Appl Entomol Zool (2014) 49:255-264
DOI 10.1007/s13355-014-0244-4

ORIGINAL RESEARCH PAPER

Trehalase in Harmonia axyridis (Coleoptera: Coccinellidae):
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Abstract Trehalose is important in the energy metabo-
lism of insects and protects them from extreme environ-
mental conditions. To study the synthesis and degradation
of trehalose, which is hydrolyzed to glucose by trehalase,
two soluble trehalase cDNAs of the beetle Harmonia
axyridis (Pallas) (Coleoptera: Coccinellidae) (HaTrehl-1
and HaTrehl-2) were cloned. The HaTreh mRNA
expression levels were higher during the larval than adult
stages. The locomotory behavior of the beetle and its
mRNA expression of HaTrehl-1 and HaTrehl-2 under
starvation were then investigated. Sprint speed and maxi-
mum moving distance were increased, and the pause fre-
quency decreased in H. axyridis adults starved for 8 h
compared with control (0 h) adults. In contrast, the mRNA
expression of both HaTrehs increased quickly in adults
starved from 8 to 18 h, with HaTrehlI-1 in particular being
expressed 289-fold in adults starved for 18 h versus con-
trol. These results show that stored food reserves can
provide energy to sustain vital activities for 8 h in H.
axyridis adults. However, the beetles require trehalose and
other energy sources to provide energy to find food and for
vital activities when starved for more than 8 h.
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Introduction

Trehalose is a non-reducing sugar comprising two glyco-
sidically linked glucose units that is found in many
organisms, including bacteria, yeast, fungi, nematodes,
plants, insects and some other invertebrates, but not
mammals (Elbein 1974; Elbein et al. 2003; Frison et al.
2007; Wingler 2002). Trehalose acts as both a carbohydrate
store and an agent for protecting proteins and cellular
membranes from a variety of environmental stressors,
including desiccation, dehydration, heat, freezing and
oxidation (Becker et al. 1996; Friedman 1978; Thompson
2003; Wyatt 1967). Also, in insects, trehalose is the main
metabolic source of energy and has an important role in the
physiological adaptation to the environment (Qin et al.
2012; Tang et al. 2012a).

The synthesis and utilization of trehalose in insects are
unique in that trehalose is synthesized mainly in the insect
fat body and is rapidly released into the hemolymph (Tang
et al. 2010). Trehalase not only participates in homeostasis
and development (Friedman 1978; Silva et al. 2004; Terra
and Ferreira 1994; Thompson 2003), but also has roles in
locomotion, flight metabolism, cold tolerance and so on
(Clegg and Evans 1961; Tatun et al. 2008a; b). Trehalose
can be rapidly used as an energy source when the insect is
hungry (Thompson 2003). Trehalose and glycogen are the
main sources of glucose and glucose-6-phosphate, and
might be key intermediate regulatory products (Tang et al.
2012b). Based on the previous reports (Elbein et al. 2003;
Kunieda et al. 2006; Montooth et al. 2003; Rockstein 1978;
Tang et al. 2012a, b), trehalose and glycogen can be
mutually transformed by trehalose 6-phosphate synthase
(TPS) and glycogen synthase, based on changes in the
surrounding environment or in extreme environmental
conditions.
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The results of gene cloning, protein purification and tre-
halase activity studies have shown that there are two dif-
ferent genes encoding two different types of trehalase (Treh)
in insects, depending on whether the trehalase has trans-
membrane helices. The first is soluble trehalase (Trehl)
(Kamimura et al. 1999; Parkinson et al. 2003; Su et al. 1993,
1994, 1997; Takiguchi et al. 1992), and the second is
membrane-bound trehalase (Treh2), which has more than
one potential transmembrane helix (Chen et al. 2010; Lee
et al. 2007; Mitsumasu et al. 2005, 2008, 2010; Tang et al.
2008). Treh1 and Treh2 were first found in Tenebrio molitor
(Linné) (Coleoptera: Tenebrionidae) (Gomez et al. 2013;
Takiguchi et al. 1992) and Bombyx mori (Linnaeus) (Lepi-
doptera: Bombycidae) (Mitsumasu et al. 2005), respectively.
Trehl is localized in the goblet cavity, which suggests a
possible function of trehalase on the apical surface of the
brush-border membranes of the mammalian small intestine
(Mitsumasu et al. 2005; Ruf et al. 1990). Predominant
localization of Treh2 on visceral muscular cells indicates that
Treh?2 is involved in incorporating trehalose from the blood
into muscular cells and then providing the energy required
for visceral muscles to strongly support the peristaltic
movement of the midgut for active feeding (Azuma and
Yamashita 1985a; Mitsumasu et al. 2005). However, the
gene regulatory mechanisms behind such changes are poorly
known, particularly given that the amount of trehalose
changes as soon an insect starts to fly (Van der Horst et al.
1978), as well during short-term starvation.

The beetle Harmonia axyridis (Pallas) is able to survive in
a variety of environmental conditions and has a worldwide
distribution. This beetle is an important natural enemy that is
a focus of pest control strategies in agriculture and forestry
production in China. Such predatory insects can survive and
be vigorous even under starvation conditions with few insect
pests as prey in the field. Thus, would these starvation con-
ditions affect the physiological activities of this beetle and
affect its trehalose synthesis and degradation as well? The
trehalose-6-phosphate synthase (TPS) gene in H. axyridis
(GenBank accession no. FJ501960) has previously been
cloned and studied (Qin et al. 2012). In the present study, we
first cloned two cDNAs of Treh genes from H. axyridis
(GenBank accession nos. HMO056038 and FJ501961;
HaTreh). Here, we report on the outcomes of experiments
investigating the expression of one TPS and two Treh genes,
recording the locomotory activities to test our hypothesis.

Materials and methods
Insect cultures

Harmonia axyridis was collected from Wangjiayuan vil-
lage, Beijing, China. The experimental population had
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been maintained in our laboratory for more than 2 years,
fed with Aphis medicaginis. In the experiment on the
developmental stages and starvation, all of the insects were
put in a feeding box under the following conditions:
25 £ 1 °C, L14:D10 photoperiod and 50-75 % relative
humidity. The light condition started at 8:00 am and ended
at 22:00 pm (L14:D10 photoperiod). The developmental
stages were synchronized at each molt by collecting new
larvae, pupae or adults by giving fresh A. medicaginis
daily.

RNA extraction, cDNA synthesis and PCR

Total RNA was extracted from the abdominal tissues and at
different developmental stages (from larvae to adult) using
the Trizol (Invitrogen, USA) method. First-strand cDNA
synthesis was carried out using a PrimeScript® RT reagent
Kit With gDNA Eraser (TaKaRa, Japan) according to the
manufacturer’s instructions. First-strand cDNA (1 pl) was
used as the template for the polymerase chain reaction
(PCR).

Treh1-DF1 and Trehl-DR1, Trehl-DF2 and Trehl-
DR2, Treh2-DF1 and Treh2-DR1, and Treh2-DF2 and
Treh2-DR2 (Table 1) were designed based on the con-
served amino acid sequences of the two known forms of
Treh. The first PCR reaction was performed with the
primers Trehl-DF1/Treh2-DF1 and Trehl-DR1/Treh2-
DR1 using the following conditions: three cycles of 40 s at
94 °C, 40 s at 45 °C and 60 s at 72 °C, followed by 30
cycles of 40 s at 94 °C, 40 s at 48 °C and 60 s at 72 °C. A
second PCR was carried out using the nested primers
Treh1-DF2/Treh2-DF2 and Treh1-DR2/Treh2-DR2 using
the same conditions as for the first PCR (Tang et al. 2008).

The PCR products were subjected to agarose gel
(1.2-1.5 %) electrophoresis. The true electrophoretic DNA
bands corresponding to the expected size of approximately
600-800 base pairs (bp) were excised from the agarose gel
and purified using a DNA gel extraction kit (Omega, USA).
Purified DNA was ligated into the pMD18-T vector (Ta-
KaRa) and sequenced using the dideoxynucleotide method
(Tang et al. 2008).

Rapid amplification of cDNA ends

For 5'- and 3'-rapid amplification of cDNA ends (RACE),
cDNA was synthesized according to the manufacturer’s
protocol (SMART™ kit, Clontech, USA). Specific primers
[HaTreh1-5RA, HaTreh1-5RB/HaTreh2-5RA or HaTreh2-
5RB for 5-RACE; and HaTrehl1-3FA or HaTrehl-3FB/
HaTreh2-3FA or HaTreh2-3FB for 3'-RACE (Table 1)]
were synthesized based on the cDNA sequence of the PCR
fragment. 5'-RACE was performed using 5'-ready-cDNA
(2.5 pl) with Universal Primer Mix (UPM, Clontech) and
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Table 1 Primer sequences used for amplification of HaTPS,
HaTrehl-1, HaTrehl-2 and 18SrRNA

PCR fragment Primer Nucleotide sequences (5'-3')
name
Degenerate Treh1-DF1 GGA RWT YTA YTA CTG GGA
primers Treh1-DF2 TGG ATH RTB RAA GGK CT
Treh1-DR1 ~ CCR TTB SWC CAY CCG AA
Treh1-DR2  CGC RTC RTA YTT CTC RAA
CAT
Treh2-DF1 TAC TGG GAY TCB TAC TGG A
Treh2-DF2 ACG GNG GMM GVA THT ACT A
Treh2-DR1 ~ GCC AVG CRT TSG GRT AGT CC
Treh2-DR2  CCA SRC NCC BAC NTC BTC
GTG C
RACE HaTrehl- CCA GAG TCA GCT CAA GAG
3FA
HaTrehl- CAC AGG AGA ACA ATG GGA C
3FB
HaTrehl- GTC CCA TCC ACT TTC TGC
SRA
HaTrehl- CCT TGT AGT TCA CTT CG
5RB
LaTreh2- TGG GCT GAA CTA TAC GAA
3FA GAA CC
LaTreh2- GGA GTT TCC AGC AGG AGT
3FB ACC GA
LaTreh2- CTG AGT AAC GGG CAA GAG
S5RA TGT GC
LaTreh2- GGT TGC TTT GAG ATA CTC
5RB GTG TG
NUP AAG CAG TGG TAA CAA CGC
AGA GT
QRT-PCR QTrehl-1F  AGA GAC TTC GCC AGT CAA
ATC
QTrehl-1R  GAG ACC TTC AAT AAT CCA
GAA GC
QTrehl-1P  CCT GTG CCA AAT ACC TTC
GTG GT
QTrehl-2F  TGG ACA TCC AGA GGC TAC
AA
QTrehl-2F  GAG GTC GGT ACT CCT GCT G
QTrehl1-2P  CAA TCT TGC TCC TCT ATG
GGC TGA A
Reference 18SrRNA-F  ACG GAC TTC GGT AGG ACG
gene 18SrRNA-R  CGC AGA CAA TCC CGA AA
18SrRNA ACG TTG TGC GAC GCC CGT TA
Probe

HaTreh1-5RA/HaTreh2-5RA; the nested PCR was then
carried out with Nested Universal Primer A (NUP, Clon-
tech) and HaTrehl-5RB/HaTreh2-5RB. 3-RACE was
performed using 3’-ready-cDNA (2.5 pl) with UPM and
HaTrehl-3FA/HaTreh2-3FA, then with NUP and
HaTreh1-3FB/HaTreh2-3FB. The PCR conditions were as

follows: 10 min at 94 °C, followed by 30 cycles of 30 s at
94 °C, 30 s at 60 °C and 150 s at 72 °C, then 10 min at
72 °C.

Analysis of the HaTreh cDNA and protein sequences

HaTreh cDNA sequences were compared with other tre-
halase sequences deposited in GenBank using the BLAST-
N and BLAST-X tools on the National Center for Bio-
technology Information (NCBI) website. Multiple
sequence alignment of insect trehalases was performed
using the tool at the MultiAlin website (http://bioinfo.gen
otoul.fr/multalin/multalin.html). HaTreh protein sequences
and other analysis tools used in this study, including MW,
pl and topology, were deduced from the corresponding
cDNA sequences using the translation tool on the ExPASy
Proteom prediction tools ICS website (http://expasy.org/
tools/dna.html).

Locomotory activity of H. axyridis during periods
of short-term starvation

Adult H. axyridis were used in this experiment 3 days
following eclosion; plenty of prey was provided to the
beetles before the experiment. Six treatments were set up
corresponding to different periods of starvation: 0 (con-
trol), 4, 8, 12, 18 and 24 h. Thus, in the experiment, dif-
ferent experimental groups of insects were kept without
food for different lengths of time, and the other rearing
condition is consistent with the normal feeding condition.

In this experiment, a polymethyl methacrylate (PMMA)
pipe (300 x 4 cm) (Fig. 1) was used to detect the sprint
speed, pause frequency and maximum moving distance of
Harmonia axyridis under the different periods of starva-
tion. This polymethyl methacrylate pipe was set up in a
phytotron maintained at 25 £ 1 °C and 50-75 % relative
humidity. Adult H. axyridis were put in this pipe to initiate
insect movement; a single stimulation by gentle brushing
was required. We then recorded the locomotory activities
over a 20-min period. Three indexes were used to record
the locomotion: (1) sprint speed (SS): movement speed
over the first 10 cm; (2) pause frequency (PF): the number
of pauses per minute; (3) maximum moving distance
(MMD): the distance of continual exercise per minute.
Each treatment was replicated 12 times.

Expression levels of HaTrehs and HaTPS
during developmental stages and periods of starvation
in H. axyridis

Total RNA was isolated from H. axyridis daily throughout

its life cycle, including adults subjected to starvation
treatments. Total RNA (1 pg) was used as a template to

@ Springer


http://bioinfo.genotoul.fr/multalin/multalin.html
http://bioinfo.genotoul.fr/multalin/multalin.html
http://expasy.org/tools/dna.html
http://expasy.org/tools/dna.html

258

Appl Entomol Zool (2014) 49:255-264

()ssss|sssslssssl

I [
Ocm 100cm

L () 4em
I

200cm 300cm

Fig. 1 The polymethyl methacrylate pipe for the locomotory activity experiment

demonstrate the stability of Hal8srRNA. PCR reactions
were performed with the primers 18SrRNA-F and
18SrRNA-R using the following conditions: 95 °C for
5 min, 28 cycles of 95 °C for 30 s, 55 °C for 30 s and
72 °C for 30 s, followed by a final extension at 72 °C for
10 min. Expression of HaTrehs was estimated by real-time
fluorescence quantitative PCR (qQRT-PCR) using a Bio-Rad
CFX96™ system (Bio-Rad, USA) and SsoFast ™ Eva-
GreenSupermix (Bio-Rad). Each reaction took place in a
final volume (20 pl) containing the cDNA sample (or
standard), (1 pl), primer [1 pl (10 pmol/ul)], RNase-free
and DNAase-free H,O (7 pl) and SsoFast ™ EvaGreen-
Supermix (10 pl). After 3 min of initial denaturation at
95 °C, the cycling protocol comprised 40 cycles of dena-
turation at 95 °C for 5 s, annealing at 55-62.5 °C for 20 s
and finally making the melt curve at 65-95 °C, according
to the manufacturer’s instructions. Standard curves were
obtained using a tenfold serial dilution of pooled total
RNA.

Statistical analysis

The statistical significance of differences in sprint speed,
pause frequency and maximum moving distance were
determined by one-way analysis of variance (ANOVA)
and Tukey-Kramer HSD test using the JMP software
(version 7.0.1 for Macintosh; SAS Institute Inc., Cary,
NO).

Results
Sequence analysis of HaTreh cDNAs

Two HaTreh cDNAs were obtained by PCR, and the
encoded amino acids were submitted to GenBank. Based
on results from the TMHMM Server v. 2.0 (http://www.
cbs.dtu.dk/servicessTMHMM-2.0/), both Trehs were
shown to be Trehl rather than Treh2 and therefore were
named HaTrehl-1 and HaTrehl-2, respectively.
HaTrehl-1 (HMO056038) and HaTrehi-2 (FJ501961)
cDNA had open reading frames of 1665 and 1539 bp,
respectively. HaTrehi-1 encoded a protein of 554 amino
acids with a predicted mass of approximately 63.7 kDa
and a pl of 4.82; HaTrehl-2 cDNA encoded a protein of
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512 amino acids with a predicted mass of approximately
59.1 kDa and a pl/ of 491 (Fig.2). HaTrehl-1 and
HaTreh1-2 had six and four N-glycosylation sites,
respectively. In addition, both proteins had a signal
peptide of 20 amino acids.

Developmental expression pattern of HaTrehl-1
and HaTrehl-2

The daily expression patterns of HaTrehl-1 and HaTrehl-2
mRNA from first-instar H. axyridis to 3-day-old adults are
shown in Fig. 3. The daily expression of H. axyridis
18SrRNA was used to standardize the relative expression
levels of two HaTreh genes. The mRNA levels of both
genes were relatively high during the larval development
stages compared to the adult stages (Fig. 3). The expres-
sion of HaTrehI-1 mRNA was high in the first-instar larvae
to the pre-pupae stages, but relatively low in the 1-day-old
pupae to 3-day-old adults (Fig. 3a). The developmental
expression patterns of HaTrehl-2 mRNA differed from
those of HaTrehl-1, being high during the first-, second-
and third-instar larval stages (Fig. 3b), but low on day 4 of
the fourth-instar larva, in pre-pupae, 1-day-old and 3-day-
old pupa, and in the 1-3-day-old adults (Fig. 3b). More-
over, HaTrehl-2 mRNA was highly expressed during the
second day of the pupal stage.

Locomotory activity of H. axyridis during periods
of starvation

The SS of H. axyridis adults fluctuated under the different
starvation periods; adults fluctuated, but significantly less
than adults starved for 8 h (P < 0.05, Fig. 4a). The SS of
H. axyridis adults was inversely correlated with the length
of time for which they had been starved. The PF was higher
in control adults than in those subjected to different periods
of starvation. The PF curve first decreased then increased
as the length of starvation time increased, reaching a
minimum in the group starved for 8 h. The PF of H. axy-
ridis adults starved for 4 h was the same as in those starved
for 18 h, and significantly less than in those starved for O or
24 h (P < 0.05, Fig. 4b). Compared with the PF, the MMD
showed the reverse pattern. The MMD of control H. axy-
ridis adults was more than that demonstrated by adults
starved for 18 or 24 h; the maximum MMD was recorded
in adults starved for 8 h (Fig. 4c).
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A
1 GATTTTTTTTTTGGTGAAAAATAAATAAGGATTAATGTGTATACGATGTTCAGATTGAATCATCACTGACTCATCATGTATTTCAACATTGGAACCGTTCTACTTTGGGCTGTTGCCTTC
¥Y FNTGTVLLWAVATF
121 CAAAATGCTCAAGCTTACTCTATACCCTCCTGTGATAGCCACATATACTGCCAAGGAAAACTTTTAGATACCATACAAAAAGCAAAGGTCTTCCAAGATTCCAAGACATTCGTCGACCAA
Q NAQAY S T PSCDSHIYCQGKTLTLDTTIAQKAKVFQDSIKTTFUVDAQ
241 CGTATGTTATATGACGAATCAACAATCTTCGACAACTTCCAAGAGCTTATGAACACAACGGACAGCAAACCAAGTAAACAACAAATCCAAACTTTCCTTCAGAGCAACTTCGCTGACGGA
RMLYDESTTIFDNTF QELMMNTTDSI KPS SEKI QQTIQTTFL® QSNTFADG
361 GATGAACTCCAAAATTGTACATTACCAGACTATGACGAGAATCCATCGTTTTTAACGAGAATAAACAATGAAACCTTGAGAGACTTCGCCAGTCAAATCGTCAAGATATGGCCAACCTTA
DELQNTCTLPDYDENPSTFLTRINNETLRDTFASQIVEKTWPTL
481 GCCAGACAAATAAAACCTGAAATAATCGAAGACAGCTCAAAATATTCCATACTGCCTGTGCCAAATACCTTCGTGGTACCTGGAGGAAGATTCAAGGAATCTTATTACTGGGATAGCTTC
ARQIKPETITIEDSS SKYSILPVPNTTFVVPGGRTEFTZ KTETSTYYWDSTH
601 TGGATTATTGAAGGTCTCTTAATATCTGGAATGTCCCAAACGGCACAGAGTATGATCGAAAACTTTCTGCATATTGTAGATGAATATGGATTCATTCCTAATGGTCTCAGAGTTTACTAC
vwIl Tl EGLULTISGMSAQTAQSMTIENTFLHTIVDEYGFTU®PNGLTR RVYY
721 CTCAATAGAGCTCATCCACCTTTGCTCACTCCCATGGTAACGATGTTGATGAACTCTACCAACGATTTGGATTGGCTTCAAAAGAACATACATCTTTTGGATAAAGAACTGGAGTTCTAC
LNRAHPPLLTPMVTMLMMNSTNDTLDWLQEKNTIHLTLTDIEKTETLTETFY
841 TTGAGTAATAGATCTGTCGAAGTGAACTACAAGGAAAAGACATACACCATGTTTCACTACGATAGTGAAAGTGGTTCTCCTCGACCTGAATCTTATATTGAAGATGTAGAGACTTGTGGA
LSNRSVEVNYKETEKTYTMFUHYDSESGSPRPESYTIEDVETTC CSG
961 GTCTTGGGTGATAAAAACCAAATCGAAGAATGTTACAAAGACTTGAAGAGTGGTGCAGAAAGTGGATGGGACTTTTCTTACAGATGGGTATTTGATCAGGAAGGCGGTAACAACGCTAAT
vL§L.LGGDKNQTIEECYKDLI KSGAESGWDFSYRWVYFDA QETG GG GNNA
1081 CGAACTTACACGAAAGTAAGGAGAGTCATACCAGTAGATTTGAACGCAATGTTAGCTAAAGCGATGAGAGAACTGAGAGATCTTCACTCAAGAATCGGAGATAACGAAAAATCCTTGTAC
RTYTZXVRRVIPVDLNAMLAKAMRETLTRDTLUHSRTIGDNETZ KT STLY
1201 TGGAATCAAAAATACGTAGACCTAGAAGAAGCAATCTACGACGTACTCTTCTGGAAAGGGGTTTGGTTTGATTTTGATATGAAACTTGGCAAACACAGAGAATACTTTTATCCATCTAAC
W NQKYVDLEEAIYDVLFWKGVWFDFDMIKTLSGE KU HREYTFYU?PS SN
1321 CTAGCACCGTTATGGGCCGAAGTGTATGGACCAGAGTCAGCTCAAGAGCTTGGAAAGAATGCGTATTCCTACCTCATATCTTCAGGTATCACTTCTTATTTTGGTGGGATTCCCAACTCT
LAPLWAEVYGPESAQELGKNAYSYLTITSSGITSYFGGTIPNS
1441 TTGAATAACACAGGAGAACAATGGGACTTTCCAATGGCATGGGCACCTCTTCAATCAATAGCTATTCAAGGTCTACGAAGGAGTGGAAATATTGATGCCCAAAAATTGGCCAAGGATTTG
LNNTGERWDTFPMAWAPLI QSTITAIAQGLZ RIRSGNTIDAQIKTLATEKTDITL
1561 GCGGAAAGATGGCTCTCATCAACACTGACAGCTTTCAAGAGAACTGGAGAAATGTATGAGAAATATGACGCAGTTCACCCAGGACAGGCAGGAGGCGGTGGAGAGTATACCGTACAGACA
AERWLSSTLTAFKRTGEMYETZKYDAVHPGQARGGGGEMWTUV QT
1681 GGATTTGGTTGGACAAATGGAGTAGATTTGGAGTTTATTGTGGATTTTTTCAGTTCG ZAACTTTGTGATATTTTAGCTTCAAGATGTAAATATGTATATTTATATACCATTAATTCCATA
G F GGWTNGVDLETFTITVDTFTFS S %
1801 TAATCACATGTATATAATTAGAATTAAATTTGTTGGAAAGCATGAGAAAAAAGAAAAAAAAACATCTAAAAAAAAAAAAAAAAAAAAAAA
B
1 GATAGATGTTGAGTAAAAACCTGAAACAGCTACCTTGAAGTAAAACTTTGCAGGTAATTTCGATCCAATATGAGCCAAAACCCTCCTACTAGCGTTTTTGGTATGTCTACTCTACGTTCA
¥ S QNP PTSVFGMSTTLRS
121 CGAGGACTAGCTGAGAAGATCACTTGCAACCACGAGATCTACTGCAAAGGAGAACTCTTGAAGACCGTTCAGATGGCTAGAATATTCCCTGACTCCAAAACCTTCGTGGACATGGAAATG
R GLAYE K I T C NHET Y CKGETLTLZ KTVQMARTIFPDSIKTTFVDMEM
241 ACCAAAGACACATCCCAGGTCTTAGCGAACTTCAACAACTTGATGAGTTCTACCAACAACGAGCCTGCGCGAGACCAAGTCAAACAGTTTGTTGATGACAACTTCCAACCTGGTAATGAA
T XKDTSQVLANFNNLMSSTNNEPARDA QV KQFVDDNFAQPGNE
361 CTGATGGACTGGGAGGCTCCAGACTTCAACCCTAACCCACCTTTTTTGAAAGAAATCATGGTACCTGAGTACAGAGCATTCGCGAAAGATTTGGTGCAAATTTGGACCGACTTCAGCAGG
LMDWEAPDFNPNPPFLKETIMVPEYRAFAKTDTLVYQIWTDTFSR
481 ATACTTAAGCCAGATGTCTCGAAGGAACCTGAGAGATATTCCATCATTCCTATATCTAATGGATTCATTATACCTGGAGGTAGATTCAGGGAGATATACTACTGGGACTCCTACTGGATT
I LKPDVSKEPERYSTITITPTISNGTFTTITIPGGRTFTRETYYWDS SVYUWI
601 ATAAAGGGTCTTTTAGCAAGCGACATGCATGAAACTGCTAGAGGAATGATCGATAATTTGTTATCAATGGTGGCACAATATGGATTTGTACCAAACGGTGGAAGAATCTATTACCTCAAC
I KG6GLLASDMHETARGMTIDNILILSMVYAQYGFVPNGGRTIYYTLN
721 AGATCTCAACCACCACTTCTCAGTCTAATGGCACACGAGTATCTCAAAGCAACCAATGATATAACTTGGTTGAAACAAATAGCCCATTTACTTCAAGATGAACTGAAATACTGGCTCAAA
RSQPPLLSLMAHEYLIEKATNDTITWLI KO QTIAHTLTLA QDETLTE KT YWLK
841 ACTCAAACCGTTACTTTCACTTACAAAGACACCAAGCACACTCTTGCCCGTTACTCAGTGGATGACCCTTCACCAAGACCAGAATCGTACCGAGAAGACGTACAAACCTGCTCTGTGAGG
TQTVTFTYXKDTI KHTLARYSVDDPSPRPESYZREVDVQTTCSVR
961 AAGAACAAAGAAGATGTTGAGAATTGTTACAATGACCTGAAGAGTGGGGCTGAAACTGGTTGGGACTACAGCTCACGTTGGTTTATAGATGAGGATGGATCCTACGGATTGAATCTGAGC
K NKEDVENTCYNDLTEKSGAETGWDYSSRWFTIDEDGSYGLNTLS
1081 AGCATCCACACCAGAAACATCATACCAGTTGATCTCAACGCCTTCTTAGCGCAAGCTTTTAAACTTGCAGCCACTGTTTCATACATTGCAGCAGATTCCGATGCCCAACAGTATTGGATG
s 1T HTRNTITTPVDLNAFLAQAFIKTLAATVSYTAADS SDAQQY WM
1201 GATCTCCATCTTTCCTGGAAAAAGAGCATCCAAGAAGTTCTATACAACGAAACGGATGGGATTTGGTATGATCTGGACATCCAGAGGCTACAACACAGGACCGGCTTCTACCCAAGCAAT
DLHLSWEKZ KSTITQEVLYNETDG GTIUWYDLDTIQRLI QHRTGTFTYPS SN
1321 CTTGCTCCTCTATGGGCTGAACTATACGAAGAACCTGAACTGGGAGATCTCGCAGTGAAGTATCTTGAAAAAGAGGGCATTTTGGAGTTTCCAGCAGGAGTACCGACCTCTCTTCTGGAG
LAPLWAELYEEPELSGDTLAVKYLEZEKESGTITLETFPAGVPTSTILTILE
1441 ACTGGGGAACAGTGGGATTTACCAAACGCATGGCCTCCGCTACAATCGATAGTAATCCTGGGTTTGAAGAGATCGAGAAGTCCGAAAGCTTTAGAAGCTGCTCAAAATTTGGCTAGGAAG
T GERWDLPNAWPPLQQSTITVILGLIEKTZRSRSPEKALEAAQNTLATREK
1561 TGGGTCAATAACAATTTGCTCATTTATAATCGTACGGGATTTATGTATGAGAAGTATAATGCAGAAACTGTTGGAGTTATCGGAGGAGGAGGGGAATATAGTATCCAAACAGGTTTTGGA
W VNNNLLTIVYNRTGFMYEKYNAETV GGV IKEGGGEMWSTIAQTG®GTFG
1681 TGGACCAATGGGGAAATATTCGAAATTATCAAAGAATTCTTCAGTAGA TAATTCTGAATGTCGTGAATATATCCAGAACTATGTATCTATTTTTAAGTAAGGTACAATGTATTAACGTAG
wWTNGETITFETITIZKTETFTFS SR *
1801 GAATAAATACATATGAAAGTGAAAAAAAAAAAAAAAAAAAAAAAAAA
Fig. 2 Nucleotide and deduced amino acid sequences of genes The nucleotide sequence reported in this study has been submitted to
encoding trehalases from Harmonia axyridis (HaTreh). Both initia- GenBank (accession number). b HaTreh1-2: underlined amino acid
tion and termination codons are indicated by bold italics; the residues (1-21) and the arrowhead represent the signal peptide and
termination codon before the first Met is also indicated by bold italics. putative cleavage site, respectively. Trehalase signatures (amino acid

A highly conserved glycine-rich (GGGGEY) region is highlighted in residues 162-175 and 461-470) are highlighted in gray. Potential N-
gray. a HaTrehl-1: underlined amino acid residues (1-20) and the glycosylation sites (amino acid residues 217, 335, 393 and 507) are
arrowhead represent the signal peptide and putative cleavage site, outlined. The nucleotide sequences reported in this article have been
respectively. Trehalase signatures (amino acid residues 162—175 and submitted to GenBank (accession nos.: HM056038 and FJ501961,
462-471) are highlighted in gray. Potential N-glycosylation sites respectively)

(amino acid residues 73, 100, 118, 233, 258 and 335) are outlined.
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Changes in the expression levels of Treh and TPS
mRNA during periods of starvation

Our results showed that the trend in expression levels of
TPS mRNA was similar to that in the PF of H. axyridis
adults in that low levels of expression correlated with
increasing levels of starvation (Fig. 5a). The expression of
TPS mRNA in starved individuals was lower than in the
controls, being lowest in those starved for 12 h. By con-
trast, the expression of mRNA of the two HaTrehs differed
according to the length of the starvation period. The
expression of HaTrehl-1 mRNA was increased more than
20-fold in 8 h compared with controls and more than
289-fold in adults starved for 18 h versus controls. Fur-
thermore, the expression of HaTrehl-1 mRNA over 24 h
was more than 200-fold that of controls (Fig. 5b). Simi-
larly, the expression of HaTrehl-2 mRNA in starved adult
H. axyridis was also higher than in the control group.
However, the expression of HaTrehi-2 mRNA increased
3.83-fold compared with the control group or normal group
in 18 h (Fig. 5c). Both HaTrehs mRNAs showed the
highest expression in adults starved for 18 h.

Discussion

Trehalase is an anomer-inverting o-trehalose-1-p-glucosi-
dase that hydrolyzes a trehalose molecule into two glucose
molecules. To date, two forms of trehalase, Trehl and
Treh2, have been found and cloned in many insect species,
including Tenebrio molitor (Linné) (Coleoptera: Tenebri-
onidae), Pimpla hypochondriaca (Retzius) (Hymenoptera:
Ichneumonidae), B. mori (Linnaeus) (Lepidoptera: Bomb-
ycidae), honeybee (Apis mellifera L) (Hymenoptera: Api-
dae) and Spodoptera exigua (Hiibner) (Lepidoptera:
Noctuidae) (Gomez et al. 2013; Lee et al. 2007; Mitsumasu
et al. 2005; Parkinson et al. 2003; Takiguchi et al. 1992;
Tang et al. 2008; Tatun et al. 2008a). There are many
reports on the characteristics of two forms of trehalase.
Southern blot analysis has determined that there are two
trehalase genes in the DNA of insects and that SeTreh-2
from S. exigua might be a single-copy gene (Tang et al.
2008). The protein structure of the gene encoding Treh2
from B. mori and alignment results clearly demonstrated
that BmTreh-2 is completely different from the gene
encoding Trehl (Su et al. 1993, 1994). In the current study,
we found that H. axyridis contains two genes encoding
trehalase. Although the degenerate primers used in the
study were designed based on the conserved sequences of
Trehl and Treh2, the sequencing results showed that the
genes both encode Trehl (Fig. 2). Therefore, some insects
are likely to contain more than two Trehl, and it is not
clear whether all insects contain Treh?2.

@ Springer

It is well known that insect trehalases share similar
characteristics, including a signal peptide leader, a highly
conserved glycine-rich (GGGGEY) region and two con-
served ‘signature motifs,” PGGRFREFYYWDSY and
QWDYPNAWPP (Mitsumasu et al. 2005; Tang et al.
2008). The two trehalases of H. axyridis also have one
signal peptide sequence and one highly conserved glycine-
rich (GGGGEY) region (Fig. 2). In addition, HaTrehl-1
and HaTrehl-2 proteins also have two signature motifs,
although they differ from those of the B. mori trehalase.
The sequence of the two signature motifs of HaTrehl-1 are
PGGRFKESYYWDSF and QWDFPMAWAP (Fig. 2a),
where those of HaTreh1-2 are PGGRFREIYYWDSY and
QWDLPNAWPP (Fig. 2b).

In S. exigua, the SeTreh2 transcript was expressed in the
fat body with a higher expression level in the larvae and
pre-pupae, but none in pupae (Tang et al. 2008). In addi-
tion, SeTrehl and SeTreh2 transcripts were expressed rel-
atively stably throughout the body of S. exigua, with
SeTrehl transcript showing high expression in 1-day-old
pupae (Chen et al. 2010). However, the two HaTrehl
transcript expression patterns differed from those of the
SeTrehl transcript in that expression of the SeTrehl tran-
script was stable from the larval through to the pupal stage
and was highly expressed during all of these stages (Chen
et al. 2010). HaTrehi-1 mRNA expression was higher in
larvae but lower in pupae and adult beetles; HaTrehl-2
mRNA expression was also higher in larvae and in pupae
on the second day of the pupal stage, which was unex-
pected (Fig. 3). It is well known that degradation of the fat
body and formation of adult organs occurs during the pupal
stages and that these processes consume a lot of energy,
Therefore, HaTrehl-2 might be involved in degrading the
trehalose to glucose and providing the energy for these
processes. These results suggest that Trehl genes have
different functions depending on species of insects and the
different developmental stages.

Glucose can be converted to trehalose and glycogen for
energy storage in insects, and both can be converted back
to glucose to release the energy (Tang et al. 2010). It has
been suggested that an important function of trehalase is to
facilitate the uptake and utilization of trehalose from the
blood (Azuma and Yamashita 1985a, b; Su et al. 1993,
1994). From studies of BmTreh-2, it was shown to be
involved with incorporating trehalose from blood into
muscular cells and then providing the energy required for
visceral muscles to support the peristaltic movement of the
midgut for active feeding (Azuma and Yamashita 1985a;
Mitsumasu et al. 2005). To maintain normal physiological
activities during periods of starvation, H. axyridis needs
trehalose or other sources of energy for survival. Our
results showed that the SS of adults starved for 4 h was
lower than in those starved for 8 h; therefore, it might be


https://www.researchgate.net/publication/222284483_Purification_cDNA_cloning_and_Northern_blot_analysis_of_trehalase_of_pupal_midgut_of_the_silkworm_Bombyx_mori?el=1_x_8&enrichId=rgreq-567ce0c1-59a3-41d8-be3d-211c285a251f&enrichSource=Y292ZXJQYWdlOzI3MjAwODE2MjtBUzoxOTU1NTAwODAxODAyMjZAMTQyMzYzNDE4MDQwMg==
https://www.researchgate.net/publication/5358671_Characterization_and_expression_patterns_of_a_membrane-bound_trehalase_from_Spodoptera_exigua?el=1_x_8&enrichId=rgreq-567ce0c1-59a3-41d8-be3d-211c285a251f&enrichSource=Y292ZXJQYWdlOzI3MjAwODE2MjtBUzoxOTU1NTAwODAxODAyMjZAMTQyMzYzNDE4MDQwMg==
https://www.researchgate.net/publication/41655824_Tang_B_J_Chen_Q_Yao_Z_Pan_W_Xu_S_Wang_W_Zhang_Characterization_of_a_trehalose-6-phosphate_synthase_gene_from_Spodoptera_exigua_and_its_function_identification_through_RNA_interference_J_Insect_Physiol?el=1_x_8&enrichId=rgreq-567ce0c1-59a3-41d8-be3d-211c285a251f&enrichSource=Y292ZXJQYWdlOzI3MjAwODE2MjtBUzoxOTU1NTAwODAxODAyMjZAMTQyMzYzNDE4MDQwMg==

Appl Entomol Zool (2014) 49:255-264

261

Fig. 3 Developmental profiles
of the mRNAs of the two genes
encoding trehalases from
Harmonia axyridis (HaTreh)
during the larva-pupa-adult
transition. The expression levels
of HaTreh mRNA relative to the
18srRNA expression level were
measured with qRT-PCR. Each
point represents the

mean = standard deviation
from three independent
experiments. a and b represent
the developmental expression
pattern of HaTrehl-1 and
HaTrehl-2 cDNA, respectively
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that H. axyridis adults take a longer time under starvation
conditions. With increasing starvation, the SS decreased
further, suggesting that the energy levels of the insects
were also decreasing (Fig. 4a). This result was consistent
with the changes in expression of HaTPS, HaTrehl-1 and
HaTrehl-2 (Fig. 5). In other words, the expression of
HaTPS decreased, whereas that of HaTrehl-1 and
HaTrehl-2 from 4 to 24 h of starvation increased com-
pared with their expression at 0 h starvation. In S. exigua,
the mRNA expression of glycogen synthase and glycogen

3rd 4th

pupa adult

Developmental stages

phosphorylase increased gradually after a short starvation
period, reaching the same levels as recorded in adults
before starvation began (Tang et al. 2012b); this suggests
that trehalose and glycogen provide energy during periods
of starvation. The results for the expression levels of
HaTPS and HaTrehs in adults starved for 12-24 h showed
that the HaTPS expression level was lower and that the
HaTrehs expression level was higher than in those at
0-8 h, especially for HaTrehl-1 (Fig. 4). However, the
expression of HaTPS decreased during the initial starvation
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Fig. 4 The sprint speed (SS) (a), pause frequency (PF) (b) and
maximum moving distance (MMD) (¢) of Harmonia axyridis under
different periods of starvation (0-24 h). All values in the figure are
represented as mean =+ standard deviation. Different small letters
above the histograms indicate values that differ significantly between
treatments (P < 0.05)

period and then increased in adults starved for 12-24 h,
which suggests that accumulating levels of trehalose enable
adult H. axyridis to survive periods of starvation.

The PF results showed control H. axyridis adults had a
higher PF than those that were starved, but that adults
starved for 8 h rarely stopped (Fig. 4b). This suggests that
starvation drives the movement of insects and increases

@ Springer

Starvation time (periods)

Fig. 5 The expression of Harmonia axyridis trehalose-6-phosphate
synthase (HaTPS) and H. axyridis trehalase (HaTrehl-1 and
HaTrehl-2) mRNA under different starvation periods (0-24 h). The
levels of these genes relative to the 18srRNA expression level were
measured with qRT-PCR. Each point represents the mean & standard
deviation from three independent experiments with four individuals in
each replicate. (a) The mRNA levels of the HaTPS gene. (b) The
mRNA levels of the HaTrehl-1 gene. (¢) The mRNA levels of the
HaTrehl-2 gene

rapidly as the period of starvation increases, possibly
because there is a lack of energy restrictions on movement
as the animal attempts to search for food. Compared with
PF, the trend in MMD was very different. The MMD in
control adults was only slightly more than in those starved
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for 18 or 24 h; adults starved for 8 h recorded the maxi-
mum MMD (Fig. 4c¢). Johnson et al. (2010) showed that a
reduction in AMP kinase (AMPK) mRNA levels leads to
hypersensitivity to starvation conditions, as measured by
lifespan and locomotor activity; in addition, locomotor
levels in flies with reduced AMPK function were lower
during unstressed conditions, but starvation-induced
hyperactivity, an adaptive response to encourage foraging,
was significantly higher than in wild-type flies. This result
also indicated that locomotory ability was associated with
the desire to find food and that energy limitations also
impact directly on the desire to find food. These results
indicate that trehalose stores are degraded by trehalase,
especially HaTrehl-1, especially given that trehalase
functions to facilitate the uptake and utilization of trehalose
from the food or blood (Friedman 1985; Ishihara et al.
1997; Oesterreicher et al. 1998, 2001; Sumida and Ya-
mashita 1983; Yaginuma et al. 1996).

Adults of the invasive ground beetle Merizodus soled-
adinus (Guerin-Meneville). (Coleoptera, Carabidae) can go
without food for more than 60 days and feed only every
3.76 days on average when food is available; the main
reason for such behavior is that the beetles increased their
hydrolyzation of sugars and triglycerides significantly
during periods of food deprivation and restored their levels
of such compounds after refeeding (Laparie et al. 2012). In
the present study, the results showed that HaTrehl-1 is a
key gene in regulating energy metabolism and providing
glucose and that HaTrehl-2 and HaTPS might be balancing
trehalose use during periods of starvation. This suggests
that the HaTreh genes have a role in the regulation of insect
function under starvation conditions.
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