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Numerous studies have been carried out on different aspects of the light from summer-active ﬁreﬂies. Characteristics of this light have led to very interesting conclusions on the chemiluminescence reaction as well as on
the nature of the light from live ﬁreﬂies. Here we present a ﬁrst report on bioluminescence emissions from a
newly found winter-active Indian species of ﬁreﬂy Diaphanes sp. The steady-state emission spectrum from this
species comes out to be apparently similar to those from the other two Indian summer species, Luciola
praeusta and Asymmetricata circumdata: asymmetric in nature with a little bit of change in the position of the
peak wavelength and in the width of the full width at half maximum. An increase in temperature to
approximately 28°C causes a red-shift in the peak wavelength, which probably indicates denaturation of the
enzyme luciferase in the live, ﬂashing condition. Emissions in the time domain reveal that the light is never
completely off – it decreases in intensity to a low value, sometimes very close to zero, and then increases – a
characteristic unheard-of till date. Flash durations are considerably longer than those from the two Indian
summer species; those become shorter at about 28°C and increase to noticeably larger values at higher
temperatures.
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1. Introduction
Bioluminescence is the process of production and
emission of ‘cold’ light from living organisms such as
ﬁreﬂies. Among many application-oriented studies,
bioluminescence is widely used in bio-imaging, biosensing, gene reporter and in the development of the
optoﬂuidic bio-laser (Shuhendler et al. 2014; Baumes
2010; Clough et al. 2016; Mezzanotte et al. 2017; Leng
et al. 2013; Fan et al. 2008; Gabriel and Viviani 2014;
Wu et al. 2013). However, in nature, ﬁreﬂies themselves use their bioluminescence for communication,
mating, attracting prey and protection from predators
(Lewis and Cratsley 2008; Lloyd 1965; Lloyd 1975; Fu
et al. 2005; Dyrup et al. 2017). A chemical reaction in
the form a reagent induces light inside the ﬁreﬂy

abdomen where the enzyme luciferase catalyses the
photoemitter luciferin in presence of oxygen, ATP and
Mg2? ion, generating the excited-state oxyluciferin,
which subsequently decays to the ground state. Very
recently, it has been concluded that the process of
bioluminescence in a live, ﬂashing ﬁreﬂy is analogous
to phosphorescence (Goswami and Gohain Barua
2019; Goswami et al. 2019). The reaction is highly
efﬁcient, whose quantum yield value of 41% is higher
than those of chemiluminescence and bioluminescence
of other organisms (Ando et al. 2008).
More than 2000 species of ﬁreﬂies have been identiﬁed throughout the world, most of which being
summer-active. In India, until now, two summer species Luciola praeusta and Asymmetricata circumdata
have been identiﬁed, and properties of their light and
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ﬂashes extensively studied and documented (supplementary material 1). The adaptation of winter-active
species of ﬁreﬂies in cold environments has always
been a subject of interest to naturalists (Dyrup et al.
2017; Lloyd 1993; Rooney and Lewis 2000; Block
1990). A recent study has suggested that ﬁreﬂies active
in the winter shift to that season for protecting themselves from summer-active ﬁreﬂies (Dyrup et al. 2017).
Though quite a few studies about ecology and habitat
of the winter ﬁreﬂies have been carried out, no detailed
spectroscopic study on any winter species has been
done so far.
A winter species of ﬁreﬂy has been found recently in
the Indian northeastern state of Assam, whose genus
has been identiﬁed by Xinhua Fu, Huazhong Agricultural University, China, as Diaphanes; its species could
not be identiﬁed till now, the ﬁreﬂy appears to be a new
one. Figure 1 shows the dorsal and ventral sides, and
the glowing light organ in the lower abdomen, of a
specimen of this species. At the places where this
species has been found to be active during the winter
season of India from late November to early February,
especially from mid-December to mid-January, the
temperature normally varies from 18°C to 7°C at night.
These insects could be sighted about one and a half
hours after the sunset, especially in dark nights, mostly
in moist grassland areas, ﬂying and ﬂashing a few
meters above the ground. These remain active till about
4.30 am in the morning.
2. Materials and methods
Prior to the experiment, a few male adult ﬁreﬂies of
Diaphane sp. were collected from the bank of the
Dikrong river of Lakhimpur district, Assam, India
(27°03’N, 93°57’E), located at an average altitude of

330 feet from sea level, about 350 kilometers north-east
of the Gauhati University campus. The average length
and breadth of this ﬁreﬂy are 15 mm and 4 mm,
respectively. There is a gap of 0.8 mm in between
lower and upper light emitting segments of this ﬁreﬂy.
It is worth mentioning here that this kind of a gap
between the light segments does not exist in the other
two Indian summer ﬁreﬂies. Specimens were caught in
between 6.30 to 7.30 pm, local time, and among those
an intensely ﬂashing one was selected for the experiment. In the captive condition or mode, the specimen
was held immobile by using sellotape and cotton on a
thick sponge. To record steady-state emission spectra,
the light-emitting segments of the ﬁxed ﬁreﬂy were
pointed towards the entrance face of the ﬁberoptic
cable (Cable number: QP200–2-UV-VIS, EOSA6282132–2) connected to an already calibrated
spectrometer (HR4000 Ocean Optics) with known iron
arc lines. An Ocean Optics software (Spectra Suite)
was used to visualize and record the emission spectra
of ﬂashes, and those were analysed in Microsoft Origin
8.0. A zero-signal spectrum, that is, a spectrum without
any source of light, was recorded, and values of this
spectrum were subtracted from those of the ﬁreﬂy
spectra for obtaining their relatively noise-free spectra.
Approximately 50 spectra were recorded and analysed
from a total of 20 specimens. Because of low intensities of emissions, the integration time of the spectrometer was set at 2000 ms. The experiment was
conducted from 8:30 pm to 12.00 am, local time. The
room temperature during the experiment varied from
20 to 16°C in the month of November and February,
and from 18°C to 14°C in the month of December and
January, the respective changes in temperature outside
the room being 18°C to 14°C and 14°C to 9°C,
respectively. The temperature was recorded by a temperature and humidity sensor HTC (HT-306), of

Figure 1. A specimen of the Indian winter ﬁreﬂy Diaphanes sp. (a) Ventral side. (b) Dorsal side. (c) The light organ.
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resolution of 0.1°C, placed adjacent to the sellotapeﬁxed ﬁreﬂy. To produce the high temperature at the
location of the ﬁreﬂy, a 2 kW blow room heater (Bajaj)
was used. Positions of the heater at different distances
from the source for obtaining different temperatures at
its location were marked before conducting the experiment. The heater was kept at a marked position for a
couple of minutes at a certain temperature, and for
about 10 min the temperature was observed to be
reasonably stable, with a maximum deviation of ±
0.2°C only. As the effect of temperature on the emitted
pulses from L. preausta was found to be almost
instantaneous (Sharma et al. 2014), the time was
enough to acclimatize a specimen and stabilize its ﬂash.
For recording the ﬂashes, the ﬁxed ﬁreﬂy was placed
in front of the light entering face of the photomultiplier
tube (PMT, Hamamatsu H10722 with power supply
C10709). A digital storage oscilloscope (DSO, Tektronix TDS 2022C) was used for obtaining the waveforms, and the values were saved in a USB device (HP
v215b, 16GB) as .CSV extension ﬁles. Because of the
continuous long ﬂashes, the scale in the oscilloscope
was set at 1–25 s per division along the time axis, and
100 mV per division along the voltage axis, where a
division is one square on the screen of the oscilloscope.
A total of 20 specimens were used for this purpose.
To record time-proﬁle spectra in the free mode, a
cylindrical transparent cavity (Disposable Petri dish, 35
mm) of diameter 4 cm and height 1 cm was used. For
ensuring air ﬂow through the cylinder, a number of
small holes were made on one side of the cavity. The
PMT was positioned such that its light entering face
was towards the inside of cavity. A strongly ﬂashing
specimen was allowed to ﬂy freely inside the cavity,
and when it came to the location of the light entering
face of the PMT the ﬂashes were recorded, and subsequently analysed in Microsoft Origin 8.0. As the
strength of the bioluminescence signal changed with
time, the control voltage applied to the PMT was varied
between 250 to 400 V to get good pulse-amplitudes in
both captive and free mode conditions.
3. Results and discussion
Steady-state emission spectra recorded in the captive
mode of the male ﬁreﬂy at temperatures of 16, 20, 24,
28, 35 and 38°C are shown in ﬁgure 2. The emission
proﬁles exhibit similar appearance to the ones recorded
for other two Indian species of summer ﬁreﬂies (Gohain Barua et al. 2009; Goswami et al. 2015). At the
winter temperature of 16°C at night, the peak
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wavelength for this species appears at 548 nm, which is
a little bit on the lower side than those obtained earlier
for L. praeusta (562 nm) and A. circumdata (570 nm).
It was hypothesized that different species of ﬁreﬂies
emit light at slightly different wavelengths due to slight
differences in luciferase enzyme structures (Seliger
et al. 1964). The FWHM (full width at half maximum)
spread measured as 63 nm, ranging from 523 nm to
586 nm, for this species is slightly wider than those for
the other two Indian ﬁreﬂies. Emission colour-sectors
from different species of ﬁreﬂies were characterised
earlier as Green: 540–557 nm, Yellowish-green:
558–568 nm and yellow: 569–580 nm (Viviani 2001).
An investigation on in vivo bioluminescence spectra of
55 species of North American ﬁreﬂies showed that 23
of 32 dark-active species emit green light (kmax B 558
nm) and 21 of 23 dusk-active species emit yellow light
(kmax C 560 nm) (Lall et al. 1980). Therefore, this
newly found species exhibiting green-peaked emission
should be a dark active one, which has been found to
agree with observations. Table 1 presents different
aspects of steady-state bioluminescence emissions of
this species vis-à-vis those of the other two Indian
summer ﬁreﬂies recorded at their normal ﬂashing
temperatures.
It is observed that an increase in temperature up to
24°C produces no change in the values of peak
wavelength and FWHM for the presently studied ﬁreﬂy. Above that temperature, the values of peak and
FWHM slowly begin to change. Because of the low
intensity of the emitted light, the spectra become noisy
which makes assignment of values difﬁcult; also, from
the point of view of molecular spectra very small
changes in these values could be considered as negligible. From approximately 28°C, these changes
become distinct: both the wavelength peak and FWHM
spread shift towards red. At the temperature of 38°C,
the maximum temperature that could be employed, the
maximum peak-shift of 7 nm is obtained with the value
of FWHM remaining same but extending from 529 to
592 nm. Hence, we could infer that the enzyme luciferase most probably begins to get denatured in a live
ﬁreﬂy at temperatures upward of 24°C, which becomes
clear from 28°C. Photographs of the lantern of a ﬁreﬂy
at 28°C and 38°C are in supplementary material 2.
However, in L. praeusta males, after denaturation of
the enzyme luciferase at 42°C, not only the peak
wavelength shifted towards red, but also the FWHM
widened (Rabha et al. 2017). It is clear that a change in
temperature upward of 24°C affects the relative probabilities of transition between the energy levels in the
winter-active ﬁreﬂy similar to the ones for L. praeusta.
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Figure 2. Emission spectra of the ﬁreﬂy Diaphanes sp. in captive mode at temperatures 16, 20, 24, 28, 35 and 38°C.
(a) After subtracting the no-signal spectrum. (b) Without subtracting the no-signal spectrum. The wavelength peak is at 548
nm at 16°C and the FWHM value measured is 63 nm, which remains the same up to 24°C. From approximately 28°C
onwards, the emission peak starts to shift towards the longer wavelength side and at 38°C, the maximum temperature
employed in the experiment, a maximum shift of 7 nm is obtained. A vertical line at 548 nm is drawn to make the shifting
clear.
Table 1. Different aspects of bioluminescence steady-state emissions of three Indian species of ﬁreﬂies at their normal
temperature of ﬂashing
HWHM value (nm)
Species
L. praeusta (summer)
A. circumdata (summer)
Diaphanes sp. (winter)

Wavelength peak (nm)

FWMH spread (nm)

FWHM value (nm)

562
570
548

537–592
545–602
523–586

55
57
63

Lower
25
25
25

Upper
30
32
38

FWHM, full width at half maximum; HWHM, half width at half maximum.

That is why the two energy levels concerned with
producing the 548 nm peak no longer generate the
maximum intensity; other pairs of levels produce
higher intensities than this one. Also, it could be easily
noticed that the emission intensity decreases with an
increase in temperature. A similar observation was
made in the case of the summer species L. praeusta
(Sharma et al. 2014; Rabha et al. 2017). As the temperature increases, the rate of the biochemical reaction
inside the ﬁreﬂy increases and the excitation-emission
process becomes more frequent. Because of the
increase in the rate of the reaction, the excited oxyluciferin decays in small groups, which probably results
in the decrease of intensity. Additionally, the increase
in the speed of the reaction decreases the ﬂash-duration
(Sharma et al. 2014), and as steady-state luminescence
intensity is proportional to lifetime (Lakowicz 1999)
the emission intensity decreases. We could now
roughly consider temperatures above 24°C as ‘high’ for
Diaphanes sp., and those below 24°C as ‘low’ for the

species L. praeusta. Because of the difﬁculty in getting specimens of the other species A. circumdata,
effects of temperature on that one have not yet been
investigated.
In the summer, the temperature varies between 25°C
and 39°C at the places where Diaphanes sp. ﬁreﬂies
have been sighted. But denaturation of the enzyme in
the light organ of this species is found to occur in this
experiment at about 28°C. So, near and above 28°C, it
is difﬁcult for this species to survive. This is the most
probable reason for not observing this particular insect
in the summer season. A second reason could be that
during mid-February to mid-November, the summer
active species L. praeusta is active in this region.
Specimens of L. praeusta are strong, and their intense
light emissions could affect light communications
between specimens of Diaphanes sp. Another possible
reason is that activities of insects increase as the temperature rises in the summer season. Some of these
insects and summer-active ﬁreﬂies could be predators,
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and our winter-active species being very weak might
have a weak defense against these.
Time-resolved spectra from a specimen of this species in the captive mode recorded at 16°C are shown in
ﬁgure 3. Fireﬂies of this species emit long duration
ﬂashes at the temperatures prevalent in the region at
which those were found. In our earlier experiment, it
was reported that the ordered nature of ﬂashes of the
ﬁreﬂy L. praeusta was lost just below the temperature
of 23°C, resulting in irregular triggering of luciferinluciferase molecules (Sharma et al. 2016). A general
observation on this ﬁreﬂy was that the specimens were
very sensitive to any external touch of human beings;
this would result in the emission of ﬂashes in a random

Figure 3. Flashes from the ﬁreﬂy in the captive condition
at the normal ﬂashing temperature of 16°C. (a) For a
duration of 10 s. (b) For a longer duration of 40 s. (c) For a
much longer duration of approximately 4 min. These ﬂashes
present a noisy appearance.
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fashion, sometimes giant ﬂash-combinations of duration much longer than usual, which could even be
noticed with naked eyes (supplementary material 3).
The presented waveforms, obtained in the captive
mode (ﬁgure 3), consolidate our observation. A close
look on the light emitting segments revealed that only
the upper segment blinked, the lower one exhibited
continuous glow. This should be the reason for
amplitudes of the waveforms never really coming
down to the zero level. The frequently appeared combination ﬂashes, similar to the ones recorded for ﬁreﬂy
L. praeusta at low temperatures (Sharma et al. 2016),
are evident in the present study also. Probably a ﬂash
got split into two, and three on few occasions, at their
usual temperature of ﬂashing. It could be concluded
that the captive mode condition has similar effect on
the emissions of Diaphane sp. as low temperatures on
L. praeusta ﬁreﬂies: affecting the regular time-resolved
emission proﬁles, implying that the neural activity
releasing octopamine does not proceed uniformly in
sellotape-ﬁxed specimens of this ﬁreﬂy. Octopamine,
by the way, is believed to be the neurotransmitter
which induces luminescence in the ﬁreﬂy light organ. It
was stated that courtship ﬂashes from different species
of ﬁreﬂies mirrored the pattern of neural impulses
produced by their brains that eventually impinged on
the lantern tissues (Carlson 2004). Though the ﬂashes
in the presently studied case are certainly not courtship
ones – those could be lightly called as SOS signals –
these also must have been shaped by neural impulses
generated in their brains. These ﬂashes resemble the
ones recorded from Japanese species L. cruciata and L.
lateralis, along with the Indian one L. praeusta, positioned under a strong static magnetic ﬁeld (Gohain
Barua et al. 2012). As it was reported that high-intensity static magnetic ﬁelds lower the skin temperature
of an animal (Ichioka et al. 2000), we speculate that the
prevalent low temperature causes the ﬂashes from
specimens of the presently studied winter species to
present similar appearances as the ones coming out
from specimens of summer-active species in a strong
magnetic ﬁeld.
Flashes in the free mode from one of the specimens
of this ﬁreﬂy recorded at the temperature of 16°C are
shown in ﬁgure 4. The rarely emitted simple and clean
ﬂashes by the ﬁreﬂy L. praeusta in the low temperature
range of 18 to 14°C had similar appearances to these
ones (Sharma et al. 2016). It could be noticed that
compared to the ﬂashes in the captive mode, those in
the free mode are less noisy. Most probably, the condition of the captive mode affects the ﬂow of oxygen –
the biochemical trigger in the chemiluminescence
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Figure 4. Typical ﬂashes from a specimen of the ﬁreﬂy in
the free mode at the temperature of 16°C. (a) For a scale of
10 s. (b) For a longer duration of half a minute. Compared to
the ﬂashes in the ﬁxed condition, these are apparently
smoother, and of longer time durations.

reaction – to the luciferin containing organelles (peroxisomes); because of that the number of luciferin
molecules raised to the excited state becomes less and
consequently the low-amplitude signal becomes noisy.
It is clear that in the free mode, the width of a ﬂash
becomes considerably larger, varying from about 900
ms up to about 1.8 s, as compared to those coming out
from the specimens of L. praeusta recorded either at
normal or lower temperatures (Rabha et al. 2017;
Sharma et al. 2014, 2016). Because of the wide ﬂuctuation in the duration of ﬂashes, statistical analyses are
pointless in the present study. The long pulse durations
clearly indicate that the upper level lifetime in the
process of transition in this ﬁreﬂy is relatively longer
than that of L. praeusta, or for that matter that of A.
circumdata. As the emission process is due to the
biochemiluminescence reaction, hence it is clear that
the speed of the light producing reaction lasts much
longer, or probably proceeds much slower, in the light
organ of the winter ﬁreﬂy than in the summer ones. It is
reported that low temperatures force the enzyme
catalysed reaction to slow down causing the ﬂashes to

Figure 5. Flashes from a specimen of the ﬁreﬂy at high
temperatures. (a) At the temperature of 28°C, the ﬂashdurations are noticeably shorter than those at the normal
temperature of ﬂashing in the winter. (b) At the temperature
of 37°C, the ﬂashes are of considerably larger durations than
those emitted in the normal winter temperature. (c) At the
temperature of 38°C, the maximum temperature that could
be employed, the ﬂash-pattern, like that at 37°C, does not
appear to be like that at the usual temperature of ﬂashing;
some of the ﬂashes become abnormally broad.

broaden and to split, the peaks manifesting emissions
from the luminescent forms of oxyluciferin (Goswami
et al. 2019). A close look at the present ﬂashes forces
us to speculate that the slowness in the reaction
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possibly causes the different forms of oxyluciferin to
emit at slightly different times, and before the emission
from one of the forms ends that from another one
begins — thus generating the appearance of a continuous train of ﬂashes.
It was reported that at the optimum temperature, that
is, the temperature from which denaturation of enzyme
begins, the duration of ﬂashes from the ﬁreﬂy L.
praeusta became minimum and increased sharply
thereafter for small increase in temperature (Rabha
et al. 2017). Because of the low intensity of the emitted
light and consequent appearance of system noise in the
spectra at high temperatures as already mentioned,
exact determination of the optimum temperature in the
present case is not possible. Also, the fact that this
species is found in very small number in this region,
unlike the easily available L. praeusta, makes the job
extremely difﬁcult. As there is wide ﬂuctuation in the
duration of the ﬂashes with their start- and end-points
remaining above the zero level, even an approximate
determination of their average duration at a particular
temperature could be considered as pointless. Still, it
could be easily observed that the maxima are of shorter
durations at 28°C and of much longer durations at
38°C (ﬁgure 5).
4. Conclusion
In conclusion, this winter species exhibits a typically
asymmetric ﬁreﬂy emission spectrum, the band intensity of which decreases with an increase in temperature.
The shifting of the peak wavelength along with the
FWHM spread towards red is clearly noticeable,
implying that the enzyme-denaturation becomes
marked, at approximately 28°C. Its lantern produces
ﬂuctuation in intensity only, but does not put off the
light emission completely, and thus one gets the
appearance of a continuous train of ﬂashes. From their
long duration, it could be concluded that the light
producing reaction proceeds slower in this species than
the summer ones. We propose that steady-state and
time-resolved measurements should be carried out on
all the species of our planet to get the complete picture
of light emission from live ﬁreﬂies.
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