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Abstract
Several studies have been carried out on flashing of fireflies till now. From patterns of its flashes in different ambient conditions,
different conclusions have been drawn and hypotheses put forward. Here we observe flashes emitted by two Indian species of
firefly Luciola praeusta and Asymmetricata circumdata. For the species L. praeusta, as the temperature is lowered below about
21 °C, simple pulses become compound or combination ones. Males begin to emit bi-modal flashes while females emit both bi-
and tri-modal flashes, along with the simple ones, in a regular manner. For the species A. circumdata, this feature is evident even
at their normal flashing temperatures. Though rare, three-peaked flashes do appear from male specimens of both these species,
and decay times of all the three peaks in a male- or a female-flash come out to be a few tens of, or a hundred-odd, milliseconds—
in contrast to the nanosecond lifetimes determined by different workers for different analogs of the light emitter molecule
oxyluciferin. We propose that the tri-modal feature in a flash represents three luminescent forms of the excited state of
oxyluciferin, which in the normal flashing state in the living firefly decays via a pathway followed by molecules exhibiting
phosphorescence.
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Introduction

The enchanting light of the firefly has been fascinating human
beings for millennia. This light is the outcome of a very effi-
cient chemiluminescent reaction. In this reaction, molecular
oxygen (biochemical trigger) excites the luciferin molecule
(substrate) in presence of the enzyme luciferase (catalyst)
and Mg-ATP, generating an unstable dioxetanone intermedi-
ate that decomposes to form an electronically excited
oxyluciferin (OxyLH2) species [1]. While decaying to its

ground state, OxyLH2 emits a photon in the visible part of
the electromagnetic spectrum.

It is well known that OxyLH2 can exist in six different
forms: phenol-enol-OxyLH2, phenolate-enol-OxyLH

−, phe-
nol-enolate-OxyLH−, phenol-keto-OxyLH2, phenolate-keto-
OxyLH− and OxyL2−, and out of these the phenolate-keto
species was historically considered the most viable form for
the emitting state [2–4]. However, a few investigations
showed that the enol tautomer should also be included as
emitting species produced in the excited state [5–7]. While
agreeing with the suggested red emission from the
phenolate-enolate or phenolate-keto forms, the phenol-
enolate form of oxyluciferin was identified as a yellow-
emitting species [8]. The OxyLH2 molecule, being a chemi-
cally unstable product, is difficult to study separately as well
as with precision. Hence spectroscopic experiments of more
suitable analogues were carried out as its relevant models
[9–14]. In those works, fluorescence spectra of oxyluciferin
and their pH dependence were investigated. It was reported
that emission properties of this molecule were completely im-
mune to external magnetic field of up to 53 T [15].

In recent times, time-resolved measurements were carried
out on the light of the Indian species of firefly Luciola
praeusta at varying temperatures [16–19]. It was observed
that the pulse-width increased with decrease in temperature,
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which indicated that the speed of the enzyme-catalysed chemi-
luminescence reaction decreased in a certain manner with
lowering of the temperature. Furthermore, low temperatures
were found to enhance the broadening of pulses in an irregular
manner, resulting in the ‘burning of a hole’ in the extended
temporal profile. For another Indian species of firefly
Asymmetricata circumdata, male flashes appeared as bimodal
while the female ones appeared as tri-modal in the normal
range of flashing temperature itself [20, 21].

It is well known that the phenomenon of bioluminescence
is greatly influenced by the properties and microenvironment
of the emitting species in the active site of the enzyme
[22–24]. Although a number of studies have been carried
out in the recent past on the emission properties of different
chemical forms of the oxyluciferin under various laboratory
conditions, scant attempt has been made to carry out in vivo
studies on firefly bioluminescence. Hence, it is a necessity to
carry out such experiments to understand in a greater detail

how the emission characteristics of oxyluciferin are influ-
enced by protein microenvironments of living organisms. In
this article, we report our results of in vivo experiments on
living fireflies to correlate the more than one-peaked flashes
with different chemical forms of the emitter oxyluciferin,
which decay in times of the order of milliseconds.

Materials and Methods

The experimental arrangement for recording in vivo flashes of
the firefly is shown in Fig. 1. Details of this arrangement were
given elsewhere [19]; briefly these were as follows. Just after
the sunset, a few male and female specimens of the species
L. praeusta were caught in the campus of Gauhati University.
One of those was fixed in a piece of spongewith sellotape, and
its light emitting organ was positioned in front of a
photomultiplier tube (Hamamatsu H10722–20 with power

Fig. 1 Experimental arrangement
for recording flashes from live
fireflies. a Photograph of the set
up. The photomultiplier tube was
placed near the window of the
airconditioner. The immobile
firefly was positioned in front of
it, and the LM35 temperature
sensor was kept close to it. The
temperature in the locality of the
firefly could be read off in the
multimeter. Depending on the
intensity of flashes, the control
voltage of the PMT could be
adjusted. Flashes appeared in the
digital storage oscilloscope, and
the values of the waveforms could
be saved in a pen drive. b
Schematic diagram of the set up
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supply C10709). The PMT converted the optical signal to an
electrical one, and a digital storage oscilloscope (Tektronix
TDS 2022C) was used to record the waveforms. To have good
pulse intensity in the DSO (digital storage oscilloscope), the
controlling voltage applied in the PMT was varied from 0.25
to 0.35 V. The values of the waveforms were saved in an
external drive SONY_4GR in .csv file extensions, and were
analysed in Origin 8.0. For recording steady-state spectra, the
lantern of the immobile specimen was directed towards the
entrance face of the fiber of an HR4000 spectrometer
(Ocean Optics). For the experiment in the control state, a piece
of cottonwool dipped in ethyl acetate was brought near to the
firefly. The flashing was initially rapid; it slowed down grad-
ually and, after 5–6 min, an apparently continuous glow ap-
peared. Emission spectra of this continuous light were record-
ed in the high-resolution spectrometer by placing the face of
the fiber close to the lantern. Because of the low intensity, the
integration time in the spectrometer was set at 2 s. Low tem-
peratures in the laboratory were realised with the help of an air
conditioner. A curved reflector was used to focus the air from
the air conditioner to a small region around the location of the
firefly in order to make the temperature very low. For noting
down the temperature, a digital thermometer, made by using
an IC LM35 sensor of accuracy 0.5 °C and connected to a
digital multimeter (MASTECHMAS 830 L), was placed very
close to the insect. A photograph of the ongoing experiment,
which shows the firefly lantern facing the window of the PMT,
is presented as Supplementary Information, Fig. S1. 50 male
and 30 female specimens of L. praeustawere used for record-
ing steady state and time-resolved spectra. Specimens of
A. circumdata were caught at Khatkhati, a place about
60 km south-west of Gauhati University. These fireflies
remained alive in captivity for about a day only, and the ex-
periments had to be performed in the same night; otherwise
light emissions from them would stop. Because of the diffi-
culty and risk involved in catching them in the jungle and
bringing to our laboratory, the experiments were carried out
in a house near to their habitat at the natural temperatures of
22–28 °C. 12 each of male and female specimens of this
species were used in the experiment.

For the time-resolved photoluminescence study, the lantern
of a dead firefly was separated from the rest of the body with
the help of a sharp blade. The removed lantern was fixed on
the sample holder using a both side adhesive carbon tape,
keeping the ventral side of the lanterns upward. The spectra
were recorded in a fully integrated fluorescence lifetime spec-
trometer LifeSpec II (Edinburgh). Edinburgh Photonics EPL-
405 pulsed diode laser (repetition rates: 10MHz) having pulse
duration of 90 ps was used to excite fluorescence from the
lantern of a dead specimen. Emission slit width was 20 nm.
The detector was aMicro Channel Plate-Photomultiplier Tube
of response width < 25 ps and the instrument response func-
tion was <130 ps. After re-convolution, the shortest

recoverable lifetime was 1/10 of the instrument response func-
tion. The goodness of fit quality parameter (χ2) for all the
recorded spectra was approximately 1. The experiments were
carried out at the temperature of 26 °C.

Results and Discussion

Typical simple flashes from a male firefly of the species
L. praeusta were triangular in shape with duration of approx-
imately 97ms at 30 °C [17], and those became unusually large
and nonlinear as the temperature went down below about
21 °C [18]. This implied slowing down of the reaction in an
irregular manner and appearance of two-peaked flashes. For
the specimens used in the present experiment, two of which
are shown in Fig. 2a, this kind of ‘splitting’ of a male-flash
was found to be most pronounced between 16 and 17 °C.
However, this was heavily dependent on the specimen, and
as such one could give an approximate value only. Three-flash
combinations were also observed below 15 °C, as shown in
Fig. 2b. In this figure, the first flash is bi-modal with peak-
intensities of 1.016 and 0.183 V, while the second one is tri-
modal with intensities of 1.011, 0.676 and 0.171 V. Such type
of flashes for two more male specimens are presented as
Supplementary Information, Fig. S2 (a) and (b). Out of the
50 specimens used in the experiment, flashes from 5 strongly
flashing ones remained simple up to 10 °C, and for the other
ones 1 to 5 three-peaked flashes only could be observed. This
indicated that the rate of the reaction had to be very slow for
appearance of three peaks in a flash. Compared to males,
flashes emitted by females — two of the specimens being
shown in Fig. 2c — were distinctly wider: more than twice
as big at the usual temperature of flashing [19]. This meant
that the speed of the light-producing reaction was consider-
ably slower in females, and as such manifestation of three
flash-combinations, along with single- and two-flash ones,
became quite regular below about 24 °C for a freshly caught
specimen. Typical three-peaked flashes from an L. praeusta
female firefly are shown in Fig. 2d. The peak-intensities are
0.156, 0.383 and 0.310 V in the first flash and 0.132, 0.390
and 0.812 V in the second one. In the flashes from both male
and female specimens, the end-points are never clear or sharp,
and as such determination of area under a curve would require
too much of approximation. Twomore such type of flashes are
given as Supplementary Information, Fig. S2 (c) and (d). Here
again, the temperature from which the combination flashes
began to appear was difficult to pinpoint, it depended very
much on the specimen and the condition or state of the spec-
imen. For specimens caught in the previous night and kept in
captivity, three-flash combinations were observed even in the
normal flashing temperature range ∼ 27–32 °C. It could be
said that three-peaked female-flashes became pre-dominant
when the temperature went down below 18 °C. It was already
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reported that there was no shift in the peak position for males
at low temperatures up to 12 °C [18]. Just as for males [16], for
females also the peak position remained at 562 nm up to the
temperature of 16 °C (Supplementary Information, Fig. S3)
and there was no deviation in this value in the specimens
studied. It could be mentioned here that when the temperature
became very low for this species, below about 13 °C, widths
of the three peaks increased to such an extent that a flash gave
the appearance of an envelope, that is, the distinctness of the
peaks was lost, resulting in the production of a broad single
flash (Supplementary Information, Fig. S4).

For the speciesA. circumdata (Fig. 3a and c), though themale
flashes were mostly bi-modal [20], these could, on rare occa-
sions, be tri-modal ones, especially at the present lowest record-
ing temperature of 22 °C. Tri-modal flashes emitted by male
specimens of this species of firefly are shown in Fig. 3b. In this
figure, the most intense central peaks have the values of 0.678 V
in the DSO, while feeble side peaks are of intensities 0.028 V in

the first flash and 0.017 and 0.028 V in the third one. Female
flashes, on the other hand, were tri-modal ones at temperatures
they usually flash; these are presented in Fig. 3d. In this
figure, the most intense flashes have the values 0.5, 0.5 and
0.7 V, and other intensities in the three flashes are of the values
0.2 and 0.4 V (first flash), 0.30 and 0.10 V (second one), and
0.32 and 0.09 V (third one). As in the case of flashes from
L. praeusta, the end-points of the peak-containing flashes
from A. circumdata are not clear and hence it is impossible
to determine the areas under these curves without making too
much of approximation. Three-peaked flashes for two more
male and female specimens each are given as Supplementary
Information, Fig. S5 (a) and (c), respectively. A close look at
the pulse duration brought out the fact that the duration had to
be at least 200 ms for the three peaks to manifest. It could be
mentioned here that the wavelength peak for a male specimen
was 570 nm while that for a female was 565 nm, and there
were no variations in these values as found earlier [20, 21].

Fig. 2 Firefly species L. praeusta, and flashes recorded at temperatures
considerably below its normal flashing ones. a Photograph of dorsal and
ventral sides of twomale specimens. The lantern in such a specimen at the
lower abdomen consists of two segments. bMale-flashes at 13 °C, which

are both bi- and tri-modals. c Snap shot of female specimens. The female-
lantern consists of only one light-emitting segment. d Tri-modal flashes
emitted by a female at 17 °C
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Unlike in the case of a typical luminescence, there is no exci-
tation wavelength in firefly bioluminescence— the light is the
production of a chemical reaction.

We propose that the three peaks in an in vivo flash represent
the three forms of the excited state OxyLH2, as luminescence
decays revealingmore than one lifetime indicate more than one
structural form [25]. We believe that out of the six inter-
convertible tautomeric forms of OxyLH2, three forms exist in
dynamic equilibrium within the protein binding pockets in the
presently studied species of fireflies. The interconversion from
one particular form to the other is very fast at normal or higher
flashing temperatures for which a single peak appears.
However, the rate of interconversion can be slowed down sig-
nificantly by lowering the temperature.When the spectral mea-
surements are carried out at low temperatures, all the existing
forms get freezed and hence three distinct peaks appear.
Intensity of a peak is dependent on the relative stability of that
particular structural form. Recently, broadband emission

spectrum from a live firefly was recorded in the form of kinetic
and spectral components [13]. Firefly oxyluciferin is a labile
substance; the reason for the lability was clarified as due to the
presence of both keto and enol forms in protic solution that
permitted a Mannich-type dimerization [26].

As the speed of the reaction was much faster in males
compared to females, few three peaked-flashes could be ob-
tained from the male specimens, and those too at noticeably
lower temperatures. At normal or higher temperatures, the
reaction-rate increased and one could observe a single ‘clean’
flash from both male and female specimens of L. praeusta.
Manifestations of two- and three-peaked flashes in the cases
of male and female specimens, respectively, of A. circumdata
at the usual flashing temperature implied that transitions from
one form to another were slow enough in this species; appear-
ance of three peaks in males at temperatures considerably
lower than this range indicated the extent to which the reaction
needed to slow down.

Fig. 3 Firefly species A. circumdata, and flashes recorded from it. a
Photograph of dorsal and ventral sides of male specimens. b Male-
flashes at the temperature of 22 °C exhibiting a three-peaked shape,
which occur rarely. Intensities of the side peaks are observed to be
much lower compared to the central one. c Image of female specimens.

Just as in the case of the species L. praeusta, the female lantern of
A. circumdata consists of one light emitting segment while the male
one contains two segments. d Female-flashes at 28 °C: three peaks are
quite distinct in a flash even at this temperature around which this firefly-
species normally emits
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Photoluminescence decays from dead male specimens of
L. praeusta and A. circumdata at the emission peak of
524 nm (Supplementary information, Fig. S6) are presented
in Fig. 4a and b, respectively, for the 405 nm-excitation. The
decay times come out as 0.509, 2.22 and 5.994 ns in the first
case, and 0.505, 2.302 and 5.621 ns in the second case. Females
of these two species also have the same order of three decay
times: 0.431, 2.865 and 8.129 ns for L. praeusta, and 0.792,
2.675 and 6.226 ns for A. circumdata. Photoluminescence de-
cays from the excited-state OxyLH2 revealed its following three
species: phenolenolate-OxyLH−, phenolate-keto-OxyLH−, and
phenolate-enolate-OxyL2−; with a 510 nm excitation at pH 6
and 7, their decay times were 7.68, 0.53 and 3.95 ns, respec-
tively [12]. Luminescence life times in nanoseconds imply fluo-
rescence while those in milliseconds to seconds indicate phos-
phorescence decays [25], and hence we could easily conclude
that externally excited oxyluciferin decays via a fluorescence
pathway. In the case of externally excited luminescence decays
from the dead specimens also, decay times vary from a fraction

of an ns to a few ns — approximately in the manner of the
above set of values in ref. [12]— which substantiate the above
statement. Excitations of firefly luciferin at different pH by
100 fs pulses of wavelengths 365 and 400 nm also showed that
decay times at the green wavelength of 540 nm and the red
wavelength of 650 nm were from a fraction of a ns to a few
ns [11]. In living organisms, the mechanism of interactions
between oxyluciferin and protein binding sites might be differ-
ent from the one existing in the case of a dead specimen or in
the pure form. Hence, emission properties of the active species
will be greatly influenced by the physiological environment and
its interaction with the protein [27, 28].

It is worth mentioning here that in vivo time-decay measure-
ments could be carried out for only those few cases where
falling parts of all the three peaks in a flash are complete or
are down to at least 1/e of their maximum values. Average
decay times of the three peaks with their standard deviations
in the 1 °C range of temperature are presented in Table 1. We
have taken the 1 °C interval because of the difficulty in getting

Fig. 4 Excitation of fluorescence from lanterns of dead male fireflies by
picosecond-duration pulses from a 405 nm laser source. a Decays at the
peak wavelength of 524 nm from a specimen of L. praeusta. b Decays at
the same peak wavelength of 524 nm upon excitation of fluorescence

from an A. circumdata firefly. It could be noticed that lifetimes for the
specimens of both the species are nearly equal: from a fraction of a
nanosecond to a few nanoseconds — the necessary requirement for a
process of luminescence to be called fluorescence
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sufficient number of suitable flashes at a particular temperature.
For the female specimens of A. circumdata, the lifetimes do not
fluctuate much; the stability is probably due to the fact that the
three peaks manifest at their normal flashing temperatures. For
the males of this species, the standard deviation for the strong
central peak is even smaller than that of the females, while the
same for the other two are a bit larger probably due to their very
low intensities. In the cases of the specimens of L. praeusta,
standard deviations are quite high and as such their determina-
tions could even be considered as pointless. It is evident that
in vivo decay times of all the three peaked-flashes are a few tens
of ms, with two being just over a hundred ms. The
biochemiluminescence reaction was described by many as the
biochemically (O2) triggered oxyluciferin decaying via a fluo-
rescence pathway, which was consolidated by pulsed excita-
tions and consequent emissions with nanosecond decay times
from oxyluciferin analogues. Based on the present evidence,
however, one cannot say straightway that the excited state
oxyluciferin is a singlet in firefly bioluminescence in vivo. It
has been concluded that phosphorescence can be induced by a
chemical reaction (chemiluminescence); though chemilumines-
cence can often be released in the form of spin-allowed

emission, it is in some cases also triggered by the triplet-
singlet transition in the reaction products [29, 30]. As no chem-
ical reaction takes place in typical luminescence— excitation is
done externally — we could infer that the chemiluminescence
reaction taking place in the lantern of the firefly have possibly
made the situation favorable for intersystem crossing in the
excited state. However, it should be mentioned here that LH2

in ethanol was found to show phosphorescence at 77 K, and the
triplet state, with a lifetime of 28 ms, was assigned as 3(π,π*)
[9]; the extremely low temperature probably facilitated this
singlet-triplet transition. Flash durations for a few other species
of firefly were reported to vary from about 70 ms [31] to a few
hundred ms [32–34] up to a couple of seconds [35]. Hence
should peaks be distinguished in a flash from these or other
species of fireflies by lowering the temperature considerably
below normal, their decay times will have come out to be of
this order. Emission spectra of the two presently studied firefly-
species recorded on color films revealed three colored sectors:
broad green and red bands with a narrow yellow one in between
[20, 36]; we hypothesize that the three peaks in a flash represent
the three luminescent forms of the emitter OxyLH2, which are
responsible for giving rise to these three color-sectors.

Table 1 Lifetimes of the peaks in three-peaked flashes of the firefly L. praeusta and A. circumdata

Species and specimen type Temperature Peak 1 Peak 2 Peak 3

Mean lifetime (ms) S.D. Mean lifetime (ms) S.D. Mean lifetime (ms) S.D.

Luciola praeusta male N = 8, n = 14 14–15 °C 64.4 15.48 79 22.5 74.4 22.76

Luciola praeusta female N = 7, n = 15 16–17 °C 75.2 14.66 105.73 18.24 122.4 25.96

Asymmetricata circumdata male N = 4, n = 20 22–23 °C 13 2.5 22 1.414 15 1.22

Asymmetricata circumdata female N = 5, n = 25 27–28 °C 25 1.92 23 2.25 20 1.37

N = number of specimens, n = number of pulses, S.D. = standard deviation

Fig. 5 Emission spectra of Luciola praeusta male fireflies in normal
(flashing) and control (continuous glow) states. a For a specimen, the
wavelength peak of 562 nm in the normal state becomes 555 nm in the
control state. Thus, there is a shift of 7 nm towards blue when the firefly

was anaesthetized by making it inhale vapors of ethyl acetate. b For
another specimen, the values of the wavelength-peak and wavelength-
shift are the same
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In the time-resolved photoluminescence, duration of the
excitation-pulse is typically smaller than the decay time. In
the case of the firefly bioluminescence reaction, gating time
of oxygen, that is, the time for which triggering by O2 hap-
pens, has not yet been determined. However, in a control
experiment — a firefly was made to inhale vapors of ethyl
acetate whereby it became anaesthetized and a constant glow
appeared in its lantern — it was shown that the ‘dc’ light
consisted of a continuous train of tiny microsecond-duration
pulses [37]. One of those sequences in the DSO is presented as
Supplementary Information, Fig. S7. Even though oxygen
supply to the luciferin-containing organelles (peroxisomes)
was continuous in that case, we still had lifetimes of a few
tenths of a microsecond. These lifetimes definitely point to-
wards the process of fluorescence; that is, the situation which
was favorable for S→ T intersystem crossing in the normal
state no longer remained as such in the control state. Steady-
state spectra, given in Fig. 5, reveal that the peak appearing at
562 nm in the normal flashing state becomes 555 nm in the
ethyl acetate-affected control state, which means that there is a
shift of 7 nm in the emission peak towards blue. As the phos-
phorescence emission-peak is usually red-shifted compared to
the one in fluorescence, we could conclude that the process of
the bioluminescence reaction is analogus to phosphorescence
in the conscious flashing state while the same is analogus to
fluorescence in the unconscious continuous-glow state.

Conclusion

In conclusion, low temperatures force the light producing re-
action in the firefly to slow down which results in the appear-
ance of three peaks in a flash. These three peaks most proba-
bly represent the three luminescent forms of OxyLH2, which
decay in times of the order of milliseconds. Further studies are
needed to confirm whether or how a particular wavelength
sector is related to a particular peak in a flash in the time-
resolved spectrum.

Funding This study was funded by Department of Biotechnology,
Government of India (grant number BT/PR4855/BRB/10/1030/2012).

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

References

1. McElroy WD, Seliger HH, White EH (1969) Mechanism of biolu-
minescence, chemi-luminescence and enzyme function in the oxi-
dation of firefly luciferin. Photochem Photobiol 10:153–170

2. Brancini BR, Murtiashaw MH, Magyar RA, Portier NC, Ruggerio
MC, Stroh JG (2002) Yellow-green and red firefly bioluminescence
from 5,5-Dimethyloxyluciferin. J Am Chem Soc 124:2112–2113

3. Navizet I, Liu Y-J, Ferré N, Xiao H-Y, Fang W-H, Lindh R (2010)
Color tuning mechanism of firefly investigated by multi-
configurational perturbationmethod. J AmChem Soc 132:706–712

4. Song CI, Rhee YM (2011) Dynamics on the electronically excited
state surface of the bioluminescent firefly luciferase-oxyluciferin
system. J Am Chem Soc 133:12040–12049

5. Naumov P, Ozawa Y, Ohkubo K, Fukuzumi S (2009) Structure and
spectroscopy of oxyluciferin, the light emitter of the firefly biolu-
minescence. J Am Chem Soc 131:11590–11605

6. Solntsev KM, Laptenok SP, Naumov P (2012) Photoinduced dynam-
ics of oxyluciferin analogues: unusual enol Bsuper^photoacidity
and evidence for keto-enol isomerization. J Am Chem Soc
134:16452–16455

7. Sundlov JA, Fontaine DM, Southworth TL, Branchini BR, Gulick
AM (2012) Crystal structure of firefly luciferase in a second cata-
lytic conformation supports a domain alternation mechanism.
Biochem 51:6493–6495

8. Naumov P, Kochunnoonny M (2010) Spectral-structural effects of
the keto-enol-enolate and phenonol-phenolate equilibria of
oxyluciferin. J Am Chem Soc 132:11566–11579

9. Jung J, Chin C-A, Song P-S (1976) Electronic excited states of D-
(—)- luciferin and related chromophores. J Am Chem Soc 98:
3949–3954

10. Gandelman OA, Brovko LY, Chikishev AY, Shkurinov AP,
Ugarova NN (1994) Investigation of the interaction between firefly
luciferase and oxyluciferin or its analogues by steady state and
subnanosecond time-resolved fluorescence. J Photochem
Photobiol B Biol 22:203–209

11. Ando Y, Akiyama H (2010) pH-dependent fluorescence spectra,
lifetimes, and quantum yields of firefly-luciferin aqueous solutions
studied by selective excitation fluorescence spectroscopy. Japanese
J Appl Phys 49:117002

12. Ghose A, Rebarz M, Maltsev OV, Hintermann L, Ruckebusch C,
Fron E, Hofkens J, Mély Y, Naumov P, Sliwa M, Didier P (2014)
Emission properties of oxyluciferin and its derivatives in water:
revealing the nature of the emissive species in firefly biolumines-
cence. J Phys Chem B 119:2638–2649

13. Snellenburg JJ, Laptenok SP, DeSa RJ, Naumov P, Solntsev KM
(2016) Excited state dynamics of oxyluciferin in firefly luciferase. J
Am Chem Soc 138:16252–16258

14. Ghose A, Maltsev OV, Humbert N, Hintermann L, Arntz Y,
Naumov P, Mély L, Didier P (2017) Oxyluciferin derivatives: a
toolbox of environment-sensitive fluorescence probes for molecu-
lar and cellular applications. J Phys Chem B 121:1566–1575

15. Zhou W, Nakamura D, Wang Y, Mochizuki T, Akiyama H,
Takeyama S (2015) Effect of very high magnetic field on
the optical properties of firefly light emitter oxyluciferin. J
Lumin 165:15–18

16. Gohain Barua A, Hazarika S, Saikia NM, Baruah GD (2009)
Bioluminescence emissions of the firefly Luciola praeusta
Kiesenwetter 1874 (Coleoptera : Lampyridae : Luciolinae). J
Biosci 34:287–292

17. Sharma U, Goswami A, Phukan M, Rajbongshi SC, Gohain Barua
A (2014) Temperature dependence of the flash duration of
the firefly Luciola praeusta. Photochem Photobiol Sci 13:
1788–1792

18. Sharma U, Goswami A, Rabha MM, Gohain Barua A (2016)
In vivo bioluminescence emissions of the firefly Luciola praeusta
at low temperatures. J Photochem Photobiol B Biol 161:383–386

19. Rabha MM, Sharma U, Goswami A, Gohain Barua A (2017)
Bioluminescence emissions of female fireflies of the species
Luciola praeusta. J Photochem Photobiol B Biol 170:134–139

512 J Fluoresc (2019) 29:505–513



20. Goswami A, Sharma U, RabhaMM, Rajbongshi SC, Gohain Barua
A (2015) Steady-state and time-resolved bioluminescence of the
firefly Asymmetricata circumdata (Motschulsky). Curr Sci 109:
1838–1842

21. Rabha MM, Gohain Barua A (2016) Bioluminescence emissions of
female fireflies of the species Asymmetricata circumdata. Asian J
Phys 25:1415–1420

22. Ugarova NN, Brovko LY (2002) Protein structure and biolumines-
cent spectra of firefly bioluminescence. Luminiscence 17:321–330

23. Bakaeean B, Kabiri M, Iranfar H, Saberi MR, Chamani J (2012)
Binding effect of common ions to human serum albumin in the
presence of norfloxacin: investigation with spectroscopic and zeta
potential approaches. J Solut Chem 41:1777–1801

24. Tousi SH-A, Saberi MR, Chamani J (2010) Comparing the interac-
tion of cyclophosphamide monohydrate to human serum albumin
as opposed to holo-transferrin by spectroscopic and molecular
modelling methods: evidence for allocating the binding site.
Protein Pept Lett 17:1524–1535

25. Lackowic JR (1999) Principles of fluorescence spectroscopy, 2nd
edn. Plenum, New York

26. Maltsev OV, Nath NK, Naumov P, Hintermann L (2014) Why is
firefly oxyluciferin a notoriously labile substance? Angew Chem
Int Ed 53:847–850

27. Zolfagharzadeh M, Pirouzi M, Asoodeh A, Saberi MR, Chamani J
(2014) A comparative investigation of DNP-binding effects to HAS
and HTF by spectroscopic and molecular modelling techniques. J
Biomol Struct Dyn 32:1936–1952

28. Sharif-Barfeh Z, Beigoli S, Marouzi S, Rad AS, Asoodeh A,
Chamani J (2017) Cyclophosphamide with human serum albumin:
binary and ternary systems. J Solut Chem 46:488–504

29. Baryshnikov G, Minaev B, Ågren H (2017) Theory and calcu-
lation of the phosphorescence phenomenon. Chem Rev 117:
6500–6537

30. Ovchinnikov MY, Khursan SL, Kazakov DV, AdamW (2010) The
theoretical trajectory for the chloride-ion-induced generation of sin-
glet oxygen in the decomposition of dimethyldioxirane. J
Photochem Photobiol A Chem 210:100–107

31. Branham MA, Greenfield MD (1996) Flashing fireflies win mate
success. Nature (London) 281:745–746

32. Buck J, Case JF, Hansen FE (1963) Control of flashing in fireflies
III. Peripheral excitation. Biol Bull 125:251–269

33. Lloyd JE (1973) Fireflies of Melanesia: bioluminescence, mating
behaviour and synchronous flashing (Coleoptera: Lampyridae).
Environ Entomol 2:991–1008

34. Barry JD, Heitman JK, Lane CR (1979) Time-resolved spectrome-
try of in vivo firefly bioluminescence emissions. J Appl Phys 50:
7181–7184

35. Gohain Barua A, Iwasaka M, Miyashita Y, Kurita S, Owada N
(2012) Firefly flashing under strong static magnetic field.
Photochem Photobiol Sci 11:345–350

36. Gohain Barua A, Sharma U, Phukan M, Hazarika S (2014) Sharp
intense line in the bioluminescence emission of the firefly. J Biol
Phys 40:267–274

37. Gohain Barua A, Rajbongshi S (2010) The light of the firefly under
the influence of ethyl acetate. J Biosci 35:183–186

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

J Fluoresc (2019) 29:505–513 513


	Manifestation of Peaks in a Live Firefly Flash
	Abstract
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusion
	References


