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A Three-Dimensional Fluorescence Analysis of the
Wings of Male Morpho sulkowskyi and
Papilio xuthus Butterflies

Kinya Kumazawa" and Hiroshi Tabata

Materials Research Laboratory, Nissan Research Center, Nissan Motor Co.Ltd.,
1Natsushima-cho, Yokosuka 237-8523, Japan

ABSTRACT—Fluorescence properties from the wings of male M. sulkowskyi and Papilio xuthus butterflies
were investigated for the first time over a wide range of excitation and emission wavelengths using a three-
dimensional (3-D) fluorescence method.

From the 3-D plots of the pale blue region of the wings of M. sulkowskyi, four contour peaks were
observed. On the other hand, from the yellow region of the wings of Papilio xuthus, one peak was observed.
The origins of these contour peaks are discussed based on a comparison with standard pigments. Of the
four contour peaks seen for M. sulkowskyi, a specific peak (A), located at an excitation wavelength of about
325 nm and an emission wavelength of about 410 nm, was thought to be mainly due to a mixture or com-
pound of three pteridine pigments (i.e., biopterin, pterin and isoxanthopterin). The single specific peak ob-
served for Papilio xuthus, located at an excitation wavelength of about 400 nm and an emission wavelength
of about 470 nm, was thought to be due to the Papiliochrom Il pigment.

Based on these results, the possibility of using 3-D fluorescence analysis as a tool for classifying butter-

flies is briefly described.
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INTRODUCTION

Butterflies are among the showiest of insects, and their
beautiful wing colors have inspired centuries of study. Some
species of Morpho butterflies in the family Nymphalidae
(Ackery, 1984) are known to display typical structural colors
(not pigment colors). Anderson and Richards (1942) investi-
gated the correlation between color and structure in M. cypris
by electron microscopy and reported that the brilliant blue color
of this butterfly is based on the microscopic structure of the
wing scales. Following their work, attempts at more quantita-
tive correlations of structure and color have been concentrated
on Morpho species such as M. cypris (Ghiradella, 1972, 1984;
Wright, 1963), M. menelaus (Ghiradella, 1984, 1976), and M.
amathonte (Ghiradella, 1984). In addition to these observa-
tions, we have also recently reported our findings concerning
the correlation between the color and structure of the wings of
Morpho species such as M. sulkowskyiand M. adonis (Tabata
et al.,1996).

Since the pioneering work of Cockayne (1924), on the
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other hand, it has been reported that the wings of some but-
terflies in the family Papilionidae (Umebachi, 1970, 1985;
Shono, 1983) and in the family Pieridae (Shono, 1983; Ford,
1941, 1944, 1947) emit fluorescence. Cockayne proposed that
an examination of the fluorescent pigments in butterfly wings
might be useful for the classification of these butterflies. Com-
pared with studies on the fluorescence of Papilionidae and
Pieridae butterflies, the emission of fluorescence from the
wings of morpho species had never been reported until our
recent work (Kumazawa et al., 1994, 1996; Kumazawa and
Tabata, 1996; Tabata et al., 1996). In 1994, we investigated
the fluorescence emitted from various parts of the wings of
male M. sulkowskyibutterflies using a microspectrophotometer
(MSP) and reported for the first time that the pale blue region
of the wings was fluorescent when irradiated with ultraviolet
(UV) or visible light, but the black region was nonfluorescent
and that the fluorescence spectra from the upper and lower
surfaces of the scales differed (Kumazawa et al., 1994). Addi-
tionally, pigments responsible for the fluorescence spectra
were identified using high-performance liquid chromatogra-
phy (HPLC), high-performance thin-layer chromatography
(HPTLC) and ultraviolet (UV) spectroscopy, with the result that
three pteridine pigments (biopterin, pterin and isoxanthopterin)
were present in the wings (Tabata et al., 1996).



1074

The objective of this work was to provide a useful tech-
nique for the classification of butterflies by a nondestructive
and easy-to-use method. We undertook a characterization of
the fluorescence properties of the wings of male M. sulkowskyi
and P. xuthus butterflies over a wide range of excitation and
emission wavelengths using a three-dimensional (3-D) fluo-
rescence method. From the 3-D plots for the wings of M.
sulkowskyi and P. xuthus, four specific peaks and one con-
tour peak were clearly observed, respectively. The origins of
these contour peaks are discussed based on a comparison
with standard pigments.

Of the four contour peaks seen for M. sulkowskyi, one
specific peak (A), located at an excitation wavelength of about
325 nm and an emission wavelength of about 410 nm,
was thought to be mainly attributable to a mixture or com-
pound of three pteridine pigments (i.e., biopterin, pterin and
isoxanthopterin). On the other hand, the one specific peak
observed for P. xuthus, located at an excitation wavelength of
about 400 nm and an emission wavelength of about 470 nm
was thought to be caused by the Papiliochrome Il pigment.

Based on these results, the possibility of using 3-D fluo-
rescence analysis as a tool for classifying butterflies is briefly
described.

MATERIALS AND METHODS

Materials and preparations
The wings of male M. sulkowskyi and P. xuthus butterflies were
purchased from Okura Biological Lab. (Tokyo, Japan), as mentioned
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in our previous papers. Several kinds of standard fluorescent pig-
ments such as biopterin, pterin and isoxanthopterin were used for
specification of the pigments responsible for the fluorescence emit-
ted from M. sulkowskyi. The pigments were supplied by Dr. B. Shircks
Laboratories (Jona, Switzerland) and were selected because it has
been suggested that they might be present in the wings of this butter-
fly.

Fluorescence has been observed only from the pale blue and
yellow regions of the wings of M. sulkowskyi and P. xuthus, as indi-
cated in our previous paper (Kumazawa et al., 1994). Therefore, this
investigation also focused on the pale blue and yellow regions of the
wings. That was done by removing the wings from the body with a
cutter and mounting them on nonfluorescent quartz glass (Matsunami
Glass Co., Tokyo, Japan) for analysis. Fluorescence from the pow-
ders of the standard pigments was analyzed using a specific holder
with the quartz glass (Hitachi, model 650-0161).

Apparatus

All fluorescence measurements were made using an F-4500
Hitachi fluorescence spectrophotometer (Hitachi, Ltd., Tokyo, Japan).
A diagram of this apparatus is shown in Fig.1.

The light emitted by a 150-watt xenon lamp (L) is introduced into
an excitation monochromator (EXM) that selects light of certain speci-
fied wavelengths and outputs it to a beam splitter (BS) from which a
portion of the light irradiates the sample (SA). A portion of the light is
also introduced into a monitor detector (MD). Fluorescence produced
by the sample is introduced into an emission monochromator (EMM)
that selects light of certain desired wavelengths. The selected light is
then introduced into a photomultiplier tube (PMT) that measures the
light intensity. The output of the PMT is divided by the monitor detec-
tor (MD), and the value thus obtained is used in correcting the quan-
tity of light emitted by the light source. A shutter (S) is provided
between the beam splitter (BS) and the sample (SA) to block the
excitation light except during the data acquisition interval.

MD
EXM s
BS 1
PS (L) > - - N\ SA
N\ ¢ 3/ >
SCM WCM oM
\ |
A weMm |
Y Y
vF = EMM Y
A PMT
MC - v > -~ -
- \ A \ ™ MC &> AD
GPIB
Y Y Y
ROM RAM PC

Fig. 1.

Diagram of the setup for measuring the three-dimensional fluorescence property, F-4500 (Hitachi, Ltd., Tokyo). A/D: analog-to-digital

converter, BS: beam splitter, EMM: emission monochromator, EXM: excitation monochromator, G: grating, GCM: grating contorol motor, GPIB:
general perpase interface bus, I/F: interface, L: xe-lamp, MC: microcomputer, MD: monitor detector, PC: personal computer, PMT: photo multi-
plier tube, PS: power source, RAM: random access memory, ROM: read only memory, S: shutter. SA: sample, SCM: slit control motor,
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The maximum scan speed of this apparatus is 30,000 nm/min
(500 nm/s) and the minimum data sampling interval is 0.001 s. A
powerful and faster pulsed motor in the wavelength drive mechanism,
and two microcomputers (one is dedicated to data acquision from a
photo multiplier tube (PMT)) are used to achive the rapid scan. This
apparatus can acquire a spectrum within 1 second, and it takes about
only 1 min to get 3-D data.

A description is given here of the specific measurement condi-
tions that were used. To reconfirm fluorescence from the wings of the
butterflies, 3-D measurements were mainly carried out at excitation
wavelengths ranging from 200 to 400 nm and at emission wavelengths
ranging from 300 to 500 nm. A scan speed of 12,000 nm/min and a
data sampling interval of 0.001 s were used in this experiment. The
spectral bandwidth of the excitation and emission monochromators
was 5.0 nm.

Irradiation was done at a 60-degree angle to the sample surface
and fluorescence was collected at a 30-degree angle to the surface.
The irradiated area on a sample through the rectangular slit was about
5 mm? (1 mm x 5 mm). To avoid photodegradation of the butterfly
wing samples, an automated shutter system was used to open the
shutter only when data were being collected.

The fluorescence data presented here have been corrected for
the nonuniform spectral response of the detection system using the
correction factors supplied with the instrument. Fluorescence mea-
surements were carried out at room temperature.

RESULTS AND DISCUSSION

Fluorescence from the wings

Compared with conventional fluorescence measure-
ments, a 3-D fluorescence measurement (Petzick and
Froehlich, 1992; Shimoyama and Noda, 1992, 1993; Zeng et
al., 1995; Barnes et al., 1993) provides all of the desired infor-
mation such as the excitation wavelength, emission wave-
length and fluorescence intensity.

This information is obtained as the top ring of contour
lines connecting points of equal fluorescence intensity. Thus,
the contour plot has a pattern specific to each sample much
like a fingerprint. Therefore, in addition to the MSP technique
described previously (Kumazawa et al., 1994, 1996) we
thought that this approach might be used to identify small
differences among similar samples or unknown samples by
comparison with standard samples. Based on this idea, we
investigated for the first time the fluorescence from butterfly
wings using the 3-D fluorescence method.

3-D plot for wings of M. sulkowskyi

Fig. 2 shows the 3-D contour plot obtained from the pale
blue region of the wings of a male M. sulkowskyi. Some con-
tour peaks (i.e., center of the circles) and two diagonal lines
are observed. The two diagonal lines running from the top of
the figure to the bottom left indicate the first-order (i.e., the
emission wavelengths are equal to the excitation wavelengths)
and second-order (i.e., the emission wavelengths are equal
to two times the excitation wavelengths) scatterings of excita-
tion light. Of the contour peaks mentioned above, peak B at
an excitation wavelength of about 310 nm and an emission
wavelength of about 330 nm and peak F at excitation and
emission wavelengths of about 225 nm and 340 nm, respec-
tively, show a valley (ex., see Fig. 3 (a)). In contrast, four other
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Fig. 2. Three-dimensional contour plot obtained from the pale blue
region of the wings of a male M. sulkowskyi. In this fugure, A,C,D and
E show the contour peaks. B and F show the valley (not contour peaks).

contour peaks (A, C, D and E) give the top ring of the contour
line responsible for the fluorescence.

Contour peak A is observed at an excitation wavelength
of about 325 nm and an emission wavelength of about 410
nm. Contour peak C is observed at excitation and emission
wavelengths of about 280 nm and 340 nm, respectively. Con-
tour peaks D and E are observed at an excitation wavelength
of about 255 nm and an emission wavelength of about 410
nm and at an excitation wavelength of about 250 nm and an
emission wavelength of about 430 nm, respectively. In the
pale blue region of the wings of male M. sulkowskyi, there-
fore, it is thought that at least four kinds of fluorescent
pigments or compounds corresponding to the four observed
contour peaks are present.

In other words, the wings of male M. sulkowskyi have
their own distinctive 3-D data (contour peak number and spe-
cific excitation and emission wavelengths).

This result may characterize the wings of male M.
sulkowskyi.

The emission spectra were then analyzed to investigate
the origin of the fluorescent pigments or compounds corre-
sponding to these four contour peaks (i.e., A, C, D and E).
Fig. 3 (b)—Fig. 3 (e) show the emission spectra of the four
contour peaks when the best excitation wavelength was used.
The emission spectra at different excitation wavelengths are
very different in both shape and intensity. These results also
support the idea that at least four kinds of fluorescent pig-
ments or compounds are present in the wings of this butterfly.
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3-D plot for wings of P. xuthus

As an example of another species of butterfly, we inves-
tigated the 3-D plot from the yellow region of the wings of a
male P. xuthus. Fig. 4 shows the contour plot obtained from
this butterfly. A contour peak is observed at an excitation wave-
length of about 400 nm and an emission wavelength of about
470 nm . The emission spectrum obtained from this contour
plot is shown in Fig. 5.

Judging from the results of our previous study (Kumazawa
etal., 1996) and Shono’s paper (1983) on the fluorescent pig-
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a) Emission spectrum obtained from contour peak B. The excitation wavelength was 310 nm.
b) Emission spectrum obtained from contour peak A. The excitation wavelength was 325 nm.
c) Emission spectrum obtained from contour peak C. The excitation wavelength was 280 nm.
d) Emission spectrum obtained from contour peak D. The excitation wavelength was 255 nm.
Emission spectrum obtained from contour peak E. The excitation wavelength was 250 nm.

ment in the wings of P. xuthus, the origin of this peak is thought
to be due to the Papiliochrome Il pigment.

According to Umebachi (1978, 1985), the Papiliochrome
Il pigment is also present in the yellow region of the wings of
male P. demoleus, P. protenor and P. dardanus in the family
Papilionidae. Therefore, similar contour peaks attributable to
the Papiliochorme Il pigment might also be observed in spe-
cies other than P. xuthus, though this has not yet been exam-
ined.
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Fig. 4. Three-dimensional contour plot obtained from the yellow re-
gion of the wings of a male P. xuthus.
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Fig. 5. Emission spectrum obtained from the contour peak shown
in Fig. 3. The excitation wavelength was 400 nm.

Fluorescence from pteridine pigments

In our previous studies on the fluorescent pigments
present in the wings of male M. sulkowskyi using HPLC, pte-
ridine pigments such as biopterin, pterin and isoxanthopterin
and unknown pigments were found (Tabata et al., 1996). The
average contents of biopterin, pterin and isoxanthopterin in
the wings of this butterfly were 1,030+430, 459+183 and
150+£57 pmol/specimen, respectively.

The chemical properties of the pteridine pigments in the
wings and/or the scales differed from those of the dry powder
samples (standard pteridine pigments). However, measure-
ments of the UV spectrum, which provide information about
the electronic state of the material as in the fluorescence study,
of the pterin solution (Pfleiderer, 1985) made it possible to
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estimate that the difference in the fluorescence peak position
between the dry powder samples and the pigments in the wings
was less than approximately 20 nm.

Therefore, we investigated the fluorescence from the
dry powder samples of three kinds of pteridine pigments

1 st-Order Scatter

400

Excitation Wavelength (nm)

2 nd-Order Scatter

P’

200
300 400 500
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Fig. 6. Three-dimensional contour plot obtained from the standard
biopterin pigment (powder).
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Fig. 7. Three-dimensional contour plot obtained from the standard
pterin pigment (powder).
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Fig. 8. Three-dimensional contour plot obtained from the standard
isoxanthopterin pigment (powder).

(biopterin, pterin and isoxanthopterin). The 3-D contour plots
obtained from these pteridine pigments are shown in Fig. 6 to
Fig. 8.

The contour peaks from the biopterin, pterin and
isoxanthopterin powders are seen at excitation and emission
wavelengths of about 320 nm and 425 nm, 320 nm and 450
nm, and 325 nm and 430 nm, respectively. Thus, the position
of the contour peaks (i.e., excitation-emission wavelengths)
from the biopterin and isoxanthopterin pigments was very simi-
lar to that of contour peak A from the wings of male M.
sulkowskyi.

In contrast, the contour peak position from the pterin pig-
ment was slightly different from that of contour peak A in Fig.
2. This difference may be due to a difference in the electronic
state between pterin and the other two pterine pigments (i.e.,
biopterin and isoxanthopterin) in the wings of this butterfly.

It is generally known that the pteridine pigments in the
wings or scales of butterflies are weakly bonded to surround-
ing proteins (Pfleiderer, 1985).

Therefore, it is not surprising that there was a small dif-
ference in contour peak position between the dry powder
samples and the pigments in the wings. These results sug-
gest that contour peak A seen in Fig.2 may have been
derived from a mixture or compound of these three pteridine
pigments. This would also explain the complexity of the shape
of contour peak A, which resembles the composition of two
peaks.

To clarify the origin of the other three contour peaks (C,
D and E), we investigated 3-D contour plots thought to
contain some pteridine pigments such as leucopterin, xan-
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thopterin and neopterin. However, contour peaks of pteridine
pigments corresponding to peaks C, D and E were not found.
Further investigation is now under way to clarify the origin of
these three contour peaks.

Possible tool for the classification of butterflies

In addition to studying the fluorescence from the wings of
male M. sulkowskyi, more recently, we also investigated the
fluorescence from the blue region of the wings of male M.
Adonis using this method. In a manner similar to the results
seen for M. sulkowskyi, some contour peaks were observed
and one of them was rather consistent with the position of
contour peak A in Fig. 2 (Kumazawa, unpublished). Both spe-
cies of butterfly had their own pattern of specific circles at
around the position of contour peak A (at excitation and emis-
sion wavelengths of about 325 nm and 410 nm, respectively),
much like a fingerprint.

According to our previous studies using HPLC, three
preridine pigments (biopterin, pterin and isoxanthopterin) were
also found in the wings of M. Adonis (Tabata et al., 1996). If
specific fluorescent pigments or compounds are contained in
the wings of butterflies, these results suggest that this tech-
nique of using 3-D fluorescence analysis might be a useful
tool for classifying butterflies.

The same fluorescent pigments are actually present in
the wings of M. sulkowskyi and M. Adonis, so it would not be
surprising for both of these butterflies to belong to the same
family or subfamily.

According to Ackery (1984), M. sulkowskyi and M. Ado-
nis belong to the same subfamily (Morphinae). Therefore, our
conclusion regarding the classification of butterflies based on
the position of contour peaks obtained from the 3-D fluores-
cence measurements would not be inconsistent with his
classification.

As to taxonomic studies of butterflies, various methods
such as morphological (Ghiradella, 1984, 1974; Downey,
1975), chemical (Umebachi, 1970; Descimon, 1975, 1965)
and genetic (Turner, 1981) analyses have been employed.

However, in many cases, these methods are destructive
and involve complicated experimental procedures. Compared
with these methods, an analysis of contour peaks using the 3-
D fluorescence method can be made rather easily and in a
nondestructive manner. Such an analysis yields information
about the numbers and kinds of fluorescent pigments or com-
pounds in the wings of butterflies based on their characteris-
tic pattern resembling a fingerprint. Therefore, this method
could be a useful tool for the classification of butterflies, though
much more data from other butterflies are necessary.

Possibility for zoological applications of 3-D fluorescence
analysis

The butterfly wings mentioned in the foregoing discus-
sion were all dry samples. Therefore, in an effort to investi-
gate the possibility of applying 3-D fluorescence analysis to
zoology, we have recently obtained living male P. xuthus and
have performed fluorescence analyses on the yellow region
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of the wings, as mentioned earlier, of living butterflies.

It was expected that differences in the water content or
the combinations of fluorescent pigments present in the wings,
among other factors, would influence the position of the con-
tour peak which was obtained by the 3-D fluorescence method.

However, the contour peak position was observed at an
excitation wavelength of about 400 nm and an emission wave-
length of about 470 nm, which was the same as that seen for
the dry samples described earlier. These results suggest that
it is possible that the characteristics of the fluorescent pig-
ments present in the wings or scales of butterflies do not
change appreciably regardless of whether a butterfly is alive
or dead.

This is the first known application of 3-D fluorescence
analysis to living animals. Although not enough data have been
collected at this point, it is possible that this method may have
latent potentialities that might lead to new developments in
the future.

It is also possible that, by combining the 3-D fluorescence
spectrophotometer with a microscope, optical fiber or some
other apparatus in the future, new information about fluores-
cence, ranging from the microscopic to the macroscopic
domain, might be obtained from living animals regardless of
their size.
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