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ABSTRACT: Fourier transforminfrared (FTIR) spectroscopi ¢ technique was carried out in wings of
nine different Pierid butterflies to deduce the functional groups and properties of cuticular
hydrocarbons which play a pivotal role in exhibiting charismatic colour patterns, controlling body
temperature, attracting potential mates and camouflaging against predators. There werethree major
types of hydrocarbons present in all butterfly wings including alkanes, alkenes and methyl
hydrocarbons. The second predominant compounds found in the butterfly wing region include alkyl
halides, alcoholsand phenols. Therewere no significant differencesin the functional groupsamong
thewings of butterflies. FTIR analysis of ninedifferent Pierid butterfly wings showed many relative
sizes of peaks. There were no significant differencesin the chemical composition of wings but the
colour differenceswere observed among the nine different butterflies. It wasinferred that not majorly
due to the differences in the cuticular hydrocarbons and may be due to the presence of different

microstructures like scales, ridges and grooves. © 2022 Association for Advancement of Entomology
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INTRODUCTION

Butterflies are celebrated widely because of their
aesthetic appeal and are often considered as a
flagship group of insectsinthefield of insect biology
and conservation (Aarti and Arya, 2021; Kunte et
al., 2020). The majority of butterflies have
pigmented phenotypes. The color patternsexhibited
among butterfliesare classified as structural colors
and pigmented colors (Kaspar et al., 2019).
Colorations of butterfly wings are due to the
presence of microstructures and specific pigments.
These pigments appeared colorful because they
absorb and reflect light in a certain wavelength,
and the remaining is dissipated as heat (Sharmila
etal., 2020; Shamim et al., 2014). This phenotypic
plasticity among butterflies has led to many
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interesting studies. Butterfly wingsareintensively
studied by many researchers because of their
charismatic colour, hydrophobic behaviour,
wettability, fluorescence, self-cleaning property, and
also for their flexibility and lightness (Devi et al.,
2021, Krishna et al., 2020, Kaspar et al., 2019).

Pieridae is one of the largest families under
Lepidioptera which consist of more than 1100
species. Pierid butterfliesexhibit sexual dichroism
(Giraldo and Stavenga, 2006).Incident light on the
scale createsathin filminterference, which changes
the colour of the reflected light. Based on the
information gained from the Atomic Force
Microscopicimagesof scales, it isknown that colour
of the reflected light depends upon the periodic
arrangements of ridges (Kaspar et al., 2019).
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Scanning Electron Microscopic analysis of yellow
and white wing scales of Pierid butterflies has
shown the presence of densely decorated ovoid
beads in their cross ribs (Giraldo, 2008). The
presence of beads on the cross ribs is one of the
general characteristics of Pierid butterflies.

Fourier transform infrared (FTIR) spectroscopic
technique can be used to study the spectrochemical
analysis of diverse materials ranging from small
molecules to supra molecular structures (Xu and
Gowen, 2021).Structural features can be analyzed
by using FTIR which isbased ontheinter and intra
molecular interactions of functional groups present
in that molecule in all aggregation states (Kannan
et al., 2020; Kamnev et al., 2021). Many studies
using FTIR have been done on biological samples
such aslivecells, tissue samples, body fluids (Baker
etal., 2014), and alsointissuesof certain disorders
like myopathies and brain tumours (Petiboiset al .,
2009), body fluid traces (Mistek and L enev, 2018).
Thehiochemical information provided by FTIR will
be used for diagnosis and forensic purposes. Only
few studies of FTIR have been done on arthropods
like honeybees, dragonflies(Machovicetal., 2017).
Very few reportsare availableon FTIR analysisin
butterflies (Tian et al., 2015, Krishnaet al., 2020).
An attempt has been made in the spectrochemical
analysisof variousfunctional groupspresent inthe
wings of different Pierid butterflies by using the
FTIR technique.

MATERIALS AND METHODS

Butterflies of the family Pieridae were collected
fromfour regionsaround Madurai, Tamilnadu, India
namely Alagar HillsReserve Forest (10°04’ 39.0"N;
78°12'60.0"E), Sirumalai Hills Reserve Forest
(10°11’01.1"N; 77°59'49.9"E), Kiluvamalai
Reserve Forest (10°04' 18.1"N; 78°10' 11.0"E) and
The American College campus (9°55'46.1"N;
78°08 01.3"E). The specimens of Pierid butterflies
were collected with the hel p of insect net and hand
picking during the month of December 2018 to
September 2019. The collected specimens were
stretched on stretching board, and then transferred
to the insect boxes. The collected butterflies were
preserved by mixing phenol and camphor (3:1ratio).
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The cotton was dipped in the phenol- camphor
mixture and kept in four corners of the insect box.
Identification was done on the basis of literature
and keys. Identified species of Pierid butterflies
were labelled properly. Nine species of Pieridae
butterflies were selected for the study which
included Eurema brigitta, Catopsilia pyranthe,
Colotis danae, Pareronia valeria, Appias
lyncida, Pareronia ceylanica, Colotis etrida,
Eurema hecabe and Ixias pyrene.

The study focused on spectrochemical analysis of
Pierid butterflies by using FTIR technique. The
forewings of nine butterflies were chosen for this
study. The functional groups in the wings were
identified by Fourier Transform Infrared
spectroscopy (FT-IR Model- Thermo fisher 380).
The biomolecules in butterfly wings are
characterized at room temperature. The FTIR
spectrum was obtained in the mid IR Region of
400 —4000 cm'*. With potassium bromide crystals,
the wings of the butterflies were directly placed
and the spectrum was recorded (Sackey et al.,
2018). Therecorded readings were plotted in the
graph using Origin 2021b software (version - 9.85).

RESULTS AND DISCUSSION

The spectrochemical analyses of different regions
of nine Pierid butterflies revealed the cuticular
hydrocarbons. The selected wing regions of nine
Pierid butterfliesfor FTIR analysisincludes apical
forewing region of C. nerissa, basal forewing region
of C. pyranthe, discal forewing region of
P. valeria, basal forewing region of P. ceylanica,
apical forewing region of C. danae, discal forewing
region of E. hecabe, discal forewing region of
A. lyncida, basal forewing region of C. etrida and
discal forewing region of I. pyrene. Different
regions of wings were selected based upon their
different colors. (Table 1; Fig. 1, 2, 3, 4 and 5).
FTIR measurement of nine different butterflies of
the Pieridae family was carried out to find the
chemical composition spectra.

Alkanes are saturated hydrocarbons, characterized
by absorption due to C-H Stretching and bending.
Thestructure of n-alkanewith alonger hydrocarbon
chain allows the close packing of molecules that
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acts as a barrier to water and well suited for
hydrophobic property (Drijfhout et al., 2009).
Alkanes are the most predominant hydrocarbon
present in all the selected butterflies. In the present
study, in C. nerissa, the observed absorbance
spectrabandsat 1339, 2967, 2915, 2836, 1374 and
1339 cm were assigned to be alkanes. The
absorbance spectral values of alkanesin P. valeria
correspond with 2959, 2847, 1464 and 1377 cm™.,
In P. ceylanica, the absorbance spectra band at
2966, 2901, 1436, and 1351 cm™* were assigned to
be alkanes. In C. danae, the spectrabands at 2953
and 2919 cm? correspond with alkanes. In
E. hecabe, the absorbance spectra bands at 2949,
2924, 2861 and 1365 cm™ represent alkanes.
Spectral peak value of alkanesin A. lyncidais2919
and 1370 cm™. In C. etrida, the observed bands at
1382 cm-1 belong to alkanes. In I. pyrene, the
spectral peak value for alkanes was observed at
2970, 2919, 2842 and 1374 cmr™.

The outer surface layer of cuticleiscomposed of a
matrix of alkenes into which n-alkanes are
embedded. Alkenes have three structural features
whichincludelength of thelong hydrocarbon chain,
either sidesof the doublebond and the angleformed
by the double bond. This structural complexity
renders the molecule more specific (Rundel et al.,
2005). In C. nerissa, the absorbance band at 1645
cm* was assigned to be alkenes. The alkenes
group has C=C stretch. In C. pyranthe, the
observed absorbance spectra bands at 1800 and
1647cm? belong to alkenes. These are
characterized as C=0 and C=C stretch. In
C. danae, the observed band isat 1655 cm'® represent
alkenes. In all other selected butterflies alkenes
were absent.

In P. valeria, the absorbance spectra band at
3133cm? represent alkynes. In C. etrida, the
observed absorbance spectra bands at 3363 and
3235cm*correspond to alkynes (terminal). In
I. pyrene, the band at 3227cm* represent alkynes
(terminal). These are characterized asCa’ C-H, C-
H stretch. These are terminal alkynes with strong,
narrow bands. This can be animportant diagnostic
tool because very few organic compounds show
absorption in this region. The mobility of these
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compounds (alkanes, alkenes and alkynes) is
important for its functions, for example in wasps,
the state of outer layer (solid or liquid) isimportant
to the function of ant repellents. In honeybees and
wasps, the role of n-alkanes (a dominated
hydrocarbon) was well studied in the field of nest
mate and egg recognition (Martin and Drijifhout,
2009).

A study based on the proboscis extension reflex
(PER), in honeybees showed that honeybees were
unabl e to discriminate between n-alkanes, whereas
they could learn and discriminate between alkenes.
When the n-alkanes composition in hydrocarbon
profilewasaltered, it had little effect on protection
from ‘guard’ bees. In contrast, when the n- alkenes
(the minor peaks of hydrocarbon profile)
composition was altered, honeybeeswere attacked
moreintensively by ‘guard’ bees. Thus, n-alkenes
even though present in the small quantity, gives
protection against ‘guard’ bees. It is reported that
different colonies of honeybeessignificantly differ
in their hydrocarbon profiles (Machovic et al.,
2017). Therearethreemajor typesof hydrocarbons
presentinall insectsincluding alkanes, alkenesand
methy| hydrocarbons. According to previousFTIR
studies of insect wings, the proportion of chemical
components of wing wasfound to be similar anong
different species(Gibbsand Pomonis, 1995; Ibitoye
et al., 2018).

The second predominant compounds present in the
butterfly wing regionincludeakyl halides, alcohols
and phenols. These compoundsact asasignalling
moleculewhichisuseful for insect communication.
Understanding the concept of chemical signalling
and communication is of vital importance because
it is responsible for fundamental processes like
speciesand gender recognition (Schlick- Steiner et
al., 2006). In C. nerissa, the spectra band at 630
cm? belong to alkyl halides. Alkyl halides are
compoundsthat carbon group banded with halogen.
In C. pyranthe, the spectra band at 597 cm
represent alkyl halides. In P. ceylanica, the band
at 1539cm was assigned to be carbony! group.
These are characterized as C=0 stretch. The
spectral bands at 649, 560 and 830 cn? correspond
with alkyl halides. In A. lyncida, the spectra band
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Tablel. FTIR Spectra(Hydrocarbonsand Functional groups) of Pierid Butterflies
Hydrocarbons . o .
and Functional Butterfly species with its spectral peak values (cm?)
groups Cepora |Catopsilia| Pareronial Pareronia| Colotis | Eurema | Appiasly | Colotis Ixias
nerissa pyranthe | valeria | ceylanica| danae hecabe ncida etrida pyrene
Alcohols and 3667 3687 3703, 3287 3286 3256 3704
Phenols 3435
Aldehydes 1647 2936
Aliphatic amine 1234,1164, | 1160,1092 | 1153,1075,| 1257,1073, 1237, 1272,
1112 1013 1017 1049 1077 1066 1187 1083
Alkanes 1339,2967, | 1442,1365 | 2959,2847, 2966,2901, 2953, | 2949, 2924, 2919, 1382 2970, 2919,
2915,2836, 1464,1377| 1436,1351 2919 2861, 1365 1370 2842, 1374
1374,1339
Alkenes 1645 1800, 1647 1655
Alkyl halides 630 597 626 649,560,830 630 893, 587 850, 623 674, 597 614
Alkynes 3133 3363, 3235 3227
Aromatic amines 1279, 1160 1269 1272
Aromatic groups 3064, 3004,
2962 893 1433 1433, 896
Bromine 690 690 690 649, 560 690 690 623 674, 597 690
Carbonyl Groups 1539
Carboxylic acid 3273 1625 1654,1532,
1444 1134 1741, 1678
Chlorine 850 850 830
Ketones 1647
Nitrocompound 1444 1545 1326 1533 1527 1527
Primary, Secondary
amines 3286 3314

at 630 cm? represent alkyl halides. This methyl
branched hydrocarbons among insectsfunctionsas
a sex pheromones and also acts as a kairomones
i.e. asignal molecule that is advantageous to the
receiver but not to the donor. These physiologically
important hydrocarbon molecul es also function as
an anti-aphrodisiac agent (Gibbs and Pomonis,
1995; Chung and Carroll, 2015). The bands
belonging to the asymmetric and symmetric
stretching vibrations of aliphatic C-H bonds of
methyl, methylene and methane groups can be
found in the wave number region between 3000-
2700 cm™. The bands of bending vibrations of CH,
and CH, can be found at about 1450 and 1370 cm™.

The absorbance spectral peak value of a coholsand
phenols are characterized as O-H stretch. In

C. nerissa, the absorbance peak at 3667 cm
represent alcohols and phenols. These are
characterized as O-H stretch. In C. pyranthe, the
observed band at 3687 cm* was assigned to be
alcohol and phenols. In P. valeria, the peaks at
3703 and 3435cm't correspond with alcohols and
phenols. In P. ceylanica, absorbance band at
3287cm* represent alcohols and phenols. In
C. danae, the peak at 3286 cm* correspond with
alcohols and phenols. In E. hecabe, the spectra
band at 3256 cm was assighed to be alcohols and
phenoals. In C. etrida, the absorbance band at 3704
cmr? represent al cohols and phenols. Alcohols and
phenol were absent in |. pyrene. In addition to
communication and signalling, these componentsare
involved in nest-mate recognition, task-specific cues,
dominance and fertility cues, chemical mimicry,
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Fig. 1 FTIR analysis of Cepora nerissa andCatopsillia pyranthe
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Fig. 2 FTIR analysis of Pareronia valeria and Pareronia ceylanica

mate selection and kin recognition. All these help
todrivetheevolutionary forcein termsof speciation
in butterflies (Rundel et al., 2005).

Insects are smaller in size and have large surface
areato thevolumeratio, hydrocarbonsinthecuticle
gives protection against desi ccation, by controlling
the transcuticular water flux (Martin et al., 2004).
Hydrocarbon molecules also prevent the wetting

of insect’s body. Hydrophobic property of
hydrocarbons acts against desiccation. Carboxylic
acidsin the cuticle mainly include amino acidsand
fatty acids. In C. nerissa, the band at 3273 cm™*
was assigned to carboxylic acid. These have O-H
stretch and carboxylic acids show a strong
wideband for the O-H stretch. In E. hecabe, the
bands at 1654, 1532 and 1444 cm represent
carboxylic acid. These have C-O stretch of
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Fig. 3FTIR analysis of Colotis danae and Eurema brigitta
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Fig. 4 FTIR analysis of Appiaslyncida and Colotis etrida

carboxylic acids shows a strong wide band. In A.
lyncida, the spectra bands at 1134 cmr? belong to
carboxylicacids. InC. etrida, thebandsat 1741and
1678 cm™ were assigned as carboxylic Acids.
Carboxylic Acids show C=0O stretch. The
Carboxylic acidspresent in theinsect’scuticle plays
an important role in saving the life of insects by
acting as an anti-desiccation agent and water

proofing agent (Chung and Carroll, 2015). Pieridae
butterflies have a specific pigment called pterin
(Shamim et al., 2014). All pterin pigments havethe
same basic structure; they differ based on the
functional radicals attached to the nucleus. Not all
pterin pigments are coloured, colouration depends
upontheir chemical structure. Mgjority of butterflies
with brown and black scales have melanin, a
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universal pigment (Ghiradella, 1998). Pigment
melanin contains an essential amino acid
phenylalanine, akey compound responsiblefor wing
pigmentation. Insect’s wings predominantly have
eumelanin rather than pheomelanin. In addition to
pigmentation, phenylalanine also hasphysiological
importance, it helps the insects to cope up with
parasitic infections (Stuhr et al., 2018). The band
at 3087cm was assigned to be NH stretching
modes with some contributions of the aromatic CH
stretching vibrations. The protein repeated unitsgive
riseto nine characteristic infrared absorption bands
namely AmideA, B and I-VII (Tian et al., 2015).

In C. nerissa, the absorbance band at 1444 cm*
correspond with N-O asymmetric stretch and the
observed absorbance spectra band at 3286 cm?
represent primary and secondary amines and
amides. These are characterized as N-H stretching
frequency in primary amines and amides are
derived from ammonia. Secondary amines and
amides show only one peak in the infrared. The
observed band at 1545 cm* was nitro compounds
with N-O asymmetric stretch. In P. valeria,
absorbance peak at 1326 cm™ represent nitro
compounds with N-O symmetric stretch and 1568
cmrt was characterized as N-O asymmetric stretch.

Band at 3314 cm correspond primary and
secondary amines and amides. In C. danae, the
observed peak at 1533 cm belong to nitro
compounds with N-O asymmetric stretch. In
A. lyncida, the peak at 1527 cm™ correspond to
nitro compounds with N-O asymmetric stretch. In
I. pyrene, the band at 1527 cm belong to nitro
compounds with N-O asymmetric stretch.

In C. nerissa, the bending of aliphatic amineswith
C-N stretch and O-H bend was produced at 1234,
1164 and 1112 cm'*. In C. pyranthe, the absorbance
peak at 1160 and 1092 cm? represent aliphatic
amines. In P. valeria, the bands at 1153, 1075 and
1013 cm* belong to aliphatic amines with C-N
stretch and O-H bend. In P. ceylanica, the
observed bands at 1257, 1073 and 1017 cm™
correspond with aliphatic amines with C-N
stretch. In C. danae, the absorbance spectra band
at 1049 cmr! was assigned as aliphatic amineswith
C-N stretch and O-H bend. In A.lyncida, the
observed absorbance bands at 1237 and 1066 cn?
represent aliphatic amines with C-N stretch.

Catecholamine is a precursor of melanin pigment
derived from aromatic amino acids such astyrosine
and phenylalanine incorporated into cuticle (Stuhr
et al., 2018). In C. pyranthe, the absorbance peaks
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at 3064, 3004 and 2962 cm'® belong to the aromatic
group. The C-H stretch in aromatic group was
observed. The observed absorbance bands at 1279,
1160 cm'! represent aromatic amines, characterized
by C-N stretch. In P. valeria, the observed
absorbance peak at 893 cm* belong to thearomatic
group. In E. hecabe, the peak at 1269 cm* assigned
to aromatic amines. The C-N stretch in aromatic
amines was observed. In A.lyncida, the
absorbance peak at 1433 cm represent the
aromatic group. The C-H stretch in aromatic group
was observed. In C. etrida, the peak at 1272 cnr
1 assigned to aromatic amines. Thisischaracterized
as a C-N stretch. In I. pyrene, the absorbance
peaks at 1433 and 896 cnr! were assigned to the
aromatic groups. The C-H stretch and C-C stretch
in aromatic group were observed.

Inall the selected nine butterflies, C-Br stretch (690
- 515 cm), was confirmed as bromine. In
P. ceylanica, a peak at 830 cm®was
characterized as C-Cl stretch. The C-CI (850-550
cm?t) stretch was confirmed as chlorine. In E.
hecabe, a peak at 587 cm* was characterized as
chlorine. The presence of bromineand chlorine may
be influenced by the colour of the wings.
In A. lyncida the observed absorbance spectra
band at 1647 cm™ correspond with unsaturated
aldehydes and ketones. These are characterized
as C=0 stretch. As in ketones, if the carbons
adjacent to aldehyde groups are unsaturated and
this vibration is shifted in lower wave number.
Spectral peak at 850 cm* was characterized as C-
Cl stretch. In C. etrida, the observed absorbance
spectraband at 2936 cm* represent aldehyde. This
is characterized as H-C=0; C-H stretch. The
spectral peak values at 674 and 597 cm* were
characterized as C-Br. The peak at 830cm™ was
characterized as a C-Cl stretch. The C-Cl stretch
was confirmed as chlorine. Elementslikebromine,
sulphur and silica were predominant in wings X-
ray fluorescence spectrometry (XRF) analysis of
wingsrevealed the presence of high concentration
of CI, Br and Ca in the supporting structures of
wings (Stuhr et al., 2018; Kaspar et al., 2019).

Cuticular hydrocarbons are also used as a
taxonomic tool. These hydrocarbonsamong insects,
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they exhibit natural variation and that too under
direct selection. During allopartic speciation, these
hydrocarbonsrapidly divergedueto differencesin
diet, environmental conditions and this could |ead
to reproductive isolation (Buckley et al., 2012).
Thus cuticular hydrocarbons are better indicator
for recent speciation and reproductive isolation
(Simmons and Thomas, 2004). Identification of
cryptic speciesisacommon problem intaxonomy.
Even morphologically indistinguishable species can
be discriminated by their hydrocarbon profiles
(Schlick-Steiner et al., 2006). Long term stability
of hydrocarbons allows analyzing the museum
specimens and even an extinct species (Martin et
al., 2009).

FTIR anaysisof ninedifferent Pierid butterfly wings
showed many relative sizes of peaks. There are
no significant differences in the chemical
composition of wings but the colour differences
observed among the nine different Pierid butterflies
and it was inferred that not majorly due to the
differences in the cuticular hydrocarbons. It may
be dueto the presence of different microstructures
like scales, ridges and grooves.

ACKNOWLEDGEMENT

The authors are thankful to Dr. M. Davamani
Christober, principal, The American College, for
providing facilities during the research work.

REFERENCES

Aarti B. andAryaM K. (2021) Quantitative Assessment
of Anthophilous Insects Associated with
Medicinally Important Weed Plants of Genus
Cirsium. Indian Journal of Ecology 48(3): 731-
738.

Devi A., Sharmila E.J., Rangesh K., Susaritha S. and
Archana B. (2021) Population Dynamics of
Catopsilia pyranthe in Butterfly Garden. Indian
Journa of Ecology 48(3): 748-750.

Baker M., Trevisan J,, Bassan, P, Bhargava R., Butler
H.J., Dorling K.M., Fielden PR., Fogarty SW.,
Fullwood N.J., HeysK.A., HughesC., Lasch P,
Martin-Hirsch PL., Obingju B., Sockalingum GD.,
Sulé-Suso J., Strong R.J., WalshM.J.,, Wood B.R.,
Gardner P. and Martin F.L. (2014) Using Fourier
transform IR spectroscopy to analyze biological



Fourier transform infra-red spectrochemical analyses of Pieridae butterfly wings

materials. Nature Protocol 9(8): 1771-1791.
doi:10.1038/nprot.2014.110.

Buckley J., Butlin R.K. and Bridle J.R. (2012) Evidence
for evolutionary change associated with the
recent range expansion of the British butterfly,
Aricia agestis, in response to climate change.
Molecular Ecology 21: 267-280.

Chung H. and Carroll S.B. (2015) Theorigin of species,
Dual role of Insect’shydrocarbonsin adaptation
and mating. Bioassays 37(7): 822-830. doi 10.1002/
bies201500014.

Drijfhout F.P, Kather R. and Martin S.J. (2009) Therole
of cuticular hydrocarbons in insects. In:
Behavioral and Chemical Ecology. Editors: Wen
ZhangandHong Liu. 1SBN: 978-1-60741-099-7.
pp91-114.

Ghiradella H. (1998) Hairs, bristles, and scales. In:
Microscopic Anatomy of Invertebrates. Insecta
(ed. M. Locke), Vol .11A, New York: Wiley-Liss.
pp 257-287.

GibbsA. and Pomonis J.G. (1995) Physical properties of
insect cuticular hydrocarbons; The effects of
chain length, methyl-branching and
Unsaturation. Comparative Journal of
Biochemistry and Physiology 112B: 243-249.

Giraldo M.A. (2008) Buitterfly wing scales: Pigmentation
and structural properties. University of
Groningen/UMCG research database (ISBN 978-
90-367-3136-2).

Giraldo M.A and StavengaD.G. (2006) Sexual dichroism
and pigment localization in the wing scales of
Pierisrapae butterflies. Proceedings of the Royal
Society B 274: 97-102.

Ibitoye E.B, Lokman, |.H., Hezmee, M.N.M., Goh, Y.M.,
ZukiA.B.Z.and JmohA.A. (2018) Extraction and
physicochemical characterization of chitin and
chitosanisolated from house cricket. Biomedical
Materials 13: 025009.

Kamnev A., Dyatlova Y.A., Kenzhegulov O.A.,
Vladimirova A.A., Mamchenkova P.V. and
TugarovaA.V. (2021) Fourier Transform Infrared
(FTIR)  Spectroscopic Analyses of
Microbiological Samplesand Biogenic Selenium
Nanoparticles of Microbial Origin: Sample
Preparation Effects. Molecules 26(4): 1146.

Kannan P, Karthick N.K. and Arivazhagan G. (2020)
Hydrogen bond interactions in the binary
solutions of formamide with methanol: FTIR
spectroscopic and theoretical studies.

111

Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy 229: 117892.

Kaspar P, SobolaD., Sedlék P, HolcmanV. and Grmela
L. (2019) Analysis of color shift on butterfly
wingsby Fourier transform of imagesfrom atomic
force microscopy. Microscopy Research
Technique. pp 1-7.

KrishnaX., NieA.D., Warren J.E., Llorente-Bousquets
A.D., Briscoeand Lee J. (2020) Infrared optical
and thermal properties of microstructures in
butterfly wings. Proceedings of the National
Academy of SciencesUSA 117(3): 1566-1572.

KunteK., BasuD. and Girishkumar GS. (2020) Taxonomy,
Systematicsand Biology of Indian Butterfliesin
the 21% Century. In: Indian Insects: Diversity and
Science, Eds: S. Ramani, Prashanth Mohanrgj and
H.M. Yeshwanth, CRC Press, Taylor and Francis
group. doi:10.1201/97804290614400-16. 30 pp.

Machovié V., Lapédk L., Havelcova M., Borecka L.,
NovotnaM., NovotnaM., Javurkoval., Langrova
., HakovaS., BrozovaA. and Titira D. (2017)
Analysisof European Honeybee (ApisMéllifera)
Wings Using ATR-FTIR and Raman
Spectroscopy: A Pilot Study. ScientiaAgriculturae
Bohemica48(1): 22-29.

Martin S.J., JonesGR., ChalineN. and RatnieksF.L. (2004)
Role of hydrocarbons in egg recognition in the
honey bee. Physiological Entomology 29: 395-
39%9.

Martin S.J. and Drijfhout F.P. (2009) Nestmate and task
cues are influenced and encoded differently
within ant cuticular hydrocarbon profiles. Journal
of Chemical Ecology 35: 368-374.

Mistek E. and Lednev |.K. (2018) FT-IR Spectroscopy
for Identification of Biological Stainsfor Forensic
Purposes. IR Spectroscopy for Today’s
Spectroscopists 33(8): 8-19.

Petibios C.K., WehbeK ., Belbachir R.N. and DelerisG.
(2009) Current Trends in the Development of
FTIR Imaging for the Quantitative Analysis of
Biological Samples. ActaPhysicaPolonicaA 115
(2):507.

Rundel H.D., Chenoweth S.F., Doughty P. and Blows
M.W. (2005) Divergent Selection and the
Evolution of Signal Traits and Mating
Preferences. PLoSBiology 3: 1988-1995.

Sackey J., Nuru Z.Y., Berthier S. and Maaza M. (2018)
Structural characterization of Papilio kotzebuea
(Eschscholtz 1821) butterfly wings. In: AIP
Conference Proceedings 1962 (1): 040010).



112 B.Archanaet al.

Schlick-Steiner B.C., Steiner FM., Moder K., Seifert B.,  Stuhr S, Truong V.K., Vongsvivut J., Senkbeil T., Yang

SanetraM., Dyreson E., Stauffer C. and Christian Y., Kobaisi M.A., Baulin V.A., Werner M.,
E. (2006) A multidisciplinary approach reveals Rubanov S. et al. (2018) Structure and Chemical
cryptic diversity in Western Palearctic Organization In Damselfly Calopteryx
Tetramorium ants(Hymenoptera: Formicidae). Haemorrhoidalis Wings: A Spatial Resolved
Molecular Phylogeneticsand Evolution 40: 259- FTIR And XRF Analysis With Synchrotron
273. Radiation. Scientific Reports8: 8413.

Shamim G, Ranjan SK., Pandey D.M. and Ramani R.  Tian X., Song G, Ding X., Jigjun GU., LiuQ., ZhangW.,
(2014) Biochemistry and biosynthesis of insect Su H., Kang D., Qin Z. and Zhang D. (2015)
pigments. European Journal of Entomology Photonic Structure arrays generated using
111(2): 149-164. butterfly wing scalesasbiological units. Journal

Sharmila J.E., Thatheyus A.J., Susaritha S. and of Materials Chemistry B. doi: 10.1039/
SnehapriyaM. (2020) Seasonality of butterflies cAtb01691b.
in Alagar Hills reserve forest, India. Entomon  Xu J.L. and Gowen A.A. (2021) Time series Fourier
45(1):53-60. transform infrared spectroscopy for

Simmons A.D. and Thomas C.D. (2004) Changes in characterization of water vapor sorption in
dispersal during species’ range expansions. The hydrophilic and hydrophobic polymeric films.
American Naturalist 164: 378-395. Spectrochimica. Acta Part A - Molecular and

Biomolecular Spectroscopy 250: 119371.

(Received January 26, 2022; revised ms accepted April 04, 2022; published June 30, 2022)



