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Abstract [Objectives] To lay a foundation for studying the molecular mechanisms by which bee genes regulate the
division of labor and foraging behavior. [Methods] The cDNA sequence of Acfor from the brain of Apis cerana cerana
Fabricius was cloned using the Reverse transcription-polymerase chain reaction (RT-PCR) and its protein structure analyzed
using bioinformatics software. A quantitative analysis of its expression in worker bees on successive days was conducted by
the quantitative real-time PCR (qQRT-PCR). The activity of cGMP-dependent protein kinase (PKG) was quantified with the
colorimetric method. [Results] The results show that the full-length ¢cDNA sequence of Acfor is 3 029 bp (GeneBank
accession n0.KP662686.1), including an open reading frame (ORF) of 2 169 bp that encodes 722 amino acids. The molecular

weight and predicted isoelectric point of this protein are 81.80 ku and 5.50, respectively. The protein is water-soluble, acidic
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and stable, has no signal peptide or transmembrane domain, and has 2 glycosylation sites and 39 phosphorylation sites that

may be located in the cytoplasm. The predicted secondary structure shows that Acfor protein is comprised of 57.06% random

coil, 28.12% alpha helix and 14.82% extended strand. Phylogenetic analysis indicates that Acfor of A.c.cerana is in the same

clade as similar proteins of other Hymenopteran insects. This clade has seven sub-branches, and the protein with the closest

molecular distance to Acfor is Amfor. Acfor transcript expression and PKG activity were detected in the heads of workers of

different ages. Temporal trends of Acfor mRNA expression and PKG activity were similar. Gene expression and PKG activity

decreased from day 1 to 10, and begin to rise after day 10, remaining at peak levels until day 25 after which they declined with

increasing age. [Conclusion] Acfor expression and PKG activity levels affect A. c. cerana age-related foraging behavior.
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Tablel Primersused in thisstudy

Description Primer name

Sequence (5'-3")

CDS fl
Cloning of coding sequence
2
f3
4
f5
5!
f6

PCR

qRT-PCR 18S rRNA

F:TTCGGGTTGAATGGACGAGGGTA
R:TTGAACCAGCCGAGAAGGAACAG
F:GCTGCAGGAGTTGCTGCGTG
R:GCCTGCCGTGAAAGGCCAGT
F:CCTGTTCCTTCTCGGCTGGTT
R:GGTATTGTCGCTCTATTCTCCC
F:GCAGAGGACAAGTCCGCGTCA
R:TTCAGGCGTGCCGCAGAAGG
F:TGGTGGCGAGATTTGGACCG
R:ACTCGCGGCATFATCGGAGG
F:GTGATTCATTCTGCGAAACCG
R:CTGATGGAAGCCTGTCTTGGT
F:TCACGGTCTATCACCAGGCAAC
R:TCAGGACTCTAAGCAAGGGCGA
F:CCCGTAATCGGAATGAGTACACTTT
R:ACGCTATTGGAGCTGGAATTACC

123 cDNA FE##E RT-PCR RT
50°C 30 min RTase 94°C 2 min
PCR 94°C 30s 35cycles 62°C
30s 72°C 8 min
PCR 5~10 pL

pGM-T
DH5a
PCR
¢cDNA 5’ RACE
3’ RACE
1.24 FHoH DNAMAN
cDNA

NCBI BLAST
ORF Finder http://www.
ncbi.nlm.nih.gov/projects/gorf/
cDNA
protparam http://www.expasy.org/
tools/protparam.htmL.  NetNGlyc 1.0 Server http://
www.cbs.dtu.dk/services/NetNGlyc/  NetPhos2.0
http://www.cbs.dtu.dk/services/NetPhos/
SignalP 4.1
SignalP/ Predictprotein https://www.predictprotein.
DNAMAN https://bioinf.cs.ucl.ac.uk/
psipred/ Target P http://www cbs dtu dk/services/
Target P/ PSORT Prediction http: / / psort.

hgc.jp/form.ht-ml

http://www.cbs.dtu.dk/services/

org/home



1 : foraging Acfor -71 -
KP662686.1 Acfor cDNA
DNAMAN 3 029 bp ORF 2 169 bp 5'-UTR 37 bp
BLAST NCBI 3'-UTR 823 bp 2 Coding
Megalign Clustal sequence CDS 722
W Mega 4.0 M B2 5
Neighborjoining (NJ)
125 ERFRIL SYBR Premix Ex Taq™ bp
qRT-
PCR 20 uL. cDNA 2 uL lggg
SYBR Premix Ex Tag™ 2x 10 uL §
10 pmol/L 0.8 uL. ROX Reference Dye %88

50x 04 puL ddH,O 6 uL qRT-PCR
95°C 30s 95°C 55 63°C 25
s 45 3
126 PKGJEM PKG

GMS50180.2
340 nm
OD OD
OD
127 HEHTSDH 18s rRNA
20 Acfor CT
MXPro-MX3000P
Stratagene ANt Livak
and Schmittgen 2001 PCR
qRT-PCR
Graphpad Prism5
+ Mean=#=SD
Turkey
2 HBR5HH
2.1 £ cDNA FFIIR SEBRF5I551a 5 H
5 f1~15
1
cDNA
AF469010.1 100%
Foraging
cDNA Acfor  GenBank

1 Acfor #F CDS X1 #7=4)
Fig. 1 PCR products of CDS sequence of Acfor gene
M: DL1 000 marker. fI~f5: JgAHR 5149 fI~5 B9 14>

.
M: DL1 000 marker. f1-f5: Amplified products with the
corresponding primers f1-f5.

138 ORF 2206 3029
L | |
T I |

1 12 RACE 3'RACE

0 31l 920

3 651 ———1511

f4 1075———1884

£5 1680 — 2274

& 2 Acfor EE MW E=YHHERER
Fig. 2 Splicing schematic diagram of amplification
products of Acfor gene
F1~£5: 50 RAI RIS 1 B9 4 ) BEAE Acfor
cDNA P YL E

f1-f5: The position of amplification fragments of the
corresponding primers in Acfor cDNA.

2.2 rthikEE Acfor FEFEASMH ST

221 ZAWEREWLMR Acfor
81.80 ku PI 5.50 20
Trp
1.0% Leu 10.0%
Pyl
Sec 40.16 87.40
- 0.345 Acfor
-2 11

222 FEEAAMBERUALS



-72 - Chinese Journal of Applied Entomology 54

Acfor 2
N- 45
693 38 14

24, 44, 91, 122, 139, 142, 337, 380, 381, 435, 459,
Ser

633,707,716
12

478,516, 568, 682, 698 12 208, 264, 294, 299,

Tyr
332, 484, 525, 533, 548, 575, 592, 656

223 Ko SignalP4.0Server

Acfor
Target P PSORT Prediction
Acfor
DNAMAN  Predictprotein
Acfor
57.06% -
28.12% 14.82%
SWISS-MODEL Acfor
Plasmodium falciparum PKG
Acfor 3

3 Acfor EAM=LKEH
Fig. 3 Thetertiary structure of Acfor protein

2.3 Acfor EEFIILLNSH LS

Protein Blast NCBI
Acfor
Acfor
Acfor
for
>84%

57,107, 134, 232, 321, 327, 387,
Thr

100% 84%

99% 99%
99% 92% 97% 86% 87%

Acfor
MEGA4 Dmfor
Drosophila melanogaster AC044430.1)
Acfor
4
7 Acfor

Amfor

Apis cerana cerana

Bombus ignitus

Bombus terrestris
Megachile rotundata
Apis dorsata

Apis florea

Pheidole pallidula
Nasonia vitripennis
Vespula vulgaris
Drosophila melanogaster

4 Acfor REERBEERHEIRESH
RGHAL T
Fig. 4 Phylogenetic evolutionary analyses of Acfor
with their homologous proteins from other
Hymenopter a species

Apis cerana cerana
dorsata

AKM12346.1  Apis
XP_006614548.1  Apisflorea
XP_003694572.1  Apis mellifera

AGT42008.1 Bombusignites
BAH29963.1  Bombus terrestris
ACS36224.1  Megachile rotundata

XP_003704405.2
XP_001603549.2  Pheidole pallidula
ABW22623.1 Vespulavulgaris ABL74445.1
Drosophila melanogaster ACO044430.1

Nasonia vitripennis

2.4 Acfor mRNA EBFIA

Acfor mRNA
5 Acfor mRNA

10
25



1 : foraging Acfor -73 -
25 10 Robinson
P=0.05 1992 Huntetal. 1995 Fewell and Page, 2000
20 - Page etal. 2000 2006 Ben-Shaharetal. 2003
Eg 2 Ruppell et al. 2004 Ben-Shahar 2005 Chapman
i 1.5 -
ﬁ'% % et al. 2007 Heylen et al 2008 Lattorff and
= 2
-i::é‘ g 1.0 1 Moritz 2013 2015  Ben-Shahar
)
%E 3 2002 for
B t,50.5 .
¥
{jg 0 1 T | T ] T T
1 5 10 15 20 25 30
H#& Day (d)
Acfor
5 THAR%LBME Acfor MRNA HRIAE
Fig. 5 Relative expressions of Acfor mRNA in different
growth stages of worker
+
0.05 Acfor
Data are mean==SD, and followed by different lowercase Acfor
letters indicate significantly different at 0.05 level. The
same below.
for
25 PKG &M ,
http://www.sdbonline.
PKG org/sites/fly/hjmuller/foragingl.htm
PKG 1~30
38
PKG 1~10 10
10 25
6 Acfor
144 Acfor
23
£ 2 13
(c; oy a 84% for
20 b
2 E12] b - T for 75%
Heg b e .
yo g " for Scheiner €t al.
% E 2004 Mega 4.0 Neighborjoining
Tl NJ Acfor
1 5 10 15 20 25 30
H # Day (d) Acfor
6 THAREIAEMEMN PKG &M 7 Acfor  Amfor Mrfor
Fig. 6 PKG activity of different growth
stages of worker
for
S LS Smith et al. 2008 Bloch and Grozinger 2011
3 itig s
Acfor mRNA
Acfor mRNA 25
5~15 Heylen
2008 qRT-PCR



-74 - Chinese Journal of Applied Entomology 54

18~22 4

Tobback et al. 2008
Kodaira etal. 2009

Ingram
et al. 2011
Acfor 1
5 10
for
Ben-Shahar etal. 2003
for cGMP G
Protein kinase G PKG /
GENMED PKG
PKG
PKG
ADP
NADH
PKG
PKG
10
25 PKG
1 5 10 25
PKG Acfor
mRNA Ben-Shahar
2003 cGMP PKG

Anfor
for PKG

for

Acfor

BEHk (References)

Ben-Shahar Y, Robichon A, Sokolowski MB, Robinson GE, 2002.
Influence of gene action across different time scales on behavior.
Science, 296 (5568): 741-744.

Ben-Shahar Y, Leung HT, Pak WL, Sokolowski MB, Robinson GE,
2003. cGMP-dependent changes in phototaxis: a possible role for
the foraging gene in honey bee division of labor. J. Exp. Biol.,
206 (14): 2507-2515.

Ben-Shahar Y, 2005. The foraging gene, behavioral plasticity, and
honeybee division of labor. J. Comp. Physiol. A, 191(11): 987-994.

Bloch G, Grozinger CM, 2011. Social molecular pathways and the
evolution of bee societies. Phil. Trans. R. Soc. B, 366(1574):
2155-2170.

Chapman NC, Oldroyd BP, Hughes WOH, 2007. Differential
responses of honeybee (Apis mellifera) patrilines to changes in
stimuli for the generalist tasks of nursing and foraging. Behav.
Ecol. Sociobiol., 61(8): 1185-1194.

Fewell J, Page JIRE, 2000. Colony-level selection effects on
individual and colony foraging task performance in honeybees,
Apis mellifera L. Behav. Ecol. Sociobiol., 48(3): 173—181.

Heylen K, Gobin B, Billen B, Hua TT, Arckens L, Huybrechts R,
2008. Amfor expression in the honeybee brain: A trigger mechanism
for nurse—forager transition. J. Insect Physiol., 54 (10/11): 1400—
1403.

Hunt GJ, Page JrRE, Fondrk MK, Dullum CJ, 1995. Major
quantitative trait loci affecting honeybee foraging behavior.
Genetics, 141 (4): 1537-1545.

Ingram KK, Kleeman L, Peteru S, 2011. Differential regulation of
the foraging gene associated with task behaviors in harvester ants.
BMC Ecaol., 11 (1): 19.

Kodaira Y, Ohtsuki H, Yokoyama J, Kawata M, 2009. Size-dependent
foraging gene expression and behavioral caste differentiation in
Bombus ignitus. BMC Res. Notes, 2 (1): 184—-189.

Lattorff HMG, Moritz RFA, 2013. Genetic underpinnings of division
of labor in the honeybee (Apis mellifera). Trends Genet., 29(11):



1 : foraging

Acfor -75 -

641-648.

Li L, Liu F, Li WE, Su SK, 2012. Characterization and mechanism
of honeybee foraging behavior. Chinese Journal of Applied
Entomology 49(5) :1354-1359. [ s s R s
2012.

,49(5): 1354-1359.]

Liu F, Zong C, Yu LS, Su SK, 2015. Analysis of differentially
expressed genes associated with the behavioral transition
between nurses and foragers in Apis mellifera ligustica. Chinese
Journal of Applied Entomology, 52(2): 300-307. [ , s

R , 2015.
, 52(2): 300-307.]

Livak KJ, Schmittgen TD, 2001. Analysis of relative gene expression
data using real-time quantitative PCR and the 27**°", method.
Methods, 25(4): 402-408.

Osborne KA, Robichon A, Burgess E, Butland S, Shaw RA,
Coulthard A, 1997. Natural behavior polymorphism due to a
cGMP-dependent  protein  kinase of Drosophila. Science,
277(5327): 834-836.

Oldroyd B, Thompson G, 2006. Behavioural genetics of the
honeybee, Apis mellifera. Adv. Insect Physial., 33 (1): 1-49.

Page Jr RE, Fondrk MK, Hunt GJ, Guzman-Novoa E, Humphries
MK, Nguyen K, Greene AS, 2000. Genetic dissection of
honeybee (Apis mellifera L.) foraging behavior. J. Hered., 91 (6):
474-479.

Page Jr RE, Scheiner R, Erber J, Amdam GV, 2006. The

development and evolution of division of labor and foraging

specialization in a social insect (Apis mellifera L.). Curr. Top.
Dev. Biol., 74 (6): 253-286.

Robinson GE, 1992. Regulation of divison of labor in insect society.
Annu. Rev. Ecol. Syst., 37 (1): 637-665.

Robinson GE, 2002. Genomics and integrative analyses of division
of labor in honeybee colonies. Am. Nat., 160 (Suppl. 6): S160—
S172.

Ruppell O, Pankiw T, Page JrRE, 2004. Pleiotropy, epistasis and
new QTL: the genetic architecture of honey bee foraging
behavior. J. Hered., 95(6): 481-491.

Rueppell O, 2009. Characterization of quantitative trait loci for the
age of first foraging in honey bee workers. Behav. Genet., 39 (5):
541-553.

Scheiner R, Sokolowski RB, Erber J, 2004. Activity of cGMP-
dependent protein kinase (PKG) affects sucrose responsiveness
and habituation in Drosophila melanogaster. Learn Memory, 11
(3): 303-311.

Smith CR, Toth AL, Suarez AW, Robinson GE, 2008. Genetic and
genomic analyses of the division of labour in insect societies.
Genetics, 9 (10): 735-748.

Tobback J, Heylen K, Gobin B, Wenseleers T, Billen J, Arckens L,
Huybrechts R, 2008. Cloning and expression of PKG, a candidate
foraging regulating gene in Vlespula vulgaris. Anim. Biol., 58(11):
341-351.

Whitfield CW, Cziko AM, Robinson GE, 2003. Gene expression
profiles in the brain predict behavior in individual honey bees.

Science, 302(5643): 296-299.



