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Abstract

Fireflies (Coleoptera: Lampyridae) emit various types of light that differ among species and pop-
ulations of the same species. Their lights are assumed to be biological properties that play
important ecological and evolutionary roles. Some species in the Lampyridae emit periodic lumi-
nescence, the patterns of which are characterized by species-specific intervals. In previous work,
it was predicted that the nitric oxide (NO) regulates the oxygen supply required for the biolumi-
nescence reaction of fireflies. Here, the expression of the NO synthase (NOS) mRNA in some
fireflies was examined to verify the predictive model of nitric-oxide-mediated flash control in
these insects. The expression of the nos gene in the lantern organ was observed not only in noc-
turnal flashing species but also in diurnal non-flashing species. It was shown that the expression
levels of nos were higher in the lantern of Luciola cruciata (Motschulsky) larvae, which that
emits continuous light, than in other body parts, although expression in the lantern of the adults,
who flash periodically, was not high. Furthermore, there was no significant difference in expres-
sion levels among adults of Luciola cruciata characterized by different flashing intervals. The
data do not support the model of an NO-mediated flash control mechanism, during which oxygen
becomes available for the luciferin-luciferase reaction through NO-mediated inhibition of mito-
chondrial respiration. It is also indicated that flash patterns do not co-vary with NOS production.
However, high nos expression in the larval lantern suggests that NO may play a role in producing
continuous light by functioning as a neurotransmitter signal for bioluminescence.
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Introduction

Bioluminescence is a feature of many species
in various taxonomic groups and is used for a
variety of purposes, e.g., sexual communica-
tion, species recognition, anti-predator
defense, and food location (Lewis and Crats-
ley 2008; Widder 2010). Fireflies (Coleoptera:
Lampyridae) in particular are well-known and
extensively-studied  luminous  organisms.
There are approximately 2000 firefly species
throughout the world (Lawrence 1982; Law-
rence and Newton 1995) and they emit
various types of light (i.e., different flash sig-
nal patterns, colors, intensities, etc.) that differ
among species (Lloyd 1971, 1983; Ohba
2004) and even populations of the same spe-
cies (Ohba et al. 2001, Suzuki et al. 2004). For
instance, among Japanese firefly species, there
are several different types of signal patterns,
namely, single short pulse, single pulse, single
long pulse, continuous light, continuous weak
light, and non-luminescent (Ohba 2004).
Some species in the Lampyridae emit periodic
luminescence, the patterns of which are char-
acterized by species-specific intervals. For
example, the flash intervals of Luciola cruci-
ata (Motschulsky) (Coleoptera: Lampyridae)
and Luciola lateralis are approximately 2—4
sec (Ohba et al. 2001) and 0.5-1 sec (Ohba
2001), respectively. Intra specific geographic
variation in flash intervals may also exist
among local populations. In Japan, popula-
tions of L. cruciata with fast-flash (2-sec type)
and slow-flash intervals (4-sec type) are dis-
tributed in the western and the eastern regions,
respectively.

Although the chemical reactions underlying
firefly luminescence are well understood, the
mechanism responsible for flashing (the
switching on and off of light) remains un-
known. It has been suggested that molecular
oxygen (O,) is an important factor in the con-

Ohtsuki et al.

trol of the flashing (Buck 1948; Ghiradella
1998; Timmins et al. 2001; Ghiradella and
Schmidt 2004). The bioluminescence of fire-
flies is attributable to the luciferin-luciferase
reaction, which involves (1) the production of
a luciferin-luciferase-AMP complex and (2)
the oxygenation of luciferin, as shown in the
following two reactions:

ATP + luciferase + luciferin — luciferase-
luciferin-AMP + PPi (Reaction 1)

Luciferase-luciferin-AMP + O, — luciferase
+ oxyluciferin + CO, + AMP + light (Reac-
tion 2).

Luciferin-AMP is formed from luciferin and
ATP by the catalytic activity of luciferase in
the first reaction, after which luciferase cata-
lyzes the oxidization of luciferin-AMP to
energized oxyluciferin via peroxide anion and
dioxetane. Finally, energy is released from
oxyluciferin, and bioluminescence is emitted.
When the light-emitting reaction is initiated in
vitro by mixing luciferin, luciferase, ATP, and
oxygen (Reaction 1 followed by Reaction 2),
the maximal light intensity is not emitted until
300 ms after mixing (DeLuca and McElroy
1974). However, maximal light emission oc-
curs within 60 ms when the pre-formed
luciferase-luciferin-AMP complex is mixed
with oxygen (Reaction 2). In the firefly lan-
tern organ, maximal light is emitted within
100—150 ms after action potential initiation in
the brain (Buck et al. 1963). Thus, it has been
predicted that firefly flashing is controlled by
O, required for Reaction 2, because Reaction
1 proceeds too slowly to control flashing.
Consistent with this hypothesis, some studies
have described flash control involving O;
supply mechanisms (Alexander 1943; Buck
1948; Wilson and Hastings 1998). Kanda
(1935) reviewed studies about lantern anato-
my and morphology and discussed differences
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between lanterns of adults and larvae, includ-
ing Japanese fireflies. The review showed that
lanterns in adults of flashing species are more
developed and more suitable for O, regulation
in bioluminescence reaction than lanterns of
their larval stage. Ghiradella (1977) also
showed the anatomical differences of the tra-
cheolar systems among adult and larval
lantern in Photuris firefly. The adult Photuris
has well-developed structures, including tra-
cheal end cells, which surrounded tracheolar
cells, in the lantern that its larva lacks. It is
possible that these differences are related to
the flash control mechanism involving O;

supply.

Trimmer et al. (2001) and Aprille et al. (2004)
have shown that nitric oxide (NO) plays a role
in the temporal control of firefly flashing.
When NO gas was introduced into a chamber
containing North American fireflies (Photuris
sp.), flashing began immediately (Trimmer et
al. 2001). It has also been observed that octo-
pamine, a neurotransmitter, evokes light
production in dissected lanterns, but that light
production is inhibited by carboxy-PTIO, an
NO scavenger. Trimmer et al. (2001) have
also shown that NO synthase (NOS) exists in
the firefly lantern in the vicinity of the photo-
cytes. Neurons that innervate the lantern do
not terminate directly on the photocytes them-
selves but synapse on tracheolar cells that
surround the terminal branch points of the tra-
cheal air supply (Smith 1963). Thus, it is
expected that a mechanism linking photocytes
and neurons exists in the lantern. Trimmer et
al. (2001) focused on the small free radical
gas NO as one potential transmitter that can
penetrate cell membranes and quickly cross
such distances. They considered that the entry
of NO into firefly lanterns leads to a high ox-
ygen concentration by inhibiting the oxygen
consumption of mitochondria, and that this
triggers the bioluminescence reaction. There-
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after, the light itself releases the inhibition of
mitochondrial respiration, and NO is in turn
degraded by the resultant high oxygen con-
centrations. These negative feedbacks result in
the light being switched off. Therefore, it is
likely that NO is the key determinant in the
light-emitting reaction. Although the control
of light flashing cannot be explained solely in
terms of neuronal signals, such signals do play
a role in triggering NO production and light
emission. Light flashing may be attributable to
oxygen generated by an NO-mediated system
and subsequent NO degradation. The NO-
mediated model is supported by existing data;
however, other mechanisms have been sug-
gested (Timmins et al. 2001; Ghiradella and
Schmidt 2004), and the model should be fur-
ther tested. Scientists should consider that
NOS is an important factor for biolumines-
cence, and it is different from other enzymes.
NO is predicted to be the factor controlling
the tracheal supply of molecular oxygen by
inhibiting mitochondrial oxygen consumption.

The purpose of this study was to test the mod-
el of NO-mediated flashing control described
by Trimmer et al. (2001). The model predicts
that NO production could be lacking in larvae
and adult fireflies of non-flashing species that
only glow (Lewis and Cratsley 2008). In some
firefly species, larvae and adults emit continu-
ous light, and, according to the model, the
mechanism of NO releasing oxygen for lucif-
erin oxygenation through inhibition of
mitochondrial respiration would require con-
tinuous mitochondrial inhibition. Thus, in this
case, NO might not be used for flashing (the
switching on and off of light); however, NO
has an important role for continuous light
emission. To test these predictions, we exam-
ined nos gene expression in various body parts
(head, thorax, abdomen, and lantern) of two
luminous species of firefly, Luciola cruciata
and Luciola lateralis, and one non-luminous
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species, Lucidina biplagiata (Motschulsky).
Lucidina biplagiata is a diurnal species that
emits very weak light. In L. cruciata, we
compared nos gene expression levels across
different body parts in adults that flash period-
ically and larvae that emit continuous light. In
addition, the relationship between nos expres-
sion levels and flash patterns at different times
and in different populations were also exam-
ined. Although there has not been any clear
theory explaining the correlation between nos
expression, NOS production, and flash pat-
terns, we might be able to find the relation if
nos expression levels are compared among
different times and populations in the lanterns
of active individuals. To investigate the poten-
tial effect of nos expression levels on the
generation of flash patterns, nos gene expres-
sion in the lanterns of active (i.e., flying males
that flash as part of their courtship behavior)
and inactive individuals were examined. To
confirm relationships between nos expression
levels and flash patterns, we also compared
expression levels in the lanterns of adult L.
cruciata collected from different populations
(4 sec and 2 sec types) at different times. If
the flash patterns correspond to the amount of
NO, there can be differences in nos expression
levels among different flash patterns. Further,
it is possible that nos expression levels are
different between the time that they flash ac-
tively for their courtship behavior and other
times that they are less active.

Materials and methods

Luciola lateralis and Lucidina biplagiata
collection

Adult males of L. lateralis and L. biplagiata
were collected from Aga (Niigata Pref., Ja-
pan) and Sendai (Miyagi Pref., Japan). All
individuals were placed separately into 6-cm
diameter Petri dishes. The fireflies were
reared at 20°C under the same natural light
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and dark cycle for over 24 hours and were
thereafter fixed by freezing in liquid nitrogen
at 10:00 or 20:00 local time. Fixed individuals
were stored at —80°C until used for total RNA
extraction.

Luciola cruciata collection

Adult males of L. cruciata were collected
from five wild populations, Aomori, Miyagi,
Shiga, Okayama, and Kouchi. The popula-
tions from Aomori and Miyagi are of the 4 sec
(slow) type, whereas those from Shiga, Oka-
yama, and Kouchi are of the 2 sec (fast) type
(field observations, data not shown). Resting
males were fixed by freezing in dry ice at
17:00, 20:00, 23:00, 2:00, or 5:00 local time
in Japan. It is known that the flashing behav-
ior of flying males peaks at around 20:00
(Ohba 2001; Oba and Kainuma 2009); there-
fore, flashing males in flight were captured
and were subsequently fixed at 20:00. Col-
lected individuals were stored in ethanol at —
80°C until used for total RNA extraction.

Larvae of L. cruciata and L. lateralis collec-
tion

The larval L. cruciata used in this study origi-
nated from Chiba Pref., Japan (purchased
from Inc. River Fashion, http://ffland.cure.to).
Larval L. lateralis were reared at Iwakiri Ele-
mentary School, Sendai, Japan. Their sex was
not determined. All individuals were placed
separately into 6-cm diameter Petri dishes
containing water. The larvae were reared at
20°C under the same natural light and dark
conditions for over 24 hours and were thereaf-
ter fixed by freezing in liquid nitrogen at
10:00 or 20:00 local time. Fixed individuals
were stored at —80°C until used for total RNA
extraction.

Total RNA extraction and cDNA synthesis
Adult individuals were separated into four
body parts: head, thorax (only the prothorax
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was used), abdomen, and lantern. Because the
lantern of L. biplagiata is very small and too
difficult to separate, the last two segments of
the abdomen containing the lantern were con-
sidered as the lantern in this species. Larval
individuals were separated into three parts:
head and thorax (it was too difficult to sepa-
rate the head from the thorax), abdomen, and
lantern (the segments containing the lantern
part). Because segments containing the lantern
were treated as the lantern in this study, nos
expression in the lantern could not be meas-
ured exclusively and accurately. However,
any difference among segments, including the
lantern and other parts in the abdomen, would
be reflected as changes in nos expression.

Total RNA was isolated from all individuals
using RNAiso (TaKaRa, www.takara-
bio.co.jp). Contaminating DNA was removed
by treating with DNase 1 (RNase-free;
TaKaRa). The RNA concentration was meas-
ured using a GeneQuant 100
spectrophotometer (GE Healthcare Bioscienc-
es, www.gelifesciences.co.jp). cDNA was
subsequently generated using a PrimeScript®
RT reagent kit (Invitrogen,
www.invitrogen.com) in a 10-uL mixture
containing 2 pL of 5x PrimeScript® Buffer,
0.5 pL of PrimeScript® RT Enzyme Mix I,
2.5 uM of oligo dT primer, and 5.0 uM of
random 6mers. Within the mixture, the con-
centration of L. cruciata RNA was adjusted to
50 ng/uL, and that of L. lateralis and L. bipla-
giata RNA was adjusted to 5 ng/uL.

Amplification of L. lateralis and L. bipla-
giata nos

PCRs for amplification of the nos genes of L.
lateralis (GenBank ID: AB304919; Ohtsuki et
al. 2008) and L. biplagiata (GenBank ID:
AB623216; Ohtsuki et al. unpublished) were
performed in 10-pL mixtures containing 0.25
units of TaKaRa Ex Taq™, 1.0 uL of 10x Ex
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Table I. Primers used for amplification of nos and rp49.

Species Primer Sequence (5'-3") PCR product
Nos2-F | GAGGAAAAGACCGAAATGG 177 bp
Liclolicriiioti Nos2-R | CGTACAATCTCCGCAAAC
Rp49-F | AGAGAAACTGGCGTAAACCC 113 bp
Rp49-R | CATGTGCCGTGTCTTTGAAT
Fasioladiisretie Llnos-F | CAATGGCTGAACACGTTTAT 191 bp
Linos-R | CATACGGATTCTTGCTGATT
Lucidina biplagiata Lbnos-F | GAGAGCCTGACGTTCCAA 180 bp
| Lbnos-R | AGGCAGTCTTCCGTCCATAC

Taq™ Buffer, 0.2 mM of dNTPs, 0.4 mM of
each primer, and 1.0 pL of diluted (10-fold)
cDNA solution. The primers used for the am-
plifications are shown in Table 1. The
following thermal cycle was used: pre-heating
at 95°C for 10 sec, followed by 20, 30, 40, or
50 cycles of 95°C for 5 sec and 60°C for 20
sec. The products were analyzed by using
1.2% agarose gel electrophoresis. All PCRs
were performed using a Veriti® 200 thermal
cycler (Applied Biosystems,
www.appliedbiosystems.com).

Quantification analysis of L. cruciata nos

Real-time PCR was performed on 20-pL mix-
tures containing 10 uL of SYBR® Premix Ex
TaqTM (TaKaRa), 0.4 mM of each primer, and
2.0 pL of 20-fold diluted cDNA using a
LightCycler® 350S system (Roche Diagnos-
tics, = www.roche-diagnostics.com). The
thermal cycle conditions for amplification of
the nos gene of L. cruciata (GenBank ID:
AB304920; Ohtsuki et al. 2008) were as fol-
lows: 95°C for 10 sec, followed by 45 cycles
of 95°C for 5 sec and 62°C for 20 sec. The
primers used for the amplification of nos were
Nos2-F and Nos2-R (Table 1). The rp49 gene
of L. cruciata (GenBank ID: AB205198; Oba
et al. 2006) was used as an internal control to
standardize the results. The thermal cycle
conditions for rp49 were as follows: 95°C for
10 sec, followed by 40 cycles of 95°C for 5
sec and 60°C for 20 sec. The primers used for
rp49 amplification were Rp49-F and Rp49-R
(Table 1). The quantitative analysis was per-
formed automatically by the second derivative
maximum method using LightCycler® soft-
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ware. The expression levels of nos were de-
termined relative to the expression level of
rp49 and were measured three times for each
individual.

Statistical analysis

Statistical analyses were performed using R
version 2.12.0 (The R Project for Statistical
Computing, www.r-project.org). Analysis of
covariance (ANCOVA) was used to explain
the effect of body parts, population, time, and
interactions on NOS expression in L. cruciata
adults and larvae. The differences in the inter-
cept among each regression lines can be
detected by ANCOVA assuming that their
slopes are the same. Multiple comparisons
were performed by Tukey’s HSD post hoc
test.

20 30 40 50 20 30 40 50 20 30 40 S50 M

head

20 30 40 50

thorax abdomen lantern

203040502030405020304050M20304050
mon_x

head abdomen lantern

&F o
»

Figure 1. PCR products of nos cDNA from adult males of Luciola
lateralis. The length of the product is 191 bp. The number on each
lane indicates the number of PCR cycles. M is the molecular size
marker. Individuals were fixed at 10:00 (a) or 20:00 (b) local time.
High quality figures are available online.
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Results

Amplification of L. lateralis and L. bipla-
giata nos

The expected sizes of the PCR products of nos
from L. lateralis and L. biplagiata cDNA
were 191 bp and 180 bp, respectively. Frag-
ments of approximately 200 bp in both species
were confirmed by agarose gel electrophoresis
(Figures 1-3). In L. lateralis fixed at 10:00,
the fragments appeared in the products from
the head and thorax after 40- and 50-cycle re-
actions (Figure 1la). In the abdomen and
lantern, the fragments appeared in the prod-
ucts of 50-cycle reactions. At 20:00, the
fragments appeared in the products from the
head, thorax, and lantern after 40- and 50-
cycle reactions, whereas for the abdomen the
fragment appeared in the product from the ab-
domen obtained after a 50-cycle reaction
(Figure 1b). In L. biplagiata, the fragment ap-
peared in the lantern at 10:00 after 30- and 40-
cycle reactions (Figure 3a). Fragments ap-
peared in the products for other body parts
and for both time points after 40-cycle reac-
tions (Figures 3a and b). For the larvae of L.
lateralis, fragments appeared in the products
from all body parts after 30- and 40-cycle re-
actions (Figure 2).

( )

20 30 40 50 20 30 40 50 M 20 30 40 50
head + thorax

abdomen lantern

Figure 2. PCR products of nos cDNA from larvae of Luciola
lateralis at 20:00. The length of the product is 191 bp. The number
on each lane indicates the number of PCR cycles. M is the mo-

lecular size marker. High quality figures are available online.
. J
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Expression levels of nos in L. cruciata lar-
vae

The expression levels of L. cruciata nos in
different larval body parts at 10:00 and 20:00
are shown in Figure 4. There was a significant
difference in expression level among body
parts (ANCOVA: F (2, 20) = 4.7717, P =
0.0202). Expression levels in the lantern were
significantly higher than those in the other
parts (Tukey’s HSD test: lantern vs. head +
thorax, P = 0.0424; lantern vs. abdomen, P =
0.0392). There was no significant difference
between the fixed times (ANCOVA: F (1, 20)
=1.9139, P=0.1818).

20 30 40 20 30 40 20 30 40 20 30 40 M

head abdomen lantern

thorax

M 20 30 40

head

20 30 40 20 30 40 20 30 40

thorax abdomen lantern

Figure 3. PCR products of nos cDNA from adult males of Lucidi-
na biplagiata. The length of the product is 180 bp. The number on
each lane indicates the number of PCR cycles. M is the molecular
size marker. Individuals were fixed at 10:00 (a) or 20:00 (b) local

\time. High quality figures are available online.
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Expression of nos in adult L. cruciata

In L. cruciata, nos expression levels in differ-
ent body parts of flying males at 20:00 are
shown in Figure 5. We found significant dif-
ferences in nos expression levels among body
parts (ANCOVA: F (3, 72) = 40.7960, P <
0.0001). The nos expression levels in the head
were significantly higher than those in the
thorax, abdomen, and lantern (Tukey’s HSD
test: head vs. thorax, P < 0.0001; head vs. ab-
domen, P < 0.0001; head vs. lantern, P <
0.0001). Expression levels in the lantern were
lower than those in the other parts. We also
found significant differences in nos expression
levels in the lantern and thorax (Tukey’s HSD
test: P < 0.0001). Although nos expression
levels in the lantern were slightly lower than

010:00 8 20:00

35
30
25

20

| [Tam

head + thorax

nos expression (nos/rp49)

-

abdomen

lantern

Figure 4. Expression levels of nos in larvae of Luciola cruciata.
Individuals were fixed at 10:00 or 20:00 local time. All data are the
average of four individuals. Error bars indicate standard deviation
(S.D.). High quality figures are available online.

(.
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®Aomori W Miyagi ®Shiga 0 Okayama O Kouchi

=

nos expression (nos/rp49)

|
|
J

© = N W a OO N ® O

head

abdomen lantern

thorax

Figure 5. Expression levels of nos in flying males of Luciola cruci-
ata. Individuals were fixed at 20:00 local time. Those from the
Aomori and Miyagi populations are of a slow-flash type (4-sec
type), whereas those from the Shiga, Okayama, and Kouchi popu-
lations are of a fast-flash type (2-sec type). All data are the average
of four individuals. Error bars indicate S.D. High quality figures are
available online.
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nos expression (nos/rp49)
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Vﬂi | |

17:00 20:00 23:00 2:00 5:00 20:00
flying

Figure 6. Expression levels of nos in the lanterns of resting and
flying males of Luciola cruciata. Resting individuals were fixed at
17:00, 20:00, 23:00, 02:00, or 05:00 local time. Flying individuals

were fixed at 20:00. All data are the average of individuals select-

ed at the same time. The numbers of collected individuals were
showed above the bars. Error bars indicate S.D. High quality fig-
ures are available online.

-

those in the abdomen, the difference was not
significant (Tukey’s HSD test: P = 0.3972).
The differences in nos expression levels
among  populations  were  significant
(ANCOVA: F (4, 72) = 3.3666, P = 0.01392),
but significant differences were not detected
after the post hoc test (Tukey’s HSD test: P >
0.05).

The expression levels of L. cruciata nos in the
lantern of resting males fixed at different
times are shown in Figure 6. There was a sig-
nificant difference in nos expression among
populations (ANCOVA: F (4, 98) = 3.5922, P
= 0.0089). The nos expression in the Aomori
population (4-sec type) was lower than that in
the Miyagi (4-sec type) and Shiga (2-sec type)
populations (Tukey’s HSD test: Aomori vs.
Miyagi, P = 0.0044; Aomori vs. Shiga, P =
0.0462). The difference in expression levels
was not significant among the fixed times
(ANCOVA: F (1, 98) = 3.3627, P = 0.0697).
At 20:00, there were not significant differ-
ences among populations (ANCOVA: F (1,
43) = 0.2812, P = 0.1018) and among flying
and resting individuals (ANCOVA: F (4, 43)
= 2.0671, P = 0.5986). However, the expres-
sion level in the Miyagi population was higher
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than that in the Aomori population at 20:00
(Tukey’s HSD test: P =0.0493).

Discussion

The results of the present study do not appear
to support the model of the NO-mediated flash
control mechanism described by Trimmer et
al. (2001). In this study, we concentrated on
the expression of NOS mRNA, and it does not
always reflect abundance and activity of NOS
protein. Therefore, it does not mean that the
higher expression of NOS mRNA indicates
the presence of a larger amount of NO. How-
ever, our results would seem to be contrary to
the NO-mediated model. According to the
model, NO production, triggered by neural
stimulation, causes an increase in O, concen-
tration for the luciferin-luciferase reaction,
which in turn initiates light emission. Subse-
quently, negative feedback due to NO
degradation causes light to be switched off
(Trimmer et al. 2001). Our results show that
NOS mRNA is expressed not only in the lan-
tern of the nocturnal, flashing species L.
cruciata and L. lateralis, but also in L. bipla-
giata, a diurnal, non-flashing species. Further,
nos expression was higher in the lantern of L.
cruciata larvae than in other body parts, alt-
hough expression in the lantern of adults was
low. Adult L. biplagiata are diurnal and non-
luminescent, but sometimes emit very weak
continuous light (Ohba 1983). Larval L. cru-
ciata do not flash periodically, but emit
continuous weak light. NO production in lar-
vae of flashing and an adult of non-flashing
species indicates that NO does not mediate
flashing by inhibiting mitochondria, thus re-
sulting in higher oxygen availability in the
lanterns of fireflies.

However, our results do not necessarily dis-
prove that bioluminescence is induced by the
function of NO function as a neuronal mes-
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senger. NO is an important molecule in the
nervous system of insects, and it plays an im-
portant role in the NO/cyclic guanosine
monophosphate (cGMP) signaling mechanism
(Davies 2000; Bicker 2001). In neurons, neu-
ronal activity leads to Ca®" influx, which
stimulates NOS. NOS catalyzes the produc-
tion of NO and L-citrulline from L-arginine,
0O,, and NADPH-derived electrons. NO rapid-
ly diffuses and reaches target cells, thus acting
as a neuronal messenger. NO binds to a heme
moiety in soluble guanylyl cyclase, resulting
in the stimulation of the enzyme and conse-
quent elevation of cGMP concentration in the
target cell. The resulting increase in intracellu-
lar cGMP levels has multiple effects, such as
activation of ion channels, cGMP-dependent
kinases, and cGMP-dependent  phos-
phodiesterases. Thus, there might be a
possibility that NO functions to induce rapid
pulses of bioluminescence.

Our results showed that the expression levels
of nos in the lantern of larval individuals were
very high. This suggests that a large amount
of NO is used in this part of the body. The
lantern of larvae is smaller than that of adults,
and larvae do not flash periodically. One pos-
sibility is that NOS is used not for light
emission, but for some other purpose in the
region near the lantern. In other insects NOS
activity or nos gene expression is observed in
the midgut, fat bodies, and Malpighian tubules
(Davies 2000; Hao et al. 2003; Faraldo et al.
2007). In the land crab Gecarcinus lateralis,
nos is expressed in the Y-organ, which is as-
sociated with the regulation of molting (Kim
et al. 2004). However, in the separated body
parts, including the lantern, used for RNA ex-
traction, no organ consuming large amounts of
NO was identified.

High levels of NOS in larval lanterns, together
with the observed effects on nos expression in
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lanterns of adult fireflies of L. biplagiata,
suggest that NO may also play a role in pro-
ducing lengthy, weak bioluminescence.
Larvae emit light as a defense mechanism
against predators or to attract prey (Costa and
Vanin 2010). A diurnal species, L. biplagiata,
also emits very weak (or almost no) light,
suggesting similar roles for bioluminescence
as those in larvae. For both larvae and diurnal
species, NO might function as a neurotrans-
mitter for continuous weak light, which may
be related to low O, conditions. It has been
shown that Photuris pennsylvanica exhibits
periodic flashing in normal air conditions but
emits continuous weak light under conditions
of low O, tension (Snell 1932). This suggests
that the mechanism regulating flash interval is
not operative when O, supply is insufficient.
It is possible that low O, levels are responsi-
ble for the continuous weak light observed in
larvae.

Adult fireflies have well-developed lanterns,
which regulate O, concentrations for the bio-
luminescence reaction (Dahlgren 1917,
Peterson and Buck 1968). The lantern of lar-
val fireflies is undeveloped, and the tracheoles
within the larval lantern are not extensively
branched (Oertel et al. 1975; Ghiradella 1977).
The efficient control of O, supply for biolu-
minescence reaction would be difficult in the
larval lantern because it does not have such
the specialized tracheal system that would be
required for the flash control in its adult stage.
It might be cause for a greater loss of O;.
Therefore, it is possible that a larger amount
of NO is required to gain sufficient O, for
light emission in larvae than adults. Moreover,
in L. cruciata, adults flash while flying at
night. Although larvae also emit light at night,
they live underwater and are consequently ex-
posed to lower concentrations of dissolved
oxygen. It is also likely that a large amount of
NO is required to generate O, in water for
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light emission in larvae of aquatic species
such as L. cruciata. As above, it is relatively
difficult for larvae to obtain sufficient O, for
light emission relative to adults because of
differences in lantern structure and habitat.
And, a large amount of NO would be correlat-
ed to continuous light in larvae or others that
fail to control their flash patterns. Continuous
light could require larger amounts of NO than
a short-duration flash because NO may rapid-
ly degrade once it produces bioluminescence.
High levels of nos expression, and probably a
large amount of NO generated by NOS, in
larval lanterns would be consistent with the
need for maximum signal to emit light under
conditions of low Ox.

In flying individuals of L. cruciata, it was
found that nos expression in the head was
higher than in other body parts. It is known
that NO is involved in memory formation, vi-
sion, and olfaction in the head of insects
(Miiller 1997; Davies 2000). In the case of
fireflies, we assume that expression of the nos
gene observed in the head is associated with
the functioning of their compound eyes. The
compound eyes of nocturnal species of
Lampyridae are larger than those of diurnal
species (Ohba 2004). Luciola cruciata, in par-
ticular, needs to distinguish the flash intervals
of other individuals because they have mating
preferences for individuals with specific flash
intervals. It is possible that expression of the
nos gene in compound eyes is related to the
recognition of flash intervals in the dark of the
night.

Our results showed that there was no differ-
ence in nos expression levels of L. cruciata
across fixed times and that nos expression in L.
cruciata was not higher in the lanterns of
flashing males captured in flight at 20:00—
when flashing behavior peaks—than at other
times. In addition, there was no significant
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difference in nos expression among popula-
tions of 2-sec (fast) and 4-sec (slow) types.
However, there were some significant differ-
ences in the expression levels among different
populations. Expression levels in the Aomori
population (4-sec type) were lower than those
in the Miyagi (4-sec type) and Shiga (2-sec
type) populations, irrespective of flash inter-
val. These results indicate that there may not
be a clear correlation between nos expression
and flash patterns. To date, there has been no
clear explanation as to how NO, acting as a
neural signal, can affect flash patterns. In ad-
dition, how NO production is related to nos
expression in the lantern of fireflies is un-
known. Thus, our negative findings regarding
the relationship between nos expression levels
and flashing patterns should not be used as
evidence for immediate rejection of the hy-
potheses that NO production is related to
different flashing activities and that NO acts
as a neurotransmitter signal for biolumines-
cence. There might be other mechanisms that
generate the various flash patterns. The role of
octopamine, a neurotransmitter that evokes
the light-emitting reaction should be investi-
gated; alternatively, other unknown factors
that play a role in the neural generation of
flash signaling patterns should be determined.
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