lle lle lle

Day 03 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001
Day 07 | <0.001 | <0.001 | <0.001 | <0.001 | 0.0003 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001
Day 010 | 0.0001 | 00001 | <0.001 | 0.0102 | 0.0003 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001
Day 37 | <0.001 | 0.0001 | 0.1344 | 0.0841 | <0.001 | 0.0020 | 0.0122 | 0.0368 | 0.0003 | 0.5734
Day 310 | <0.001 | <0.001 | 0.0183 | <0.001 | <0.001 | 0.0001 | 0.1142 | <0.001 | 0.0001 | 0.3087
Day 710 | 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 ladjestes! withd F DR 6 .
Significantly different pairwise comparisons are highlighted. For detail of Ismeans output segJadbitel S6
Contrast Whole Bee Weight (value) Bee Head Weight (palue)

Day 0 Day 3 Day 7 Day 10 | Day O Day 3 Day 7 Day 10
Sucrosd 0% lle | 0.8269 | 0.0701 | 0.4447 | 0.9378 | 0.2888 | 0.7924 | 0.4175 | 0.0143
Sucrosd 2% lle | 0.8269 | 0.0027 | 0.9295 | 0.5948 | 0.8653 | 0.0187 | 0.0022 | 0.0817
Sucrosé 3.4%lle| 0.8269 | <0001 | 0.3193 | 0.0441 | 0.8009 | 0.0072 | 0.0171 | 0.0045
Sucrosé 3.8%lle| 0.8269 | 0.0701 | 0.0421 | 0.3997 | 0.288 | 0.8668 | 0.0171 | <0001
0% llei 2% lle 0.8269 | 0.1985 | 0.4447 | 0.5948 | 0.2888 | 0.0476 | 0.0171 | 0.4228
0% llei 3.4% lle | 0.8269 | 0.0247 | 0.7814 | 0.0452 | 0.2888 | 0.0128 | 0.1194 | 0.6041
0% llei 3.8% lle | 0.8269 | 0.9772 | 0.2889 | 0.4109 | 0.8769 | 0.8505 | 0.1306 | 0.0233
2% llei 3.4%lle | 0.8269 | 0.2701 | 0.3193 | 0.0143 | 0.8769 | 0.6971 | 0.4175 | 0.2113
2% llei 3.8%lle | 0.8810 | 0.1985 | 0.0421 | 0.1900 | 0.2888 | 0.0286 | 0.4175 | 0.0033
3.4% llei 3.8%| 0.8269 | 0.0247 | 0.3193 | 0.2908 | 0.3193 | 0.0084 | 0.9190 | 0.0817
lle

Bee head weight was the greatestiag O, 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% lle, which
resulted in a significant increagebee head weight from dayt8 day 10 (Figure 6) (Table 4:
ANOVA of generalised linear modekvalue <2.2€16). For detail of thésmeangadj 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 @ayd@y 3 some
significant differences were detected between treatmenpgyaovhere the 2% lle and 3.4% lle

diets resulted in the least loss of weight compared to the other treatments (Figure 7). At day 7 the
2% lle, 3.4% lle and 3.8% lle diets all regdltin less loss of weight compared to the sucrose only
diet. Diets with 3.% lle and 3.8% lle resulted in the greatest bee head weights on day 10 and were
not significantly different from one anothdteeding with complete amino acids plus 3.8% lle
resultal in decreasing head weight from day 0 to day 7. Head weight then incheaseathy 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 themeangadj FDR) postoc pairwig comparisons of treatments

at each time point, see Table Bor further details of all weight data analysis see TablesS81

(appendix).
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Figure 6. Boxplot of bee head weight (g) over time (days) for fedeseatment dietsf 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 pollefBomerville & Nicol2006) Letters indicate significantlglifferent results.
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Figure 7. Be 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 polleiiSomerville & Nicol2006)

3.2 Mortality

Presence and absence of dietanfeucine significantly affected overall survival probabilitfy
the newly emerged bed&igure 8: KaplarMeier survival analysisp-value <2el6). Each
replicate cage began with 100 bees and survivalghibties are based on average survival on

each day, calculated from the replicafBlse greatest overall survivatobabilityto 14 dayswas
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seen in the bees fed a diet of 3.8% ke,0.98. This was followed by the 3.4% lle dieith an
overall survivaprobability 0of0.973, the 2% lle diet @.957, the sucrosenly diet at0.843 and

the 0% lle diet at0.833. Post hoc pairwise comparisons identified statistically significant
differences between the treatment diets with isoleucine and those withoefortbehepresence
andabsence of isoleucine iedthdrewvsaTabld7ephisvises i g ni
survdiffanalysis p-values <0.001). The sucrose diet and 0% lle were not significantly different
from each other, nor were the diets wibo, 3.4% or 3.8% lle respectively. The significant

differences become apparent after day 10 (Figure 8).
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Figure 8. KaplanMeier survival plot of overall survival probability between 0.8 and 1 (none below 0.8) for bees fed
treatment diets of sucrosmly, and complete amino acids with 0%, 2%, 3.4% and 3.8% isoleucine. Complete amino
acid concentrationsdsed on concentrations found in Redgum polfsomerville & Nicol,2006) P-value <2e16
indicates significant difference between two or more gro8pading indicates confidence intervals.

Table 7. Post hoc pairwise comparisons by Hragk test of survival analysis for bees fed treatment diets of sucrose
only, and completamino acids with 0%, 2%, 3.4% and 3.8% isoleucine. Complete amino acid caticestbased

on concentrations found in Redgum poli@omerville & Nicol,2006) Significantly different comparisons are
highlighted.

Sucrose 0% lle 2% lle 3.4% lle
0% lle 0.76 - - -
2% lle 7.5e06 2.1e06 - -
3.4% lle 1.0e07 2.7e08 0.34 -
3.8% lle 2.6e08 9.7e09 0.15 0.66
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3.3.Free Amino Acidin theBee Fat Body

Due to the sensitivity of the model, a significant effect of the factors day, treatment and the
day*treatmeninteraction was identified for all amino aciBNOVA of the generalisetinear

mode]| p-values ?.2e16 - 0.09, exceptglycine, for which thergvas no significant effect of the

time points(Table S12), andglutamate, for which there was no significant effect of the treatment
diets(Table $4). Additionally, thelsmeanspairwise comparisons identified highly significant
contrastdbetween treatments and time pointsdoncentrations ofiearly all amino acslin the
beesFor detais of ANOVAs andsmeangadj FDR) posthoc pairwise comparisons of treatments

at each timg@oint, and time points for each treatmgior all amino acidsseeFigure S1 andables
S7-S68 (appendix).

Here only thre¢reatmentiets were tested, sucrose only (no amino acids), 0% lle (all amino acids

in concentrationsepresentative of Redgum polleand no isoleucine), and 3.8% lle (all amino

acids in concentrations representative of Redgum pollen and isoleucine present at a concentration
of 3.8% of total amino acids)he sucrose only diet resulted in the lowest art®ahamino acids

in the bees ovall, with concentrations of nearly all amino acids significantly lower compared to
bees fed with the 0% lle diet and the 3.8% lle diet (FiguréT@ples S7S63). Furthermore,
concentrations of akssential amino aciddecreasedover timein the sugar fé bees though
concentrations of arginine decreased significantly (Egpire 9) (Table $2). The sucrose only
dietresulted inmostofthnenens senti al amino aci dsd concentr
the 10days, except for tyrosinavhich was sgnificantly depleted by day 1(Figure 9) (Table

$A1). For the bees fed a diet of 0% lle, concentrations of most amino acids were greater than in
bees fed the sucrose only diet. For the essential amino acids, motstineal their levels ovei0

daysof beedevelopmentexcept forphenylalaningleucine,tryptophan andsoleucine, which

were still observed to decrea§®ncentrations ofan-essential amino acid were also maintained

on the 0% lle diet (Figure 9).

Significant differenceswere exhibited btween bees fed diets of 0% lle and 3.8% iliethe
measuredoncentrations of a number amino acidssuggesting a relationship with isoleucine.
As expected, concentrations of isoleucine were significantly different betveesnfedhe 3.8%
lle diet ard bees feddiets without isoleucine (Figure gJable S19) The other amino acids
effected were leucine,tryptophan alanine and glutaminelLeucine, tryptophan andlamine
exhibited decreasing concentrations over timigees fedhe sucrose only and 0% Itiets while
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the 3.8% lle diet resulted in an accumulation of these amino acids on day 10 (FifLabl83%
S14, S17, S38)Glutamineconcentrations werebserved to decrease over time on the sucrose
only diet, accumulated over time on the 0% lle cdej accumulated significantly more on day
10 withthe 3.8% lle diet (Figure §Yable S47)Amino acids that decreaserthe beesver time

even on a diet of complete amino acids and 3.8%wkee phenylalanine, leucine, tryptoptenrd
isoleucine For cetails of ANOVAs andsmeans(adj FDR) poshoc pairwise comparisons of
treatments at eadime point and time points for each treatmefar all amino acids, see Figure
S1 and Tables S%68 (appendix).
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Figure 9. Free amino acid concentrations for bees fed diets of sucrose only, complete amino acids and 0% isoleucine,
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3.4.Free Amino Acidén Bee Feeds and Redgum Pollen

Analysis of free amino acids in the bee feeds and Redgum pollen demonsiaatéeedbee and
Redgum pollen had the greatest concentratioh most individual amino acids, and were
significantly different from all other feeds (Figure 16)gureS3: ANOVA of generalised linear
model, pvalues <2.2€16) but not significantly different from each other. The next greatest
concentration of free amiraxcids was observed in Ultrabee, and the least was in Vitahive (Figure
10). We excluded Agrisea from tHfeee amino acidnalysis as this is distributed in a liquid and
has 100€fold lower concentrationgairwise comparisons indicated that there was grafgiant
difference inconcentrations of freisoleucinebetween any of the feeds and Redgum pollen. For

detail of thdsmeangadj FDR) poshoc pairwise comparisons of feemlgeralland for isoleucing

see Table & (appendix)
i
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Figure 10. Free esential and noressential ammo acid concentrations found in commercial bee feeds Feedbee,
Ultrabee and Vitahive, and in bee collected Redgum pollen.

3.5. Total Amino Acids in Béeed andRedgunPollen

Analysis of the total amino ats, including ammo 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 (Figur&ibly¢€S4: ANOVA

of generalised lineanodel, pvalues <2.2€16). This was followed by Feedbee with 288.2 mg/qg,
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 signifily less (Table),
however this was the only feed distributed in liquid form. For detail ofstineangadj FDR)
posthoc pairwise comparisons of feawlgerall and for isoleucinesee Table B (appendix)

Table 8. Total amino acid concentrations in commercial bedd 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 concentrationstafindividual amino acids compared to all other
feeds and Redgum pollen (Figure Miile Agriseawas found to havéhe lowest (Table 8). For

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

from each other, and Agrisea was found to have significantly less. For detaillahtengad]

FDR) posthoc pairwise comparisons of feedsverall and for isoleucine see Table B
(appendix)
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Figure 11. Total concentrations ofdividud essential and neessential 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-eesential amino acids in comroil bee feed Agrisea (Tabulated
as values too small to show in Figur).

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 aci@{ser total amino acidsll feeds and Redgum pollen exhibited high
levels of similary. Agrisea exhibiteé 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 (Figurdl 1Be feeds

weref ound to have above DeGrootds recommended

for maximal growth (Table 12).
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Figure 12. Percentage of essential and +gmsential amino acids per total amino acids in commercial bees feed
Agrisea, Feedbee, Ultrae, Vitahive, and in bee collected Redgum pollen. Essential amino acids are compared to
DeGroot (1953) percentages.

4. Discussion

This studyaimedto analyse the impacts of different dietary isoleucine concentrati@bew
De Gr o o tod Boneg Beergwth, hypopharyngeal glandevelopmentmortality and amino
acidcontentof the bee fat bodyVith a treatment diet afucrose only, we also aimed to determine
the effect of having no amino acids in the diet. Furthermeecaimed t@analysethe amino acid
profiles of common commercial bee feeds and Redgum pdtéetcompare them and determine
their nutritional value intte context of the findings in the studied bdesdo thiswe studied2000
newly emerged bees fed dietssucrose only, and sucrose widbmplete amino acids and 0%,

2%, 3.4% and 3.8% isoleucin@nd compiled results on physiology and amino awthbolism

4.1.Physiology

Honey beescontinue to grow after emergence as adults, therdfax® high protein intake
requirements, including take of essential amino acids, during the first @ays of life. This is to
support the considerable grovittat they undergo up to day 10, including increasing their protein
content as much as 25% and development of essential organs such as the hgpomeal

gland(Gageet al, 2020). This study found that whole bee weight decreased from days O to 3 as
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bees use up the fat reserves they are born with, and then idlcogaséime from days 3 to 10.
Different dietaryisoleucineconcentrations impactetlis growth. Diets of 3.4% lle and 3.8% lle
resulted in the greatest whole bee weights on days 7 andh&Budrose only, 0% lle and 28&
dietsalso resulted in growth over time, though less than 3.4% and 3.8%h#e3.8% llediet
appeared tachieve he maximum attainable growth for that concentration earlier than the other
diets, as a plateau was obsatvbetween days 7 and 1Dhis study focused on isoleucine
deficiency belowDe Gr oot 6 s andtheafihdings %how that hee growth over time can
still be achieved with lower isoleucine, and even with sucrose (@ayamino acids)though
concentrabns close to 4% resulted in the greatesthole beeweights. Therefore, dietary
isoleucine isessentiafor maximal bee growthDietary isoleucine commntrations 0f3.4% and
3.8% are enough to achieggnificantbee growth ovetime butcannot be determéd as the
optimal concentrations for growthas an upper limit was not observed in this study.

As well as whole bee weight increasing as bees gronv flays 3 to 10, different segments of the
worker bee undergo different periods of growth dependinge&inrole (Hendriksmat al, 2019).

The first role newly emerged bees take on is as a cleaner bee. They do not grow during this time,
notably losing tk weight of fat reserves that thesnerged withFrom day 3 worker bees become
nurse beewhich usethe hypopharyngeal gland in théiead tdeedthe brood (Hendriksmet al,

2019). From about day 12 they transition from nurse bees to forager beesngesulhe
hypopharyngeal gland decreasing in size as it is no longer needed, while other parts of the body
increase in weightsuchas muscles in the thorax as bees begin to fly midrasgnigg and
Crailsheim, 1998)Increases in bee head weight from dayw® 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 foragresgnigg and Crailsheim, 1998
Hypopharyngeal gland developmentighly dependenbn intake of the necessary amiacids

andis especially vital for nurse bees 3 to 12 dayqBhbliet al, 2014) Therefore, changes in bee

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

This study found that diary isoleucine concentrations significantly impacted bee head weight

All treatment diets resulted in a significant decrease in bee head weight from day O to day 3, the
period where bees use up their fat reserves and the hypopharyngeal gland hasnusrgena
significant development. From Day 7 to day 10 the diet of 3.8%eHBulted in an increase in bee
head weight, while all other treatment groups resulted in continual decreases, and the 3.8% lle
treatment group resulted in the greatest bee heaghtgddy day 10 overaburpassing the average

27



Tori Millsteed 22495345 12/06/2022

weights of the 3.8% lle fetbiees on day .3Therefore, isoleucine concentrations significantly
impacted bee head weiglhtighlighting itssignificance tohypopharyngeal gland development.
Additionally, it appees that dietary isoleucine concentrasafoset o De Gr oorneédsd 4 % v
for increasng head weight from day 3 to day 10, the time when hypopharyngeal gland
development and function is mostvitdlhes e f i ndings further supp
treatment diet closest to 4% resulted in the grebebkead weight on day0. However similarly

to the whole bee weight results, an upper limit for head weights were not obsetivedtindied

bees

One limitation of this study is thatvhile bee headveight has been fountb correlate with
hypopharyngeal gland developmethie hypopharyngeal gland was not measured dirddtéwad

wei ght I's representative of,thadfdre does nupeasuent s
development of théypopharyngdagland developmengxclusively While head weight can be
used as a proXpr hypopharyngeal gland development, as it has dessgcting théead to isolate

the hypopharyngeglandandstudy it directly would be more accuraféis presents a potential
direction for further research.

Bees lacking the necessamnino acidintake in the first week after emergence have been found

to exhibit reduced lifespans (Wrigbt al, 2018).Here, wefound that bees fediets lacking
isoleucineexhibited significanyf lower survival probabilities tirabees fed comple&mino acid

diets, which could be a consequence of lower energy reserves in the first 3 days, leading to
decreased resistance to stressoings correlates witithewhole bee weightesults whereby a die

of sucrose only resulted the greatstweight loss in bees between days 0 amdBpared tdahe

diets containing amino acids, as bees usechone oftheir fat reservesrhis study found thatra
absence of isoleucine in the diet resdih significanty decreased survival, with thagose only

diet and a diet of all amino acids except isoleucine (0% lle) having the same outcome for bee
survival This highlights the significancef isoleucineand alludes to the importance of the

essential amino acids a whole

As an essential aminacid, soleucine is vital foprotein synthesis and muscle developmest

well as playing a role in inteissue signalling antiomeostasis ani$ thereforeimportantfor

healthy developmeriBiswas et al, 201,9Volfe,2017). Isoleucine ands analogs havalsobeen

found to specifically induce the immune response peptide defensin in mammalian epithelial tissue
(Fehlbaumet al, 2000) While similar studies have not been condudedhsectsit is likely that
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isoleucire has relevance to the immune health ather defensin producing organisms such as
honey beesThe se f act ors have i mpl i c astppaingthe findings a n
that a dietacking isoleucine was just as detrimental togbevival of the tesedhoney bees as a
diet with no amino acids at all.

Conversely, the 2% lle, 3.4% lle and 3.8% lle diets achieved the same outcomes for aprvival

to day 14 with dietary isoleucine above at least 2% being sufficient for overall survival
probabilites abee 95%.Thesefindings suggests that dietary isoleucine requirements for bee
survival are much lower thad e Gr 0480t addsthat the presence or absence of isoleucine from
the diet has the greatest impact on overall survival probabilities in thelfirdays after
emergence. Therefore, native pollens with isoleucine concentrations between 2% and 4% are
likely sufficient for honey bee survival during this time.ig presens a potential directiorfor
futureresearch on the effects of singularly omigtioher 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 iBeeFat Body

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

in differences in the be&ggeet al, 2020; Paolet al, 2014) As amino acids are necessary for
protein synthesis and vital biochemical pathways, concentrations in the fatdsodare diredy

i nked to the organi smds b oAredewoulbges) 2010jhisiss a't
thereforempacted bythe diet, as essential amino acids cannot be produced by the organism and
must be consume@Behmer, 2008)Our research found thdtda presence and absence of amino
acidsin the diet was reflected in tiibe amino acid profile of the bee fat body tissareg that
presence and absence of isoleucine not eifigctedisoleucineconcentrations the bee, but also

concentrations of someher amino acids.

On a diet of sucrose onlyostessentiabmino acidsn the bees depletealer time, suggesting
that free amino acids were being used up for the significant protein syrttresiscurs in the
first two weeks odtbebeplenshed(rese\Seuknges, a0d0hteresobngly, d

in bees fed the sucrose only dibere were a number of n@ssential amino acids that were also
observed to decrease over tinseiggesting that the bees were not able to synthesise them
indepemently at the necessary concentrations. Tyrosine in partisidaroressential amino acid
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that almost completely depledeby day 10in bees fedthe sucrose only dietand exhibited
concentrations that were maintained over time when bees wetdleetsdontaining amino acids,
including tyrosine Converselyarginine is an essential amino attidt did not deplete to the same
extent as the other essential amino acids in the sugar fed bbes.bées werded a diet
containingamino acidsincluding arginire, concentrations in the bees were seen to accumulate,
similarly to the accumulation obsey in most of the nemssential amino acids. Tiefore,
arginineand tyrosineare examples of amino acids that behaved differently thaectegbfor their
categorisaon. Thesefindings suggest thathey should be studied further to review their

classificdion as essentiadndnon-essential.

In the bees fedliets containing amino acids, most amino acid concentrations were observed to
accumulate over time, suggestitimt the levels in theeatmentdiets (representative of amino
acid concentrations in Rgdm pollen) were sufficient. Thessentialamino acids that were
observedto decreasén bees fed the 0% lle dietere phenylalanine, leucine, tryptophand
isoleudne. However, ncreasing the levels of isoleucine to 3.8% improvedctreentrations of
leucine, tryptophanand isoleucineover time This result was expected for isoleucine as the
presence and absence of the other essential amino acids from the deftegted in the fat body
tissue. However, the results also suggest tmcentrations of leucine and tryptophare
impacted byisoleucine concentrations, and may be dependesuficient levels of isoleucine in

the diet. Concentrations of the nessatial amino acids alanine and glutamine were also observed
to accumula further when isoleucine was present, compared to the accumulation observed on a
diet of all amino acids except isoleuciseggesting that they may be conditionally esseiatisd,

depending on the presence of adequate concentrations of isoleucinéadihe

Similar relationships are seen in human protein metabolism, whérebyanched chain amino
acidsisoleucine, leucine and valipgovide the major nitrogen source for alanama glutamine

synt hesis (Hol el ek, 2 6sg, planind amd gtuiarhine a&dncetrat®ns o f
can become depleted, triggering their synthe
Additionally, branched chain amino acids h&een found to compete with aromatic amino acids
(phenylalanine, tyrosie and tryptophan) in the same, neur
representing another example of how some amino acids can affect the concentrations.of others
These findings dbfor further research into the relationship between amino acidssagossibé

that simply categorising amino acids as essential oressantial does not account for the
complexity of how they interact in the body. It is possible that some amin® a@cdot able to
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be used effectively in the body without the preseofoothers 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%hiémylalanie, leucine,
tryptophanandisoleucinewere still observed to depleteer the 10 days. Thedid not recover to

the same levels as when the bees first emerged from thejinaitsiting that the concentrations

of these amino acids in Redgum pollen, thsidaf amino acid concentrations in drgatment
diets, may notbeusf f i ci ent for beesdO development, or
higher concentrations then necessary when bees first emerge. As Redgum pollen is a commonly
used bee feed dnis considered an ideal native pollen for bee amino acid requirement
(Sommerville, 2000), these findings suggest that further research into the effect of native pollen
diets on the subsequent amino acid profile o

4.3.Amino Acids irBeeFeeds andRedgunPollen

With the declie of bee populations as a result of floral resource scarcity and diminished nutritional
status, it is increasingly important that supplementary pollen sQwoes as commercial feeds

meet bee nutrition requirements (Ricigliagtal, 2022). Herewe assssed the amino acid profiles

of common bedeeds Agrisea, Feedbee, Ultrabee and Vitahive, as well as the amino acid content
of Australian Redgum pollen, to determine if they provideisefiit quantitieof amino acidsin

relation tothe findingsfor 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 andso Analysis of

free amino acids in the beesthselves 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 ustalia. These amino acids were phenylalanine,
leucine, tryptophaandisoleucine. 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 supplerantary pollens sources when available pollatefgcient as well as for boosting

bee hives and encouraging healthy bro@Ricigliano et al, 2022) Vitahive exhibited
concentrations of these amino acids lower than the concentrations in Redgum pollestirsgigg

that this feed would not make up for amiacid 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 Vigxhited greater
concentrations of phenylalanineuéne andisoleucine than in Redgum pollen, indicating that

they would likely be better supplementary amino acid sources. Tryptophan concentrations were
not measured in this analysis. Percergagjasoleucire in all feeds were generally comparable,

and al were above DeGrootdos 4 %. Overall, t he .
Vitahive indicate that they would provide improved dietary concentrations of essential amino
acids compared to Redgum pollen

Regarding Agriseasignificantly lower amino acid concentrations were observed meaning that
large quantities of this feed wouhgedto beconsumed byees for their amino acid requirements

to be met. Additionally, Agrisea is the only feed thatispersedn a liquid fom, raising questions

as to how bees would be able to store it ag@plementary pollen souread use it to feed the
brood. When comparing the amino acid concentrations from our analysis to those listed on the
Agrisea bottle, mosivere within twefold 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 informaiigmSga.

2021)

5. Conclusion

This study confirmed that dietary isoleucine is essential for honey bees and that concentrations
close to 4%, i.e. the 3.4% lle and 3.8% dests were best for optimal growth, compared to other
concentrations testedVe also found that concentrations of some amino acids in the pees
including arginine and tyrosinegsponded differently than expectedjicatingthat theessential

and noressential categorisations may be reviewadthermoredietaryisoleucine was found to
increasecorncentrations of other amino acids in the bees, suggastaigonships between amino
acidswhere the metabolism of some can be impacted by others. This calls for fasharclas

the essential and nagssential classifications, while impant, may notover the complexity of

an organi smds a taiLastly,same aniino acalgwele foundte deplete over time,
even when fed a complete dwith amino acids concentrations representative of Redgum pollen,
suggesting that Redgum istra dietariy sufficient source of pollen for managed bees, and that
alternative feedsuch as Feedbee or Ulbee shouldbeusedy bui | di ng on DeGr
this study contributes to the knowledge of honey bee nutritional requirements, swathable
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to bee keepers using supplementary feeagl aids in mitigating the decline of honey bee

populations
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Appendix

Table S1. Output from ANOVA of generalised linear mbdei whole bee weight.

> modell <- glm(whole.bee.weight ~ Treatment*Day, Gamma, data = weightdata)
> Anova(modell)
Analysis of Deviance Table (Type II tests)

Response: whole.bee.weight

LR Chisq Df Pr(>Chisq)
Treatment 27.09 4 1.997e-@5 ***
Day 391.92 3 < 2.2e-16 ***
Treatment:Day 22.24 12 0.03488 *

Signif. codes: @ “¥**’ 9.001 ‘**’ 0.01 ‘*’ 0.5 ‘.’ 0.1 * " 1

Table S2. Output from ANOVA of generalised linear model 2 ohdsstweight.
> model2 <- glm(Chead.weight ~ Treatment*Day, Gamma, data = weightdata)

> Anova(model2)

Analysis of Deviance Table (Type II tests)

Response: head.weight

LR Chisq Df Pr(>Chisq)
Treatment 33.73 4 8.472e-07 ***
Day 683.27 3 < 2.2e-16 ***
Treatment:Day 41.51 12 4.030e-05 ***

Signif. codes: @ “***’ 0.001 ‘**’ @.01 ‘*’ 0.5 ‘.” 0.1 < ' 1

Table S3. Output from whole bee weight Ismeans pairwise comparisons of day for each treatment. Treatments 1, 2,
3, 4 and 5 are sucrose only, 0% IR lle, 3.4% lle and 3.8% lle respectively.

> lsmeans(modell, pairwise ~ Day | Treatment, adjust = "fdr", transfor = "response")
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$contrasts

Treatment = 1:

contrast estimate SE df t.ratio p.value
Q-3 0.024039 0.00231 857 10.384 <.0001
Q-7 0.013380 0.00240 857 5.569 <.0001
0 - 10 0.009527 0.00244 857 3.899 0.0001
3-7 -0.010659 0.00214 857 -4.986 <.0001
3-10 -0.014512 0.00218 857 -6.647 <.0001
7 - 10 -0.003853 0.00228 857 -1.693 0.0908

Treatment = 2:
contrast estimate SE df t.ratio p.value

0 -3 0.020917 0.00237 857 8.816 <.0001
o -7 0.012211 0.00245 857 4.979 <.0001
0 - 10 0.010470 0.00253 857 4.144 0.0001
3-7 -0.008706 0.00222 857 -3.913 0.0001
3-10 -0.010447 0.00231 857 -4.531 <.0001
7 -10 -0.001741 0.00239 857 -0.729 0.4661

Treatment = 3:
contrast estimate SE df t.ratio p.value

0 -3 0.018675 0.00240 857 7.769 <.0001
o -7 0.015160 0.00243 857 6.242 <.0001
0 - 10 0.012957 0.00249 857 5.205 <.0001
3-7 -0.003515 0.00221 857 -1.591 0.1344
3 -10 -0.005718 0.00228 857 -2.512 ©0.0183
7 - 10 -0.002203 0.00230 857 -0.957 0.3390

Treatment = 4:
contrast estimate SE df t.ratio p.value
-3 0.017640 ©.00242 857 7.284 <.0001
-7 0.013708 0.00247 857 5.539 <.0001
10 0.006724 0.00255 857 2.636 0.0102
-7 -0.003932 0.00227 857 -1.729 0.0841
- 10 -0.010916 0.00236 857 -4.633 <.0001
- 10 -0.006984 ©.00241 857 -2.897 0.0058

Nwweoseos
1

Treatment = 5:
contrast estimate SE df t.ratio p.value

Q-3 0.022095 ©.00238 857 9.293 <.0001
Q-7 0.009384 0.00252 857 3.717 0.0003
0 - 10 0.009131 0.00250 857 3.651 0.0003
3-7 -0.012711 0.00228 857 -5.582 <.0001
3-10 -0.012965 0.00225 857 -5.759 <.0001
7 -10 -0.000253 0.00241 857 -0.105 0.9162

P value adjustment: fdr method for 6 tests

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

> lsmeans(modell, pairwise ~ Treatment | Day, adjust = "fdr", transfor = "response")
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$contrasts
Day = @:
contrast estimate SE df t.ratio p.value
1-2 -1.13e-03 0.00257 857 -0.439 0.8269
1-3 -1.98e-03 0.00258 857 -0.765 ©0.8269
1-4 -3.51e-03 0.00259 857 -1.357 0.8269
1-5 -2.37e-03 0.00259 857 -0.915 0.8269
2 -3 -8.48e-04 0.00260 857 -0.326 ©0.8269
2 -4 -2.38e-03 0.00260 857 -0.916 ©0.8269
2 -5 -1.24e-03 0.00260 857 -0.476 ©.8269
3-4 -1.53e-03 0.00261 857 -0.588 ©.8269
3-5 -3.91e-04 0.00261 857 -0.150 ©0.8810
4 -5 1.14e-03 0.00261 857 0.437 0.8269
Day = 3:
contrast estimate SE df t.ratio p.value
1-2 -4.25e-03 0.00209 857 -2.036 0.0701
1-3 -7.34e-03 0.00211 857 -3.477 0.0027
1-4 -9.91e-03 0.00213 857 -4.655 <.0001
1-5 -4.31e-03 0.00208 857 -2.977 0.0701
2 -3 -3.0%-03 0.00216 857 -1.431 @.1985
2 -4 -5.66e-03 0.00218 857 -2.600 0.0247
2 -5 -6.06e-05 0.00212 857 -0.029 0.9772
3-4 -2.57e-03 0.00220 857 -1.168 0.2701
3-5 3.03e-03 0.00215 857 1.410 0.1985
4 -5 5.60e-03 0.00216 857 2.586 0.0247
Day = 7:
contrast estimate SE df t.ratio p.value
1-2 -2.30e-03 0.00227 857 -1.012 0.4447
1-3 -1.98e-04 0.00223 857 -0.089 0.9295
1-4 -3.18e-03 0.00228 857 -1.395 @.3193
1-5 -6.36e-03 0.00233 857 -2.728 0.0421
2 -3 2.10e-03 0.00227 857 0.924 0.4447
2 -4 -8.84e-04 0.00232 857 -0.381 0.7814
2 -5 -4.07e-03 0.00237 857 -1.715 0.2889
3-4 -2.98e-03 0.00228 857 -1.307 @.3193
3-5 -6.17e-03 0.00234 857 -2.641 0.0421
4 -5 -3.18e-03 0.00238 857 -1.337 @.3193
Day = 10:
contrast estimate SE df t.ratio p.value
1-2 -1.87e-04 ©0.00239 857 -0.078 0.9378
1-3 1.45e-03 0.00234 857 ©0.620 0.5948
1-4 -6.31e-03 0.00241 857 -2.625 0.0441
1-5 -2.76e-03 ©0.00235 857 -1.176 @.3997
2 -3 1.64e-03 0.00242 857 0.679 0.5948
2 -4 -6.13e-03 0.00248 857 -2.474 0.0452
2 -5 -2.58e-03 0.00242 857 -1.064 ©.4109
3-4 -7.77e-03 0.00243 857 -3.198 0.0143
3-5 -4.22e-03 ©.00237 857 -1.777 ©.1900
4 -5 3.55e-03 0.00244 857 1.457 ©.2908

P value adjustment: fdr method for 1@ tests

TableS5. Output from bee head weight Ismeans pairwisgpaoisons of day for each treatment. Treatments 1, 2, 3,
4 and 5 are sucrose only, 0% lle, 2% lle, 3.4% lle and 3.8% lle respectively.

38



Tori Millsteed 22495345 12/06/2022

> lsmeans(model?2, pairwise ~ Day | Treatment, adjust = "fdr", transfor = "response")
$contrasts

Treatment = 1:

contrast estimate SE df t.ratio p.value

0 -3 2.21e-03 0.000283 860 7.822 <.0001
-7 3.01e-03 0.000277 860 10.878 <.0001
- 10 3.21e-03 0.000274 860 11.727 <.0001

7 8.00e-04 0.000254 860 3.153 0.0020
- 10 1.00e-03 0.000250 860 3.993 0.0001
- 10 2.00e-04 0.000244 360 0.821 0.4117

NwWww e o
1

Treatment = 2:
contrast estimate SE df t.ratio p.value

Q-3 2.72e-03 0.000292 860 9.316 <.0001
0 -7 3.41e-03 0.000286 860 11.917 <.0001
0 - 10 3.16e-03 0.000288 860 10.958 <.0001
3-7 6.86e-04 0.000259 860 2.652 0.0122
3-10 4.36e-04 0.000261 860 1.671 0.1142
7 - 10 -2.50e-04 0.000254 860 -0.983 0.3259

Treatment = 3:
contrast estimate SE df t.ratio p.value

Q-3 1.61e-03 0.000298 860 5.419 <.0001
0 -7 2.18e-03 0.000293 860 7.458 <.0001
0 - 10 2.87e-03 0.000285 860 10.055 <.0001
3-7 5.68e-04 0.000272 860 2.091 0.0368
3 -10 1.25e-03 0.000264 860 4.753 <.0001
7 -10 6.86e-04 0.000258 860 2.659 0.0096

Treatment = 4:
contrast estimate SE df t.ratio p.value

Q-3 1.48e-03 0.000293 860 5.037 <.0001
0 -7 2.47e-03 0.000284 860 8.698 <.0001
0 - 10 2.56e-03 0.000290 860 8.831 <.0Q001
3-7 9.93e-04 0.000268 860 3.700 0.0003
3 -10 1.09e-03 0.000275 860 3.951 0.0001
7 -10 9.3%-05 0.000265 860 0.354 0.7237

Treatment = 5:
contrast estimate SE df t.ratio p.value

0 -3 2.75e-03 0.000295 860 9.325 <.0001
0 -7 2.90e-03 0.000291 860 9.985 <.0001
0 - 10 2.44e-03 0.000292 860 8.370 <.0001
3-7 1.51e-04 0.000269 860 ©.563 @.5734
3 -10 -3.06e-04 0.000270 860 -1.134 0.3087
7 - 10 -4.58e-04 0.000265 860 -1.724 0.1276

P value adjustment: fdr method for 6 tests

Table S6. Output from bee head weight Ismeans p@reomparisons of treatments on each day. Treatre8ts3,
4 and 5 are sucrose only, 0% lle, 2% lle, 3.4% lle and 3.8% lle respectively.
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> lsmeans(model2, pairwise ~ Treatment | Day, adjust = "fdr", transfor = "response")
$contrasts
Day = 0:
contrast estimate SE df t.ratio p.value
1-2 -6.33e-04 0.000310 860 -2.044 0.2888
1-3 -1.23e-04 0.000310 860 -0.396 0.8653
1-4 -1.78e-04 0.000305 860 -0.582 0.8009
1-5 -5.84e-04 0.000309 860 -1.889 0.2888
2 -3 5.10e-04 0.000316 860 1.613 0.2888
2 -4 4.56e-04 0.000312 860 1.462 0.2888
2 -5 4.89%-05 0.000316 860 ©@.155 0.8769
3-4 -5.49e-05 0.000312 860 -0.176 ©.8769
3-5 -4.62e-04 0.000316 860 -1.461 ©.2888
4 -5 -4.07e-04 0.000311 860 -1.307 ©.3193
Day = 3:
contrast estimate SE df t.ratio p.value
1-2 -1.25e-04 0.000263 860 -0.476 0.7924
1-3 -7.21e-04 0.000269 860 -2.680 0.0187
1-4 -9.13e-04 0.000269 860 -3.393 0.0072
1-5 -4.48e-05 0.000267 860 -0.168 0.8668
2 -3 -5.95e-04 0.000272 860 -2.193 0.0476
2 -4 -7.88e-04 0.000272 860 -2.899 0.0128
2 -5 8.04e-05 0.000269 860 0.298 0.8505
3-4 -1.93e-04 0.000278 860 -0.694 0.6971
3-5 6.76e-04 0.000275 860 2.454 0.0286
4 -5 8.69e-04 0.000276 860 3.150 0.0084
Day = 7:
contrast estimate SE df t.ratio p.value
1-2 -2.3%e-04 0.000249 860 -0.957 0.4175
1-3 -9.52e-04 0.000257 860 -3.709 0.0022
1-4 -7.20e-04 0.000253 860 -2.847 0.0171
1-5 -6.93e-04 0.000256 860 -2.712 0.0171
2 -3 -7.14e-04 0.000259 860 -2.755 0.0171
2 -4 -4.81e-04 0.000255 860 -1.885 0.1194
2 -5 -4.55e-04 0.000258 860 -1.762 0.1306
3-4 2.32e-04 0.000262 860 ©.886 0.4175
3-5 2.59%e-04 0.000265 860 ©.978 0.4175
4 -5 2.66e-05 0.000261 860 ©0.102 ©.9190
Day = 10:
contrast estimate SE df t.ratio p.value
1-2 -6.89%e-04 0.000249 860 -2.769 0.0143
1-3 -4.67e-04 0.000245 860 -1.905 0.0817
1-4 -8.26e-04 0.000257 860 -3.217 0.0045
1-5 -1.35e-03 0.000254 860 -5.319 <.0001
2 -3 2.22e-04 0.000253 860 ©.877 0.4228
2 -4 -1.37e-04 0.000265 860 -0.519 0.6041
2 -5 -6.62e-04 0.000262 860 -2.528 @.0233
3 -4 -3.59¢-04 0.000261 860 -1.376 0.2113
3-5 -8.84e-04 0.000258 860 -3.422 0.0033
4 -5 -5.25e-04 0.000270 860 -1.947 0.0817

P value adjustment: fdr method for 10 tests

Figure S1. Code used to assess distribution of bee free amino acid conces{@t@mmple is for Pheralanine),
and subsequent output from ANOVA of generalised linear model used to identify significant factors.
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> shapiro.test(beeAAindiv$Phenylalanine) #checking normality - Not Normal#
Shapiro-Wilk normality test

data: beeAAindiv$Phenylalanine
W = 0.88903, p-value = 0.0002128

> hist(beeAAindiv$Phenylalanine) ##Checking distribution - not normal, looks like GAMMA
> #Generalised linear model of amino acid ~ treatment and day#

> BAA <- glm(Phenylalanine ~ Treatment*Day, Gamma, data = beeAAindiv)

> Anova(BAA)

Analysis of Deviance Table (Type II tests)

Response: Phenylalanine

LR Chisq Df Pr(>Chisqg)
Treatment 638.6 2 < 2.2e-16 ***
Day 3884.7 3 < 2.2e-16 ***
Treatment:Day 3878.8 6 < 2.2e-16 ***

Signif. codes: @ ‘***’ @9.001 ‘**’ 9.01 ‘*’ .05 ‘.’ 0.1 * ’ 1

Figure S2. Histogram produced for bee free amino acid concentsafexample is for Phenylalanine) to identify
distribution of the data.
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wn
=
)
c o
[} -
S
o
o
w
Ln_
o -

[ T I I I 1
0.00 005 010 015 020 025 030 035

beeAAindiv$Phenylalanine

Table S7. Output from bee free amino acid Ismeans pairwise comparisons of treatments on edoh day
Phenylalanine concentrations.
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> lsmeans(BAA, pairwise ~ Treatment | Day, adjust = "fdr", transfor = "response")

Confidence level used: ©0.95

$contrasts

Day = 0:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile -0.03609 0.00988 38 -3.654 0.0008
Sucrose - 3.8% Ile -0.11343 0.01238 38 -9.162 <.0001
0% Ile - 3.8% Ile -0.07733 0.01264 38 -6.118 <«.0001

Day = 3:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile -0.06440 0.00525 38 -12.256 <.0001
Sucrose - 3.8% Ile -0.04727 0.00410 38 -11.525 <.0001
0% Ile - 3.8% Ile ©.01713 0.00608 38 2.816 0.0077

Day = 7:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile -@.08796 0.00401 38 -21.953 <.0001
Sucrose - 3.8% Ile -0.09070 0.00412 38 -22.017 <.0001
0% Ile - 3.8% Ile -0.00275 ©.00573 38 -0.479 0.6345

Day = 1@:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile -9.07736 ©.00303 38 -25.515 <.0001
Sucrose - 3.8% Ile -90.07533 0.00265 38 -28.431 <.0001
0% Ile - 3.8% Ile 0.00203 0.00401 38 0.506 0.6155

P value adjustment: fdr method for 3 tests

Table S8. Output from free amino acid Ismepaiswise comparisons of days for each treatméartPhenylalanine
concentrations.

> lsmeans(BAA, pairwise ~ Day | Treatment, adjust = "fdr", transfor = "response")
$contrasts
Treatment = Sucrose:

contrast estimate SE df t.ratio p.value

@ -3 0.15691 0.00702 38 22.357 <.0001

Q-7 0.20209 9.00676 38 29.916 <.0001

0 - 10 0.20372 0.00675 38 30.169 <.0001

3 -7 0.04518 0.00195 38 23.134 <.0001

3 -10 0.04681 0.00194 38 24.075 <.0001

7 - 10 0.00163 0.00040 38 4.080 0.0002

Treatment = 0% Ile:
contrast estimate SE df t.ratio p.vdlue

@ -3 0.12860 0.00871 38 14.756 <.0001
e -7 0.15022 0.00825 38 18.216 <.0001
@ - 10 0.16245 0.00782 38 20.768 <.0001
3-7 0.02162 0.00631 38 3.425 0.0018
3 -10 0.03385 0.00575 38 5.891 <.0001
7 - 10 0.01223 0.00501 38 2.441 0.019%4

Treatment = 3.8% Ile:
contrast estimate SE df t.ratio p.value

@ -3 0.22306 0.01099 38 20.292 <.0001
0 -7 0.22481 0.01116 38 20.139 <.0001
0 - 10 0.24181 0.01071 38 22.580 <.0001
3-7 0.00175 0.00548 38 ©.319 0.7512
3 -10 0.01875 0.00448 38 4.187 0.0002
7 - 10 0.01701 0.00488 38 3.483 0.0015

P value adjustment: fdr method for 6 tests

Table S9. ANOVA of generalised linear model to identify factors with significant effEbtemineconcentration
in bee fat body.
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> BAA <- glm(Threonine ~ Treatment*Day, Gamma, data = beeAAindiv)
> Anova(BAA)
Analysis of Deviance Table (Type II tests)

Response: Threonine

LR Chisq Df Pr(>Chisq)
Treatment 709.13 2 < 2.2e-1p ***
Day 209.09 3 < 2.2e-16 ***
Treatment:Day 490.96 6 < 2.2e-16 ***

Signif. codes: @ “***’ 0.001 **’ 0.01 ‘*’ 0.05 ‘.” 0.1 * ’ 1

Table 4.0. Output from bee free amino acid Ismeans pairwise comparisons of treatmeatshottay for Threonine
concentrations.

> lsmeans(BAA, pairwise ~ Treatment | Day, adjust = "fdr", transfor = "response")
$contrasts
Day = @:

contrast estimate SE df t.ratio p.value

Sucrose - 0% Ile -0.00422 0.00238 24 -1.768 0.0898
Sucrose - 3.8% Ile -0.01565 0.00282 24 -5.558 <.0001
0% Ile - 3.8% Ile -0.01144 ©.00293 24 -3.898 0.0010

Day = 3:
contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile -0.00309 0.00351 24 -0.882 ©.3865
Sucrose - 3.8% Ile -0.00757 0.00367 24 -2.066 ©.1493
0% Ile - 3.8% Ile -0.00448 ©.00376 24 -1.190 0.3683

Day = 7:
contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile -0.06902 ©.00444 24 -15.540 <.0001
Sucrose - 3.8% Ile -0.05724 ©.00390 24 -14.689 <.0001
0% Ile - 3.8% Ile 0.01178 ©.00573 24 2.056 ©@.0508

Day = 10:
contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile -0.08703 0.00500 24 -17.412 <.0001
Sucrose - 3.8% Ile -0.07316 0.00435 24 -16.834 <.0001
0% Ile - 3.8% Ile 0.01387 0.00653 24 2.124 0.0442

P value adjustment: fdr method for 3 tests

Table 1. Output from free amino acid Ismeans pairwise comparisons of days for each tredtm&hteonine
concentrations.

> Llsmeans(BAA, pairwise ~ Day | Treatment, adjust = "fdr", transfor = "response")
$contrasts
Treatment = Sucrose:

contrast estimate SE df t.ratio p.value

0 -3 -0.01724 0.00288 24 -5.988 <.0001

Q-7 0.01163 0.00189 24 6.163 <.0001

Q- 10 0.01674 ©.00177 24  9.480 <.0001

3-7 0.02887 0.00262 24 11.038 <.0001

3 -10 0.03398 0.00253 24 13.434 <.0001

7 -10 0.00511 ©.00129 24 3.955 ©.0006

Treatment = 0% Ile:
contrast estimate SE df t.ratio p.value

0 -3 -0.01612 ©.00311 24 -5.176 <.0001
Q-7 -0.05317 0.00467 24 -11.375 <.0001
9 - 10 -0.06607 0.00525 24 -12.588 <.0001
3-7 -0.03705 ©.00502 24 -7.383 <.0001
3 -10 -0.04995 0.00556 24 -8.988 <.0001
7 -10 -0.01290 0.00656 24 -1.966 0.0610
Treatment = 3.8% Ile:
contrast estimate SE df t.ratio p.value
0 -3 -0.00916 ©.00362 24 -2.534 ©0.0219
Q-7 -0.0299% 0.00442 24 -6.775 <.0001
9 - 10 -0.04077 0.00487 24 -8.374 <.0001
3-7 -0.02080 0.00467 24 -4.455 0.0002
3 -10 -0.03160 0.00509 24 -6.206 <.0001
7 -10 -0.01081 0.00569 24 -1.899 0.0697

P value adjustment: fdr method for 6 tests

Tabe SL2. ANOVA of generalised linear model to identify factors with signifieffiett on Leucine concentration
in bee fat body.
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> BAA <- glm(Leucine ~ Treatment*Day, Gamma, data = beeAAindiv)
> Anova(BAA)
Analysis of Deviance Table (Type II tests)

Response: Leucine

LR Chisq Df Pr(>Chisq)
Treatment 122.4 2 < 2.2e-16 ***
Day 3528.6 3 < 2.2e-1p ***
Treatment:Day 1758.80 6 < 2.2e-16 ***

Signif. codes: @ “***’ 9.001 ‘**’ ©0.01 ‘*’ 0.05 *.” 0.1 * ’ 1

Table 93. Output from bee free amino acid Ismeaagwise comparisons of treatments on each, dayLeucine
concentrations.

$contrasts

Day = @:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile -0.0358 0.00679 36 -5.272 <.0001
Sucrose - 3.8% Ile -0.0613 0.00807 36 -7.600 <.0001
0% Ile - 3.8% Ile -0.0255 0.00864 36 -2.956 0.0055

Day = 3:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile 0.0610 0.00396 36 15.410 <.0001
Sucrose - 3.8% Ile 0.0139 0.00494 36 2.817 0.0078
0% Ile - 3.8% Ile -0.0471 0.00334 36 -14.099 <.0001

Day = 7:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile 0.9198 0.00112 36 17.616 <.0001
Sucrose - 3.8% Ile -0.0078 0.00203 36 -3.853 0.0005
0% Ile - 3.8% Ile -0.0276 0.00171 36 -16.154 <.0001

Day = 10:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile 0.0131 0.00122 36 10.727 <.0001
Sucrose - 3.8% Ile -0.0172 0.00190 36 -9.062 <.0001
0% Ile - 3.8% Ile -0.0303 0.00149 36 -20.276 <.0001

> lsmeans(BAA, pairwise ~ Treatment | Day, adjust = "fdr", transfor = "response") p yglue adjustment: fdr method for 3 tests

Table 34. Output from free amino acid Ismeans pairwise comparisons y¥ fta each treatmenfor Leucine
concentrations.

> lsmeans(BAA, pairwise ~ Day | Treatment, adjust = "fdr", transfor = "response")

$contrasts
Treatment = Sucrose:
contrast estimate SE df t.ratio p.value
0 -3 0.02112 0.005725 36 3.689 0.0009
0 -7 0.07886 0.004422 36 17.834 <.0001
0 - 10 0.08443 0.004445 36 18.993 <.0001
3-7 0.05774 0.003959 36 14.587 <.0001
3-10 0.06331 0.003985 36 15.889 <.0001
7 -10 0.00557 0.001628 36 3.420 0.0016

Treatment = @% Ile:
contrast estimate SE df t.ratio p.value

0 -3 0.11791 0.005387 36 21.887 <.0001
0 -7 0.13449 0.005277 36 25.484 <.0001
0 - 10 0.13331 0.005279 36 25.255 <.0001
3-7 0.01658 0.001121 36 14.783 <.0001
3-10 0.01540 0.001127 36 13.670 <.0001
7 -10 -0.00118 0.000314 36 -3.743 0.0006

Treatment = 3.8% Ile:
contrast estimate SE df t.ratio p.value

0 -3 0.09638 0.007534 36 12.792 <.0001
0 -7 0.13241 0.007050 36 18.780 <.0001
0 - 10 0.12858 0.007000 36 18.368 <.0001
3-7 0.03603 0.003580 36 10.066 <.0001
3-10 0.03220 0.003480 36 9.254 <.0001
7 - 10 -0.00383 0.002248 36 -1.705 ©.0969

P value adjustment: fdr method for 6 tests

Table 95. ANOVA of generalised linear model to identify factors with significant effettymophan
concentration in bee fat body.
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> BAA <- glm(Tryptophan ~ Treatment*Day, Gamma, data = beeAAindiv)
> Anova(BAA)
Analysis of Deviance Table (Type II tests)

Response: Tryptophan

LR Chisq Df Pr(>Chisq)
Treatment 31.629 2 1.355e-07 ***
Day 299.977 3 < 2.2e-16 ***
Treatment:Day 302.544 6 < 2.2e-16 ***

Signif. codes: @ ‘***’ 9.001 ‘**’ 90.01 ‘*’ 0.05 ‘. 0.1 * ’ 1

Table 6. Output from bee free amino acid Ismepagwise canparisons of treatments on each dfmy Tryptophan
concentrations.

> lsmeans(BAA, pairwise ~ Treatment | Day, adjust = "fdr", transfor = "response")
$contrasts

Day = 0:

contrast estimate SE df t.ratio p.value

Sucrose - 0% Ile -0.035650 0.03823 38 -0.933 0.3569
Sucrose - 3.8% Ile -0.112742 0.04749 38 -2.374 0.0682
0% Ile - 3.8% Ile -0.077092 0.04837 38 -1.594 0.1789

Day = 3:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile -0.096432 0.04726 38 -2.041 0.1449
Sucrose - 3.8% Ile -0.033200 0.03576 38 -0.929 @.3590
0% Ile - 3.8% Ile 0.063232 0.04954 38 1.276 0.3144

Day = 7:

contrast estimate SE df t.ratio p.value
Sucrose - @% Ile -0.078387 0.01400 38 -5.599 <.0001
Sucrose - 3.8% Ile -0.077508 0.01387 38 -5.589 <.0001
0% Ile - 3.8% Ile ©.000879 0.01957 38 0.045 0.9644

Day = 10:

contrast estimate SE df t.ratio p.value
Sucrose - @% Ile -0.045197 0.00672 38 -6.728 <.0001
Sucrose - 3.8% Ile -0.114494 0.01420 38 -8.064 <.0001
0% Ile - 3.8% Ile -0.069297 0.01568 38 -4.420 0.0001

P value adjustment: fdr method for 3 tests

Table 47. Output from free amino acid Ismeans pairwise comparisons of days for each treddme&ntptophan
concentrations.

> lsmeans(BAA, pairwise ~ Day | Treatment, adjust = "fdr", transfor = "response™)

$contrasts

Treatment = Sucrose:
contrast estimate SE df t.ratio p.value
Q-3 0.04790 0.0349 38 1.373 0.1778
Q-7 0.20900 0.0263 38 7.951 <.0001
0 - 10 0.21628 0.0262 38 8.241 <.0001
3-7 0.16110 0.0231 383 6.989 <.0001
3 -10 0.16839 0.0230 38 7.321 <.0001
7 - 10 0.00728 0.0018 38 4.041 ©.0003

Treatment = 0% Ile:
contrast estimate SE df t.ratio p.value
Q-3 -0.01289 0.0498 38 -0.259 0.7971
Q-7 0.16626 0.0311 38 5.349 <.0001
0 - 10 0.20674 0.0286 38 7.230 <.0001
3-7 0.17915 0.0436 38 4.112 ©.0003
3 -10 0.21962 0.0418 38 5.251 <.0001
7 - 10 0.04047 0.0154 38 2.624 ©.0149

Treatment = 3.8% Ile:

contrast estimate SE df t.ratio p.value
0 -3 0.12744 0.0481 38 2.648 ©0.0141
Q-7 0.24423 0.0419 38 5.828 <.0001
0 - 10 0.21453 0.0420 38 5.102 <.0001
3-7 0.11680 0.0307 38 3.810 ©.0010
3 -10 0.08709 0.0308 38 2.824 ©.0113
7 -10 -0.02970 0.0198 38 -1.503 ©.1412

P value adjustment: fdr method for 6 tests

Table 98. ANOVA of generalised linear model to idénfactors with significant effect daoleucine concentration
in bee fat body.
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> BAA <- glm(Isoleucine ~ Treatment*Day, Gamma, data = beeAAindiv)
> Anova(BAA)
Analysis of Deviance Table (Type II tests)

Response: Isoleucine

LR Chisq Df Pr(>Chisq)
Treatment 124.3 2 < 2.2e-16 ***
Day 4014.5 3 < 2.2e-16 ***
Treatment:Day 1775.4 6 < 2.2e-16 ***

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 <’ 1

Table 99. Output from bee free amino acid Ismeans pairwise comparisons of treatments on edchisiaigucine
concentrations

> lsmeans(BAA, pairwise ~ Treatment | Day, adjust = "fdr", transfor = "response")
$contrasts

Day = @:

contrast estimate SE df t.ratio p.value

Sucrose - 9% Ile -0.02323 0.005306 36 -4.378 @.0001
Sucrose - 3.8% Ile -0.04472 0.006313 36 -7.083 <.0001
0% Ile - 3.8% Ile -0.02149 0.006638 36 -3.237 0.0026

Day = 3:

contrast estimate SE df t.ratio p.value
Sucrose - @% Ile 9.04555 0.002901 36 15.700 <.0001
Sucrose - 3.8% Ile ©.00842 0.003675 36 2.293 0.0278
0% Ile - 3.8% Ile -0.03713 0.002536 36 -14.640 <.0001

Day = 7:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile 0.01440 0.000795 36 18.113 <.0001
Sucrose - 3.8% Ile -0.00704 0.001493 36 -4.716 <.0001
0% Ile - 3.8% Ile -0.02144 0.001281 36 -16.742 <.0001

Day = 10:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile 0.00933 0.000883 36 10.560 <.0001
Sucrose - 3.8% Ile -0.01181 0.001341 36 -8.804 <.0001
0% Ile - 3.8% Ile -0.02114 0.001043 36 -20.257 <.0001

P value adjustment: fdr method for 3 tests

Table 20. Output from free amino acidmeans pairwise comparisons of days for each treatnf@misoleucine
concentrations.

> lsmeans(BAA, pairwise ~ Day | Treatment, adjust = "fdr", transfor = "response™)
$contrasts
Treatment = Sucrose:

contrast estimate SE df t.ratio p.value

0 -3 0.02387 0.004441 36 5.376 <.0001

4] <
0-7 0.06786 0.003548 36 19.128 <.0001
0 - 10 0.07162 0.003567 36 20.080 <.0001
3-7 ©0.04399 0.002891 36 15.218 <.0001
3 -10 0.04775 0.002914 36 16.387 <.0001
7 %] 9

- 10 0.00376 ©0.001165 36 3.227 ©.0027

Treatment = 0% Ile:
contrast estimate SE df t.ratio p.value

0 -3 0.09266 0.004105 36 22.572 <.0001
Q-7 0.10550 0.004025 36 26.211 <.0001
0 - 10 0.10418 0.004027 36 25.873 <.0001
3-7 0.01284 0.000833 36 15.407 <.0001
3 -10 0.01152 0.000841 36 13.698 <.0001
7 - 10 -0.00131 0.000237 36 -5.559 <.0001

Treatment = 3.8% Ile:
contrast estimate SE df t.ratio p.value

0 -3 0.07702 0.005800 36 13.278 <.0001
0 -7 ©0.10554 0.005432 36 19.430 <.0001
0 - 10 0.10453 0.005379 36 19.431 <.0001
3-7 0.02852 0.002716 36 10.501 <.0001
3-10 0.02751 0.002610 36 10.541 <.0001
7 -10 -0.00101 0.001635 36 -0.618 ©.5403

P value adjustment: fdr method for 6 tests

Table 21. ANOVA of generalised linear model to identify factors with significant effedietimonine
concentration in bee fat body.
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> BAA <- glm(Methionine ~ Treatment*Day, Gamma, data = beeAAindiv)
> Anova(BAA)
Analysis of Deviance Table (Type II tests)

Response: Methionine

LR Chisq Df Pr(>Chisq)
Treatment 46.24 2 9.101e-11 ***
Day 1581.95 3 < 2.2e-16 ***
Treatment:Day 283.84 6 < 2.2e-16 ***

Signif. codes: @ “***’ 9.001 ‘**’ 0.01 ‘*’ ©0.05 °.” 0.1 * ' 1

Table 2. Output from beeaée amino acid Ismearairwise comparisons of treatments on each, fiayMethionine
concentrations.

> lsmeans(BAA, pairwise ~ Treatment | Day, adjust = "fdr", transfor = "response")
$contrasts

Day = @:

contrast estimate SE df t.ratio p.value

Sucrose - 0% Ile -0.002501 0.001445 38 -1.731 0.0915
Sucrose - 3.8% Ile -0.007394 0.001682 38 -4.395 0.0003
0% Ile - 3.8% Ile -0.004893 0.001690 38 -2.896 ©.0094

Day = 3:

contrast estimate SE df t.ratio p.value
Sucrose - 0% Ile 0.005146 0.001152 38 4.467 0.0001
Sucrose - 3.8% Ile -0.002547 0.001348 38 -1.889 0.0665
0% Ile - 3.8% Ile -0.007693 0.001251 38 -6.148 <.0001

Day = 7:

contrast estimate SE df t.ratio p.value
Sucrose - @% Ile -0.002848 0.000510 38 -5.580 <.0001
Sucrose - 3.8% Ile 0.000363 0.000361 38 1.005 0.3212
0% Ile - 3.8% Ile 0.003211 0.000519 38 6.187 <.0001

Day = 10:

contrast estimate SE df t.ratio p.value
Sucrose - @% Ile -0.008762 0.000705 38 -12.430 <.0001
Sucrose - 3.8% Ile -0.004900 0.000485 38 -10.112 <.0001
0% Ile - 3.8% Ile 0.003862 0.000789 38 4.894 <.0001

P value adjustment: fdr method for 3 tests

Table 23. Output from free amino acid Ismeans pairwise comparisons of days for each tredmbtethionine
concentrations.

> lsmeans(BAA, pairwise ~ Day | Treatment, adjust = "fdr", transfor = "response")

Table 24. ANOVA ofgeneralised linear model to identify factors with significant effecfaline concentration in
bee fat body.
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