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m Honey bees play a vital role as a major pollinator in both natural and agricultural ecosystems.
In recent years, we have witnessed an alarming decline in honey bee populations worldwide,
which poses a threat to global food security. The health and welfare of honey bees are heavily
dependent upon the supply of an adequate amount and balance of macro- and micronutrients
at both individual and colony level. Failing to achieve this nutrient target engenders nutritional
stresses, which are thought to be one of the main factors driving the decline in honey bees and
other pollinators. Besides their direct effects, nutritional stresses can seriously compromise
health and fitness in honey bees through interacting with other types of biotic and abiotic
stresses, such as pathogens or parasites, pesticides, climate extremes, etc. To cope with this
ongoing honey bee crisis, there have been growing efforts to advance our basic knowledge
of nutritional physiology and ecology of honey bees. Despite such increasing interests, our
complete understanding of nutrition in honey bees has been hampered by the lack of an
appropriate method that can deal with the multidimensional, interactive, and dynamic nature of
nutrition. The Nutritional Geometry (NG) is a powerful, state-space modelling framework that
is developed to visually analyze highly complex nutritional dataset in n-dimensional Euclidean
space. The major objective of this review is to provide a comprehensive overview of the recent
developments in honey bee nutritional research, which have been mainly achieved through the
application of this novel framework. We first start this review by highlighting the importance of
nutrition in the health and fitness in honey bees, especially in the context of their recent global
crisis. Before introducing the key concepts and principles of NG, we outline the current status
and limitations of conventional honey bee nutritional research and explain how NG has paved a
new path towards understanding their nutritional biology from a multidimensional perspective.
In the main body of this review, we summarize the key discoveries and implications drawn from
recent studies that have explored the impacts of macronutrient balance on health in honey bees.
Finally, we discuss how NG can further deepen our understanding of colony-level nutritional
homeostasis in honey bees and also how this approach will help us to develop nutritional
interventions that can mitigate and, hopefully, stop the honey bee population decline.
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Fig. 2. Horizontal bar chart describing the proportion of 10 essen-
tial amino acids (EAAs) required by honey bee (De Groot, 1953).
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O] £ (Optimal foraging theory)”2] ¥
o, ol2iet o okE Ad FF
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(adaptive significance)”} & AL =2 4 H T} (Simpson
et al., 2004; Raubenheimer and Simpson, 2018). Ael= st
A4 FRRA ST Ao, bt TR 2

Stoto] A2A16k= 935 (dietary mixing)©] =He] g
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Fig. 3. Protein-carbohydrate nutrient space for a hypothetical animal. The intake target (yellow circle) represents the amount and balance of
the two nutrients that are optimally required by an animal. The solid lines (nutritional rails) in each panel represent the protein-to-carbohy-
drate ratio of the diets.
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o] oz BAE 4= Ith(Fig. 3). 9F A2 ™A oA BES oot J4 72 Kol Hed|, &
AtElE Ao = AEo] AHst = Holof ohE A YLALE e FaHY A4St 2AdstE S
FFAE 7] vl (o], D 5hE)2 o] g A HstAY (Fig. 3¢9] Case 1 &2 2), 54 g4 drtet
o] 7|72 BdHE} npxjuto g A Rxg, AEo] oje} ttE JFA 9 HEHS Aok A FHolr |k @
210 A3 St 7]7] ol AdAleloF & A TH(Case 3) (Simpson and Raubenheimer, 2012).

S0 gt H&S Julob, o] Tt JoF Ftol| o= | ¥ 715k 71EL] mygoA YRS, 22t
FAHH AE2 AH4lo] 9+st= o vlgat ehEsHA dA AF T 1ol oliid FFA Ao Aat HAs=
YA St= Hol & HFoHA (Fig. 3a), BYA L& £+ A=) BAYS 2500 BAY 4 A= 3xLAR] «JF
SR M2 Al 2717] o]Ate] HolE AEisto 2 -3 7T (nutritional fitness landscape, ©]oF G 7
A A BB EES 4 QT (Fig. 3b). WY FYA o= Ty 2 dASHATHFig. 4). G AT oA 429
St Holut H = A= -E 7 (Fig. 3¢), B= of otz A (5, e EdFo| 7FF =A ¢
2 2H419] A JoF AdHfoll A =g 4= glot. o] H &t He A3)9] HEE I A A (nutritional optimum)
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olg} ghrt. w79t xute] 5 TRt 25S tid e Fieol HA g FESAY RS A, 25
g pH Ao o] WEH, Holg AFEA A = A-ko] A (fitness losses)E A7 FaL, 71 HE7}
& e 2O AT A, 25ES Aol AdFst AstEaE ASR] Ha X E3t FURI A, 2%
+ TE ehpslE o] Gt HlgS 2EdeEN o < HE FH o= EdgRt HolE AR T, 44
& HAHHoN =S 4 = Ao r FRIH AT (Simpson e A 7142 2T RN Y Eddor Qs
et al., 2004; Jensen et al., 2012; Rho and Lee, 2016; HAgol= vl ARt npato g fZ0] A3
Raubenheimer and Simpson, 2018). ©]2]¢t AHA 25 £ Aot 9, A4, A% 53 22 YA A (life-
2 AAE A9 GOk FPS U 4 Qe HEo] glo history trait)yS-> 27| THE At Fd4 BHlEollA St
™ o] Fofl A4 ASEE sk 4 S Ho Hot. ole & FAE= Z7] v 4 223 (nutritional
Tt QF BT 7P F S AR A A optimum)< Z=th= 22 oJu|eith B2 5ol A A
25 32EAQ A g A4S, o] & Fdl H5tst Ao g P vio| W2, 239] £ IELsE-
A A5l = FFAE 1] 3RS HEoHA siA Akl Wolof| & 7 71 € Hlof|, Aket poF 2 b
o Stk Hl Qlth A BUREE AR T2 AT AL o] A T8 AekrshE . e HoloA 7Y &
HZ Lee er al. (2008)°] 483t L=2Z3}2] (Drosophila T} (Simpson and Raubenheimer, 2012). ©]2]3F AHA-2 &
melanogaster) A7t ATk, o] AT A Lee er al. (2008) olof]| &&= A oA o HHo] £y}t A&l 7he] A
< 1,0087H2 9] A Zuteof| A| e E vt 51z 0] H oF2 AZ ¥ (evolutionary trade-off) & A7 ttH= 2
21 F g=Fo] 247 & 2871R] 9] Ho|E 242} A|F-sH < oJu]3tt} (Rapkin et al., 2018; Morimoto and Lihoreau,
5, 20 whE Zupe] o] it At 5 SA5H9 1, ©] 2019). @A FF 7loteh2 B IF Aol LU
£ FU PR Adstiit. de 2ot E vl A oA Zhiet A7E A Fofl et 2 42 A7
=9 782 T dre AFFl 9df #Hohe Aol B B JF 715kt A9 2 U8 AE 47
7019, Lee er al. (2008)°] A7 BT, o]2{et 7] & ZlolH, o] Aot thaat Zrt.
£0] SHE A EA, 20he] o] T o] 59| A4 P 7Istets Agoto] BN JF #F 1] TA
& 20 7P 8% dUH 8l AW UL = B4 29| ATE Pirk er al. (2010)°] 2]3l P 5]
o] vl (A epehE)olehs AbdE APl ©f Atk o] Aol Al Pirk e al. (2010 ©]A| B 98kt &
of 42 A2 olF Afen], dute] 3 F2 o Hof| A drf A o] FRe} Tl g5k Hl&o] 242
¢ ohE 252 =0l nAE A A = FRI1E ] T2 HolE AlFstaL, ol AHAT dEE9] +5y
o} (Maklakov et al., 2008; Fanson et al., 2009; Dussutour A T A g A5k g 22 = F1A|Ql
et al., 2010; Solon-Biet et al., 2014). (casein), 2B, dzof 29| 37FA]7} AFgE /1o H,
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