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Differential Metabolic and Immune Responses of Honey Bees to
Honey- and Sugar Syrup-Based Diets under Heat Stress
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m Diet quality influences honey bee physiology and stress responses. This study examined the
effects of different diets on metabolic and immune-related gene expression in newly emerged
worker bees under normal and heat-stress conditions. Honey bees were fed for five days with
S-syrup, S-honey, A-honey, or a control diet (Cont), followed by acute heat stress (45°C for 4 h).
Under the 5-day feeding condition, S-syrup induced higher expression of nutrient-sensing genes
(ilp7 and tor), whereas vg was highest in the control group, indicating differences in physiological
status among diets. Under heat stress conditions, S-syrup showed increased expression of
immune-related genes (defensin2 and relish), while stress-response gene expression was
relatively lower, suggesting a shift toward immune activation rather than effective stress buffering.
Honey-based diets showed more stable gene expression patterns compared to S-syrup. In
particular, A-honey showed intermediate expression levels between S-honey and Cont, reflecting
a transitional physiological response. These results suggest that sucrose syrup feeding alters
metabolic regulation and may induce energetically costly immune activation under heat-stress
conditions, whereas honey-based diets support more stable physiological responses. These
findings highlight the importance of diet quality in maintaining the physiological stability and stress
resilience of honey bees under increasing thermal stress conditions.
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25 ZAT thAr 2B ofuRt WY vhgo|: Fa7
kRS )Xt} (Brunner ef al., 2014). T=3F ZH o] A]
Aofl= juvenile hormone (JH)©| 583 &S 51, o]
WA o] e, F A, tiat 24 B AEF A v Y
oAl HAE o] Tt JHE vitellogenin (vg) Tt /4324
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methyltransferase (jhamt) 5= G e 9 27 ¥A35}
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53] 2 0 ShET} 22 A Aol theket B, o
A gl AE)ghA] BR2 15H51T 9lo] B O] A7) 87

S =l
Felshe Wi, AR AT gL A Aol F=
s
T

r]r N

ll

2 |

& U3 = s
o BrelE R —T“éﬂ‘ﬂ FLA TFdol Ao,
1A A 28 2 Aol A7E s - et
(Wheeler and Robinson, 2014).

71E ATOIME Ko 24 Eb 87 AEY 2} 242t

= Aol mA]= kel tisl 7iEA g Haxo] $f
O} (Alaux er al., 2010; Bach ez al., 2021), A2 THE 4]0]
7FAAEY A 2 A EE O] tiAL B A HEgof 1%
+ o282 Gkl tigh A= o1 s] ARt o]
5] ZHA el Aol (&2t AFAIE THe] Ae|A atolE

i
ne

ZEH A UM A sl r AAAHCR Bt o

AR oPHAIOE, kR 2 A
=l 3ol

[
nx

22

2 Aeae Ao] 24 2
H| W3] 9150 30% A=AIH (S-syrup), A} 1%(s -honey),
o}7}A]oFE (A-honey)S AH83H2It}. S-honey= (324t

S5ollA AT AFE AROR, T2 A" Fo
£ 7|5te 2 Aite HE-S tHols AR ARSI
A—honeyh e s oA Tt U4t Q15 oFFHA|
oFER, FAMEEAY Yo RE 153 TS w2 A

A f = /\]g_o]r/]- 2 (Cont) 2. 2= HH (beebread)
T} 30% A-AH-E A FoIgh A2+E Aot d
o QU St FEAFoll A 52 Tal T A%
0] Bof|A] SfRo] A H BES A AHT Ao R,
Al Algol obd A ff Wa S-S ARESkTh A
F Al 3hEo] 7H5 A B ofd B 91E 5x5em 3

712 AFste] Alo]z] Well T2 AlFstact. 30% A=
AFe A etpsle F3U0R 1smL FHo| g1, &
7ol mlAgt & 14101 Alo) 2] Aetol FHo] Z}O

A A 4= QT2 AlFstgl o, Huhe ohayz]

)

&
ot

H2 T M
s aYCE Sl A=A of2fet 29k
o] 2k g oA S (FHE eI = Ee PR
= L o 270 mARP] 9
o, o Eﬂi*ﬁ‘ol% T GG 7 Aol7t obd
Aol ke B F 2L WIREE 245

(Tsuruda et al., 2021).

Tm rlo >{.n
o) E% e J

N, T

]_

319,
e

2. Alo|x] #E o A= 3

=
oA A2 QIFHIOTHE o835t & 33£2°C,

http://journal.bee.or.kr/



FAEY A S Eap HEA Al0]oj| IHE CHAF-HA BHS

G 55+5%2] FA0lAM 5T sl
AR EEL IS Gl AE FR
370 el A Esklet 7t B o R E S0
= AFIste diHolHAAN J5o R Sz, ¢}
F 244K ol o] LS FARIR st Aol 2] (17 x
14.5%9.5 em)°ll 30714 g glom, 2 Alo] A&tk
MO SHE AoIAS AEetd HEoR %Wo}@ﬂr

el
2

(%]

¢

LN
ol

o

¢

H
=
7HA= 5°C°1W AT B 5 DAEHAE A5
Th(Algarni ef al., 2019). @LEH A i 2
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U ZA2 Alo] 25 A &= stof a5t

Table 1. Oligonucleotide primers used for gRT-PCR analysis

7} Alo] Aelqtd = 379 Alo]x]oflA EH-& AF st
of {2z A EAof| ARE-sHITE AllAF 10mHE A
RAAA2 F45 52T F —80°ce] st
ek AolAF sutE FAA IA EAS % Al
AHESEEE. Alae B2 AdHolA Adstkal e, 2t Al

o|zo| A 3ute]= M E Festo] ] 224 ZA o A
&ota, U] 2utel= A4l Als 2 ARSSHITE. jhamt,
tor, ilpl, ilp2, hsp70, AmGri0-2 T2 A7 EH] 24 A
EfA kg, 7 B 715 A of glo] e 23]

of A A5, vg, relish, defensin2, apidl , sodl 2 Al
O] | A /dd], Mo w3 9 4k ol & whdskeE
Aol B2 HAl A=A A5t (Elekonich, 2008;
Christen, 2023). % RNA+ RNeasy Mini Kit (Qiagen)S ©]
45to] &3519.00, RNAQ] 5= & (A260/A280,
1.8~2.0)= +FFEAE ol&dl &Ittt cDNAE

o
QL
2
IN
~
[¢]

Gene Primer direction Sequence (5'-3") Product size (bp) Accession No.

ilpl F CGATAGTCCTGGTCGGTTTG 237 XM_026442144.1
R CAAGCTGAGCAT AGCTGC AC

ilp2 F TTCCAGAAATGGAGATGGATG 166 XM_026444890.1
R TAGGAGCGCAACTCCTCTGT

tor F AACAACTGTTGCTGACGGTG 153 XM_006566642.3
R GTTGCAGTCCAGGCTTTTTG

Jjhamt F TTGGACATAGGTTGCGGACC 302 NM_001327967.1
R AATCCTTTTCCTCCTGGCCG

vg F GCAGAATACATGGACGGTGT 146 NM_001011578.1
R GAACAGTCTTCGGAAGCTTG

AmGril0 F TCTAGCGAACGCGACCGAAA 174 XM_006567110.3
R AGGTTCCACGCGGAATCAGT

relish F TCCATTGCATGCAGCACTTCG 264 XM_026444175.1
R ACACATGCACCAGCTTCAGGA

defensin2 F ACCGCTGCTACCACTACGACA 139 NM_001011638.1
R GCCATTTCTGCAACTACCGCCT

apidl F TTGTTGTTACCTTTGTAGTCGCGGT 70 NM_001011642.1
R AGGCGCGTAGGTCGAGTAGG

sodl F GCAGTGTGCGTTCTTCAGGGT 86 NM_001178027.1
R TGACCGGTGACCTTCACGGA

hsp70 F ATCAACCTGGCGTCTTGATTC 104 NM_001160072.2
R AGGTGCAGGTGGAATGCCAG

p-actin F GGATTCCTATGTTGGTGATGAAGCCC 177 NM_001185145.1
R GGTGCCTCAGTAAGAAGTACCGGATG

25



2U#X], Olga Frunze, 0|

RNA to ¢cDNA EcoDry™ Premix kit (Takara) S A+-&3}o] &
‘g3t

X2k
So=

4. AA|Zt S HAL PCR (QRT-PCR) £4

Z 1N 28R ipl, ilp2, tor, jhamt, vg, AmGr10, relish,
defensin2, apidl, sodl, hsp70)2] T HHFL qRT-PCRS &
off EAsHE . BES-2 F 20 L2 451 CH, cDNA,
SYBR Green qPCR Master Mix (Fermentas, Burlington, ON,
Canada), primer ¥ 5H75 Z35l3tt PCR HHg-2
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Fig. 1. PCA-Mix analysis of gene expression patterns under dietary (5-day feeding) and heat-stress conditions. (a) Distribution of categorical
variables. (b) Squared loading plot of variables. F1 represents metabolic/nutritional variation, whereas F2 represents stress- and immune-related

variation.
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2. 57t AOJ0f 12 RHA YOl PCA £

5971 Alo] ﬂaloﬂ e EHO] fAx Y feS 3
7¥st7] 1l PCAE -39t A3}, AN Fd=2 FD 2 A2+
BEF2)2 26 00%9} 33.96%9] At Adgste] &
96.96%2] HolE 45ttt (Fig. 2a). PCA score plot®]]
Al Aol A2 7t it FEe)7t WEE I S-syrup A<
T2 F19] o] ®ake] f1xI5te] thE Aloldti} HEho]
TEENCH, o] = S-syrup Alo]7} tHE Alo]of| Hls A
olgt HAHY REg-& FEohe oJu|ettt. ¥HA, S-honey 2}
A-honey+= F19] &2] Wgol| 91x]opH A= Qe +3
= @45t FARE 2 I 1 elS ®EQlek Cont A
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o|Z 1 Pes] HeEloH, AEYA UL =
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= F19] o Weol A Az F44e 23S @45k fAt
S AAA BEg-S et 53] A-honey= F2 52 715
© & S-honey®} Cont Atole]l 1x]ste] & A2t 7+ A
2 549 F0H9 S Bt

H<4= Joading plot £4] AT} (Fig. 3b), F1 -2 ilpl, ilp2,
tor, apidl , sodl , hsp70, AmGri0, vg2t 2] FHTAE B
of, Q2EH L slo A FF FA H HiAL AEH A
& Hhgo] 59 Wo] golog AgokS Yyt Hhd,
jhamtS} relishi= F12] 2] W] f1z|ste] Agute 24
FAFS B AT F2 Zo A defensin27} 2] Hakoll 27|
7|04t WHH oo} AR AL T AR E SO H%bﬂ

ol2|5to] We] vhe T} e Abgl Hol|= dradsls =

Dendrogram
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— 1
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(=]

-0.25
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deferidin2 \
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* Active variables

F1(63.00 %)

o w
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Cont —|
S-honey J

A-honey

Fig. 2. Multivariate analysis of gene expression under 5-day diets. (a) PCA showing separation among diets (F1: 63.00%, F2: 33.96%).
(b) Variable loading plot. (c) S-honey, A-honey, and Cont grouped together, while S-syrup formed a distinct cluster. F1 represents metabolism-
related variation, whereas F2 represents immune- and physiological response-related variation.
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(@)  Bootstrap ellipses (axes F1 and F2: 89.54 %) (b) variables (axes F1and F2:8954%)  (C) Dendrogram
1 30
— C1
0.75 sl — &
- 0.5
g ¥ 025 Z2207F
S 3 3
& 8 ) 22 5 i
& - e 8104
-0.5
075 AT
-1 0 ——
-1 -0.75-0.5-0.25 0 0.25 0.5 0.75 1 e o 5. 5\
F1(63.13 %) F1(62.13 %) & E § 5
* Active variables n a ';

Fig. 3. Multivariate analysis of gene expression under heat-stress conditions. (a) PCA showing separation among diets (F1: 63.13%, F2: 26.41%).
(b) Variable loading plot. (c) S-honey and A-honey formed a close cluster, while S-syrup grouped at a higher dissimilarity level and Cont
was more distant. F1 represents metabolism-related variation, whereas F2 represents immune- and physiological responses-related variation.
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S-syrup

>
(7]
c
(=]
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[%2]

Fig. 4. Heatmap of gene expression under (a) 5-day dietary treatments and (b) heat-stress conditions. Values were standardized (z-score trans-
formation), where red indicates higher expression and blue indicates lower expression relative to the mean. Dietary groups were classified
based on nutritional composition: C (carbohydrate-based diets) includes S-honey, A-honey, and S-syrup, whereas P (protein-containing diet)

corresponds to Cont.

ZIESOU H E2 AoA AgE o] diAer &
ZtolE UEHH. Conte= THE A2t} Hl W sto] Ao 2]
S5 ¢ & olEAe Hltt
4, Xo| 3l FAE| A0 ME FHXL LB DT
heatmap 24
Heatmap &4 23}, 5U%F Ao] 24 AAEYA X
ZAof|A] Aoje] e °7ﬂ7~]' &1 9] zto] 7t F-5i5HA

rlr

]hamt vg, AmGrl0, hsp70—f] el R
AH O GA

2 %71] ‘%E]"ﬁ J’
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defensin2
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AmGri0
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[
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9 RS B O™ Cont= jhamt, vg, AmGrl0, hsp70
oA o Alo]Fat = U HES YERT (Fig.
4a).

HAEY A M= 732 E o] HHdx=
AFE B ‘:]' S-syrup Ao AE= jhamt, relish, defen-
sin22] Wdo] iAo =A vebd BHA, ror, sodl,
apidl, hsp70, AmGr10, ilp2, vg 2] HEA-L Y7 Lrepgct, bt
™ S-honey%} A-honey= A2 FAIRH IE S HE o
™, A-honey+= hsp70 D vgBqt ofuz} JE gjAt 2 AE
F 2 A A2 (tor, ilp2, sod])NAE S-honey2} Cont
Atolo] F7HA Q1 BHA 28 LrEFtH(Fig. 4b).
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Fig. 5. Relative expression of representative genes under 5-day dietary treatments and heat-stress conditions. (a~d) Expression levels of meta-
bolism- and nutrient-sensing-related genes (ilp1, tor, jhamt, and vg) after 5 days of feeding. (e, f) Expression levels of stress- and immune-related
genes (hsp70 and defensin2) under heat-stress conditions (45°C, 4 h). Bars represent mean = SE. Different uppercase letters indicate significant
differences among dietary treatments (one-way ANOVA followed by Tukey’s HSD test, p <0.05).

5. 40| % EAEH A ME FL {FHA e BY
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Aol 7 =2 Ede UEh o Fig. ¢, d). 53]
vg2] Fdo] Conto|l A 7H &=L S-syrupll A 71 W7
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WLt (Fig. 5e). BFH, defensin2+ S-syrup©ll A 78 =2 dF
& H S, S-honey, A-honey, Cont <=2 ZFAdhH= 7
S UERTHFig. 56). o123 dite AGAIY Ael7}
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S HAL} o] thd ElolE 9]%0] 4]
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