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Enhanced expression of genes in the brains of larvae of Mamestra brassicae
(Lepidoptera: Noctuidae) exposed to short daylength or fed Dopa
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Abstract. The cabbage armyworm, Mamestra brassicae, enters diapause in the early pupal stage. Pupal diapause is induced by
rearing the larvae under short day lengths. We previously demonstrated that feeding Dopa during last larval instar induces pupal dia-
pause even under long day lengths. In order to elucidate the mechanism by which pupal diapause is induced after experiencing short
day lengths or fed Dopa under long day lengths, we analyzed gene expression in the brain of M. brassicae larvae under both of these
conditions using a subtractive hybridization technique. After the secondary screen, 49 clones and 28 clones were identified as short
day length or Dopa-feeding specific clones, respectively. All of these genes were sequenced and, using the base sequences of these
clones, primers were synthesized. To confirm the genes enhanced specifically by these conditions, quantitative real-time PCR was
carried out. This quantitative PCR analysis identified 15 and 1 clone whose expression was enhanced by the short day length condi-
tions or Dopa-feeding, respectively. Among these clones, the gene with a high level of identity to receptor for activated protein
kinase C (RACK) from Heliothis virescens is the most dramatically up-regulated under both conditions.

INTRODUCTION

Insect diapause is characterized by developmental or
reproductive arrest and a decrease in metabolic rate. Dia-
pause has evolved in most insect species to ensure sur-
vival in unfavorable periods and to synchronize the
growth rate of the population. The diapause program is
usually triggered by environmental conditions such as
temperature and photoperiod, as perceived during a
developmentally-specific sensitive stage, which is more
or less distant from the stage where diapause is mani-
fested (Denlinger, 1985). The photoperiod can be used as
a reliable seasonal cue in comparison to temperature,
because it is seasonally highly predictable. That is the
reason why so many insect species use photoperiod as the
cue for diapause induction.

The cabbage armyworm, Mamestra brassicae, has the
capacity to enter diapause in the pupal stage: Larvae
reared under short day lengths (SD) at 22°C metamor-
phose into diapausing pupae, whereas those maintained
under long day lengths (LD) at 22°C develop into non-
diapausing pupae (Kimura & Masaki, 1992, 1993). Prior
studies indicate that dopamine concentrations are elevated
in the hemolymph and central nervous system of
diapause-destined M. brassicae pupae reared under SD
(Noguchi & Hayakawa, 1997). Further, more than 50% of
the pupae fed Dopa during their last larval instar stage
entered a diapause-like state even when maintained under
LD at 22°C. Dopamine concentrations were higher in the
hemolymph and central nervous system of the Dopa-fed
insects than in non-diapausing control insects around the
time of pupal ecdysis (Noguchi & Hayakawa, 1997).
These results indicate that the increase in dopamine con-

centrations in hemolymph and nervous system should
contribute to the induction of diapause. However, even if
dopamine in these tissues is closely related to the induc-
tion of diapause, the molecular mechanism underlying
this phenomenon remains unknown. Further, we do not
know how similar or different are the effects of exposure
to SD and feeding Dopa to larvae. However, we know
that these two stimuli affect the larval brain during similar
stages and then induce diapause.

In order to address these questions, it is necessary to
examine in more detail the molecular events in the brain
of the larvae that are exposed to these stimuli. The present
study was conducted to search for genes whose expres-
sion is elevated in the brain of larvae exposed to SD
and/or fed Dopa.

MATERIALS AND METHODS

Animals

Larvae of the cabbage armyworm M. brassicae were reared
on an artificial diet at 22°C + 1°C and a photoperiod of 14 h
light : 10 h dark (long day length, LD) or 10 h light : 14 h dark
(short day length, SD) (Hayakawa & Ohnishi, 1998). More than
80% of larvae reared under the LD condition metamorphosed
from pupae to adults within 2 weeks of pupation. Therefore,
those pupae were defined as non-diapausing. Larvae reared
under the SD condition showed no signs of adult development
for 8 weeks after pupation and were regarded as diapause pupae.
The cabbage armyworms maintained in this laboratory do not
show a typical aestival-diapause by rearing under the LD condi-
tion. Fourth and fifth instar larvae undergoing ecdysis between 4
and 4.5 h after lights on were designated as Day 0 penultimate
and last instar larvae, respectively.

To study the effect of a number of SD cycles on diapause
induction, larvae were reared under the LD condition until the
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Fig. 1. Induction of pupal diapause in response to short-day
cycles. A — experimental procedure: M. brassicae larvae reared
under LD until the 4th instar were exposed to SD for a variable
number of days and then kept in darkness until pupation; B —
the diapause incidence induced by exposure to SD (O). The dia-
pause incidence in control larvac kept in LD condition before
transfer to constant darkness (®). Pupae which showed no signs
of adult development after 8 weeks were defined as in diapause.
Each point represents a mean + S.D. based on from 13-15 inde-
pendent determinations.

4th instar, then exposed to the SD condition for a variable
number of days, and then kept in constant darkness until pupa-
tion. For the subtractive hybridization experiments, test larvae
were rearcd under the SD condition for 3 days after 5th larval
ecdysis (SD-treated) or larvae were fed an artificial diet con-
taining 1% (w/w) Dopa for 3 days after 5th larval ecdysis (under
the LD condition) (DP-treated). Control larvac were reared
under the LD condition throughout their development.

Subtraction of cDNAs

Total RNAs were isolated from test (SD- and Dopa-treated)
and control (LD) larvae using the method of Chomezynski &
Sacchi (1987) and enriched for poly(A) ‘RNA using the Quick-
Prep™ Micro mRNA Purification Kit (Amersham Bioscience
Co.). The PCR-Select cDNA Subtraction Kit (BD Bioscience
Clontech) was used to isolate transcripts strongly expressed
under diapause-inducible conditions, basically according to the
manufacturer’s instructions. Tester cDNAs were created from
poly(A) 'RNA prepared from SD- or DP-treated larvae. Driver
c¢DNAs were simply prepared from larvae reared under the LD
condition. After hybridization of tester and driver cDNAs, sub-
traction of tester unique DNAs was performed using the method
based on selective amplification of differentially expressed
sequences. The pool of subtracted cDNAs was cloned into a
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TA-cloning plasmid vector (pGEM-T, Promega), and all of the
clones obtained were subjected to further screening. After con-
firming the candidate genes with dot hybridization, nucleotide
sequences of the isolated clones were determined with an auto-
matic DNA sequencer, ABI Prism model 377 (Applied Biosys-
tems) (Noguchi & Hayakawa, 2001).

Quantitative Real-time PCR (qPCR)

qPCR was performed by using the Light Cycler and the Fast
Start DNA Master SYBR Green I kit (Roche Diagnostics)
according to the procedure of Menssen & Hermeking (2002).
For qPCR of RACK, primer pairs for RACK and $-tublin (as an
external standard) are as follows:

RC-1, 5- TTGGTTTCGTCTCTGGTCAACTTC;

RC-2, 5-GTTGGTGCTTAGCCGCTCAGCAAG;

Tb-1, 5'~AAGAGCTCTGGAGCCMGGYACSATGGACTCKGT;
Tb-2, 5'-AAGAGCTCGTCTTCACGTTGTTGGGGATCCA.

The reverse transcription was performed on total RNA after
DNase I treatment (DNA-free, AMBION) using ReverTra
Ace-a-cDNA synthesis kit (Toyobo, Japan). The generation of
specific PCR products was confirmed by melting curve analysis
and gel electrophoresis. Each primer pair was tested with a loga-
rithmic dilution of a ¢cDNA mix to generate a linear standard
curve (crossing point CP plotted vs. log of template concentra-
tion), which was used to calculate the primer pair efficiency.

Rapid amplification of RACK c¢DNA ends (5'RACE and
3'RACE)

Total RNA was isolated from larvae reared under the SD con-
dition. Adapter-ligated double-strand cDNAs were synthesized
using a 5'RACE and 3'RACE Rapid Amplification system
(Roche Diagnostics) according to the manufacturer’s instruc-
tions. PCR was carried out in 20 pl of 10 mM Tris-HCI (pH 8.3)
containing 50 mM KCl, 2 mM MgCl,, 0.01% (w/v) gelatin, 0.25
mM each of dNTPs, 200 nM each set of primers, 0.2 pl of syn-
thesized ¢cDNA solution and 0.5 U of Taq (Takara, Japan) as
described previously (Hayakawa et al., 1995). The 5RACE and
3'RACE products were subcloned into TA-cloning plasmid
vector (pGEM-T, Promega) and sequenced in both directions by
a Taq dye primer cycle sequencing kit (Perkin-Elmer) using an
automatic DNA sequencer (model 377, PE Applied Biosystems)
(Hayakawa & Noguchi, 1998).

In situ hybridization

Brains from Day 2 penultimate instar larvae were fixed in
4.0% paraformaldehyde and hybridized as described previously
(Hayakawa ct al., 1998; Tanaka ct al., 2002). The hybridization
probe was antisense RACK mRNA labeled with digoxygenin,
and the sense mRNA was used as a negative control probe
(Tauz & Pfeifle, 1989).

Abbreviations. Dopa — 3,4-dihydroxy-L-phenylalanine; PKC
— protein kinase C; RACK - receptor for activated protein
kinase C.

RESULTS

Diapause induction under short day length

To clucidate the number of short-day cycles required to
induce pupal diapause in the cabbage armyworm
Mamestra brassicae, larvae reared under long day length
(LD) were transferred to short day length (SD) from
penultimate instar stage. The incidence of diapause
increased with increasing number of SD cycles from 0 to
3 (Fig. 1). When larvae were exposed to SD for 3 days,
the incidence of diapause is over 80%.



D291
D285
D244
pr=g [ Short day
Baﬂg M Dopa
nong
S264
2242
S230
2145
®2176
Q23
o 3149
o 2]45
L
® 31386
0 3129
n 3125
= 2123
3110
2107
i
3052
3035
2028
S014
So0g NI S BT
0 1 2 3 4 5

Relative mRNA levels (treated/control)

Fig. 2. Relative levels of mRNAs of genes isolated by sub-
tractive hybridization. Each gene mRNA was measured in SD
or Dopa fed larvae using quantitative real-time PCR. When
there is no difference in mRNA levels between test (SD or Dopa
fed) and control (LD condition), the relative value is 1. Each bar
is the mean of two independent determinations. Closed bar,
short day length; open bar, fed Dopa.

Prior studies demonstrated that feeding artificial diet
containing 1% Dopa induced diapause-like state in over
50% of the pupae even under LD (Noguchi & Hayakawa,
1997). Thus, subtractive hybridization was conducted to
identify the genes whose expression is enhanced in the
brains of cabbage armyworm larvae that experienced
three cycles of SD or were fed Dopa (DP) for 3 days.

Identification of genes related to diapause-destination

By initial screening, each of 300 clones were selected
as up-regulated genes in SD or DP conditions as com-
pared to those in LD. A second round of screening was
performed using dot hybridization for 600 clones using
c¢DNAs prepared from LD-, SD- and DP-conditioned lar-
vae, and clones which hybridized strongly to SD- or DP-
larval cDNAs in comparison to LD-larval cDNAs were
selected. The overall protocol is summarized in Table 1,
which reveals that 49 and 28 clones were identified as up-
regulated specifically for SD- and DP-conditions, respec-
tively. All of the clones were sequenced, and partial
sequences of 33 clones were successfully obtained. Based
on the sequence data of these clones, specific primers
were synthesized for PCR. Quantitative real-time
RT-PCR revealed that one clone, S068, is the most up-

TasLE 1. Protocol for differential screening.

Numbers of isolated clones

(SD) - (LD) (Dopa) — (LD)
1st subtration 300 300
Dot blotting 49 28
Sequencing 49 28
Real time PCR 26 7
Up-regulated 15

GTTGGTGCTTAGCCGCTCAGCAAGTTTTTCGTGAAGATGACTGAAACACTGAAGCTTAGA 60
M T E T L K L R
GGAACCCTCTGCGGCCACAATGGCTGGGTTACGCARATTGCAACCAACCCCARATACCCT 120
G T L ¢ G H N G WV T Qg I A T N P K Y P
GACATGATTTTGTCGTCATCTCGAGACAAGACCCTTATCGTGTGGAAGTTGACCAGAGAC 180
pr M 1T L. 8 8 S R DK T 1L I V WK L T R D
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GAAACCAACTACGGTGTACCGCAGAAGCGTCTGTACGGT! CTCACTTCATTTCGGAC 240
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ATCAAGCTGTGGAACACACTTGCTGAGTGCAAGTACACAATCCAGGATGATGGCCACAGT 480
I K L w N T L A E C K Y T I Q D D G H S
GACTGGGTGTcCTGCGTCCGCTTCTCACCCCAATCACGCCAACCCATCATTGTGTCTG
D WV Ss§sS CVRF S P QS R QP TIT I V S A
GGTTGGGACCGCACCGTTAAGGTCTGGCATCTTACCAACTGCAAGTTGAAGATCAACCAC 600
G W 5D R TV KV WHTLTNCEKTL K I N H
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TCH TGGCAAGGACATGAAGG C 720
s 6 & K DM K A ML WD L N D G K H L H
ACCCTGGACCACAATGACATCATCACATCATTGTGCTTCTCACCCAACAGATACTGGCTG 780

T L D H N DI I TS L CF S P N R Y W L
TGCGCTGCCTTCGGACCTTCCATCAAGATCTGGGATCTAGARAAGCARRGGAGATGGTTGAA 840
¢C A A F G P S I K I WDIL E S KEMV E
GAGCTCAGGCCTGARATCATCAACCAGACCCAGACATCCAAGTCTGACCCACCCCAGTGC 900
E L R P E I I N Q T QT S K S D P P Qg C
CTGTCCCTGGCCTGGTCCACAGACGGTCAGACCCTCTTCGCCGGTTACTCCGACAACATC 960

L $ L. A wW S TDGOQTTL F A G Y S D NI
ATCAGAGTCTGGCAGGTGTCCGTCTCGGCACCGATAAGGAGTTTAAGARAACTTAGGTTTCA 1020
I RV WQV S V 8§ A R *
TTTATTTTTGTGCTACTTTATGTATCCTGCCTGACTGTATGGATARAAATAAATGGAATT 1080
GTTTGATGTAAAAAAAAAAAAARAAARA 1108

Fig. 3. Nucleotide and predicted amino acid sequence of M.
brassicae RACK (receptor for activated C-kinase) cDNA. The
clone has an open reading frame of 319 amino acids. The puta-
tive polyadenylation signal is underlined.

regulated both in SD- and DP-conditions among the
above putative up-regulated clones (Fig. 2).

The ¢cDNA structure of S068 clone

To determine the structure of the S068 ¢cDNA, 5'- and
3'- RACE were performed and the full sequence was ana-
lyzed in both directions. The predicted primary structure
indicates the presence of a protein of 319 amino acids
(Fig. 3). The sequence similarity to the S068 protein
revealed significant homology with receptor for activated
protein kinase C (RACK) reported for many species of
animals including vertebrates and invertebrates (Table 2).
Therefore, we concluded that S068 is a Mamestra bras-
sicae RACK gene.

Expression of M. brassicae RACK gene under LD and
SD conditions

To examine whether the expression of M. brassicae
RACK gene is enhanced in the brains of SD- and DP-
conditioned larvae, RACK mRNAs in larvae reared under
LD-, SD- and DP-conditions were measured by quantita-
tive real-time PCR (Fig. 4). The RACK mRNA increased
in DP (Dopa-fed) larval brain within one day after
feeding Dopa and maintained the increased levels at least
for 3 days. The RACK gene expression was also higher in
the brains of larvae under SD-condition than LD-
condition, while obvious increase of the RACK mRNA
was observed 2 days after transfer from LD to SD.

The RACK gene expression in the brain was further
examined by in situ hybridization on paraformaldehyde-
fixed, paraffin-embedded sections of brain from Day 3
penultimate instar larvae (Fig. 5). The expression of
RACK mRNA was mainly detected in several cells
around the medial protocerebral neuropile both under SD-
and LD-conditions. However, the expression is more
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Fig. 4. Mean RACK mRNA levels of M. brassicae larvae
exposed to SD and fed Dopa. Larvae reared under LD until 4th
instar larvac were exposed to SD or fed Dopa for the indicated
number of days and RACK mRNA was measured using quanti-
tative real-time PCR. *1, significantly different from control
LD-conditioned larval value (P < 0.001: Student’s t-test). *2,
significantly different from control value (P < 0.01: Student’s
test). *3, not significantly different from control value (P >
0.05). Each point represents the mean = S.D. of 3 independent
determinations. A, Dopa; O, short day length; @, long day
length.

obvious in SD-conditioned larval brains than in LD-
conditioned, and no positive signal could be detected in
the control brain using the sense probe.

DISCUSSION

Prior studies demonstrated that the dopamine content in
the central nervous tissues is several times higher in
diapausec-destined than in non-diapause-destined M. bras-
sicae around pupation. It is likely that dopamine inhibits
the activity of neurosecretions, such as PTTH, a requisite
for adult development; thereby, the diapause-destined
pupac with a high level of dopamine in their brains do not
initiate adult development and enter diapause (Noguchi &
Hayakawa, 1997). Although detailed analysis of the
dopamine effect on PTTH release from the brain is cer-
tainly required to substantiate this prediction, we believe
that this in broad outline is the mechanism by which dia-
pause is induced during pupation.

Another important question is how the SD signal is
transduced into a diapause inducing program in the brains
of M. brassicae larvae. We thus conducted the subtractive
hybridization for identifying genes that are expressed
strongly under the SD condition as compared with the LD
condition. Among several putative SD-up-regulated genes
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TaBLE 2. Sequence identities and similarities between M.
brassicae RACK and RACKs of other species.

Identity (%)  Similarity (%)
é—l{fléigé}éig;li;escens 97 97
gﬂggzp;}lzl)la melanogaster 84 90
?thgsgng)rveglcus 77 87
(arozsasy K ¥
&f;(());};i_;’(grlz;s niloticus 76 86
T 76 e
D283y 7 "
(AFT05250) h "
j(}?éczgigz%laria glabrata 75 85
g;()g’;gocg;enuata 73 84
iy ! »
(Czag;zggf)abdiris elegans 69 81
gggﬂl‘g?p;;m crassa 67 81

identified by this method, receptor for activated protein
kinase C (RACK) was the most up-regulated gene under
the SD-condition (Fig. 2). The enhanced expression of the
RACK gene was also observed in larvae fed Dopa (Figs
2, 4). The members of the Protein kinase C (PKC) family
transduce a multitude of signals that regulate various cel-
lular functions leading to cell survival or to cell death.
PKC is considered to act as the intracellular receptor for
the second messenger diacylglycerol (Nishizuka, 1984,
1988). Various environmental signals stimulate the pro-
duction of diacylglycerol through the activation of phos-
pholipase C and as such PKC is likely to have a key role
in the response to these signals (Meldrum et al., 1991).
Activation of PKC leads to translocation of the enzyme
from the cytosol to the particulate fraction (Kraft &
Anderson, 1983). It is thought that PKC translocates to
subcellular sites on its activation through binding with
RACK. Therefore, RACK represents a part of PKC sig-
naling cascade. Its transcriptional enhancement in the
brains of SD- and DP-conditioned larvae indicates that
this cascade might be activated under these conditions.
Although the detailed function of RACK in the brain of
M. brassicae larvae exposed to SD length or fed Dopa
remains unknown, signal transduction through PKC could
contribute to transduce these stimuli into the diapause
inductive program.

In conclusion, the diapause-inducing stimuli such as
SD-condition and feeding Dopa elevated transcriptional
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levels of several genes in the M. brassicae larval brains.
Using the subtractive hybridization technique, we identi-
fied a total 16 genes whose expression was enhanced by
the SD- or Dopa-treatment. Among them, the RACK
(receptor for activated protein kinase C) gene is the most
up-regulated under both conditions. The RACK mRNA
increased in the larval brain within one day of feeding
Dopa and maintained the increased levels at least for 3
days. The RACK gene expression was also enhanced in
the brains of larvae within 2 days of transfer from LD to
SD. Therefore, it is expected that these diapause-inducing
stimuli could be transduced into the diapause program in
the brain through protein kinase C.
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