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Abstract Among lampyrids, intraspecific sexual com-

munication is facilitated by spectral correspondence

between visual sensitivity and bioluminescence emission

from the single lantern in the tail. Could a similar strategy

be utilized by the elaterids (click beetles), which have one

ventral abdominal and two dorsal prothoracic lanterns?

Spectral sensitivity [S(k)] and bioluminescence were

investigated in four Brazilian click beetle species Ful-

geochlizus bruchii, Pyrearinus termitilluminans, Pyropho-

rus punctatissimus and P. divergens, representing three

genera. In addition, in situ microspectrophotometric

absorption spectra were obtained for visual and screening

pigments in P. punctatissimus and P. divergens species. In

all species, the electroretinographic S(k) functions showed

broad peaks in the green with a shoulder in the near-

ultraviolet, suggesting the presence of short- and long-

wavelength receptors in the compound eyes. The long-

wavelength receptor in Pyrophorus species is mediated by a

P540 rhodopsin in conjunction with a species-specific

screening pigment. A correspondence was found between

green to yellow bioluminescence emissions and its broad

S(k) maximum in each of the four species. It is hypothesized

that in elaterids, bioluminescence of the abdominal lantern

is an optical signal for intraspecifc sexual communication,

while the signals from the prothoracic lanterns serve to

warn predators and may also provide illumination in flight.

Keywords Visual spectral sensitivity � Click beetles �
Visual pigment � Bioluminescence � Visual ecology

Abbreviations

BL Bioluminescence

ERGs Electroretinograms

MSP Microspectrophotometry

Q Photons

S(k) Spectral sensitivity

Introduction

Over the last two decades, neuroethological investigations of

optical signaling in fireflies have demonstrated spectral

tuning between visual receptors and bioluminescence

emission in a number of species (Lall et al. 1980a, b, 1982;

Eguchi et al. 1984). A mathematical optimization model

based on bioluminescence signal-to-environmental photon

noise ratio was developed to explain the presence of different

colors of bioluminescence among North American fireflies

(Seliger et al. 1982a, b). The predictions of the model with
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respect to different combinations of visual pigments and

screening pigments resulting in broad or narrow visual

spectral sensitivity functions [S(k)] among night- and twi-

light-active fireflies, respectively, have now been verified by

microspectrophotometry (MSP) (Cronin et al. 2000). Since

the bioluminescence signals are spectrally narrow and limi-

ted in photon content and appear against a spectrally broad

background, the spectral correspondence between the S(k)

functions of the visual receptors (i.e., the detectors for the

bioluminescence optical signals) and the emission spectra of

the bioluminescence optical signals significantly enhances

the detection of species-specific bioluminescence optical

signals. These signals are utilized for sexual communication

(Seliger et al. 1982a, b) and represent a significant dimension

of the evolutionary adaptation in species inhabiting different

habitats and photic niches.

The lampyrids (fireflies) possess only one lantern, whereas

the bioluminescent elaterids (click beetles) have three: a pair

of dorsal lateral prothoracic lanterns and a single ventral

abdominal lantern. In various species of elaterids, the dorsal

lanterns emit green light (range 525–559 nm), while the

ventral lanterns emit lime-green to bright yellow or orange

(range 562–584 nm) (Bechara 1988; Colepicolo-Neto et al.

1986). In a recent paper (Lall et al. 2000), the spectral cor-

respondence between the visual sensitivity and biolumines-

cence emission was described in Pyrophorus punctatissimus.

For the present investigation, four species of click bee-

tles were selected representing three genera of sympatric

and disjunct occurrence. P. divergens and P. punctatissi-

mus belong to a group of species of the genus Pyrophorus,

which occur in the Amazon and in the Atlantic forests

(Costa 1971). These two species are only sympatric in

openfields (‘‘cerrados’’) of the state of Mato Grosso (MT)

where they were collected for this study. Another Pyro-

phorinid species, Fulgeochlizus bruchii, is known to occur

only in Argentina and in the cerrados of central Brazil

(Costa 1975, 1991). The genus Pyrearinus includes over 50

species found throughout South America. P. termitillu-

minans is endemic to the Brazilian cerrados, where their

larvae and pupae live in shallow tunnels excavated into

termite mounds (Costa 1982). During the rainy season, the

larvae expose their heads and prothoracic green lanterns in

the exits of the tunnels to attract and catch flying prey,

mostly termites and ants. Their habitat is scattered with

‘‘luminous termite mounds’’ (Bechara 1988). All pyro-

phoronids are vespertine and nocturnal and their nuptial

flights last less than 30 min. When male elaterids emit

yellow/orange light from their abdominal lanterns, females

walking on the leaves and trunks of the trees respond with

their abdominal light, and finally they copulate.

There are three aspects to the present study: (1) to obtain

in situ MSP absorption spectrum of visual and screening

pigments in P. punctatissimus and P. divergens; (2) to

determine electroretinographic (ERG) spectral sensitivity

of the compound eyes of four elaterid species (F. bruchii,

Pyrearinus termitilluminans, Pyrophorus punctatissimus,

and P. divergens); (3) to obtain in vivo bioluminescence

emission spectra for the abdominal lanterns in both the

male and the female of the four species. We report here the

spectral correspondence between the bioluminescence

emission and vision in each of the four click beetle species

(three genera) under investigation. These species were

selected by virtue of their easy collection and abundance in

the Brazilian cerrados. The hypothesis being tested in these

experiments is whether in different species of click beetles

inhabiting Brazilian cerrados, there exists spectral corre-

spondence between visual sensitivity and bioluminescence

emission for courtship signaling between the sexes.

Materials and methods

Insects: Coleoptera

Adults of Pyrophorus punctatissimus, P. divergens, F. bru-

chii, and Pyrearinus termitilluminans were collected during

the early hours of the night in the Fazenda Santa Cruz

(municipality of Costa Rica) located in the state of Mato

Grosso do Sul, Central Western Brazil, during the month of

October from 1996 to 1998. Pyrophorus divergens was also

collected in a remnant of mesophyll tropical forest in the

municipality of Cotia, located in the state of São Paulo,

southwestern Brazil, about 40 km from São Paulo city in

1997 and 1998.

These specimens were maintained in the laboratory in

plastic containers at room temperature. Periodically, the

insects were fed sugar water. Species identification was

made by Professora C. Costa, Universidade de São Paulo,

Museu de Zoologia. Live specimens of both sexes were

shipped from São Paulo to Baltimore, MD, USA.

Microspectrophotometry

Procedure

The insects were dark adapted for several days before

being prepared for MSP. Dark-adapted animals were

decapitated, heads were quick frozen using cryogenic

spray, and the frozen heads were mounted on a cryostat

(-25 to -30�C) for sectioning at a thickness of 14 lm.

Sections were mounted in insect Ringer’s (Muri and Jones

1983) for scanning. Scans were taken as described in

Cronin et al. (2000), from 400 to 700 nm at 1 nm intervals,

using a circular spot 5 lm in diameter.

The spectrum of each scanned spot, chosen from a

location without any pigmentation in the proximal region
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of the retina (where the inner rhabdomeres are located),

was taken in the dark-adapted state and again after a satu-

rating exposure to red light (passed through a Corning

CS2-61 filter) to maximally convert rhodopsin to meta-

rhodopsin. The resulting difference spectra for photocon-

version were fitted to model rhodopsin/metarhodopsin

photopigment pairs, using standard templates (Palacios

et al. 1996). Any baseline drift was first removed by sub-

tracting the average spectral value from 651 to 700 nm

(where the visual pigments had minimal absorbance).

Corrected spectra were fitted from 425 to 650 nm, using

all combinations of the model pigments (rhodopsin maxi-

mum from 500 to 600 nm; metarhodopsin maximum

450–550 nm, both at 1 nm intervals; extinction ratio,

Mmax/Rmax, 1.0–2.25, intervals of 0.05). The test spectrum

producing the minimum sum of squares of deviations from

the data was selected as the best fit.

The absorbance of the yellow screening pigment was

measured in retinal sections, placing the beam of the

microspectrophotometer in locations within the clear zone

where the yellow pigment was visible to the eye. The MSP

data were obtained in the Department of Biological Sci-

ences, University of Maryland, Baltimore County.

Electrophysiology

Optical system

A double-beam optical stimulator was constructed in São

Paulo, Brazil. The test beam was obtained from a 15 W

tungsten microscopic light source; broadband colored fil-

ters could be placed in this beam to provide chromatic

adaptation light. Each of a set of 18 interference filters (half

bandwidth *10 nm), covering the spectrum from near-UV

(360 nm) to red (683 nm), was placed in this beam. A

second system was used in Washington, DC, with the test

beam originating from a 150 W xenon arc lamp (Quick

Illumination Industries, Albany, NY, USA) and passed

through a high intensity grating monochromator

(600 lines mm-1, Bausch and Lomb, Inc., Rochester, NY,

USA), which isolated narrow wavelength bands (half

bandwidth of 9.9 nm) from 320 to 680 nm (for details see

Lall et al. 1988). A series of glass filters (CS7-54, [70%

transmission at 250–390 nm; CS4-97, [40% transmission

from 355 to 605 nm; and CS3-72, 40% transmission at

[450 nm, Corning Glass Co., Corning, NY, USA) was

placed in the light beam to eliminate stray light and the

second-order spectrum. The light beam was focused by a

series of quartz lenses onto one arm of a bifurcated quartz

light guide (3 9 750 mm). A tungsten light source pro-

vided the adaptation beam that was focused on the second

arm of the bifurcated light guide. The green and red

adaptation beams were provided by CS4-64 and CS2-59

colored glass filters (Corning Glass Co., Corning, NY,

USA). The emerging light beam from the light guide was

oriented so as to be on-axis for facets on the dorsal medial

equatorial region. A series of quartz neutral-density filters

attenuated the intensity of the test beam over 5 log units.

The stimulus beams were interrupted by electronic shutters

(Uniblitz, Vincent Associates, Rochester, NY, USA),

which controlled the duration of the stimulus flash.

Intensity calibration

The quantum flux of the photic stimulus at different

wavelengths across the spectrum was determined by plac-

ing a calibrated photodiode (SED 033, International Light,

Inc., Newburyport, MA, USA) at the spot where the

experimental eye was placed. The output of the photodiode

was read on an electrometer (Model # IL 700, International

Light, Inc., Newburyport, MA, USA).

Electrical recordings

The ERGs were recorded from dark-adapted intact beetles

with a glass microelectrode (tip diameter *10 lm) filled

with insect Ringer’s (Muri and Jones 1983) and inserted

underneath the corneal surface of the compound eye. The

reference electrode was another Ringer-filled microelec-

trode inserted in the antenna. An Ag–AgCl pellet con-

nected the microelectrodes to the input grid of a P16 Grass

DC/AC preamplifier (Astro Instruments, Providence, RI,

USA), the output of which was monitored on an oscillo-

scope (Model 5113, Tektronix, Inc, Beaverton, OR, USA)

and displayed on an ink writer (RS 3200, Gould, Inc.,

Cleveland, OH, USA) for later evaluation and measure-

ments. It is assumed that the responses we obtained arose

primarily from the dorsal medial equatorial ommatidia,

since that was the direction of the cone of the stimulating

light beam.

Experimental procedures

Intact insects were immobilized on a cork with an electrical

tape and the head was attached to the cork using a mixture

of equal amounts of beeswax and rosin. The preparation

was mounted on the recording stage and dark adapted for at

least an hour prior to experimentation. Test flashes of 0.1 s

were delivered at 0.5, 1 or 2 min intervals, permitting a

complete recovery of the sensitivity of the eye after each

flash. A standard flash of a selected wavelength (540 nm)

and intensity (Neutral Density 2.0 filter) was periodically

presented to monitor any overall changes in the sensitivity

of the eye. Test flashes were delivered at 17 different

wavelengths, which covered the spectrum from 360 to

683 nm in *20 nm steps. The amplitude of the ERG
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provided an index of the sensitivity of the eye to the

quantum flux and the spectral composition of the light

stimulus.

In a few cases, ERGs were recorded over the entire

range of available intensities for selected stimulus wave-

lengths, and intensity–response curves (i.e., V/log I func-

tions) were obtained. The spectral sensitivity of the eye

was obtained by determining the number of photons (Q)

needed to elicit a criterion response across different

stimulus wavelengths. The criterion amplitude chosen to

construct spectral sensitivity varied from 0.5 to 2 mV.

Precautions were taken such that the criterion amplitude

was in the linear range of V/log I functions for each specific

run. A plot of 1/Q as a function of wavelength gave the

S(k) function. All recordings were obtained during the

animals’ photophase. All experiments were conducted at

room temperature (21–23�C). These data were obtained

during the months of November to February in 1996–1999

in the Departamento de Psicologia Experimental, Univer-

sidade de São Paulo, and in the months of November and

December 1998–2000 and January 2001 in Washington,

DC.

Bioluminescence

Specimens of P. divergens, P. punctatissimus, F. bruchii,

and Pyrearinus termitilluminans were anesthetized with

ethyl acetate for 1 min to obtain constant bioluminescence

emission from both pro-thoracic and abdominal lanterns.

The anesthetic procedure significantly minimizes the light

fading effect associated with fluctuating O2 uptake levels

through the spiracles and tracheal tubes. Spectra were

acquired using a Spex Fluorolog 1681 with photomultiplier

high voltage set to 750 V and 4.0 mm slit width of the

monochromator. Prothoracic lantern spectra were measured

by pointing the lantern segments toward the photomultiplier

aperture. Prior to obtaining data, the insects were condi-

tioned in the cuvette compartment with tape to minimize the

fluctuations in emissions due to handling. The same proce-

dure was used to efficiently expose the segment’s lantern to

obtain the spectra of the abdominal lantern. All spectra were

normalized to the maximum intensity of each scan and the

points were fitted with an asymmetric double sigmoidal

function using Mirocal Origin 4.1.

Results

Visual and screening pigments

In situ MSP scans were taken in the proximal regions of

rhabdoms as described in ‘‘Materials and methods’’. After

actinic exposure of the dark-adapted retina to saturating

red light, there was a decrease in absorbance at wave-

lengths above *525 nm and a somewhat larger increase

in absorbance between 400 and 525 nm as shown for

P. divergens in Fig. 1a (jagged trace; average of 7 scans).

The change suggests that the peak of a metarhodopsin is

shifted 50 nm toward the shorter wavelengths from the

original peak for a rhodopsin in the middle-wavelength

region. Analysis of the difference spectrum for photo-

conversion (Fig. 1a, solid trace) indicates that the best-

fitting pigment pair consists of a P539 rhodopsin and an

M488 metarhodopsin with peak absorbance 1.85 times

that of the rhodopsin. The data for Pyrophorus divergens

(Fig. 1a) and P. punctatissimus (Fig. 1b) are similar. In

P. punctatissimus, the analysis suggests the presence of a

P543 rhodopsin and an M486 metarhodopsin (N = 9).

Thus, it can be inferred that visual pigments, absorbing

maximally near 540 nm (Fig. 1c), mediate visual sensi-

tivity in the green part of the light spectrum in these

species.

In the ventral sectors of the eyes of both P. punctatiss-

imus and P. divergens, yellow screening pigments overlie

the rhabdoms. The absorbance spectra of the screening

pigments, while absorbing generally in the same part of the

spectrum, differ somewhat between the two species

(Fig. 2).

Electroretinogram and visual spectral sensitivity

The electroretinogram recorded from the dorsal medial

region of the compound eyes in Pyrophorus punctatissi-

mus, P. divergens, F. bruchii, and Pyrearinus termitillu-

minans was an on-negative response similar to that

described for fireflies Photuris versicolor (Lall 1981) and

Photuris lucicrescens (Lall et al. 1982). There was no off-

transient response.

In a number of experiments, the amplitude of the ERGs

was recorded for all stimulus wavelengths over the entire

range of stimulus intensities. The amplitude of the response

varied over a range from a low of 0.2 mV to a high of

5–6 mV. The data from one such experimental recording in

F. bruchii is presented in Fig. 3. The Naka–Rushton

function (Naka and Rushton 1966) as shown in the form

below:

R ¼ RmaxIn

In þ Kn

was fitted to our V/log I data, where I, R are an intensity–

response ordered pair, Rmax is the asymptotic amplitude, K

is the semi-saturation constant, and n is related to the slope.

Our data (Fig. 3) were fitted to a single function where

Rmax = 5.5 mV and n = 0.75. These data support the

principle of univariance as postulated by Naka and Rushton

(1966).
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The average S(k) curves for P. punctatissimus, P. div-

ergens, F. bruchii, and Pyrearinus termitilluminans are

presented in Figs. 4 and 5. These S(k) functions have a

broad sensitivity peak in the green (kmax range 540–

560 nm) with a shoulder in the near-UV. Since the

recording electrode was placed in the dorsal medial region

of the compound eye, the curves in Figs. 4a and 5 represent

the average response from that region of the eye, except in

P. termitilluminans (Fig. 4c) where the electrode place-

ment was closer to the dorsal margin.

It should be pointed out that experiments were conducted

during the photophase. It is known that in the nocturnal

beetle Anaplognathus, the dark brown screening granules in

the distal sleeve of superposition eyes remain in the light-

adapted condition even when the eye is dark adapted during

the day (Meyer-Rochow and Horridge 1975). The spectral

absorbance of the dark brown screening pigment granules is

known in firefly compound eyes (Lall et al. 1988). The

extinction of these granules is very broad with a gradual rise

Fig. 1 Difference spectra for photoconversion of visual pigment in

the retinas of Pyrophorus (male) species. a P. punctatissimus. The

jagged trace is an average of seven photoconversions, with absorption

in the dark-adapted retina subtracted from that after a saturating

actinic treatment with bright red light (Corning CS2-61 filter). The

smooth trace is the best-fit difference spectrum, obtained using

templates of a 539-nm rhodopsin and a 488-nm metarhodopsin with

peak absorbance 1.85 times that of the rhodopsin. b P. divergens. The

jagged trace is an average of nine photoconversions, but otherwise as

in part a. The smooth trace is based on a 543-nm rhodopsin

interconverting with a 486-nm metarhodopsin absorbing at 2.0 times

that of the rhodopsin at the peak. c Absorption spectrum of the best-fit

rhodopsin from P. punctatissimus (kmax at 539 nm) (dark trace) and

the corresponding metarhodopsin (kmax at 488 nm) (light trace)

Fig. 2 In situ absorbance spectrum of the screening pigment obtained

from the ventral sector of the compound eyes in P. punctatissimus
(thick line) and P. divergens (thin line) males. Each curve represents

an average of five scans

Fig. 3 V/log I curves for selected wavelengths from one dark-adapted

compound eye in Fulgeochlizus bruchii male. Abscissa log10 relative

attenuation of the test intensity. Ordinate peak mV responses to 100 ms

test flash. The curves are arbitrarily displaced along the x-axis for

visibility. The numbers above the curves indicate the respective

stimulus wavelengths. In each curve, the uppermost data point

represents response to an unattenuated intensity of the stimulus. The

subsequent data points are responses to different attenuation of stimulus

intensity. Inset is the scale for the abscissa
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in the short-wavelength region below 450 nm. We assume

that the presence of the dark brown pigment granules during

the photophase would not affect the spectral sensitivity in the

long-wavelength region where the correspondence between

species bioluminescence emission and S(k) is shown in

Figs. 4b, d, 5b, d, and 6.

Chromatic adaptation experiments were carried out to

separate long- and short-wavelength (near-UV) mecha-

nisms. Both green and red chromatic adaptation in

F. bruchii (Fig. 4a) and P. termitilluminans (Fig. 4c)

markedly reduced visual sensitivity in the long-wavelength

region of the spectrum leaving a pronounced peak in the

short-wavelength region, particularly in the near-UV.

Optical signaling from the ventral abdominal lantern in

both the male and the female of the species is thought to

serve in sexual communication (Colepicolo-Neto and

Bechara 1984, 1986; Bechara 1988). We therefore com-

pared the visual spectral sensitivity and the biolumines-

cence emission of the ventral abdominal lantern in both the

male and the female. A correspondence exists between

species bioluminescence emission and the broad green

visual spectral mechanism, suggesting that this mechanism

alone mediates the detection of the species’ biolumines-

cence (Figs. 4b, d, 5b, d) for mating.

Discussion

Near-UV and green spectral channels

The spectral sensitivity range from near-UV to green in

click beetles (Figs. 4, 5) is a common feature of the

compound eye of insects (reviews: Menzel and Backhaus

1991; Briscoe and Chittka 2001). The dark-adapted and

chromatically adapted S(k) functions strongly suggest the

presence of independent green and near-UV spectral

channels in the exocone eyes of F. bruchii (Fig. 4a) and

P. termitilluminans (Fig. 4c). A comparable situation

probably exists in P. punctatissimus and P. divergens.

Similar experiments conducted on the compound eyes of

North American fireflies also provided evidence for the

presence of three spectral channels: near-UV, blue and

green (Lall et al. 1982). The green spectral channel

mediated by the P540 rhodopsin (Fig. 4) very likely is the

dominant visual channel in the visible part of the spec-

trum for P. punctatissimus and P. divergens. The

absorption spectrum of the near-UV rhodopsin was not

obtained in our samples of the ventral retina, even though

electrophysiologically such a receptor was isolated by

chromatic adaptation (Fig. 4a, c).

Fig. 4 Upper panels
electroretinographic spectral

sensitivity functions in dark-

(filled circles) and chromatic-

adapted (filled triangles)

compound eyes in males of

Fulgeochlizus bruchii (a) and

Pyrearinus termitilluminans (c).

Error bars indicate ±1 SD.

Lower panels The dark-adapted

spectral sensitivity functions

from a and c plotted on a

percentage scale (the curve is

fitted to B-spline by the

Microcal Origin 4.1 computer

software) and the species’

in vivo BL (dotted lines) from

the ventral abdominal lantern in

the male and the female for

Fulgeochlizus bruchii (b) and

Pyrearinus termitilluminans (d).

For clarity of comparison

between visual sensitivity and

BL emission, the visual

sensitivity (in % scale) is shown

only from 460 to 680 nm in d
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Significance of the correlation between bioluminescence

emissions and the spectral sensitivity functions

When we compare the ERG S(k) functions with the peaks

of species bioluminescence emissions from dorsal protho-

racic and ventral abdominal lanterns, it is evident that the

green spectral mechanism is an excellent detector of sig-

nals from both the prothoracic and ventral lanterns in both

sexes in all four species. Thus far, the functional signifi-

cance of bioluminescence of the dorsal prothoracic lanterns

is unclear. They emit continuous light while the insect is in

flight, so they may be used to illuminate the surroundings,

as in fireflies (Lloyd 1968). They also light up when the

insect is disturbed, so another function attributed to dorsal

lanterns is that of a warning (aposematic) signal to poten-

tial predators. The selection of a green aposematic signal

could be favored since most vertebrates and invertebrates

have green receptors (Wald 1960; Briscoe and Chittka

2001); hence green bioluminescence emissions, therefore,

would be detected easily by potential predators of click

beetles. The selection of green rhodopsin (P540) would

also maximize absolute sensitivity in green foliage habitats

at night in accordance with the Sensitivity Hypothesis of

Visual Ecology as was shown for North American fireflies

(Seliger et al. 1982a, b).

Among North American fireflies, we found two types of

screening pigments. In night-active Photuris versicolor and

twi-night active (those species that initiate flashing at twi-

light and continue on into the night) P. potomaca, a yellow

screening pigment, which broadly absorbs maximally in the

short-wavelength region, has been located in the ventral

sector of the compound eyes (Lall et al. 1988; Cronin et al.

2000). P545 rhodopsin overlaid by a 2.0 optical density

yellow filter can account for the ERG S(k) function obtained

in P. versicolor (Cronin et al. 2000). Those species of North

American fireflies that restrict their flashing activity for a

short interval at twilight, i.e., twilight-active species were

found to possess species-specific magenta screening pig-

ments with narrow absorbance maximal in the green region

of the spectrum (Lall et al. 1988; Cronin et al. 2000). It was

established that rhodopsins ranging from P545 to P556

overlaid by the species-specific magenta screening pigment

would account for the presence of narrow yellow S(k)

functions (Lall et al. 1988; Cronin et al. 2000). It was also

shown that the narrow yellow S(k) would be selected in

accordance with the Contrast Hypothesis of Visual Ecology

(Seliger et al. 1982a, b). The selection of yellow biolumi-

nescence emissions would further optimize detection by

narrow yellow S(k) functions among twilight-active fireflies

(Lall et al. 1980a, b, 1988; Seliger et al. 1982b).

Fig. 5 Upper panels
electroretinographic spectral

sensitivity functions in dark-

adapted compound eyes in the

males of Pyrophorus
punctatissimus (a) and P.
divergens (c). Different symbols

(squares, inverted triangles and

triangles) in a (diamonds,

circles and triangles) and in b
represent data averaged

(N = 6–9) from different years.

Error bars indicate ±1 SD.

Lower panels A comparison

between the average dark-

adapted spectral sensitivity

functions in upper panels
plotted on a percentage scale

(the curve is fitted to B-spline

by the Microcal Origin 4.1

computer software) and the

species’ in vivo BL from the

ventral abdominal lantern in

male and female P.
punctatissimus (b), and P.
divergens (d)
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We modeled the spectral sensitivities based on the absor-

bance of P540 rhodopsin (Fig. 1c) when overlaid by 1.6

optical density of the species screening pigment (Fig. 2) in the

two species (Fig. 6). The calculation was not performed for

wavelengths below 400 nm because absorbance data were

not available in that region. The effect of the screening pig-

ment is to narrow the sensitivity spectrum of the P540 visual

pigment-containing photoreceptor class and to shift the sen-

sitivity peak toward longer wavelengths, 555 and 562 nm in

P. punctatissimus (Fig. 6a) and P. divergens (Fig. 6b),

respectively. There exists correspondence between biolumi-

nescence emission from the ventral abdominal lantern in each

species and the calculated spectral sensitivity (Fig. 6). An

analogous situation is found in those North American fireflies,

which inhabit a similar photic environment. The nocturnal,

green bioluminescence-emitting P. versicolor and yellow

bioluminescence-emitting P. potomaca also possess a yellow

screening pigment in their ventral retinas, as described earlier

(Lall et al. 1988; Cronin et al. 2000).

The flashing activity period in P. punctatissimus,

P. divergens, F. bruchii, and P. termitilluminans lasts for

about 20–30 min just after sunset during the rainy season

in Brazil. Field observations suggest that only males fly

during courtship and the females are stationary on the

vegetation. The female’s response brings the male to her

and mating takes place on the foliage (Bechara 1988).

Under such circumstances, the selective pressure would be

to optimize detection of the optical signal by potential

mates. During this short activity period, there is an

appreciable amount of short-wavelength space light (Munz

and McFarland 1977; Seliger et al. 1982b), which would

act as environmental photon noise. It is postulated that the

yellow screening pigments located in the ventral retina of

P. punctatissimus and P. divergens (Fig. 2) absorb photons

of this environmental space light (Johnsen et al. 2006).

Color vision

The question arises as to whether the discrimination of the

color of bioluminescence from different lanterns is possible

in the click beetles. For color discrimination to take place, the

optical stimulus must differentially stimulate two receptors

that differ with respect to their spectral sensitivities. The

spectral sensitivity data (Figs. 4, 5) presented here clearly

show the presence of near-UV and green receptor systems.

The presence of a third, blue receptor system, which would

allow for differential stimulation of deep green (535–

540 nm) to lime-green (555–560 nm) optical stimuli, was

not ascertained. However, it is not uncommon in ERG

recordings to obtain dual peak S(k) functions even when blue

receptors are present in the eye (Lall 1981; Lall et al. 1982,

1988). The ERG is a mass response and therefore dominated

by responses from green photoreceptors since they are in the

majority in the ommatidia (Briscoe and Chittka 2001). Such

was the situation in firefly data (Lall 1981; Lall et al. 1980b,

1982, 1988).

Kelber et al. (2002) have shown that color discrimina-

tion occurs in starlight illumination conditions for the

elephant hawkmoth Deilelphila elpenor, and also in other

nocturnal animals (Kelber and Roth 2006). Recently,

Chuang et al. (2007, 2008) showed that nocturnal spiders,

Nephila pilipes and Neoscona punctigera, attract prey

(moths) with their bright yellow spots that act as visual

lures at night. In a dark-adapted eye, where the screening

pigment granules have moved between the corneal cones,

the image of a distant object formed at the rhabdomeric

segment is a summation of rays of light passing through all

the facets that collect light from a given point in the field of

view (Land 1981). Land estimates that superposition eyes

are typically much more sensitive than apposition eyes. In

click beetles, the image in the eye may well be bright

enough to mediate color vision. The presence of color

vision in lampyrids is postulated on the basis of behavioral

evidence showing that the green–blue chromatic

Fig. 6 A comparison of calculated absorbance of P540 overlaid with

species screening pigment of 1.6 OD in Pyrophorus punctatissimus
(a) and P. divergens (b) compared with species’ in vivo biolumines-

cence emission (dotted lines) from the ventral abdominal lantern of

the female
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mechanism inhibits the male’s response to the female’s

green bioluminescence light in the glowworm Lampyris

noctiluca (Booth et al. 2004). In the firefly Photuris luci-

crescens, near-UV, blue and green spectral mechanisms

have been revealed by chromatic adaptation (Lall et al.

1982) and a blue receptor was also found in the dorsal

margin of the eye in P. frontalis (Lall et al. 1988). A

similar situation could exist in click beetles, where the

presence of near-UV and green receptors is strongly sug-

gested by chromatic adaptation experiments (Fig. 6), but a

blue receptor is yet to be experimentally identified.

Conclusions

1. In vespertine/nocturnal click beetles, the presence of a

correspondence between bioluminescence emission

and S(k) functions mediated by P540 rhodopsin in

conjunction with yellow screening pigment is similar

to night-active fireflies.

2. Both the deep green and lime-green bioluminescence

emissions in the four elaterids studied here would be

easily detected by the insects’ visual system. We

propose that the ubiquitous green bioluminescence of

the dorsal thoracic lanterns is used for illumination and

as an interspecific warning signal against potential

predators, whereas the ventral abdominal lantern signal

is involved in intraspecific sexual communication.

3. In the lampyrids, the different colors of bioluminescence

represent an evolutionary selection to optimize the

detection of the optical signal by the insect’s visual

system under the constraints of the environmental photon

noise (Seliger et al. 1982a, b). Our findings indicate that

the two coleopteran families have followed similar

courses in evolutionary selection for optical signaling.
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