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 Abstract 

 Male     bumble     bees     play     a     vital     but     understudied     role     in     their     colonies.     They     are     essential 

 to     colony     reproduction     and     success,     despite     not     emerging     until     the     end     of     the     colony's     life     cycle. 

 Even     so,     the     biology     of     male     bumble     bees     is     not     well     understood,     which     leaves     our 

 understanding     of     colony     health     incomplete.     This     knowledge     gap     is     important     because     bumble 

 bee     populations     are     declining,     which     threatens     the     ecosystems     and     industries     which     rely     on     them 

 for     pollination.     This     study     aimed     to     understand     how     two     understudied     factors     of     bumble     bee 

 health—diet     and     immunity—are     related     in     males.     Pollen,     a     bee’s     main     source     of     protein,     has 

 been     shown     to     be     an     important     contributor     to     the     overall     health     of     bees.     However,     the     effect     of 

 protein     diet     on     various     immune     responses     is     varied.  Bombus     impatiens  males     produced     by 

 microcolonies     were     placed     into     two     treatment     groups,     one     with     access     to     protein     and     one     without 

 access     to     protein.     A     nylon     filament     immune     challenge     was     used     to     assess     the     encapsulation     and 

 melanization     immune     response     in     both     groups.     RT-qPCR     was     used     to     compare     expression     of 

 immune     genes     involved     in     melanization     and     antimicrobial     peptides     (AMPs).     A     mixed     effects 

 model     revealed     the     strength     of     encapsulation     and     melanization     was     statistically     similar     between 

 the     two     groups.     These     findings     suggest     the     response     of     cellular     immune     function     to     protein 

 deprivation     in     male     bumble     bees     may     be     similar     to     what     has     been     previously     observed     in 

 females.     Further     scientific     understanding     of     the     health     of     males     could     lead     to     overall     heightened 

 colony     success,     preserving     bumble     bees     and     the     pollination     services     they     provide     for     both     the 

 environment     and     agriculture. 
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 1 

 Introduction 

 Our     knowledge     of     how     male     bumble     bee     biology     differs  from     that     of     female     bumble     bees 

 is     limited.     Female     workers     take     care     of     the     majority     of     the     colony's     needs     and     perform     most     of 

 the     direct     pollination     services.     However,     males     are     also     essential     to     the     reproductive     success     and 

 life     cycle     of     a     colony.     They     mate     with     queens     from     other     colonies,     contributing     to     the     fitness     of 

 the     colony,     perpetuating     the     colony’s     genetic     legacy     and     supporting     overall     population     growth.     In 

 addition,     males     of     some     species     have     been     shown     to     perform     tasks     in     the     nest     such     as     incubation 

 of     brood     (Cameron,     1985).     Via     these     roles     in     the     colony     lifecycle,     males     contribute     to     pollination 

 services     indirectly.     Understanding     the     factors     that     affect     male     bumble     bee     health     is     thus     an 

 important     component     in     protecting     these     important     pollinators,     many     of     which     are     experiencing 

 population     decline     (Belsky     et     al.,     2020,     Cameron     and     Sadd,     2020).     Specifically,     research     on     the 

 nutritional     requirements     and     immunocompetence     of     male     bumble     bees     is     greatly     needed. 

 Nutrition     is     a     significant     factor     that     influences     bee     health     including     body     size,     immunity, 

 reproduction,     and     the     development     of     sexual     organs     (Schmid-Hempel     and     Schmid-Hempel, 

 1998,     Ponton     et     al.,     2011,     Pain,     1968,     Pech-May     et     al.,     2012).     Male     honey     bees     consume     pollen, 

 which     is     the     primary     source     of     protein     for     bees,     for     about     the     first     6     days     of     their     adult     life. 

 Pollen     consumption     peaks     after     3     or     4     days,     after     which     point     they     rely     almost     solely     on 

 carbohydrates     for     energy     to     fly     (Free,     1957,     Szolderits     and     Crailsheim     1993).     This     early-life 

 protein     consumption     may     be     necessary     for     reproductive     maturity     and     survival.     Supplemental 

 protein     in     honey     bees     is     associated     with     increased     sperm     viability     and     semen     volume     when     given 

 to     the     colony     before     the     production     of     males     (Rousseau     &     Giovenazzo,     2016).     Honey     bee 

 workers     survive     longer     at     lower     protein-carbohydrate     ratios,     suggesting     overall     more 

 carbohydrates     are     needed     in     their     diet     than     protein     (Pirk     et     al.,     2010).     Similarly,  B.     terrestris 
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 workers     preferred     protein     carbohydrate     ratios     of     roughly     1:150     (Stabler     et     al.,     2015).  Bombus 

 impatiens  foragers     preferred     plants     with     higher     protein-lipid  ratios     and     tended     to     choose     pollen 

 with     5:1     or     10:1     ratios     (Vaudo     et     al.,     2016a).     Both  B.     impatiens  and  B.     terrestris  workers     alter 

 their     consumption     of     certain     macronutrients     in     order     to     reach     protein     lipid     ratios     of     12:1     and     14:1 

 respectively     (Vaudo     et     al.,     2016b).     These     studies     suggest     that     bee     protein     consumption     is 

 important     to     bee     health,     and     tightly     regulated     according     to     functional     requirements.     However, 

 more     research     on     the     specific     nutritional     requirements     of     male     bumble     bees     is     needed     (Belsky     et 

 al.,     2020). 

 Immunity     is     another     vital     factor     for     bumble     bee     health     and     reproductive     abilities.     Being 

 unable     to     fight     off     pathogens     leads     to     disease,     death,     and     ultimately     lower     reproductive 

 outcomes.     Pathogens     are     one     of     the     major     contributing     factors     to     declines     in     bee     populations 

 (Zhao     and     Liu,     2022).     Immune     responses     in     bees     are     generally     initiated     through 

 receptor-mediated     recognition     of     pathogen-associated     molecular     patterns     (PAMP)     on     pathogens 

 or     foreign     bodies     (Rosales,     2017).     Lipopolysaccharide     (LPS),     a     component     of     the     outer 

 membrane     in     Gram-negative     bacteria,     is     one     such     example     of     a     PAMP.     LPS     is     able     to     prompt     an 

 immune     reaction     even     in     the     absence     of     an     actual     pathogen     (Moret     and     Schmid-Hempel,     2000). 

 Recognition     of     a     foreign     pattern     can     trigger     a     variety     of     innate     immune     effector     mechanisms. 

 Cellular     immune     responses     such     as     phagocytosis,     nodulation,     encapsulation,     and     melanization 

 require     the     action     of     hemocytes.     The     humoral     immune     response     generally     involves     formation     of 

 antimicrobial     peptides     (AMP)     such     as     defensin,     abaecin,     and     hymenoptaecin     which     are     formed 

 through     a     variety     of     signaling     pathways     (Rosales,     2017).     The     main     viral     defense     in     insects     is 

 RNA     interference     (Degrandi-Hoffman     and     Chen,     2015).     Interestingly,     bumble     bees,     like     other 

 eusocial     bees,     have     fewer     canonical     immune     genes     than     do     nonsocial     insects     (Barribeau     et     al., 
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 2015).     This     fact     would     suggest     bumble     bees     are     more     susceptible     to     disease,     but     it     is     thought 

 they     make     up     for     this     reduced     immune     array     through     social     behaviors     such     as     grooming     which 

 help     prevent     the     spread     of     disease.     (Barribeau     et     al.,     2015). 

 Melanization     and     encapsulation     are     two     basic,     innate     immune     functions     found     in     many 

 insects,     including     bumble     bees.     Melanization     is     an     immune     response     in     which     pathogens     are 

 coated     by     a     layer     of     dark     melanin.     Once     a     foreign     molecule     is     recognized,     a     serine     protease 

 cascade     cleaves     the     enzyme     prophenoloxidase     (PPO).     The     active     form     of     this     enzyme, 

 phenoloxidase     (PO),     then     initiates     a     cascade     resulting     in     the     synthesis     of     the     protein     melanin. 

 Melanin     can     cross-link     with     other     hemolymph     proteins     and     aggregate     on     the     surface     of     the 

 foreign     body     or     pathogen,     helping     to     neutralize     it     (Söderhäll     and     Cerenius,     1998,     Hillyer,     2016). 

 The     melanin     cascade     also     produces     many     reactive     oxygen     by-products,     which     aid     in     the 

 destruction     of     the     foreign     body     (Hillyer,     2016).     Encapsulation     is     a     similar     and     related     immune 

 response     where     layers     of     hemocytes     surround     and     encapsulate     pathogens,     typically     parasites     too 

 large     to     be     phagocytosed     (Rosales,     2017).     These     responses     isolate     the     pathogen,     which     blocks     it 

 from     doing     further     harm,     and     kills     it     via     reactive     oxygen     species     and     or     starvation     (Hillyer, 

 2016).     Melanization     is     also     heavily     involved     in     encapsulation,     and     the     hemocytes     responsible     for 

 the     encapsulation     process     produce     many     of     the     enzymes     in     the     melanin     synthesis     pathway 

 (Hillyer,     2016).     Melanization     has     also     been     shown     to     be     important     in     wound     healing     and     in     the 

 cellular     immune     response     of     nodulation     in     insects     (Rosales,     2017). 

 Little     research     exists     on     male     immunity,     but     some     differences     have     been     observed 

 between     males     and     females.     Multiple     groups     have     reported     that     the     encapsulation     response     is 

 higher     in     bumble     bee     workers     than     in     males.     Gerloff     et     al.     (2003)     observed     this     difference 

 between     sexes     in  B.     terrestris  using     a     nylon     filament  challenge     and     also     observed     the     response 
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 was     lower     in     males     produced     later     in     the     colony     lifespan.     Baer     and     Schmid-Hempel     (2006) 

 reported     a     similar     difference     between     sexes     in  B.  terrestris  and     observed     that     encapsulation     was 

 independent     of     body     size     and     ploidy     in     males.     Barribeau     et     al.     (2015)     found     that     expression     of 

 many     immune     genes     was     more     highly     induced     in     queens     than     in     males     when     injected     with  A. 

 globiformis  and     when     injected     with  E.     coli,  and     that  queens     experienced     higher     overall 

 expression     of     these     genes.     These     observations     are     in     line     with     Bateman’s     principle     of     investment 

 wherein     females     invest     more     resources     into     survival     and     longevity     than     males     do     (Rolff,     2002). 

 Diet     and     immunity     likely     also     have     synergistic     effects     on     male     bumble     bee     health. 

 Immunity     is     an     energetically     costly     process,     and     it     follows     that     greater     access     to     energy     in     the 

 form     of     food     will     allow     for     stronger     immune     responses.     Under     starvation     conditions,     bumble     bee 

 workers     experience     reduced     survival     upon     immune     challenge     (Moret     and     Schmid-Hempel, 

 2000).     Bumble     bee     workers     consume     more     honey     when     mounting     an     immune     response     against 

 injected     LPS     (Tyler     et     al.,     2006).     Additionally,     dietary     protein     seems     to     be     important     for     the 

 expression     of     many     immune     genes     such     as     AMPs.     Protein     deprivation     has     been     associated     with 

 lower     immune     gene     expression     in     bumble     bee     workers     (Brunner     et     al.,     2014).     Supplemental 

 sunflower     pollen     upregulates     expression     of     many     immune     genes     upon     infection,     including 

 AMPs,     in     workers     (Giacomini     et     al.,     2023).     Conversely,     protein     consumption     does     not     seem     to 

 affect     the     encapsulation     response     for     worker     bees.     One     study     found     no     significant     differences     in 

 PO     activity     in     honey     bee     workers     fed     with     pollen     and     those     fed     with     no     pollen     (Alaux     et     al., 

 2010).     Similarly,     in     bumble     bees     protein     quality     (type     of     pollen)     did     not     have     an     effect     on     the 

 strength     of     PO     activity     in     workers     (Rogers     et     al.     2017).     However,     it     remains     to     be     investigated     if 

 these     trends     hold     in     male     bumble     bees. 
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 This     study     aimed     to     answer     the     question     how     does     diet,     specifically     a     lack     of     protein, 

 affect     the     immunity     of     male     bumble     bees?     If     protein     nutrition     is     important     for     the     melanization 

 response     in     male     bumble     bees,     then     male     bumble     bees     deprived     of     dietary     protein     will 

 experience     decreased     immune     function     compared     to     bees     fed     a     normal     diet.     We     tested     this 

 hypothesis     in     immune     challenged     males     of  B.     impatiens  using     two     methods.     First,     the 

 melanization     response     of     protein-deprived     bees     was     measured     after     an     immune     challenge     in 

 which     nylon     filaments     coated     with     LPS     were     inserted     into     the     abdomen     of     the     bees.     Second, 

 gene     expression     of     an     antimicrobial     peptide     and     a     melanin     synthesis     enzyme     was     measured     using 

 RT-qPCR.     If     protein     deficiency     is     associated     with     decreased     immunocompetence,     then     we 

 predict     male     bees     fed     with     low     protein     diets     will     demonstrate     a     decreased     melanization     response 

 to     the     nylon     filament     challenge     and     an     immune     gene     expression     profile     consistent     with     a 

 decrease     in     immunocompetence,     relative     to     the     male     bees     fed     a     regular     protein     diet.     This     work 

 has     the     potential     to     enhance     the     health     and     success     of     bumble     bee     colonies,     reversing     the 

 alarming     population     declines     currently     being     observed     and     leading     to     both     healthier     ecosystems 

 and     more     productive     agriculture. 

 Methods 

 Bee     Rearing     and     Diet     Treatments 

 We     obtained     two     colonies     of  B.     impatiens  from     Koppert  Biological     Systems     (Howell,     MI) 

 near     the     beginning     of     their     lifecycle.     Colonies     were     kept     in     a     climate-controlled     room     at     26-28 

 °C     and     60-65%     relative     humidity.     Colonies     were     also     kept     in     the     dark     and     red     light     was     used 

 when     tending     them.     We     fed     the     colonies     sugar     water     (1:1     volume     of     sugar     to     distilled     water)     and 

 pollen     dough  ad     libitum  .     Honey     bee     pollen     (Betterbee,  Greenwich,     NY)     was     ground     into     a     fine 



 6 

 powder     using     a     coffee     grinder     and     mixed     with     sugar     water     in     a     7.5:1     pollen     to     sugar     water     ratio 

 to     produce     the     pollen     dough.     Once     the     colony     was     several     days     old,     we     set     up     microcolonies 

 containing     three     worker     bees     each,     and     provided     pollen     and     sugar     water  ad     libitum  .     Pollen     was 

 formed     into     circular     disks     about     the     size     of     a     quarter     and     placed     on     a     white     piece     of     cardstock 

 attached     to     the     bottom     of     one     side     of     the     cage.     The     pollen     on     the     paper     acts     as     a     substrate     for 

 bees     to     create     honeypots     and     lay     eggs     upon.     We     checked     the     microcolonies     every     day     to     monitor 

 the     egg-laying     process     and     check     for     newly     emerged     males     (Colony     B:     35     males     emerged, 

 Colony     C:     10     males     emerged).     When     a     male     emerged,     they     were     collected     and     placed     into 

 individual     cages     with     honey     bee     pollen     mixed     into     their     sugar     water     (83.3     mg/mL).     After     two 

 days,     we     randomly     assigned     males     to     a     treatment     group.     Roughly     equal     amounts     of     males     from 

 each     microcolony     were     placed     in     each     treatment     to     minimize     bias     from     genetically     related 

 individuals.     The     control     group     was     given     this     same     sugar     water-protein     mixture,     and     the 

 protein-deprived     group     was     given     sugar     water     without     protein     in     it.     Bees     were     kept     in     treatment 

 for     one     day. 

 Nylon     Filament     Immune     Challenge 

 At     the     end     of     the     treatment     period,     we     exposed     all     individuals     (n=67)     to     a     nylon     filament 

 immune     challenge.     First,     the     bees     were     moved     from     their     individual     cages     into     15     mL     tubes     and 

 chilled     on     ice     for     10-20     minutes     to     anesthetize     them.     Once     asleep,     individual     bees     were 

 immobilized     by     cross-pinning     to     a     silicone-filled     petri     dish.     We     sterilized     the     abdomen     of     each 

 bee     with     ethanol     and     gently     inserted     a     0.8     mm     sterile     needle     between     the     3rd     and     4th     sternite.     A 

 nylon     filament     (3     mm     x     0.2     mm)     was     dipped     in     0.5     m/mL     LPS     (Sigma-Aldrich,     Saint     Louis, 

 MO)     and     inserted     in     the     same     location     as     the     needle     is     removed.     This     method     exposes     the 
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 filament     to     the     hemolymph,     where     melanization     and     encapsulation     occur.     A     portion     of     the 

 filament     was     left     outside     the     bee     for     easy     removal.     We     put     the     bees     back     in     a     15     mL     tube     along 

 with     cotton     dipped     in     sugar     water.     They     were     then     placed     in     a     26     °C     incubator     for     4     hours.     After 

 the     incubation,     bees     still     alive     (capable     of     voluntary     movement,     n=53)     were     placed     in     the     freezer 

 for     about     5     minutes.     We     re-pinned     them     and     removed     the     filament.     The     bee     was     immediately 

 frozen     and     stored     in     liquid     nitrogen.     For     long     term     storage,     the     bees     were     kept     in     a     -80     °C 

 freezer. 

 We     then     placed     the     removed     filament     next     to     a     blank     filament     on     a     piece     of     photopaper 

 on     top     of     a     grey     background.     Pictures     were     taken     of     3     different     sides     of     each     filament     using     a 

 Leica     EZ4HD     microscope     (Wetzlar,     Germany).     We     analyzed     these     images     using     the     Fiji 

 distribution     of     ImageJ     (Schindelin     et     al.,     2012).     Analysis     was     done     by     uploading     the     image     into 

 the     software     and     converting     it     to     16     bit     grayscale.     Boxes     were     drawn     around     both     the     blank 

 filament     and     the     portion     of     the     melanized     filament     which     was     inside     the     bee.     The     grey     value     of 

 all     the     pixels     in     each     box     were     then     measured     to     find     the     average     grey     value     of     each     filament. 

 The     grey     value     of     the     blank     filament     was     then     subtracted     from     the     grey     value     of     the     melanized 

 filament     to     control     for     differences     in     lighting.     A     group     of     five     filaments     was     measured     at     the 

 beginning,     end,     and     middle     of     the     process     to     check     for     consistency     in     measurements.     Photos 

 from     each     treatment     group     were     well-mixed     during     the     analysis,     to     mitigate     bias     during     the 

 measurement     process. 

 RT-qPCR 

 We     performed     all     reactions     according     to     the     manufacturer’s     recommended     protocol.     We 

 performed     RNA     extraction     using     abdomens     of     16     of     the     frozen     bees,     8     from     each     treatment 
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 group.     We     only     did     16     of     the     bees     due     to     resource     constraints.     Extraction     was     done     using     RNeasy 

 mini     spin     columns     including     the     DNA     digestion     step     (Qiagen,     Germantown,     MD).     Frozen     tissue 

 was     homogenized     in     RLT     buffer     using     a     motorized     pestle.     We     quantified     RNA     extracts     using     a 

 Qubit     RNA     HS     Assay     Kit     (Invitrogen,     Waltham,     MA)     and     purity     was     assessed     via     nanodrop. 

 Any     samples     exhibiting     low     260/280     or     260/230     ratios     were     purified     further     by     repeating     the 

 RNeasy     Mini     kit     protocol.     We     performed     reverse     transcription     for     all     samples     using     High 

 Capacity     cDNA     Reverse     Transcription     kit     (Applied     Biosystems,     Foster     City,     CA).     We     reverse 

 transcribed     500     ng     of     RNA     in     a     20     mL     and     generated     appropriate     no     template     and     negative     RT 

 controls.     Primer     sequences     for  arginine     kinase  were  obtained     from     Amsalem     et     al.     (2017).     We 

 designed     primers     for  prophenoloxidase  (  PPO  ),     and  abaecin  using     NCBI     Primer     Blast     and     double 

 checked     their     specificity     using     BLAST     (Ye     et     al.,     2012).     We     ran     primer     efficiency     tests     for     the 

 primers     prior     to     performing     RT-qPCR;     all     primers     had     94-101%     efficiency.     The     descriptions     of 

 these     genes     and     primer     sequences     are     shown     in     Table     1     below.     We     performed     RT-qPCR     with 

 SYBR     Green     Supermix     and     a     CFX     Opus     384     machine     (BioRad,     Hercules,     CA).     2     µL     of     cDNA 

 were     used     in     each     reaction. 

 Statistical     Analysis 

 For     the     nylon     filament     immune     challenge,     we     performed     data     preprocessing     and 

 summary     statistics     in     Jupyter     Notebook     version     6.5.2     (Kluyver     et     al.,     2016).     We     did     the     rest     of 

 the     filament     analyses     in     R     version     4.2.3     (R     Core     Team,     2023).     Normality     was     assessed     via     an 

 Anderson-Darling     test     in     nortest     version     1.0.4     (Gross     and     Ligges,     2015).     Skewness     and     kurtosis 

 were     visualized     using     fitdistrplus     version     1.1.8     (Delignette-Mullerand     Dutang     2015).     Quantile 

 distribution     was     visualized     using     car     version     3.1.0     (Fox     and     Weisberg,     2019).     We     created     a 
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 mixed     effect     model     in     lme4     version     1.1.30     (Bates     et     al.,     2015).     We     added     source     colony     and 

 microcolony     to     this     model     as     random     effects.     We     did     this     because     individuals     originating     from 

 the     same     colony     or     microcolony     are     genetically     related,     which     is     important     to     take     into     account 

 as     it     can     create     pseudoreplication.     However,     colony     had     a     variance     of     0,     and     it     was     removed     from 

 the     final     model.     Plots     were     generated     using     ggplot2     in     the     tidyverse     package     version     2.0.0 

 (Wickham     et     al.,     2019).     We     used     Microsoft     Excel     to     calculate     primer     efficiency     and     to     analyze 

 the     RT-qPCR     results     using     the     delta-delta     CT     method     (Microsoft     Corporation,     2018). 

 Table     1 

 Gene  Description  NCBI 

 Accession 

 Forward     Primer 

 Sequence 

 Reverse     Primer 

 Sequence 

 Primer 

 Efficiency 

 Arginine 

 Kinase 

 Reference  XM_012391881.3  GTTGGTAGGGCAG 

 AAGGTCA 

 AGGTCTACCGTC 

 GTCTGGTG 

 100.08% 

 (R  2  =0.992) 

 PPO  prophenoloxidase, 

 melanin     synthesis 

 XM_012387043.2  CCAGCGCATCGAA 

 GAATAGC 

 GATCCTTCGTGT 

 CAGGACGA 

 100.50% 

 (R  2  =0.982) 

 abaecin  AMP  XM_003491496  AGGAGCAAGTTGT 

 GGAGAGAAAA 

 CATGACCTGGGA 

 AGCTTGGA 

 94.17% 

 (R  2  =0.997) 

 Table     containing     information     about     the     genes     and     primers     used     for     RT-qPCR. 

 Results 

 A     total     of     67     males     emerged     from     16     different     microcolonies     over     the     course     of     three 

 weeks.     We     collected     these     bees     and     placed     them     into     treatment     groups.     Of     these     males,     53 

 (79.1%)     survived     until     the     end     of     the     nylon     filament     challenge.     There     were     no     significant 
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 differences     in     survival     between     the     control     (28/35     –     78.13%     surviving)     and     protein     deprived 

 groups     (25/32     –     82.35%     surviving)     (chi-sq     =     0.04,     p     =     0.85).     However,     only     45     of     these     53 

 filaments     were     used     in     the     final     grey     value     analysis,     as     some     were     lost     in     the     removal     process. 

 Grey     value     is     a     measure     of     the     level     of     greyness     of     a     pixel.     It     is     represented     on     a     scale     from     0     to 

 255     with     0     being     the     least     grey     and     255     being     the     most     grey.     The     higher     the     grey     value,     the 

 darker     the     filament     and     the     stronger     the     melanization     response     of     the     bee.     Males     in     the 

 protein-deprived     group     had     a     slightly     weaker     melanization     response     than     those     in     the     control 

 group     (i.e.,     10%     lower     grey     value;     Table     2),     but     this     trend     was     not     statistically     significant     (chi-sq 

 =     1.11,     p     =     0.29;     Fig.     1). 

 Eight     bees     in     each     treatment     group     were     randomly     selected     for     gene     expression     analysis 

 and     RNA     extraction     was     successfully     performed.     The     RT-qPCR     portion     of     the     study     is     still     in 

 progress. 

 Table     2  –     Mean     Grey     Values 

 Group  Sample     Size  Mean     Grey     Value  Standard     Error 

 All     bees  45  43.47  2.34 

 Control  22  45.92  2.96 

 Protein-deprived  23  41.12  3.59 

 Table     displaying     summary     statistics     of     the     grey     values     by     treatment 
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 Figure     1-  Grey     Value     Distribution 

 Figure     1.     Grey     values     by     treatment     group.     Red     is     the     protein-deprived     group     and     blue     is 
 the     control     group.     Each     of     the     data     points     on     the     plot     represents     a     bee,     colored     by     the 
 microcolony     they     came     from.     The     lines     in     the     middle     of     each     plot     represent     the     median,     or 
 the     point     at     which     50%     of     the     data     lies     above     that     value     and     50%     lies     below.     The     left     and 
 right     bounds     of     each     box     represent     the     lower     and     upper     quartiles     respectively.     The     area 
 of     the     box     is     the     interquartile     range,     in     which     50%     of     the     data     lies.     The     whiskers     each 
 represent     the     25%     of     data     at     each     extreme.     The     protein     deprived     group     has     both     a     lower 
 median     and     greater     variation     compared     to     the     control. 

 Discussion 

 In     this     study,     we     investigated     the     effects     of     protein     on     the     immune     function     of     male 

 bumble     bees.     We     used     short-term     protein     deprivation     to     measure     the     melanization     and 

 encapsulation     immune     response     and     gene     expression     of     multiple     immune     genes.     We     did     not     find 

 evidence     for     a     difference     in     the     melanization     and     encapsulation     response     between     the     bees     fed 

 protein     and     the     protein-deprived     bees.     Our     results     support     other     studies     which     have     not     found 

 protein     content     or     pollen     quality     to     have     a     significant     effect     on     phenoloxidase     activity     in     workers 
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 of     both     honey     bees     (Alaux     et     al.,     2010)     and     bumble     bees     (Roger     et     al.,     2017).     Another     study 

 found     that     poor     nutritional     environments,     where     food     was     available     only     for     select     times,     were 

 not     associated     with     changes     in     encapsulation     responses     as     measured     by     filament     immune 

 challenges     in  B.     terrestris  workers     (Schmid-Hempel  and     Schmid-Hempel,     1998).     Furthermore, 

 Brunner     et     al.     (2014)     reported     no     correlation     between     phenoloxidase     activity     and     starvation, 

 despite     also     finding     that     protein     deprivation     over     a     24-hour     period     was     associated     with     lower 

 expression     of     many     immune     genes,     including     AMPs.     We     continued     this     investigation     in     males, 

 and     our     results     suggest     this     pattern     is     consistent     between     sexes. 

 Immunity     is     a     complex     system,     and     there     are     often     tradeoffs     between     different     responses 

 (Cotter     and     Al     Shareefi,     2022).     With     limited     resources,     an     organism     must     allocate     its     resources 

 as     efficiently     as     it     can,     leading     to     tradeoffs     which     depend     on     the     nutrients     available     and     the 

 immune     threat     present.     For     example,     phenoloxidase     activity     is     negatively     correlated     with 

 expression     of     multiple     antimicrobial     peptides     in     bumble     bee     workers     (Moret     and 

 Schmid-Hempel,     2009).     Brunner     et     al.     (2014)     found     similar     results     under     protein     deprivation, 

 with     AMP     expression     being     more     affected     by     lack     of     protein.     There     is     also     evidence     for     tradeoffs 

 between     the     non-specific     (encapsulation)     and     specific     (via     infection     intensity)     immune     responses 

 in     bumble     bee     workers     (Mallon     et     al.,     2003).     Interestingly,     tradeoffs     between     melanization     and 

 AMPs     have     even     been     found     in     male     bumble     bees     at     both     the     phenotypic     and     genetic     levels 

 (Wilfert     et     al.,     2007).     It     should     also     be     noted     that     expression     of     antimicrobial     peptides     appears     to 

 be     one     of     the     immune     responses     most     limited     by     lack     of     protein     in     the     bumble     bee     diet     (Brunner 

 et     al.,     2014).     On     the     other     hand,     it     seems     melanization     and     phenoloxidase     activity     is     more 

 dependent     on     carbohydrates     than     it     is     on     protein     (Cotter     et     al.,     2011,     Roger     et     al.,     2017, 

 Degrandi-Hoffman     and     Chen,     2015).     Therefore,     it     is     likely     immune     responses     other     than 
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 melanization,     such     as     AMP     levels,     were     diminished     in     the     bees     used     here.     We     also     have     not     yet 

 completed     the     gene     expression     portion     of     the     experiment.     The     expression     of     both     PPO,     a     melanin 

 synthesis     gene,     and     abaecin,     an     antimicrobial     peptide,     are     being     measured.     Hopefully,     those 

 results     will     shed     light     on     the     full     interaction     of     diet     with     these     immune     tradeoffs     in     male     bumble 

 bees. 

 There     have     also     been     differences     observed     in     the     immune     response     of     male     and     female 

 bees.     Males     have     lower     encapsulation     levels     than     females     under     filament     immune     challenges     in 

 bumble     bees     (Baer     and     Schmid-Hempel     2006).     Expression     of     a     variety     of     immune     genes     is     also 

 lower     in     males     than     gynes     in     multiple     bumble     bee     species     (Barribeau     et     al.,     2015).     Another     study 

 found     that     supplemental     sunflower     pollen     fed     to  B.  impatiens  decreased     pathogen     levels     in 

 females,     but     had     no     effect     in     males     (Fowler     et     al.,     2020).     Therefore,     there     may     be     differences     in 

 the     immune     reaction     to     nutritional     changes     between     sexes     in     bumble     bees.     According     to 

 Bateman’s     principle     of     investment,     females     should     invest     more     in     longevity     mechanisms     such     as 

 immunity,     and     males     should     invest     more     in     short     term     reproductive     efforts.     If     this     principle     is 

 correct,     then     protein     consumption     in     adult     male     bumble     bees     may     be     more     important     for 

 reproductive     measures,     which     we     did     not     evaluate.     Along     these     lines,     one     study     found     that 

 protein     deprivation     in     honey     bee     males     after     their     emergence     did     not     affect     the     viability     of     their 

 sperm     (Stürup     et     al.,     2013).     This     effect     may     occur     because     spermatogenesis     occurs     during     the 

 larval     stage,     meaning     that     adult     nutrition     has     no     effect     on     the     already     developed     sperm.     However, 

 it     is     still     possible     that     dietary     protein     is     an     important     limiting     factor     for     other     measures     important 

 to     reproduction     such     as     the     production     of     semen.     For     example,     Rousseau     and     Giovenazzo     (2016) 

 found     that     both     protein     and     carbohydrate     supplements     given     to     a     colony     had     a     significant 

 positive     effect     on     the     body     size     and     semen     volume     of     males     produced     from     these     colonies. 
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 Further     investigation     into     sexual     differences     in     nutritional     modulation     of     immunity     and 

 reproduction     is     warranted. 

 In     conclusion,     we     did     not     find     short     term     protein     deprivation     to     have     a     notable     effect     on 

 the     encapsulation     and     melanization     response     of     male     bumble     bees.     More     work     is     yet     needed     to 

 understand     the     mechanisms     of     diet     and     immunity     in     male     bumble     bees,     and     how     it     differs     from 

 female     bumble     bees.     Promising     areas     for     continuing     our     investigation     into     male     bumble     bee 

 immunocompetence     include     examining     the     effect     of     protein     deprivation     on     AMPs,     the     effect     of 

 carbohydrate     deprivation     on     melanization     and     encapsulation,     and     if     the     length     of     the     treatment 

 period     is     important.     This     line     of     research     has     the     potential     to     improve     bumble     bee     heath     at     the 

 individual,     colony,     and     population     levels     in     the     wild.     It     will     be     a     step     towards     better     management 

 and     conservation     of     not     only     these     species,     but     the     entire     ecosystems     they     live     in     and     the 

 agricultural     industries     which     rely     on     them. 
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 while     doing     research. 
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