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M etabolomic analysis of Apis cerana cerana in the Changbai
Mountain during the overwintering period based on liquid
chromatography mass spectrometry
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Abstract [Aim] To investigate the metabolites and metabolic pathways related to cold-resistance in the honeybee Apis
cerana cerana, an ecological type of A. cerana native to the Changbai Mountains, during the overwintering period. [M ethods]
Changes in metabolites in the guts of overwintering (December) and non-overwintering (August) honeybees were detected
using a non-targeted metabolomics methods based on liquid chromatography mass spectrometry. [Results] 125 positive and
219 negative ion mode, differentially expressed metabolites were detected in overwintering and non-overwintering honeybees.

Of these, 180 were upregulated and 164 were downregulated. The VIP top 30 metabolites included various differential
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metabolites, many of which appear related to reducing antioxidant damage, antimicrobic activity, cold resistance, synthesis and
the metabolism of nutrients or energy substances, such as melatonin, isorhamnetin, delphinidin, linoleic acid, Y-linolenic acid,
quinolinic acid, kynurenine, thiamine, pyridoxine, and syringin. The most significant difference was among the positive and
negative ion modes. In addition, the purine metabolism, pentose phosphate pathway, glycosylphosphatidylinositol (GPI)
anchor biosynthesis, as well as the sulfur relay system, nicotinate and nicotinamide metabolism, alanine, aspartic acid, and
glutamate metabolism, were the most significantly downregulated and upregulated KEGG pathways. Differential metabolites
were significantly enriched in KEGG pathways such as the purine metabolism, pentose phosphate pathway,
glycosylphosphatidylinositol (GPI) anchor biosynthesis, sulfur relay system, nicotinate and nicotinamide metabolism, alanine,
aspartic acid, and glutamate metabolism. [Conclusion] A. c. cerana mainly responds to overwintering stress by regulating its
antioxidant metabolism, energy substance synthesis and metabolic rate. These results shed light on the metabolic
characteristics and regulatory basis of cold-resistance in A. €. cerana in the Changbai Mountains.

Key words Apis cerana cerana in Changbai Mountain; overwintering; metabolomics methods; liquid chromatography mass

spectrometry; cold-resistence
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A. PCA score plots of different groups of positive ion mode; B. PCA score plots of different groups of
negative ion mode. CD-Aug: Intestinal samples of Apis cerana cerana in Changbai Mountain in August;
CD-Dec: Intestinal samples of A. c. cerana in Changbai Mountain in December; QC: Quality control.
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Fig. 2 Volcano plot of differential metabolites of positive (A) and negative (B) ion mode
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The color corresponds to fold change, and the circle size represents the VIP value of the orthogonal partial least

squares discriminant analysis model. Vertical dashed line indicate log, (1/1.5) and log, (1.5). Red, blue and gray
represent up-regulated, down-regulated and indifference, respectively.
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The dot size represents the VIP value, and the larger the dot, the higher the VIP value and importance.



434 XU AE: BT LC-MS [ o 1l A s i A 2“2 iy - 907 -

*1 ETLCMSIHEEGRIFAZLETEINERRGYEZEIH
Tablel Importance analysisof differential metabolitesidentified by L C-M S non-tar geted metabolomics

[wiE7] P EAEHE (min) VIP PR P {H B
Metabolites Retention time (min) Fold change P-value Trend
Y- JBRER Y-Linolenic acid 1.074 1.549 0.269 2.743%x10°° !
=FERIAENE Tricoumaroyl spermidine 1.808 1.538  2.489x10°° 1.199x10°° !
W& Thiamine 5.460 1.558 16.907 2.170x 107 1
S THH Syringin 1.841 1.625 6.282 5.146x10°% 1
7-O-I 3L LB W} Sternbin 4336 1.566 0.172 1.291x10°7 i
Z:fi?:;ﬁi?ji{itme 6.294 1.536 14.115 1.682x10°° 1
MEER Quinolinic acid 3.821 1.549 3.747 1.008 x10°° 1
2,8- "2 FIEME Quinolin-2,8-diol 1.216 1.579 7.472 1.072x10°° 1
ML EE Pyridoxine 6.864 1.575 3.179 2.815%x10°8 1
+FBElZ Pentadecanoic acid 1.083 1.554 4.675 1.336x10°° 1
ABEFIRH R Ortho-aminobenzoic acid 6.864 1.562 0.193 5.873x10°° i
Eﬁﬁﬁﬁiigﬁmmte 7.601 1.601 9.628 3.608 x 107 1
KIfAR Mepacrine 8.486 1.576 0.006 5313x10°® i
FEEZE Melatonin 6.675 1.572 0.018 1.769x 1077 !
WEHER Linoleic acid 1.061 1.554 0.200 2.133x10°° !
AL E Levodopa 6.871 1.559 0.055 6.983x10°° !
L-B-= 7 &R L-Beta-homothreonine 7.401 1.547 0.146 1.259x10°¢ }
RIREMR Kynurenine 2.396 1.608 9.388 1.021x10°7 1
HEZ=FE Isorhamnetin 1.205 1.591 0.081 6.187x10°7 !
5 TR Isobutyric acid 7.666 1.576 0.216 9.938x10°% !
{1 ¥ Fallacinal 1.477 1.610 28.941 2.605%10°® 1
9-5fR-10,12- /\ b —JiHR FA 18:3+10 1.142 1.561 0.209 5.980x10°° !
R Deoxyadenosine 7.518 1.598 0.049 9.943x 10710 1
K#MeH FE Delphinidin 1.518 1.581 0.049 1.736 x10°° !
D-S4# 1-BfR D-Fructose 1-phosphate 1.526 1.572 27.731 3.591%x10°° 1
FrEERR Citraconic acid 5.012 1.589 3.078 2.844x 1077 1
T Aloenin 6.297 1.549 10.978 2.474%10°° 1
4-32FeEmk 4-Hydroxyquinoline 1.689 1.531 5.056 1.603 x10°° 1
;ﬁ:é:g:gﬁfﬁiﬁiﬁii d 1.046 1.562 20.937 2711%x10°° 1
2- BRI -5 R 1.496 1.546 0.039 9.539x10°° !

2'-Deoxyinosine 5'-phosphate

TAREK AL P ek iy 35 B, | fUREE T,

1 and | represent up-regulated and down-regulated in overwintering honeybees in Apis cerana cerana in Changbai Mountain,

respectively.
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Fig. 4 Resultsof differential metabolites classification
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A. Result of KEGG; B. Result of HMDB. Different colors represent a classification level, and the larger the area, the more

differential metabolites there are in the classification. The legend indicates the classification name, the number of differential
metabolites, and the percentage in the chart.
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|

¥(H Count

A Propanoate metabolism |- o 5
KRER . BEMAIaE R4 YA ) Phenylalanine, tyrosine and tryptophan biosynthesis O 10

KRR/ Phenylalanine metabolism |- [ ”
BEPR IR 42 Pentose phosphate pathway | @ %% EF.JE{%‘:%

SN A RS PR AR H 5% 1L Pentose and glucuronate interconversions - o— DA- Score

TR EEALE YA R, Pantothenate and CoA biosynthesis |- . 1.0
FRERFNXABERZ AL Nicotinate and nicotinamide metabolism - ————— @ 0.5

R PR32 A HE B 4 ] Neuroactive ligand- receptor interaction |- —@
HEMA 4 Histidine metabolism I 0
PEE BSR4 2 4908 B, Glycosylphosphatidylinositol (GPI)-anchor biosynthesis | e 05
PRI Galactose metabolism s I .
LBEE PR AR Z PRI Cysteine and methionine metabolism - I -1.0
BMHEB4Ri5f Caffeine metabolism |-
S T-#4: )-8 R Biosynthesis of cofactors |- I—
EIHR A Y4 IR Biosynthesis of amino acids |- I '
B-IN &4 Beta-Alanine metabolism |- o—
KEEMRAHE R Arginine and proline metabolism | —®
FHEBEEE-RNALE YA B Aminoacyl-tRNA biosynthesis - E—

RER ., REEMMAEMRIS Alanine, aspartate and glutamate metabolism |- - e
ABCH#;i2% 9 ABC transporters |

-1.0 -0.5 0 0.5 1.0
2% R F BFf84> Differential abundance score

E5 ZRKiEHY KEGG BEESHT
Fig. 5 Analysisof differential metabolite KEGG pathway

A. KEGG il w5 AR s B. 2253 F A7 SR ARIHE B A bR i a3
KA AR R P-value BTN B AL, A bRy BT BAE 7, A7 AT BARRYECE A P-value . 51 B
B AR AR A 22 57 E ARy, DA bR Al i, B RO O — AR, 5 R DR/ s VR 8 i 6 ) A P A

A. Histogram of KEGG pathway enrichment; B. Differential abundance scores display

the trend of upregulation or downregulation of metabolic pathways.
In Fig. A, the abscissa represents the negative logarithm-transformed P-value, and the ordinate displays specific pathways.
The corresponding number of entities and the P-value are annotated to the right of each bar. In Fig. B, the abscissa represents

the differential abundance score (DA score), and the ordinate displays pathways. Each circle corresponds to an individual
pathway, with its size proportional to the number of metabolites annotated to that pathway.
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PR T BT FENLHI AR D9 & B AT 3L F
AT~ BT TR FH A ARG T L g £ A% e
A W T4 i A K- HEA T AT, FEIE S
TR B AT, R RS 344 > 22 AR
Wl w22 A A T D g AR SR A B S5
SR TE LA DG 1 . 3 4R Y KEGG 3 % .

FET 25 A - H, OPLS-DA VIP
557 2 PEAS e A 1y o o) A 2 5 DTk R B 1 A%
OFEPR o ARG IE | 78 A 2 i 3] Y L
TR fe s AR i AT R R R R LA 54
i . PLicEwR Y. g, BEFRSMERY R
() A AR RSG5 o il , B4 1 i
SRR, WHREER | REER . WM. R
A2l L-p-mAAMRFRE T, RRER
BA BAFPTR | BUaEL X2/ T, AT
i EJH Keapl/Nrf2 {55 #4#l 6-OHDA i
T 1% 4 A A A 4 1T T P 2 0 2 T A
(FBFIfEAE, 2023) , B AT{R IEC-6 4l sz
H,0, 755 0 A0 B it 15, DA Bl o B0
PI3K/Akt 451 Nrf2/HO-1 i 84k (5 5 ik 2%
fitt Ho0, 15 1B I Kz AN D) RE R i ( 78245
2023 ) . A FE A BRAPUAIER, TG
RO R P B PR TEE R, R
DAE A R R R 2 1 —F, £ R RS
St T HE R AR TIRE , R B A R
SRR A e (B, 2023) o ARIER
TEAEYIR R B R YRR . i B
PEATSEVE I, 705 W B3 o T DLE T IR
{£5%rF (Tan et al., 2015; Amaral and
Cipolla-Neto, 2018; Li et al., 2018) . 7EMEHR
SR IIPAN R e R SR €t = RRASE Y N E IS
R R R STEROE: L AR M E =R K 7L T 'S
a1, 2020 ) o W IE v B A I RR R R IE
FRANURT LA B e R AL B i 5 5 57, i A HET
H AN B EA ( Manning, 2001; E3%
55, 2015) o BBk (2022 ) 583 4A iR 5 A
1% R-BETERMN 50% (wiv) KK 7 Hig
VU7 S W T 0 | AR LR 2 ) 15 o A G4 2
ST IR | 200 22 LU0 4 i b 223 ot L LR T e
P25 T8 B B0 DA S 8358 IO 1) LA A T

Mo L-B-mih @R AR AEY), L-raEiR
EEENAEYEES T, HEARA K. fiEft
WS SRS R PR AE R, JF T8 18 1 I
LRI BE 1 ( Gaifem et al., 2018; Tangetal.,
2021) o Hy—5 M, BAMERIENET H . T
FRIR . 3, 4-Z-O-WMMEMEIEZs TR . EmkiR . R
PREFR . Bilkz . WEREEE . S-RRiF-L-& e
R, T HBERR . 4-FEFEM Mk 5 B W B T . 5
THEL . FERYS 3, 4--O-MHEEE L2 TRz 1Y
FAHEBREA A L RSP A B s R )
AE( X4 , 2006 ; Zhang et al., 2020; Liu et al..,
2022c; HIMFESE, 2023) o MEMRPERFIR R R 2
RIRBIRACH W), & FEAEH TR RS
AR 22 15 M4 ( Castro-Portuguez and Sutphin,
2020) o 5T IR, GBS E T RE 2
B 8] s S e ML 2 > 1) S B B, T R IR
AR AU T 2 o R A I Y S i, FER A W ik
HAHCHEE Y, RIRERRINBIA N B A
W5 K AR ) 2R m % ( Zhang et al.,
2022 ), 4-FR LM HOE — R R AR YE Y
Z 5T AR ICHIT R R AP ERT, R
FEPUIR . PO B S St A o SR (Bl 4
FANEEZE, 2014) o BBE, WEMRER . RIRERR .
A- 32 vk SE A 10 LR SRR T RE R B T AL
A o R AR PN ) 0 R A A R PR B B A B 1Y
FAICICHET ] . BRI BESE B E4EE R
S B A KRR T b 77 BB WL, e )
TERRA AR P IS B A R, A B T ik
KM R (IOERES, 2011) o T RBERRXT Y
DA 0 A0 M 2L A R 3 A R A TS AR Y
YERT, X B8 A AR oA vT ke 21— 2 198 15 76 H
(3, 2017) o ZERERK ALK, &FiE
KIMFER, BRI GE 6 A~ H , Ho il ik
YRR IV B TR RS S AR ST
2= SR R T R Y 3 B sh R AR
Bl 2 39 58 W R Ak, i Ad TR R 1) Bl A AR
e, RRAFER, WERER MEREHESA
A AL TR B 53 T R 3R BB R I 3
AT TR EHFE—E AR T, M T A
T FPEERR S 3, 4--O-MMEREIEZs T R A5 10 i
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= AR 5 4RI i ] B A A RS A
5 o WU Fr I A A A0 HE A T K L g R K
FI & W A 2= 40 B SRR A S5 T T S L I R G
P DA i FEAR O B A B AR 22 5, S IR A
Ly e P BT AT B T R G e A R 4 T
VEFE (XURIRRAS, 2022) , SAHBFSS A2 K
F R EERA—E 25 LTI, A A
W tE AU L DA B 25 5%, BRAC A 1
FE R R R R THETEEAI AR
PAEDRE AR, 2 5 SN B T S,
REA AR S5 T3 R -5 | R ) A 1 5, $R L
PRI BT I

7 A 30 e TR R AR A T 1 4 R B R TR AR R
IR E SRR T 22 AR 0 7 26 2
AL, BT R E AR A K AR
RNRI MR . APl LHATAEY . AL
WG WS LGB, DLEoRE Y. B
FKHRIR A FERRE YT, 52 AR
AR, S rp i iR A AT R SR AL R B R S 1
1S . BT 22 AR DR S e 4 SR mT T, B
A B R A e 1) 25 SR R E R R A
i, LR . BRSSP IR AR Y ARG &
BRI 3 B o FLr, WERSIRI | WL SRR AR |
WEILBEIRMENLEE (GPL) B EW AL, B gk R
g0, NER IR BERE A . N . REERMA
ARG R R W 1/ T KEGG g, 1ES
S BN AZ TR AT IR B, 72 Al AZ Y i H
AHEZIEM, G DNA, RNA, ATP,
MG FE S 3 PR LIRS 3 ( Smith and Atkins,
2002; Nyhan, 2005) , fEHTIERREZIAS Y
PR, 62T Rl 2 90 v R 454
(Ribeiro et al., 2016; Szopaetal., 2021 ) . &
IR IS A S Y R R 2 — | R R
Ha] =4 2 5 i T A LR I A A, 5 WE e
A= RIRIGI A AN TE . A E RS, BOmALIAR L)
ENRETT (PRRIFER A, 1991) o HEEb#E
PEAILES ( GPL) i e 85 12 40 BB SE 1Y o S22 21 B
4%, RENE -5 20 MRS %) Fufe 5 40 1X a5 L I s
P21 B (1 X BAE 5 5 T8 LR R 9, B
At fl . fEdERE R B iE | RS S ITE

( Simons and Ikonen, 1997; Sabharanjak et al.,
2002; Paladino et al., 2004 ) . tRNA FBfIEA)
e DO R R N I U WA A R iR g TS
FHE (Pabis et al., 2020) . AWF5TFEWG 4k
ARG HARGE (RNA 25 Ve, S5ty
XTR | 4 J@ AN ALV 7 (AT 52 PEAH 5 Cheng
etal., 2022) . KR FIHHEERE & PIFP S dE A &R
B3 UMM EY, S S5HURMBEICH
A BEUVE W OB B . SRR A A B A Ak N
(Romani et al., 2019; #&RFS%, 2020) . N
QAR REAR AR 2 PR E AN S 55
FEVJREM LR FPIS, 18 BTG IR L T Bl e Ay
Aeft s HAB T IR T (1REIL%, 2018) o 7EA
R P HEIR . BRI R AR AR, @
AR | LRG| MR A R A
K 2 R R 2 PR A A5 2 R A AR 7K
(14 L R 7 A B BLAAR Y B T AR A RS
RE AR IR IR, S HLAAR R X4 Pk 44 ot
SERf A RE R S, SR R A MBI, BT
16S rDNA V3-V4 [X ok 5 18 I 5 55 AR i) i 430
L e 9 fi S TR AT R B BEIR S K
&Pz MAEE RS B EEE (L
etal., 2023) , SAMRAERPAART Erygs R
AH—2 PRI, A e k155 4 9 A
Jiieia R A B L e A A A DG 3
D8 i IR N Y SEN T s N X R N E 7S !
B, RGBT AL SR MR S

ZE Bk, ZETER YL TR Al
FRREPUIERE 1 o 5 W F2 i a4 T b AR AR gt
FRE ) 05 A O X B A 30 39 58 e, AF 5
S5 WLAB 7 T A L e O T AT S H S A ) a8
FRIE , AR D7 BT FE IR TR AT & R 1
T SERHEE o AR SO A H U B T FE T S
WA5T, JRsel it T 242 BRI A 0T, L
T — 2 I 0 A U e %) T S R s L, A 5 5
LI | BRI AR AL, RN T
WEFIEE .
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