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m The western honey bee [Apis mellifera) is essential for pollination, supporting both ecosystem
stability and agricultural productivity. Recently, mass colony losses have been reported
worldwide, including in Korea. Investigating gene expression in postmortem honey bee
samples may help identify the causes of colony collapse. However, selecting stable reference
genes under postmortem conditions is critical for accurate gene expression analysis using
quantitative real-time PCR [qRT-PCR). In this study, we evaluated the expression stability of 10
candidate reference genes (RPS5, RPS18, GAPDH, ARF1, RAB1a, PPI, PGK, SDH, TBP, and EF1)
in the head tissues of honey bees collected at postmortem intervals (PMIs) ranging from 1 to 7
days. We assessed gene stability using Cq value distribution and four algorithms: NormFinder,
BestKeeper, geNorm, and RefFinder. In addition, expression levels of the target gene EcR were
compared using both single and multiple reference genes. Among the candidates, RABTa
showed the highest overall stability across all PMIs and was most consistent with multi-gene
normalization results, making it the most suitable single reference gene. Abdominal tissues
exhibited greater variability due to decomposition, suggesting head tissue is more appropriate
for postmortem gene expression analysis. These results provide a foundation for postmortem
molecular studies in honey bees and may contribute to understanding colony loss and
estimating PMI in apiculture.

Honey bee, gRT-PCR, Reference gene, Expression stability, Postmortem interval
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Table 1. Information on primer sets for candidate reference genes and target gene

Gene Primer PCR product
. . Size GC Tm Size GC  Efficiency
Symbol Gene name Accession No. F/R? Sequence (5'—3' o R2
y quence (573') b % O bp B (D

. ) ) F GATGTTTCTCCGTTACGACGAGT 23 48 629

RPS5 40S ribosomal protein S5 XM_006570237 R GAGTTCATCGGCTAAACATTCGG 23 48 62.9 114 45 92 0.999
b . . F GATTCCCGATTGGTTTTTGAATAG 24 38 60.3

RPSI8 40S ribosomal protein S18 XM_625101 152(446)° 355 107.6 0.999
R AACCCCAATAATGACGCAAACC 22 45 60.1
_3- F CACCTTCTGCAAAATTATGGCG 22 45 60.1

Gapprp  Glyceraldehyde-3-phosphate vy 3934 188 43.1 955  0.997
dehydrogenase R ACCTTTGCCAAGTCTAACTGTTAA 24 38 60.3
b . . F GGGCTTCATTCTCTCCGCAA 20 55 60.5

ARF1 ADP-ribosylation factor 1 LOC409481 91 473 98.1 0.994
R AGAGCCAATCAAGACCCTCG 20 55 60.5
b . F CTTAGAGTGGGTCCTCCATC 20 55 60.5

RABla Ras-related protein Rab-1A LOC102654987 101 42.6 97.33 0.996
R CAGCAGCATCCAGATTTAGAGG 22 50 62.1
idyl- is- F GCAGCTTCCATAGAGTGATCC 21 52 61.2

PPI° Peptidyl-prolyl cis-trans XM_393381 165 41 10538 1

isomerase R TTGGACCAGCATTAGCCATGG 21 52 61.2
, F  GACGAGGAAGGAGCAAAAATCA 22 45 60.1

PGK® Phosphoglycerate kinase XM_395047 164 35 104.92 0.999
R CCCATCCAGCCATCAGGTAT 20 55 60.5
7 F ATGATCAGGATACAGTTGTGCC 22 45 60.1

SDH® Succinate dehydrogenase XM_623062 177 44 10754 0999
favoprotein subunit R TTAGAGGGCCAATAGTTTCTCC 22 45 60.1
) oo . F CAAAATATGGTAGGCAGCTGTG 22 45 60.1

TBP TATA-box-binding protein XM_623085 136 35 105.99 0.999
R CGATTCTAGGTTTAACCATACGAT 24 38 60.3

b . F GTCGTGGTTATGTTGCTGGTGAT 23 48 62.9 .

EF1 Elongation factor I-alpha F2 ~ NM_001014993 177 (456)° 384 92 0.998
R CGCATTTCTCTTTGATATCAGCGAA 25 40 62.5
F CGGTATACGGAGCGATCAGA 20 55 60.5

EcR ecdysone receptor NM_001098215.2 182 60 97 1

R GTTGCTCGTACTCGTTCTGG 20 55 60.5

“Abbreviation: F, forward primer; R, reverse primer

®Information on primers was obtained from previous studies.
“Numbers in parenthesis indicate the size of the PCR products amplified using genomic DNA.
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Fig. 1. Average Cq values of candidate reference genes at different postmortem intervals (PMI) in nurse bee carcasses. The dashed blue line
represents the regression curves. Abbreviations: AM, arithmetic mean; SD, standard deviation; dpm, day(s) postmortem.
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Fig. 2. The distribution of C4 values for candidate reference genes in nurse bees at different postmortem intervals. Cq values were obtained
from bee carcasses sampled at varying postmortem intervals (A~G) and under integrated conditions (H). Box plots show the 25™, 50 (me-
dian), and 75" percentiles, with whiskers representing minimum and maximum values. Each dot indicates the Cq value of an individual
sample collected at 1~7 day(s) postmortem (dpm).
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Fig. 3. Comparison of stability values (SVs) for candidate reference genes in nurse bees at different postmortem intervals. Stability values
were calculated using NormFinder based on samples collected at each postmortem interval (A~G) and under integrated conditions (H). SVs
are presented in order from least stable (left) to most stable (right). The dashed red line indicates the cut-off value of 0.15.

N
=
N
M)
N

2V7F 74 PARl fA2 R A E Tt (Fig. 2A~D).
Eoh AR st AR 79 20N -5 A 2 RPSS
(CV=0.03~0.05)7} 7} At A fA= 2Hl= §F
H, AR 6ol A Tl WigAdol 7P A2 ARk PRI
(CV=0.0DZE AA = At (Fig. 2E~G). A ALS 2714
E9ket cv B4 A3} 10712 &1 reference G4 5
ARF17} 71 22 €V (0.03)5 B oS tH(Fig. 2H).

k51 ObX M 7}

3. Reference §FXIo| oMo

1) NormFinder

NormFinder= X reference F+2AH2] & Ho|E 7]
ko 2 oA ZH(SV)S AHESHH (Chai et al., 2020), SV
7F 1 oJ9td H$ reference - AAR Aoty wok
SHoH (McMillan and Pereg, 2014; Julian et al., 2016). T}
G AT ARLS 2= AESY v 2FA =
B reference S+AAES] SVES EA45H A1} RE S H
reference 2] SV Ffo] 1 0TFO 2 reference® gt
sl T = 9ok (Fig. 3). ARE AT B4 A, A
5 1,2,3Y 27X PPI(SV=0.00), EFI (SV=001),
RABla(SV=0.01)°] Z}7} FHA Q1 FARE A A = ek
(Fig. 3A~C). T3} ALE 4~5Y Z 79| A ARFI7} 7V 2
L2 SV FE(0.00~001)S HolFom ALS ¢y} 79 %
Aol A ZF2F RPS5 (SV =0.01)2F SDH (SV =0.00)7} 7173
Ul folido] W2 Ao = SISt (Fig. 3D~G). 4|

Ho|El S St EAolAE PPt SV=0.022, ] £
2| 71} oA o 7wl SHRtE BHAEQo
W, RABla (0.02)S} ARFI (0.03)7} 1 th&0 2 1Al

AR ] lTh (Fig. 3H).

oxm

QN

~

2) BestKeeper

BestKeeper w40 4+= SD< 12 7|2
YI7FSFATH(Pfaffl et al., 2004). &4 A3} %
o] AT BE AR 2O oflE 7S 5
T} (Fig. 4). Zt A% AL o] 31 reference A4S
SD @55 EATE o, AFF 193 39 30lA PGK
(SD=0.13~0.14)7} ZEZH o2 7} oA o2 g
Sh= 70 2 UeHThH(Fig. 4AC). T=3H ARE 2,4,5,6,7
dofl 7H¢ T HEgol ¥ 82 242t GAPDH
(SD=0.49), ARFI (SD=0.34), RPS5 (SD=0.27), PPI
(SD=0.26), RABla (SD=0.26)2 A A = 2t} (Fig. 4B,
D~G). BE AT A MEES Bt $H &
A9 Id S B39 AT} (Fig. 4G), ARFI
(0.67)>RABIa (0.68) > SDH (0.73) > TBP (0.84) > PGK
(0.91)> PPI(0.95) &2 & LERT}

HU
2
o
o,

L
0 l..>,
=
e
ox o

f[r
o 2

3) geNorm

geNorm =4 AE M< 1S 7|02 M-S H7t
S}t (Hellemans er al., 2007). H5-22] 54271 5
T 7= TESoH, A 59 2=
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Fig. 4. Comparison of standard deviations (SDs) for candidate reference genes in nurse bees at different postmortem intervals. SD values
were calculated using the BestKeeper algorithm for samples collected at each postmortem interval (A~G) and under integrated conditions (H).
SD values are arranged from the least stable (left) to the most stable (right). The dashed red line indicates the cut-off value of 1.0.
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Fig. 5. Comparison of M values for candidate reference genes in nurse bees at different postmortem intervals. M values were calculated
using the geNorm algorithm for samples collected at each postmortem interval (A~G) and under integrated conditions (H). The values are
arranged from the least stable (left) to the most stable (right). The dashed red line indicates the cut-off value of 1.0.

247} 71 20kt (Fig. 5). AFS 2AE= 7P W A= AeH, o] F ARF17F 7 212 M #£(0.61~0.73) 2
S M P HY A= AFS 1, 3,69 2704 RABIa 2 BAE]o] A9 reference FHAL= AA = ATt
(M=0.14~0.23)Sth (Fig. 5A, C, F). T8 ALE 2,4, 5,

79 24zt EF1 (M=0.21), RPS5 (M=0.23), ARF1 4) RefFinder

(M=0.28), PPI(M=0.15)7} 7} @& 4l Blo] A4S 1} RefFinder= comparative delta Cq ¥+ Al 72| &t
EFY 2 ‘—J'(Flg 5B, D, E, G). A& T2 ALS At 7+ 2]& T2 735 (NormFinder, BestKeeper, geNorm)—J =
L g 22 MESS £5}0] geNorm2 2 ZAPS A AIE-S 7|Hto 2 S H reference S AAFS] W oF
| (Fig. SH), 5719] S5 G A (ARFI, RABla, PPL,PGK,  “373°1 e T8¢ 9] (ranking value)S A4 gt
SDH)] M Zro] W ot Al 7]2g utEsls Aoz 5 (Xie et al., 2023). AF% 1,2, 64oll= PPI, EF1, RPS57} Z}

R,
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Fig. 6. Comprehensive ranking of candidate reference genes in nurse bees across different postmortem intervals. Ranking values were cal-
culated using the RefFinder for postmortem interval (A~G) and integrated conditions (H). Genes are ranked from the least stable (left) to the

most stable (right).
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Fig. 7. Pairwise variation (Vo/Va+1) analysis for determining the optimal number of reference genes in nurse bees across different postmor-
tem intervals Vo/Vat1 values were calculated using geNorm to assess the necessity of adding additional reference genes for normalization
at each postmortem interval (A~G) and under integrated conditions (H). Values are arranged from lowest (left) to highest (right). The red
dashed line indicates the commonly used cut-off value of 0.2 for acceptable variation.

ZF 71 A o2 sk FAALE (Fig. 6A, B, F), AF
F 33t 7Y 20X RABIa7} 24 9] reference At

ARFI7} 7V AL i WEAd-e B Fth(Fig. 6D, E).
HE AT HEES 86t E46HS ol (Fig. 6H),
RABIa7} 1412 FZ& 9] reference -SAAZE AR,
ARF1(1.73), PPI(2.78) &2 2 9 SHAAo] AZE| Qi)

il

(Fig. 6H).

5) Pairwise variation £

geNorm©] pairwise variation % (Vo/Vas1)= &0l TF
% reference +72] 4 & L&t (Fig. 7). &
ZZ0MA Vol Vo 7101 02 HIREC 2 LEFLE (Xiong e al.,

2021), AlotH T35 reference AL 28] Al

shlstelrt.

Aol A

#24

o =
a2
AP At B Ak AR 1Y (Ve/V,=0.06)T 64
Z

(Ve/V7=0.08)

Ao A 6712] -5-HA7T T reference

Aze] A s= AGE UL (Fig. 7A, F), AFF 2, 3,49
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(A) Postmortem intervals

ﬂg 30
g R
2322 »
£T O
L2 50
3.0 8 10
285
sNE o
) gfi
EE= 10
we
1dpm | 2dpm | 3dpm | 4dpm | 5dpm | 6dpm | 7dpm Sum va,l,ue
Muti | opt] 3 5 4 2 6 2

genes | g | 0.269 1453 | 0699 | 0745 | 0.976 1.371 0.868

EL | 0.039 0.091 0.135 0.555 0.527 0.538 0.444

RPS5
Dif | 0919 | 5450 | 2257 | 0759 | 2468 | 3334 | 1693 | 1688 | 1.00
EL | 0025 | 0052 | 0056 | 0202 | 0280 | 0546 | 0435

RPS18
Dif | 0978 | 5607 | 2572 | 1813 | 2782 | 3303 | 1930 | 1898 | 1.00
EL | 0068 | 0471 | 0331 | 0771 | 0753 | 1.740 | 1.825

GAPDH
Dif | 0803 | 3.931 | 1471 | 0657 | 2323 | 3571 | 3828 | 1658 | 1.00
EL | 1019 | 1144 | 0897 | 0836 | 1.179 | 1284 | 1.041

ARF1
Dif | 3001 | 1272 | 1213 | 0420 | 0810 | 0717 | 1296 | 873 1.00
EL | 0405 | 0510 | 0344 | 0607 | 0471 | 0724 | 0521

RAB1a
Dif | 0546 | 3775 | 1420 | 0551 | 2020 | 2589 | 1386 | 1229 | 1.00
EL| 0290 | 1.145 | 0470 | 0799 | 0747 | 1346 | 0850

PPI
Dif | 0097 | 148 | 0915 | 0662 | 0915 | 1201 | 0159 | 544 1.00
EL | 1211 | 3583 | 1370 | 2646 | 4096 | 3969 | 1.604

PGK

Dif | 3.767 8.517 2.683 7.641 12.478 | 10.888 | 2.945 48.92 0.82

EL | 1692 | 1736 | 0705 | 0764 | 1.542 | 1855 | 1.548 i . .
SDH Fig. 8. Comparison of EcR expression levels nor-

Dif | 5692 | 2635 | 0543 | 0362 | 3.065 | 2878 | 2722 | 17.90 | 1.00 . . .
malized by a single reference gene and an optimal

rgp Lo | #9878 | 5721 | 1756 | 0833 | 9525 | 5718 | 144 combination of multiple reference genes in nurse

Dif | 16.417 | 17.470 | 4.226 | 0669 | 34.398 | 18.000 | 2654 | 9383 | 0.08 bees across different postmortem intervals (A) and

i EL [ 0094 | 1146 | 0498 | 2117 | 1.811 | 4473 | 2289 integrated conditions (B). The optimal sets of mul-
Dif | 0701 | 1.220 | 1246 | 5480 | 5635 | 12408 | 6700 | 3341 | 1.00 tiple reference genes for each postmortem interval

(PMI) were selected based on pairwise variation

(B) Integration analysis (Fig. 7) and comprehensive ranking (Fig. 6).

At each PMI and under integrated conditions, the ab-
o{—— —— - —g— —— ? == _s_ solute differences 'in EcR expregsion levels were Fal-
2 ? y c.ulated bet\fveen smglf: and.multlple gene normaliza-

. tion strategies. Statistical similarity between expres-

sion patterns was assessed using repeated measures

ANOVA. Abbreviations: dpm, day(s) postmortem;
-30 Opt, optimal number of multiple reference genes;
EL, expression level of the EcR gene normalized by
=Ps: | resia Tearon arEi | magial Pl PoK || 5o —r = 'candidate refer.ence gene (s); Dif, apsolute differepce
sum | 169 193 383 130 139 016 204 272 2.65 570 in EcR expression levels between single and multiple
reference gene normalization; Sum, total sum of ab-

Difference value

va’l’ue I 100 | 100 00 100 ) 0rs ] 100 007 100 solute differences in EcR expression levels.

Z0 M= ZH2E 370 (Va/va=0.07), 570 (Vs/V6=0.05), 4 6) EIZl Rt Haots 28ttt reference FHXIY
N (ValVs=0.08)°] A-g-o] B = ATt (Fig. 7B~D). E2, HEhd ot

AFE 59 (Vo/V3=0.16)TF 79 (Vo/V3=0.05)01 4= G4 geNorm pairwise variation %21 (Vo/Vyi1) oA = E49]
7} 28 AFRSHE Aol B §4A @] FFSio] reference SHASE B3 B 4A70] wrcke] ek
Vg APSIT UhehgthFig. TE.G). BE AT MEE 312 AQtsht, A9 AAIe AA 584L vefd o
& T Vo Vo B BA5EAS ), 8719 reference 1+ o reference 20| AR 7Fa/d& B7bsklHh 2t 24
HAAE AHgol S AT Fig. TH). U= RefFinder®| £4] 27 (Ranking value)’d ] -#
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Aol FAsE] B0 {FHAE AHSHAL (Fig. 6),
;9] == pairwise variation A (Vo/Vae1) O A5}
£ reference -FA2He] =& 7150kt (Fig. 7). AFF 1€
oll 67 (RPS18, GAPDH, RABla, PPI, PGK, SDH), At%- 2
dof 37} (GAPDH, PGK, EFI), A% 39| 571 (GAPDH,
RABla, PPI, PGK, SDH), A+ 44°l 47} (ARF1, RABlIa,
SDH, TBP), Ak 541 270 (ARF1, PPI), *F5- 62491 671
(RPS5, RPS18, GAPDH, ARF1, PPI, SDH), A5~ 74°] 2
7N (RABla, SDH)®] §-A7} Zgto] AAE Ut 3t &
St B0 A= RPSS, GAPDH, ARFI1, RABla, PPI, PGK,
SDH, TBP 5 87N 5327 ARG =] AT,

EcR T3S &Y Y o5 reference A 7|4t
o7 747y AFgE 5 11 2}o] (absolute difference) S w4
ot A3} (Fig. 8), L E X71°)|A4] absolute difference®] &
go] PPI(sum=0.16~5.44)°1 A 7} Yo} = A=ks) of
H 7HO] EcR IR R O] FAMo] M = O™, ARFI
(sum=1.30~8.74), RABla (sum=1.39~12.29)7} 1 H&
o|St}. T3, F 7UTHO] AR A4 9] EcrO] AT
T A og AESH T repeated-measures ANOVA
I e A S FARcE B4R A3 PGK
=0.82)= AlL]gH U =] 971 9] T reference 72
=1.0022, ZF &Y reference -FAAE A3t EcR
FA O] T reference A4S ©]-83-& wje} 79

Fol7} §l2-& AIARRIT (Fig. 8).

T

4 lo o< W
~

b

L)

H

FZIA7E AR Sl 47 ARE FF AlRbA <l A

AL E5ol 21&4E 4= &l B ¥ HE QIth(Shafeeq et
al., 2020). o] whet ALEA 2] st Lofoll A= AR 732
A S 7o 2 AR A B APY 4SS
2ot st Alkso] o]F0{ X1l It (Kimura ef al.,
2011; Cianci et al., 2024). ©] gt T2 S5 A7) 4] ¥l
HopA B s = EH o] Yot AL Az 9] 1S st

ne,

A

+ ol 82 7 A= 7HsAS AR Bk AR £
2 @ 2404 gRT-PCRS B3 e FFshs 91a]
M A 2700 ZetstH AR P A o & Wy
+ reference FAALS] AHo] Aot B Ao A=
T AHA Y] theFgt AR 2704 1052] FHE. reference
B2 (RPS5, RPS18, GAPDH, ARF1, RABla, PPI, PGK,

SDH, TBP, EF1)®] I A4S H7lstalat shale
H, o]& 99 ¢y EX 24 9 NormFinder, BestKeeper,
geNorm, RefFinder Y| 7} &85 E-8-5F3Ith (Figs.
2~6). T2, geNorm®| pairwise variation = &5l A
OtH oF% reference 7R 28 T reference A}
S ARERE et A3t 7] FAA A S vude s
M AR 2700 ARt 2|4 9] reference RS =&t
22} 5+t (Figs. 7, 8).

7 24 e EE AJolRt FAA FIwel 78kt
of A T St FobstER, e tE Ay
E AAT 4 St} (Ospina and Marmolejo-Ramos, 2019;
Vandesompele et al., 2002; Andersen et al., 2004; Pfaffl
et al., 2004). & Ao C, EE 24 2 NormFinder
+ o] SE {F250] W] 22 of| A reference fr
22 A ee-S AAISH HHH (Figs. 2, 3), BestKeeper &
geNorm =410 A= AR 74 of] whef 2913t reference
T2 et AE UERT (Figs. 4, 5). ©l2IRt
2ol HA5L7] 943 RefFinder= Y] 714 24w <] 4
s St A HEE =AE AlwstH, A
BAo A= o] E IO R reference RS FHF A
Sh= 74-9-7F Wk (Park er al., 2023; Kim and Kim, 2025).

2 Ao A% RefFinderd &3 23E THo=
ARFI, RABla, PPI7} L¥=7 39 &HE AL
™ (Fig. 6), °I& A= Be 24 7IF(CV<1,8V<
0.15,SD< 1, M< 1)= &5t (Figs. 2~5). 59|
RABla+= RefFinder®] S &91°14 1915 AHAsk1S
™ (Fig. 6H), tF& Al &4 e S84 0= 439 29
Qbofl gt o] =2 HH Hg/dS USSHAT (Figs. 2H,
3H, 4H, 5H). o]l Ta} RABla= AFS 27104 B o
2] 220 {2 I Aol 7P A3t reference 771
Abz pebEn

geNorm2] pairwise variation +4-= Bt --d2k2] 2
A AFS 9ol 2 a3t reference AL A 4B
A|etstH (Ayers et al., 2007; Hosseini et al., 2010; Xiong
et al., 2021), & AFoIHE ARG 3000 w2t 2710014 6
W7Ax] o] 5742 23Fo] A= Tt (Fig. 7). L2y o
reference +82H0] ARE-> A WG 57 H 24 1H A
& Axte] vl ofg& o AR HAE T EE,
T reference 820 & 7S o T 2R

7} I (Vandesompele et al., 2002; Derveaux et al., 2010).

221



55], & reference FHAAE ARERE RS At ohs
reference 7|4 A3}e} FAX 0 & {OJ7t 2o] 7} QIhH,
A8 BA S ool 9 {FHAE AEshs o]
HFF2] St (Park ef al., 2023; Kim and Kim, 2025). T2}
A B Ao A= B reference A} THE: reference
T2 718F gt A 3ko] fAMdS Brkekle 1
A1} ARF1, RABla, PPI®) absolute difference &3] 7}
e, g FAAES 7IHte 2 A EcRO T
A P2 5 reference FAAE AR Aot 5A1 A4
S5 o7t 2ol & HolA] ettt (p=1.00) (Fig. 8). °l+=
Al 572} 25 & reference A= S8 7He a2 Al
Atote], 1F A% RABIa= E3 BAA 71 oH 84
QA FAR= HrtE o] 2EAH o2 AAE At (Fig. 6H).
RABlav &3EA|F T2|A| 7F Gl o hois)
+ GTPase A9 ©HES fodloh= A=, EH]
TRt Al A 2T P A o 2 s At
2 B 3% bt Qth(Kim et al., 2022). £3], RABla= 9
9 A (Y, 55, Fd7], WS, @] oe )t ofy et 4
H]A| (fluvalinate, coumaphos) 9 AREA (flupyradifurone,
imidacloprid) 'r& XX % reference A= A] 9]
ZgtAlo] skel= 1t 17190 (Kim et al., 2021; Kim et al.,
2022), ThFet 274 5tef B4 Mo w W=
BHAZR] Ao 7 wH)
ol A

|
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Z,
[e)

I,

FAA 71&7] B4 A=
/ol dAls] B UEhsth(Fig. 1). o= &
Ul 7], £35] E5HY (honey stomach)oll A% <
o] Rufji9] FA& ZI5te] RNA SHgAJoll ks
Ao 7 AFHT}H(Guo et al., 2016; Liu ef al., 2023). 4
| T2 RS S BH 22049 FHAES] H
q

d BN E AR A=A FE G Tl =

AN oQ o onE Rl X opd N
AL T 8l
S
(¢}
=t
HN
)
Y
AE

P01 S, pairwise variation 4] 23} Thz reference
QA1AS] 271 AHEA e 5 RAe] Aotol ZAI5H
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