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Effects of different dietary protein sources on the hemolymph
metabolome and proteome of worker honeybees
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Abstract [Aim] To elucidate the molecular mechanisms underlying diet-induced physiological regulation in a royal
jelly-producing strain of honeybee (Apis mellifera ligustica), and thereby improve the husbandry of this strain. [Methods] The
effects of three different diets on the hemolymph metabolome and proteome of the royal jelly-producing strain were
investigated. Caged newly emerged worker bees were randomly assigned to one of four dietary treatments: Camellia bee
pollen, rapeseed bee pollen, soybean meal, or a protein-free, control diet. Hemolymph samples were collected from 9-day-old bees
and analyzed using ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-MS)-based, untargeted
metabolomics and proteomics, to systematically compare metabolite and protein profiles among the treatment groups. [Results]
A total of 129 metabolites were identified. Compared to the control group, all treatment groups had significantly higher

phenylalanine, tyrosine and tryptophan biosynthesis, activity (P < 0.05). Notably, the a-linolenic acid metabolism was
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markedly upregulated in the rapeseed bee pollen-fed group relative to the soybean meal-fed group (P < 0.05). A total of 640
proteins were identified and quantified by proteomics analysis. All dietary groups showed common enrichment in core
metabolic pathways, including carbon metabolism, amino acid biosynthesis and glycolysis/gluconeogenesis. Furthermore, the
bee pollen-fed groups had stronger co-regulation of the a-linolenic acid and arachidonic acid metabolism than the soybean
meal-fed group (P < 0.05). [Conclusion] Protein supplementation enhances pathways related to energy metabolism and
amino acid synthesis in worker bee hemolymph, thereby supporting royal jelly secretion in nurse bees. Among the protein
sources evaluated, bee pollen provides superior integrated nutritional support than soybean meal, as demonstrated by the
stronger enrichment of the lipid-metabolic and amino-acid biosynthetic pathways of bee-pollen fed bees. Notably, feeding bees
rapeseed bee pollen resulted in greater modulation of essential fatty acid metabolism, lipid synthesis, and
membrane-associated functions, indicating its suitability for precise adjustment of honeybee nutrition. Collectively, these

findings provide a molecular basis for optimizing precision feeding strategies and formulating better artificial diets for
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honeybees.
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Fig.1 PCA score plot of the hemolymph metabolome
RBP: {8 /ERIANRA ; CBP: ZS/EMEMEMRIRAL; SBM: REMHMAMRA ;
CK: JLHEH FARXTIEA; QC: Frigdahl, TEIF. Fh&Baa R — e,
A [ 0 S R A A ZE AR R, R I X Bl 95 % AR X I . 5] 4 [+
RBP: Rapeseed bee pollen-fed group; CBP: Camellia bee pollen-fed group; SBM: Soybean meal-fed group;
CK: Protein-free diet group; QC: Quality control. The same below. Each point represents an independent sample,

and the distance between points reflects the similarity of metabolite composition among samples.
The ellipse indicates the 95% confidence interval. The same for Fig. 4.
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Fig. 2 Volcano plot for differentially abundant metabolites
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A. Comparison between the RBP-fed group and the CK group; B. Comparison between the CBP-fed group and the
CK group; C. Comparison between the SBM-fed group and the CK group; D. Comparison between the
RBP-fed group and the CBP-fed group; E. Comparison between the RBP-fed group and the SBM-fed group;

F. Comparison between the CBP-fed group and the SBM-fed group. Dot color indicates the differential status of
metabolites, and dot size represents the VIP value from the OPLS-DA model. The vertical dashed lines indicate the
thresholds of log,(1/1.2) and log,(1.2) for the fold change. Red, blue, and gray dots represent upregulated,
downregulated, and non-significantly changed metabolites, respectively.
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Fig.3 KEGG enrichment (A) and intergroup comparison of differentially abundant metabolites (B)

15 ORBP
@®CBP
10} @ SBM
—~ ®CK
X
@ 5f
~
4
0
R
i
H sl
]
®
_10_
-15 n . . . . . . . . . n .
20 -15 -10 -5 0 5 10 15 20

#—F B4 PC1 (29.2%)
B4 MKEEBRREAS PCABTE

Fig. 4 PCA score plot of the hemolymph proteome
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Fig. 5 Volcano plot for differentially abundant proteins
A.RBP fAM4 5 CK 411L4; B. CBP M4y CK 411b4e; C. SBM fIR41Y CK 411t%:; D. RBP fHM415 CBP 1
R4 ; E. RBP (alMEZH 5 SBM falM4 LA ; F. CBP f)MR4115 SBM Gl MELH HLA . il BT AR Al b Ay 22 545 4 ( Fold
change ) £ log, FeAU IR HIMEL, HALDRNy P HZ-1g FeAb S HIME. PRGBS R IO, PIASEEIBL I Hbs
IR T 2SR log, (1/1.2) Hlog, (1.2) MMIE. 206, WEMKEAR SFR B, FRAZERAREEA.
A. Comparison between the RBP-fed group and the CK group; B. Comparison between the CBP-fed group and the CK group;
C. Comparison between the SBM-fed group and the CK group; D. Comparison between the RBP-fed group and the CBP-fed
group; E. Comparison between the RBP-fed group and the SBM-fed group; F. Comparison between the CBP-fed group and
the SBM-fed group. The volcano plot displays the distribution of metabolites based on statistical significance and magnitude
of change. The x-axis represents the log,-transformed fold change value, and the y-axis shows the -lIg-transformed P-value.
The color of each dot corresponds to the magnitude of the fold change. The vertical dashed lines indicate the thresholds of

log,(1/1.2) and log,(1.2) for the fold change. Red, blue, and gray dots represent upregulated, downregulated, and
non-significantly changed proteins, respectively.
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Fig. 6 Enriched KEGG pathways of differentially abundant proteins
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The horizontal axis represents the between-group comparisons, and the vertical axis lists the corresponding
pathway names. The color gradient bar on the right indicates the -lg-transformed P-value from the
enrichment analysis, with its depth of color denoting the significance of enrichment. The size of
each circle corresponds to the number of proteins enriched in the respective pathway.



34

QA O [ A R RN e T 1T AR A2 5 A 1 B A

+ 601 -

MF ) = RA5, REiikmlhnn &

FITHRESS B, LIE /R AN R4 1) 22 5 26 11 B IR
b A E IR S e A, 25K, SXTR
YA H, RBP M2 22 S 8 1 2 & AR B M A1 X
By (CC). MEghE (MF ) DLK R /it e i 1
1L (BP) (P<0.01); CBPfaME4 2= REN
FEEETHINXE (CC) (P<0.01), HFEE
H454 (MF) (P =0.035), LAKNERRRICH .

A LR AR TR A5 Rk e A% R ( BP (P <
0.01 ); SBM ] AL | 3 22 5 4E B e A X 4 ( CC )

5RkBE M (MF) (P<0.01 ),

HARAH GO B4R L], RBP 5 CBP
T MR ) 22 e 2R 1 0 A T AR 2 (P =
0.011), HMMIEA LA KL (P<0.01), #
2tk (BP)(P=0.043) LI B 454 (MF)
(P = 0.048); RBP 5 SBM faM2H % = 4 3
MuAMX I (CC) LA R AMIE Dy 155 A A DG it
£ (BP) (P <0.01); CBP SBM fa|MEZH | 3=
FAERTAMEL (P=0.017) S5H4MX (CC)
(P=0.022) (Kl 7: A-F),

Enrichment score

A
RBP vs CK
oKL A ¥%54 Carbohydrate binding i
FAAIEERE PE Oxidoreductase activity “lg (PfH)
JIKHRE E Peptidase activity g (P-value)
ST PRE IR
Molecular function inhibitor activity ! 6
a4 X I8, Extracellular region A 1
JLE e e 3
Obsolete extracellular region part 2
ﬁﬂﬂﬂﬁl‘illﬂéﬁrﬁ;};ﬂ?}r si%?;iﬁ 25 Class
oo o TG R TR R R
icotinamide nt tide mq T ® Bi, i
cof € nue g)ﬂtt”ﬁ é Py % {%}?ﬁg‘oﬁeﬁsgs o Biological process
Pyridine-containing compound metabolic process Elllie:0
MEBERZ R AR ° 4 Cellular component
Pyridine nucleotide metabolic process ST IR
PR AL R . . tion
Obsolete oxidc ion coenzyme bolic process
RFHHBAFRSEER | o ekt
Obsolete cofactor metabolic process
IR DT Count
Obsolete oxidation-reduction process 5.0
o S U R 4 17(-)50
Response to xenobiotic stimulus @10/
AR 0125
Pyruvate metabolic process @15.0
RN R AR @175
N small molecul bolic process
SRR 5 0 RO
Cellular resp to biotic stimulus
4 8 1216
HERD
Enrichment score
C SBM vs CK
-lg (P{H)
FREEE —lg (P-value)
Peptidase activity [ 5
i
3
2
ISP | A
Extracellular region 25| Class
AP
® Biological process
BEFROANIS S BSY | A |, SMesS
Obsolete extracellular region part 4 Cellular component
STRE
" Molecular function
AfashasiE okt
Extracellular space Count
@6
®3
@10
BFH AR 012
Obsolete oxidation-reduction process
3 4 5
HERS

B
CBP vs CK
ﬁﬂ:ﬁé!ﬁﬁﬂﬁi% %&i&oreducdmse activity [ e (Pl
14 Peptil tivity | =] P
HAFIERLRA D Toptiens protor binding | “ig (Pvalue)
20 {a5M X IR, Extracellular region [ A
BFAMSNX SRS | 4 I 5
Obsolete extracellular region part 4
4iffa5h25 8] Extracellular space 3
MR #E4#4 Myelin sheath |- 2
/5 Extracellul: trix -
ﬁf%ﬁ%ﬁ#ﬂ%xwmal encapsula%inzzrtrlllllgﬂue L 5] Class
4 T454E Supramolecular fiber |- i
#5134 Supramolecular polymer | © Rt
Al S, lecul lex L Biological process
TR E By e omPie | Py
BRI | 4 Cellular component
Obsolete oxidation-reduction process AT
BEF AR AR | SO
Obsolete cofactor metabolic process olecular function
Carboxylic acid metabolic process e
B LA RS | Count
Obsolete oxidoreduction coenzyme metabolic process ®50
NI FEYA R | 075
Small molecule biosynthetic process 910.0
AT Oxoacid metabolic process 0125
HHUERARHHEFR Organic acid metabolic process - @150
WK E WA A RS |
Carbohydrate biosynthetic process
WA [
Nicotinamide nucleotid bolic process 25 50 75
HERS
Enrichment score
D RBP vs CBP
BERSA
Protein b)l\n/gmg F -lg (PfE)
—lg (P-value)
YNSRI
Cell morphogenesis %é
s | s
Cellular component organization §
YIRS AR R 2851 Class
Cellular component organization or biogenesis [ @ At R
® Biological process
A I3 LA ° Eili0Eib g
Regulation of cellular component organization 4 Cellular component
) ST
| BYE YR R R " Molecular function
R of 1lular organismal process
o
MZTCLE R Count
Generation of neurons 5
@6
MR .
Neurogenesis
1.5 2.0 25 3.0
GE S

Enrichment score



- 602 - R B 244k Chinese Journal of Applied Entomology 63 1

E RBP vs SBM
ISR
Extracellular region ::g ((I’I:{Ell)l 0
SRR .
Xenobiotic metabolic process Pis
RN TR o 39
N small molecul bolic process 20
AN R AR
Small molecule metabolic process *31 CL
LR A

Carboxylic acid metabolic process

BEFFRIAI S R A S R Ll sy

Obsolete cellular nitrogen compound metabolic process

AR AR
Oxoacid metabolic process Fokk

AR

Organic acid metabolic process

@6

AU S A B i o7

Cellular response to xenobiotic stimulus @3
@9

[ Bt

Bk R YRR
Carbohydrate derivative metabolic process

A HUBEREE R
Organophosphate metabolic process

2 4 6 8
HERS

Enrichment score

® Biological process

4 Cellular component

CBP vs SBM

-lg (Pf)
—lg (P-value)

A 172
Cell periphery 1.68
Class
25 Class
YRS

4 Cellular component

Hkit
Count
S X IR ®6
Extracellular region @38
® 10
o 12

20 25 30
GEGZ)

Enrichment score

7 EREHGOEE
Fig. 7 Enriched GO terms of differentially abundant proteins
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A. Comparison between the RBP-fed group and the CK group; B. Comparison between the CBP-fed group and the CK group;
C. Comparison between the SBM-fed group and the CK group; D. Comparison between the RBP-fed group and the CBP-fed
group; E. Comparison between the RBP-fed group and the SBM-fed group; F. Comparison between the CBP-fed group and
the SBM-fed group. The horizontal axis shows the enrichment score, representing the degree of pathway enrichment, while
the vertical axis lists the names of the enriched GO terms. The color gradient bar on the right indicates the -1g-transformed
P-value for enrichment significance, with darker colors denoting higher significance. The size of
each circle corresponds to the number of proteins enriched in the respective pathway.
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