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TGF-β activated kinase-1 (TAK1) plays a pivotal role in devel-
opmental processes in many species. Previous research has 
mainly focused on the function of TAK1 in model organisms, 
and little is known about the function of TAK1 in hymenoptera 
insects. Here, we isolated and characterized the TAK1 gene 
from Apis cerana cerana. Promoter analysis of AccTAK1 re-
vealed the presence of transcription factor binding sites related 
to early development. Real-time quantitative PCR and im-
munohistochemistry experiments revealed that AccTAK1 was 
expressed at high levels in fourth instar larvae, primarily in the 
abdomen, in the intestinal wall cells of the midgut and in the 
secretory cells of the salivary glands. In addition, AccTAK1 ex-
pression in fourth instar larvae could be dramatically induced 
by treatment with pesticides and organic solvents. These ob-
servations suggest that AccTAK1 may be involved in the regu-
lation of early development in the larval salivary gland and 
midgut. [BMB reports 2011; 44(3): 187-192]

INTRODUCTION

Organisms undergo multiple morphological changes, includ-
ing organ formation, throughout the process of development, 
and these developmental changes are regulated by changes in 
gene expression. Extensive studies have elucidated some of 
the genes, such as those in the mitogen activated protein kin-
ase (MAPK) pathway, that are required for development (1-3). 
　MAPK cascades are composed of three interlinked protein 
kinases, MAPKKKs, MAPKKs and MAPKs, which play im-
portant roles in development and in environmental responses 
(1). A member of the MAPKKK superfamily, transforming 
growth factor-β activated kinase-1 (TAK1), was first identified 

as a signaling molecule in TGF-β and BMP signaling pathways 
(4). TAK1 belongs to the mixed-lineage kinase (MLK) family 
that includes ASK1, MLK3 and MUK (5). TAK1 contains a con-
served kinase domain at its N-terminus, and its glycine-rich 
loop (G-x-G-x-x-G) and hinge region (MEYAEGGS) are neces-
sary for gene activation (6). 
　Recently, it has been demonstrated that TAK1 acts as an es-
sential regulator in cartilage morphogenesis, vascular develop-
ment, keratinocyte apoptosis and cell shape control during 
embryonic development (2, 3, 7, 8). However, these roles of 
TAK1 in developmental regulation vary from species to spe-
cies, even among tissues (9). In Xenopus development, over-
expression of xTAK1 in early embryos induced ventral meso-
derm apoptosis (10). Overexpression of dTAK1 in Drosophila 
caused strong apoptosis in the visual system, leading to a small 
eye phenotype (11). Additionally, TAK1 has diverse biological 
functions in mouse development. Mutation studies in the 
mouse indicated that TAK1 plays important roles in vascular 
development and smooth muscle formation (3). TAK1-defi-
cient mice exhibit severe defects in cartilage development, in 
addition to chondrodysplasia and joint abnormalities (2). The 
keratinocyte-specific depletion of TAK1 in mice caused skin 
wrinkling and apoptosis (7). 
　The toxic substance has been became a factor influencing 
development. It was reported that pesticides remaining in 
plants could influence the normal development of the diges-
tive system and glands in insects, causing apoptosis during the 
early development stages (12). The Asian honeybee (Apis cera-
na cerana) is a eusocial insect and has important roles in the 
pollination of flowing crops at low temperatures (13). Global 
warming, excessive pesticide use and competition with west-
ern honeybees are causing A. cerana cerana to become an en-
dangered species (14). Thus far, no reports have been pub-
lished regarding TAK1 in the honeybee. Given that TAK1 plays 
crucial roles in development, our interest focused on identify-
ing the TAK1 gene whose function correlates with develop-
ment in A. cerana cerana. In this study, we characterized the 
TAK1 gene in A. cerana cerana, analyzed mRNA expression 
after treatment with toxic substances, and assessed protein lo-
calization in larvae.
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Fig. 1. Multiple amino acid alignment 
and phylogenetic analysis. (A) Identi-
cal amino acid residues in this align-
ment are shaded black. The dashed 
line shows the conserved kinase do-
main in TAK1. The glycine-rich loop 
(G-x-G-x-x-G) and the hinge region 
(MEYAEGGS) are boxed. The amino 
acid residues marked with dots de-
note the differences between AccTAK1 
and AmTAK1. (B) A phylogenetic tree 
was constructed from different species 
by the neighbor-joining method using 
MEGA 4.1 software. Four main groups 
are shown and AccTAK1 is boxed. All 
gene messages of various species are 
listed in Supplement Table 4.

Transcription factor Putative binding site and position Function

BR-C

CF2-II

DFD
HB

TAAATAAATAAAA: -546
TTAATAAATAAAA: -1037
GTATATATA: -395, -418

TTTCGAATTAATTAAA: -1075
TTATAAAAAA: -334
ATATAAAAAA: -365

Tissue-specific response to salivary gland morphogenesis and regulation of third 
instar and early prepupal development

DNA binding zinc finger domain and participation in regulation of distinct sets 
of genes during embryo development

Cell development and organ formation in embryo development
Regulation of gene expression at the level of transcription and tissue 

development in early stages

Table 1. Putative transcription factors, binding sites, positions, and possible functions of the 5'-flanking region of AccTAK1

RESULTS

Cloning and characterization of the full-length AccTAK1 
cDNA
The cDNA sequence of AccTAK1 (GenBank accession no. 
GU295942) is 1,891 bp in length and contains a 117 bp 5' un-
translated region (UTR), a 127 bp 3' UTR and a 1,647 bp open 
reading frame (ORF) that encodes a peptide of 548 amino 
acids with a predicted molecular mass of 62.8 kDa and a pI of 
6.08. A multiple sequence alignment showed that the 
AccTAK1 N-terminal region shares high homology with other 
species and that the AccTAK1 kinase domain is similar to the 
typical TAK1 kinase domain. The glycine-rich loop, with the 
sequence G-x-G-x-x-G, and the hinge region, containing the 
residues MEYAEGGS, were also identified (Fig. 1A). 
Furthermore, two regions at the C-terminal tail, in which some 
short consensus regions were present, were absent in Apis 
mellifera TAK1 (AmTAK1) compared to AccTAK1. 
　To investigate the evolutionary relationship of AccTAK1 to 
other species and MLK family members, a neighbor-joining 
phylogenetic tree was generated by MEGA 4.1 (Fig. 1B). The 
results revealed four groups, and the AccTAK1 protein was 
categorized into group I, where it clustered with AmTAK1. 

Identification of the genomic structure of AccTAK1
The full-length genomic sequence of AccTAK1 (GenBank ac-
cession no. GU295943) was 9,511 bp, contained nine exons 
and was similar to AmTAK1 (Supplement Fig. 1). Surprisingly, 
part of the sixth and ninth exons that are present in AccTAK1 
are absent in AmTAK1, leading to missing amino acids in 
AmTAK1, as shown in Fig. 1A. 
　To study the organization of the regulatory region of AccTAK1, 
a 1,118 bp fragment (GenBank accession no. GU295943) up-
stream of the transcription start site was isolated by IPCR. 
Several putative transcription factor binding sites (TFBS) were 
identified in the promoter region, including BR-C, which is in-
volved in the tissue-specific regulation of salivary gland devel-
opment (15), as well as CF2-II, DFD and HB, which are neces-
sary for early development (16-18). In addition, the basic 
TATA-box and CAAT-box were also identified in the promoter 
region. The positions and functions of putative TFBS are 
shown in Table 1. These data imply that the AccTAK1 gene 
may be involved in the early development of specific tissues. 

Expression profiles of AccTAK1 at different development 
stages and tissues
To identify the expression pattern of AccTAK1 at different de-



Involvement of AccTAK1 in tissue-specific development
Fei Meng, et al.

189http://bmbreports.org BMB reports

Fig. 2. Expression profile of AccTAK1 by real-time quantitative 
PCR. (A) AccTAK1 mRNA expression at different developmental 
stages. Total RNA was isolated from larvae (L2-second instars, L4- 
fourth instars, L5-fifth instars and L6-sixth instars), pupae (Pw-white 
eyes pupae, Pp-pink eyes pupae and Pb-blank eyes pupae) and 
adults (A1-one day post-emergence adults and A10-ten day post- 
emergence adults). (B) Tissue distribution of AccTAK1. Total RNA 
was extracted from dissected salivary gland (SG), thorax (TH), ab-
domen (AB), head (HE), muscle (MS), midgut (MG), epidermis 
(EP) and malpighian tubules (MT) of 4th instar larvae. (C) Expres-
sion of AccTAK1 after treatment with different pesticides or organ-
ic solvents by feeding 4th instar larvae. Samples were collected at 
6, 12, 18 and 24 hours after different feeding treatments. Vertical 
bars represent the mean ± S.E.M. (n = 3). Means labeled with 
different lowercase letters were highly significantly different (P ＜
0.01), and means labeled with different capital letters were sig-
nificantly different (P ＜ 0.05), as determined by Duncan’s multi-
ple range test using SAS version 9.1 software.

velopmental stages, Q-PCR was carried out. Stage-specific ex-
pression profiling showed that the amount of AccTAK1 mRNA 
increased rapidly from the second instar larvae to the fourth in-
star larvae stage, decreased from the fourth instar larvae to the 
white eyes pupae, increased slightly in pink eyes pupae, and 
gradually dropped at the adult stage. The highest expression 
level was detected in fourth instar larvae, and almost no sig-
nificant differences were found between pupae and adult 
stages (Fig. 2A). To investigate the reason for the highest ex-
pression during developmental stages, various tissues were ex-
tracted from fourth instar larvae, and tissue-specific expression 

analysis indicated that a high amount of transcript was de-
tected predominantly in the abdomen, midgut and larval sali-
vary gland (Fig. 2B). There were no significant differences in 
transcript levels among the thorax, head, muscle, epidermis 
and malpighian tubules. These results strongly indicate that 
AccTAK1 may function in the early development of specific 
tissues in the abdomen. 

Expression profiles of AccTAK1 after feeding different pesticides 
and organic solvents 
To determine whether AccTAK1 is involved in the develop-
ment of specific tissues in the abdomen, artificial diets contain-
ing different pesticides or organic solvents were used to feed 
fourth instar larvae, and then Q-PCR was used to analyze the 
expression of AccTAK1. As shown in Fig. 2C, after toxic sub-
stance treatments, the expression of AccTAK1 was significantly 
induced (P ＜ 0.01), except after imidacloprid treatments (P = 
0.0216). Expression levels after organic solvent treatments 
were stronger compared to pesticide treatments. The mRNA 
level was 9.07-fold and 8.59-fold higher than that in normal 
larvae for the methanol and alcohol treatments, respectively. 
These results reveal that the expression of AccTAK1 may be in-
volved in abiotic stress, and they further suggest that the ex-
pression of AccTAK1 is related to the development of specific 
tissues in the abdomen.

Tissue localization of AccTAK1 in the larvae stage 
To determine the tissue-specific localization of AccTAK1, par-
affin sections from second and fourth instar larvae were sub-
jected to immunohistochemical analysis using an an-
ti-AccTAK1 antibody. The results showed that AccTAK1 is ubi-
quitously expressed in second instar larvae (data not shown). 
However, the TAK1 expression in fourth instar larvae became 
less widespread, and specific tissues with higher expression 
were clearly seen (Fig. 3). Expression in the intestinal wall cells 
of the developing midgut and the secretory cells in the salivary 
gland were prominent. These changes in tissue distribution 
may be caused by the formation of specific tissues during 
post-embryonic development. The localization in the larval 
salivary gland and intestinal wall also imply that the AccTAK1 
gene plays an important role in the development of specific 
tissues.

DISCUSSION

TAK1 is essential in the regulation of organism growth and 
differentiation. A number of studies have demonstrated that 
mutation or deletion of the TAK1 gene causes adverse effects 
on development (2, 3). In this study, the AccTAK1 gene was 
isolated from A. cerana cerana. The deduced amino acid se-
quences of AccTAK1 showed high homology in the N-terminal 
region with TAK1 in other species (Fig. 1A). In human TAK1, 
two alternative exons are located in the C-terminal region and 
their use determines the four splicing variants, TAK1-a, 
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Fig. 3. Immunohistochemical localization of 
AccTAK1 in 4th instar larvae. (a-j) are neg-
ative controls for (A-J), respectively. (a-e) 
and (A-E): midgut; scale bar, 120 μm. (f-j) 
and (F-J): salivary gland; scale bar, 30 μm. 
EC: enteric cavity; IW: intestinal wall; TL: 
tubule lumen; SCN: secretory cell nucleus. 
Merged images are a combination of 
DAPI, FITC, and TRITC staining. An ob-
vious reaction is marked by red arrows.

TAK1-b, TAK1-c, and TAK1-d, which perform unique functions 
in tissue-specific development (19). We presume that the dif-
ference between AccTAK1 and AmTAK1 in two domains at 
the C-terminal region may be caused by splicing variants, and 
this difference suggests that the role of AccTAK1 may be differ-
ent from others. 
　We isolated the promoter region of AccTAK1, and sequence 
analysis revealed the existence of binding sites for CF2-II, 
DFD, HB and BR-C, which are necessary for early develop-
ment (Table 1), suggesting that the AccTAK1 gene functions in 
early development similar to TAK1 from other species (10, 20). 
Interestingly, BR-C also participates in the tissue-specific re-
sponse to salivary gland morphogenesis (15). The AccTAK1 
gene may be related with the early development of specific tis-
sues, which may vary from TAK1 in other species. 
　To confirm this hypothesis, we examined the expression pat-
tern of AccTAK1 at different developmental stages. The results 
showed that AccTAK1 gene transcripts were detected predom-
inantly in fourth and fifth instar larvae (Fig. 2A), suggesting that 
the AccTAK1 gene plays an important role during the growth 
of fourth and fifth instar larvae. However, the expression level 
was not constant from fourth instar larvae to fifth instar larvae, 
and we speculate that this difference may be related to the 
generation or degeneration of specific tissues at particular de-
velopmental stages. Tissue-specific expression analysis in-
dicated that a high amount of AccTAK1 was present in the ab-
domen, midgut and larval salivary gland (Fig. 2B), which is in-
consistent with some early suggestions that TAK1 is mainly ex-
pressed in the head and nervous system (10). This difference 
may be a result of the life habits of the honeybee. In the larval 

stage, the abdomen is the most active tissue. The midgut is al-
so a vital tissue in the abdomen for food digestion and nutrient 
absorption. The larval salivary gland, also known as the silk 
gland, is located ahead of the abdomen which play important 
roles in silk production and pupae protection (21, 22). 
Notably, Silva- Zacarin et al. (22) demonstrated that silk for-
mation stopped at the end of the fifth instar in hymenoptera. 
We speculate that this is the reason for the lower expression 
level in fifth instar larvae compared to fourth instar larvae. In 
addition, these results suggest that AccTAK1 is involved in 
larval salivary gland morphogenesis, which is consistent with 
the function of BR-C that participates in the tissue-specific re-
sponse to salivary gland development. 
　Moreover, we analyzed the expression of AccTAK1 after 
treatment with pesticides or alcohol vapors. The results showed 
that AccTAK1 expression was induced by toxic substances, 
suggesting that AccTAK1 could be involved in responses to 
abiotic stresses. The regression of salivary gland cells was re-
lated to starvation and alcohol vapors (23). Excess pesticides 
could influence the normal development of the digestive sys-
tem and glands in insects, triggering an alteration in secretory 
and absorptive functions (12). Feeding artificial diets contain-
ing toxic substances to the fourth instar larvae destroyed func-
tion in the midgut and salivary gland, and induced the ex-
pression of AccTAK1. These results also imply that AccTAK1 
may function in the development of the larval salivary gland 
and midgut. Likewise, immunohistochemistry showed that 
AccTAK1 in the fourth instar larvae was specifically localized 
in the secretory cells of the larval salivary gland and intestinal 
wall cells of the midgut (Fig. 3). This result provides evidence 
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that AccTAK1 may be involved in alimentation and transport. 
　In conclusion, analysis of AccTAK1 by mRNA expression, 
protein localization and promoter analysis strongly suggests 
that the gene plays important roles in the developmental regu-
lation of the larval salivary gland and midgut. The further char-
acterization of this newly identified gene in early development 
will help to improve the survival rate of honeybee larvae.

MATERIALS AND METHODS

Honeybees, artificial feeding and tissue preparation
The colonies of A. cerana cerana were maintained in the ex-
perimental apiary of Shandong Agricultural University (Taian, 
China). Larvae, pupae and adult bees were identified by age, 
eye color and cuticle pigmentation. The fourth instar larvae 
were transferred to polyethylene cell cups and reared on an ar-
tificial diet in an incubator with 96% relative humidity at 
34oC. Pesticides (imidacloprid, cyhalothrin, acetamiprid, and 
dimethoate) and organic solvents (methanol, alcohol) were 
added to the normal diet in the experimental group, and the fi-
nal concentrations of the additives are displayed in Supple-
mentary Table 1. Various tissues from fourth instar larvae, in-
cluding the head, thorax, abdomen, muscle, epidermis, mal-
pighian tubules, midgut and salivary gland, were freshly col-
lected, frozen in liquid nitrogen and stored at −80oC. 

Primers and amplification conditions
Primers and PCR amplification conditions are listed in 
Supplementary Table S2 and Supplementary Table S3, respec-
tively. 

Cloning of AccTAK1 cDNA
Total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA, 
USA), and the first-strand cDNA was subsequently synthesized 
using reverse transcriptase (TransGen Biotech, Beijing, China) 
according to the manufacturer’s protocol. An internal con-
served fragment was obtained by reverse transcription-PCR us-
ing the primers MP1 and MP2, which were designed based on 
the sequences of TAK1 from other species. Then, specific pri-
mers (5W/5N and 3W/3N) were generated for the 5' rapid am-
plification of cDNA ends (RACE) and 3' RACE, respectively. 
According to the deduced full-length cDNA, specific primers, 
QP1 and QP2, were designed to amplify the full-length cDNA 
of TAK1 in A. cerana cerana (designated as AccTAK1). The 
PCR product was purified, cloned into the pEasy-T3 vector 
(TransGen Biotech, Beijing, China), and sequenced. 
　Predictions of the theoretical isoelectric point and molecular 
weight were performed with PeptideMass (http://us.expasy.org/ 
tools/peptide-mass.html). Homologous TAK1 sequences in oth-
er species were retrieved from the NCBI server and aligned us-
ing DNAman version 5.2.2 (Lynnon Biosoft, Quebec, Canada). 
Phylogenetic analysis was carried out by the Molecular 
Evolutionary Genetics Analysis (MEGA version 4.1) software 
using the neighbor-joining method.

Isolation of genomic DNA and the promoter of AccTAK1
Genomic DNA was extracted from whole bees using the 
EasyPure Genomic DNA Extraction Kit (TransGen Biotech, 
Beijing, China). Several specific primers were designed and 
used to isolate AccTAK1 genomic DNA. For promoter amplifi-
cation, genomic DNA was completely digested with Xba I at 
37oC overnight, ligated with T4 DNA ligase (TaKaRa, Dalian, 
China) and used as the template. The promoter region was ob-
tained using inverse-PCR (IPCR) with specific primers QDS1/ 
QDX1 and QDS2/QDX2. Ultimately, primers MQS and MQX 
were used to verify the promoter sequences. Furthermore, the 
TFSEARCH database (www.cbrc.jp/research/db/TFSEARCH.html) 
was used to analyze the promoter region of AccTAK1.

Protein expression, purification and preparation of anti-Acc 
TAK1 serum 
To construct the expression vector, primers (YHS/YHX) were 
designed that incorporated a Sac I site in the forward primer 
and a Hind III site in the reverse primer. After PCR, the frag-
ment digested with Sac I and Hind III was inserted into the 
pET-30a(+) vector excised with the same restriction endonu-
cleases, and the pET-30a(+)-AccTAK1 plasmid was trans-
formed into BL21 (DE3). The cultures were induced with 0.1 
mM IPTG and centrifuged at 5,000 g at 4oC for 10 min. Then, 
the pellet was resuspended in lysis buffer, sonicated and cen-
trifuged again. Finally, both the supernatant and pellet solubi-
lized in PBS were analyzed by SDS-PAGE. The target protein 
was purified using the MagneHisTM Protein Purification System 
(Promega, Madison, WI, USA). The purified protein was in-
jected subcutaneously into white mice for generation of anti-
bodies as described by Meng et al. (24).

Immunohistochemical analysis in larvae
Second and fourth instar larvae were fixed in 4% paraf-
ormaldehyde overnight. The fixed samples were washed, de-
hydrated through ethanol in a series of ascending concen-
trations, cleared in xylene and finally embedded in paraffin. 
Vertical sections (10 μm) were prepared and mounted onto 
poly-L-lysine-coated glass slides. Dewaxed sections were 
blocked with 10% normal goat serum for 30 min and in-
cubated overnight with the anti-AccTAK1 antibody (1：500) at 
4oC. On the next day, after washing three times in PBS, the 
sections were incubated with fluorescein isothiocyanate 
(FITC)-conjugated goat anti-rat IgG (1：100, Beyotime, 
Jiangsu, China) at 37oC for 1 h in the dark. For further study, 
the sections were blocked again and incubated with the anti- 
AccTAK1 antibody. Subsequently, the sections were incubated 
with tetramethylrhodamine isothiocyanate (TRITC)-conjugated 
goat anti-rat IgG (1：50, Beyotime, Jiangsu, China) for 1 h and 
counterstained with 4,6-diamidino-2-phenylindole (DAPI, 
1：1,000, Sigma, Saint Louis, MO, USA). Finally, sections 
were observed by laser confocal microscopy (LSM 510 META, 
ZEISS, Germany) at 408 nm, 488 nm, and 561 nm, to observe 
DAPI, FITC and TRITC, respectively. The omission of the anti- 
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AccTAK1 antibody in the reaction served as a negative control.

Real-time quantitative PCR 
Real-time quantitative PCR (Q-PCR) was carried out using the 
SYBRⓇ PrimeScriptTM RT-PCR Kit (TaKaRa, Dalian, China) in a 
25 μl volume on a CFX96TM Real-time System (Bio-Rad) with 
the following conditions: 95oC for 30 s, 40 cycles of amplifica-
tion (95oC for 5 s, 53oC for 15 s, and 72oC for 15 s) and a melt 
cycle from 65oC to 95oC. All samples were analyzed in 
triplicate. The linear relationship, amplification efficiency and 
data analysis were conducted using CFX Manager Software 
version 1.1. The analysis of significant difference was deter-
mined by Duncan’s multiple range test using Statistical 
Analysis System (SAS) version 9.1 software.
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