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Trehalase from male accessory gland of an insect, Tenebrio
molitor
cDNA sequencing and developmental profile of the gene expression
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A cDNA of aa-trehalase (EC 3.2.1.28) from a cDNA library of male bean-shaped accessory gland of the mealworm
beetle, Tenebrio molitor, has been isolated by the homology screening approach. Sequence analysis of the cDNA (1830
bp) revealed that the cDNA-encoded a protein of 555 amino acids with a calculated Mr of 64457. The deduced amino
acid sequence had significant similarities to rabbit small intestine and Escherichia coli trehalases. Northern blotting and
semi-quantitative PCR analyses revealed that a trehalase transcript with about 2.0 kb was abundant in bean-shaped
accessory glands. In the glands, the amount of trehalase transcript increased from 1 to 2 days after adult ecdysis. These
tissue- and stage-specific gene expressions of trehalase corresponded to the tissue- and stage-specificity of trehalase
activity.

INTRODUCTION

In many insects, the male adults transfer the sperm to females
via a sperm sac, the spermatophore [1]. In the mealworm beetle,
Tenebrio molitor, the spermatophore is formed from the secretory
proteins of two pairs of accessory glands, the bean-shaped
accessory glands (BAGs) and the tubular accessory glands
(TAGs) [2-4]. The eight secretory cell types of BAGs synthesize
the corresponding secretory proteins and release them into the
lumen of BAGs, in which a semi-solid plug, a precursor to the
wall of the spermatophore, is formed [5-8]. In BAGs, these
secretory proteins are actively synthesized a few days after adult
ecdysis. An extremely high activity of trehalase (aa-trehalose
glucohydrolase, EC 3.2.1.28) was found in BAGs, but not in
other reproductive organs of the male. The trehalase is in-
corporated into the wall of the spermatophore [9].

In insects, trehalose is the main blood sugar, unlike in
mammalian systems [10]. Trehalase is generally thought to be
localized in the plasma membrane of the cell or within the cell to
facilitate the uptake and utilization of blood trehalose. In the
larval midgut or ovary of the silkworm, Bombyx mori, trehalase
is bound to the plasma membrane at the basal surface of the mid-
gut epithelial cell, instead of to the microvilli at the apical surface
of the epithelial cell [11,12] or to the plasma membrane of the
oocyte, close to the blood [13]. By contrast, trehalase is found in
cocoon floss of B. mori and is thought to be secreted from the silk
gland [14]. What then is the physiological function of trehalase
secreted to the outside of the insect body? An actively secreted
trehalase in Tenebrio BAGs is a good material for study of the
secretory type of trehalase in insects. The cellular localization of
trehalase is thought to be dependent on the protein structure. No
primary sequence for any insect trehalase has yet been reported,
although trehalase is an important key enzyme in carbohydrate
metabolism of insects. In this study, the primary structure of
Tenebrio BAG trehalase was deduced from the nucleotide
sequence of the cDNA.

MATERIALS AND METHODS

Animals
T. molitor larvae were purchased and reared on wheat flour

and fresh potatoes at 25 'C. The pupae were sexed, and the male
adults were reared on the same diets at 25 'C [15]. On specified
days, BAGs and other tissues were isolated in cold phosphate-
buffered saline and kept at -70 'C until used.

Synthesis of oligonucleotide as a probe for screening
An oligonucleotide, 5'-AC(T/G)CC(G/A)TTGGTCCA-

GCC(G/A)AA(G/C)CC-3', complementary to the nucleotide
sequence based on an amino acid sequence (GFGWTNGV in
Fig. 2) conserved between trehalases of Escherichia coli and
rabbit small intestine [16,17], was synthesized.

Isolation and sequencing of trehalase cDNA
Total RNAs were extracted from BAGs of 2-10-day-old male

adults by the phenol method [18]. Poly(A)+ RNA was isolated by
using Oligotex-dT30 (Hoffmann-La Roche) and used for con-
struction of a cDNA library by using a cDNA Synthesis Kit
(Pharmacia LKB). Double-stranded cDNA was ligated to an
EcoRI adapter and cloned into Agtl 1 (Stratagene). By using a
synthetic oligonucleotide (23-mer) labelled with [y-32P]ATP, a
cDNA library was screened, with final wash conditions
0.1 x SSPE/0. 0% SDS at 65 'C, and positive clones were
obtained. The Notl insert was subcloned into the Notl site of
pBluescript KS(+) (Stratagene), and serial deletions of the
inserts were generated by exonuclease III [19]. Sequence analysis
was carried out by the dideoxy chain-termination method [20].

RNA analysis
RNA was prepared as described above [18]. For Northern

hybridization analysis, each RNA sample (25 ,ug) was electro-
phoresed in a 1.0%-agarose gel containing formaldehyde [21]
and blotted on to Hybond N+ membrane (Amersham). Hybridiz-
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ation was performed in the presence of 50% formamide at 42 °C,
with final wash conditions 0.1 x SSPE/0. 1 % SDS at 65 'C. The
pBluescript KS(+) containing trehalase cDNA (1830 bp) was
made linear by cutting with XbaI restriction enzyme. The sense-
stranded trehalase cDNA was asymmetrically amplified by the
PCR method by using a T7 primer and then purified by
electrophoresis in low-gelling-temperature agarose. The
antisense-stranded cDNA was radiolabelled with [a_-32P]dCTP
[22] and used as a probe.

Semi-quantitative PCR for trehalase mRNA
Semi-quantitative PCR was performed by the method of

Dallman & Porter [23]. From 1 ,ig of each RNA sample, first-
stranded cDNA was synthesized by RNAase H- reverse trans-
criptase (Superscript; GIBCO BRL), and one-fourth of the
cDNA was further used for PCR amplification. As primers, two
oligonucleotides, 5'-GAAGAATGTTCTTCCCTTCG-3' and 5'-
TGGTTTATAAATTCTAAAAC-3' (underlined with hyphens
in Fig. 1), were synthesized. Amplified 426 bp fragment was
analysed by agarose-gel electrophoresis followed by Southern
blotting and then hybridized to the 32P-labelled internal oligo-
nucleotide 5'-AC(T/G)CC(G/A)TTGGTCCAGCC(G/A)AA-
(G/C)CC-3' (underlined doubly in Fig. 1). The radioactivity of
hybridized PCR product was made visible and quantified with an
imaging analyser (BAS 2000; Fujifilm, Tokyo, Japan). The
amount of PCR product increased linearly until 27 cycles, and
here 25 cycles was adopted for quantification.

Computer analysis
Sequence analysis was carried out with software from NBRF

(National Biomedical Research Foundation) and from SWISS-
PROT protein library by the FAST program [24] by using the
GENETYX fast homology search (SDS Software Development
Co., Tokyo, Japan).

RESULTS AND DISCUSSION

Cloning, sequencing and cDNA characterization
When amino acid sequences were compared between rabbit

small intestine and E. coli trehalases which had been previously
reported [16,17], several segments were found to match in amino
acid sequence (Fig. 2). For this study, an oligonucleotide
complimentary to the nucleotide sequence corresponding to a
segment (GFGWTNGV; Fig. 2) near the C-terminal regions of
both kinds of trehalases was synthesized to isolate trehalase
cDNA from a Tenebrio BAG cDNA library in Agtl 1. A total of
6 x105 plaques was screened, and four hybridized with the
probe. A clone containing the largest insert cDNA was sequenced
on both strands. It covered 1830 bp, encompassing a 49-bp 5'-
untranslated region, the 1665-bp coding region and 116-bp 3'-
untranslated region (Fig. 1); 20 nucleotides in 23-mer underlined
double in Fig. 1 matched those of the hybridization probe (23-
mer) used in this experiment. An in-frame TAA stop codon
appeared at position 1715, and one hexamer corresponding to
the polyadenylation signal, AATAAA, was found at position
1818 in the 3'-non-coding region (underlined in Fig. 1).

Characteristics of the protein
The cDNA sequence encoded a protein of 555 amino acids

with a calculated Mr of 64457. An arrow in Fig. 1 indicates the
predicted site of signal cleavage [25]. If this is the case, the Mr of
mature protein is estimated to be 62669. This value almost agrees
with the Mr (62000+ 2000) estimated by SDS/PAGE for
trehalase purified from BAGs of T. molitor (T. Yaginuma,
T. Mizuno, C. Mizuno & G. M. Happ, unpublished work). Five
potential N-glycosylation sites, Asn-Xaa-Ser/Thr, were found

(boxed in Fig. 1). In insects as well as mammals, trehalase is
generally known to be a glycoprotein [17,26,27].
The amino acid sequences of Tenebrio BAG, rabbit small

intestine and E. coli trehalases are aligned in Fig. 2. There were
42.5 and 31.4% identical residues with rabbit small intestine and
E. coli trehalases respectively, but no significant similarity to any

c 1

2 GAcGACTT AOC/A0TA ACTCoATGATCOCCTTC 61
M I P E 4

62 CCTTAI wiII . a A 121
6 L L M V A F A D T V L ° IV 8 A 0 8 0 P 8 24

122 TTl lei
25 C D 8 K v Y C O 0 K L L H V V E M 8 R I 44

182 AFAOT LOVSO BO C 241
45F DSKTFvELKM I N D E 0 T T L 64

242 uAGATCTQAT 301
5 E N F D N FL R D T N H K R T R A D L M 84

302 C361
86 K. F V 8 D NF K a E N E F E 8 W T P T D 104

362 T AMT A cCTToCT 421
106FTOD PTL*SR I E D K T I H Q F A 124

.422 481
26 D L V K W P T L A R K V K K E V L D 144

482 CT ATT ACcQrTIGCMTO0G1TCATCTTACC0tC0 641
145Y P E H Y S L L P V D N G F P aO R 164

642 TTCAGaTTTTACTACTOMOACTCTTATT0ATAGOPOGAmtCTCCTGTTUAGTOAC 601
16S F T E F Y Y W D S Y W V E 0 L L L 8 D 164

602 ATGCACGAAACcGTOCGAGOGATTTGACAAk lC-tTlCATAcGATA mG 661
1865 M H E T V R 0 M L D N F L S V E K Y a 204

662 ACCCATACCCOCOtCTIVTACTcAOTOcCOCAccATTOCTOAcC 721
206F I PN ARVfYL R 0 P P L L T 224

722 TTGATOGTGTCGCTOTATOTGTCOOCAACTAATOACATOGAGTGGTTOCAAAGAACATC 781
225 L M V S L Y V S A T N D M E W L A K N 244

782 TCCAGCATTCAOATGc l T OOOA 841
246 R T D T E L R F W L N N R L V D V V K 264

642 GAcI00TArr01MACAACTCGTAMTACAACTCCAACAG0cAArCCTCTCcCTGAAa 901
265D V Y K L A Q Y N 9 N 8 G S P R P E 284

902 eTCT ACTCA CAOCAA CAAc 961
286 SY Y E D V T T A S V F S D E R D K A E 304

962 CT0TACATOGACC Ml1
306 L Y M D L ( 8 A A E 8 G W D F 8 8 R W 324

1022 TcGTA AAtcTVA ATT 1061
325V 0 EY C A L H T R R I 1 344

1082 T C ATT OCTOTCCGAATTCTACCAG 1141
346P V D L NA PL C 0 A F a K L S E F Y a 364

1142 AOCGG.ACTA CTcTC cAAATcTcAC 1201
365TLCDYPJAtFW8 LVK I W O H 384

1202 AOTATOOAGATGOTOCACTACAACAGAGACOAOOCA1TTTGITACGACTGOGATAACGM 1261
3866 E M V 14 Y N R D G W Y O W O N E 404

1262 TTWIA G9 CICATTT TTC CT 1321
406 L 0 H1P M F F P 8 N F A P L W S E T 424

1322 TCIACGTCACCAACGCTGAATCTiGOTGAAATOG0 GAGTATTTCATAACTCAA 1361
425 E D 8 R N A E L G E M A A E Y F I T O 444

1382 AACATOGATcAO TOCtTTGA cTc ACcA AT0 1441
446N M M D Y H-OG P T S L 8 H T G E a W 464

1442 OC TT cT TC TOlAC 1501
465 D Y P N AW P P M a 8 I I V M C L D K 8 464

1502 00ATTACAGAGCTAAACTA rAQATT0 OCTOT1661
486 a8 Y R A KI L A R E L A R R W V K A N 604

1562 CTA TT CCT T TGT A 1621
606 L t F R 0 T C E M E E K Y N V E YVPG 624

1622 __ L _ I_ ulATA40A 1661
625 0 N GC O G E Y V V a S O F G W r N 5V 644

1662 s; jLA-GA.1rtAIrAAA- TT1iTrACAACATAAAAAACAACAGAGATAATGTOGCA 1741
545 V L E F N 0 F F T T 0

1742 GTTAGtATO I OTAATGCGACACTrGTAGAOTACATTGTtrTATCAATATTGTC 1601

1602 CATrTAACTAGTTTAAAATAAATTlGTrT

Fig. 1. Nucleotide sequence of Tenebrio BAG trehalase cDNA and the
deduced amino acid sequence

Asterisk denotes the termination codon. The presumed poly-
adenylation signal is underlined singly. The region which seemed to
hybridize with an oligonucleotide probe is underlined doubly. Arrow
shows putative signal cleavage site [25]. Sequences underlined with
hyphens were used as primers for the semi-quantitative PCR analysis.
Potential N-glycosylation sites are boxed.
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PVRLR SLMFKHRKI LARASKAABINAMANQTETLANARtKG IKYLIVDQQQ

400 410 420 430 440
IWYDWDNILSQHIRRMHFFj'FAflWSETFD$RNAEILGEMA-AETFITQNNM
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QFFTT
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LICPKEQPCDNVPATRPTVKSATTQPSTKEAQPTP

Fig. 2. Comparison of the primary structures of trehalases from Tenebrio BAG (T-TRE), rabbit small intestine (R-TRE 1171) and E. coli (E-TRE 1161)

Numbers refer to the Tenebrio BAG trehalase. The identical amino acids are bold and shaded. Arrowheads indicate the predicted sites of signal
cleavage for T-TRE and R-TRE [25] and the experimentally determined cleavage site for E-TRE.

other proteins. These results indicate that this cDNA encodes the
trehalase of Tenebrio BAGs. It is especially interesting for us that
Tenebrio BAG trehalase does not include the hydrophobic
sequence in the C-terminal region, presumed to act in rabbit
small-intestine trehalase as a temporary membrane anchor which
then is replaced by a glycosylphosphatidylinositol anchor [17].

Analysis of trehalase gene expression
As shown by Northern-blot analysis of total RNAs (Fig. 3), the

probe hybridized to an RNA of about 2.0 kb found in BAGs, but
not to RNAs in testes and TAGs. Further, the result obtained by
using a semi-quantitative PCR method showed that the trehalase
transcript was abundant in BAGs, but not in TAGs and testes
(Fig. 4). In BAGs, the amount of trehalase transcript increased
from 1 to 2 days after adult ecdysis, but decreased after 4 days.
The tissue-specific gene expression and the changing pattern in
the amount of trehalase transcript in BAGs corresponded well to
the tissue distribution of trehalase activity and the changing
pattern in trehalase activity respectively [9]. These results are
consistent with our belief that the cDNA sequenced in this study
encodes the secreted trehalase purified from BAGs of Tenebrio.

7.5-

4.4

2.4-

1.4-

0.24

rRNA-E

12 3

Fig. 3. Northern-blot analysis
Total RNAs (each 25 ,tg) extracted from TAGs (1), testes (2) and
BAGs (3) of 2-10-day-old male adults of T. molitor were electro-
phoresed in agarose gel, blotted and then hybridized with radio-
labelled anti-sense-stranded cDNA of BAG trehalase or rDNA.
RNA size markers were co-migrated (kb).
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Fig. 4. Semi-quantitative PCR analysis

RNAs were extracted (a) from BAGs (1), TAGs (2) and testes (3) of
2-10-day-old male adults, and (b) from 0-8-day-old BAGs. By using
each RNA sample (1 gg), the first-stranded cDNA was synthesized
and used as a template for PCR. The PCR product was electro-
phoresed in agarose gel, blotted and hybridized with a radiolabelled
internal oligonucleotide. The radioactivity was made visible and
quantified by imaging analyser (BAS 2000; Fujifilm). The radio-
activity (c.p.m.) on the ordinate is an arbitrary value.

Isolation of cDNAs corresponding to membrane-bound or
soluble types of trehalase from other insect sources will provide
further insight into the mechanisms for cellular localization of
trehalase and the relationship between each type of trehalase and
its tissue type.

In the BAGs of T. molitor, the active production of trehalase
occurs a few days after adult ecdysis and was shown to be
dependent on ecdysteroid hormone action during pupal stage
[15]. 20-Hydroxyecdysone acts in the male pupa to commit
BAGs toward trehalase production in the adult. Determination
of the gene structure by using BAG trehalase cDNA will give us
a tool to help to understand the relationship between pupal
ecdysteroid hormone and the gene expression of trehalase in
matured BAGs.

Received 10 August 1992/4 September 1992; accepted 10 September 1992

We thank Dr. 0. Yamashita and M. Kobayashi at our laboratory for
their encouragement and fruitful discussions, and Dr. G. M. Happ,
Department of Zoology, University of Vermont, Burlington, VT,
U.S.A., for his fruitful comments and critical reading of the manu-
script. This work was supported in part by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science and Culture,
Japan.

REFERENCES
1. Mann, T. (1984) Spermatophore, Springer, Berlin
2. Happ, G. M. (1984) in Insect Ultrastructure (King, R. C. & Akai,

H., eds.), vol. 2, pp. 365-396, Plenum Press, New York
3. Happ, G. M. (1990) Adv. Invertebr. Reprod. 5, 181-186
4. Happ, G. M. (1992) Annu. Rev. Entomol. 37, 303-320
5. Dailey, P. J., Gadzama, N. M. & Happ, G. M. (1980) J. Morphol.

166, 289-322
6. Grimnes, K. A. & Happ, G. M. (1986) Insect Biochem. 16, 635-643
7. Grimnes, K. A., Bricker, C. S. & Happ, G. M. (1986) J. Exp. Zool.

240, 275-286
8. Shinbo, H., Yaginuma, T. & Happ, G. M. (1987) J. Biol. Chem. 262,

4794-4799
9. Yaginuma, T. & Happ, G. M. (1988) J. Comp. Physiol. B 157,

765-770
10. Wyatt, G. R. (1967) Adv. Insect Physiol. 4, 287-360
11. Azuma, M. & Yamashita, 0. (1985) Tissue Cell 17, 539-551
12. Takesue, Y., Yokota, K., Miyajima, S., Taguchi, R. & Ikezawa, H.

(1989) J. Biochem. (Tokyo) 105, 998-1001
13. Azuma, M. & Yamashita, 0. (1985) Insect Biochem. 15, 589-596
14. Shimada, S., Kamada, A. & Asano, S. (1980) Insect Biochem. 10,

49-52
15. Yaginuma, T. & Happ, G. M. (1989) Gen. Comp. Endocrinol. 73,

173-185
16. Gutierrez, C., Ardourel, M., Bremer, E., Middendorf, A., Boos, W.

& Ehmann, U. (1989) Mol. Gen. Genet. 217, 347-354
17. Ruf, J., Wacker, H., James, P., Maffia, M., Seiler, P., Galand, G.,

von Kieckebusch, A., Semenza, G. & Mantei, N. (1990) J. Biol.
Chem. 265, 15034-15039

18. Kobayashi, M. & Inagaki, S. (1989) Biochim. Biophys. Acta 1009,
129-136

19. Henikoff, S. (1984) Gene 28, 351-359
20. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl. Acad.

Sci. U.S.A. 74, 5463-5468
21. Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular

Cloning: a Laboratory Manual, 2nd edn., Cold Spring Harbor
Laboratory Press, New York

22. Feinberg, A. P. & Vogelstein, B. (1983) Anal. Biochem. 132, 6-13
23. Dallman, M. J. & Porter, A. C. G. (1991) in PCR: a Practical

Approach (McPherson, M. J., Quirke, P. & Taylor, G. R., eds.),
pp. 215-224, Oxford University Press, Oxford

24. Lipman, D. J. & Pearson, W. R. (1985) Science 227, 519-524
25. von Heijne, G. (1986) Nucleic Acids Res. 14, 4683-4690
26. Sumida, M. & Yamashita, 0. (1983) Insect Biochem. 13, 257-265
27. Ogiso, M., Shinohara, Y., Hanaoka, K., Kageyama, T. & Takahashi,

S. Y. (1985) J. Comp. Physiol. B 155, 553-560


