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RIASSUNTO

| colori e i pattern cromatici presenti sui teguitnelegli insetti rappresentano da
tempo un soggetto di interesse per numerosi rit@icaluttavia, nonostante
pattern cromatici complessi si riscontrino pressmnerosi ordini di insetti, lo

sforzo di ricerca e stato distribuito in modo etgnoeo, concentrandosi in
particolar modo sui lepidotteri. Grazie a una lutigalizione di ricerca, infatti, i

complessi disegni che si sviluppano sulle ali d&di€alle sono oggi conosciuti
con notevole approfondimento negli aspetti biochime ultrastrutturali, nei

meccanismi di sviluppo e nelle loro basi genetichella composizione ed
evoluzione degli elementi discreti che li compongononché negli aspetti di
interazione con l'ambiente. In tempi piu recentickee i pattern cromatici che
caratterizzano i ditteri drosofilidi sono stati diati in dettaglio negli aspetti

strutturali, morfogenetici ed evolutivi.

Meno noti sono i fenomeni cromatici che si riscantr presso altri gruppi
di insetti, fra cui i coleotteri, ordine a cui Scaivono circa 350.000 specie note.
In particolare, sono stati ampiamente trascuratiistomparativi, interpretativi o
evolutivi condotti a livello interspecifico e pa@tpbili a quelli condotti sugli altri
gruppi citati. L'esplorazione della bibliografia expfica, infatti, ha permesso di
individuare solo una scarna serie di lavori a ridoaalcuni dei quali risalenti ai
primi del ‘900. Questi si rivelano del tutto ingafénti a fornire un quadro
generale sui fenomeni che governano i pattern diondei coleotteri. Ad oggi
non abbiamo che pochissime notizie sui meccanisomtrollo e di sviluppo dei
loro pattern cromatici, sulle loro eventuali retami con le venulazioni delle ali
(ampiamente verificate in lepidotteri e ditteri) oon altri elementi
morfoanatomici, cosi come sulle loro capacita eéeze evolutive.

Con gquesta tesi si sono voluti muovere i primi passso una riduzione
dell’enorme lacuna di conoscenza ora delineatastudio é stato condotto su due
livelli diversi. Ad un primo livello, di carattergiu generale, si sono voluti
esplorare, dopo una accurata valutazione dellarétira, alcuni fenomeni di
interesse generale, a cominciare dall’analisi dillgpiu basilari: quelli, cioé, che
determinano la produzione dei colori. Sono stawilegiati, in questo caso, i
diversi fenomeni che determinano la produzioneotbrt fisici in quanto, oltre a
collegarsi direttamente con la seconda parte dstlalio, sono quelli che
presentano le maggiori potenzialita evolutive. Qaiesezione olours and
chromatic effects in beetlesi basa principalmente su un’accurata rassegna e
analisi critica della bibliografia, che e stataemata con alcune osservazioni
originali. Nella sezione successiv@attern evolution and Evo-Devo aspects
indagano alcuni aspetti dei pattern cromatici sdoaima prospettiva “Evo-Devo”
(cosi come viene comunemente detta la modernalagig evoluzionistica dello
sviluppo), in particolare discutendo le relaziortiecessi intraprendono con
elementi anatomici del tegumento. In questi capiteine suggerito che le attivita
di induzione/controllo/alterazione dei pattern (gigmentari che di origine fisica)
prodotte dagli elementi morfologici dell’elitra (pti, strie, vene) rivestano un
ruolo di prim’ordine nello sviluppo e nell’evoluzie dei pattern. Lo stesso viene



suggerito a proposito delle inserzioni muscolaer [@ quali viene verificata la
capacita di induzione di un pattern cromatico, eamfando e ampliando la
documentazione di un importante dato bibliografisalente ai primi del 1900,
ma in seguito apparentemente dimenticato. Infirenesdiscusso un interessante,
ricorrente  fenomeno di convergenza cromatica ipgedica legata alla
distribuzione geografica, per il quale sembranorobpbili spiegazioni legate alla
selezione darwiniana.

Nella seconda parte della testructural and evolutionary aspects in
Chrysolina) si e affrontata una ricostruzione @siluzione dei pattern cromatici
allinterno di un gruppo di coleotteri. A questocopo, € stato individuato come
utile candidato il gener€hrysolina (Chrysomelidae Chrysomelinae) inteso in
senso lato, cioé comprendente alcuni generi affiniincerta collocazione
tassonomica. La possibilita di accedere ad amgleztoni entomologiche mi ha
permesso di condurre una vasta ricognizione sulésigtotalita dei sottogeneri e
delle specie esistenti a livello mondiale. Le carmahi cromatiche osservate su
decine di migliaia di esemplari sono state ricotel@ un numero limitato di
pattern cromatici e mappate all’interno di una Habsinottica con risoluzione a
livello di sottogenere (attualmente si consideraalidi circa 65 sottogeneri per il
solo genereChrysolinas. str.). Poiché non esiste, in letteratura, aldiiogenesi
del gruppo indagato, e stato intrapreso un temtativ filogenesi su base
morfologica condotto su 59 specie rappresentativé generi e 52 sottogeneri.
Nonostante il prolungato sforzo di ricognizioneaalifica, il risultato ottenuto e
stato complessivamente deludente, a causa, presuerle, dellestrema
uniformitd morfologica riscontrata nel gruppo inaee. Ciononostante, alcuni
cladi sono risultati supportati abbastanza da ptemge alcune interessanti
considerazioni. Ciascuna condizione cromatica & stescussa dal punto di vista
morfo-strutturale e, quando possibile o pertineeplutivo. Il risultato piu
interessante, in questo senso, & rappresentaticdabscimento di alcune forme
cromatiche, distribuite fra 2 genefieinae Chrysoling e 8 sottogeneri diversi,
qguali espressioni di un unico pattern fondamenta@heiamato fastuosa-like
pattern) che risulta riconducibile a un’unica innovazialutiva: le specie che
ne sono interessate, infatti, a dispetto dellaotam®ia corrente, appartengono
tutte a un medesimo clade.

La conduzione di uno studio sull'ultrastrutturdl@euticola ha permesso,
infine, di verificare I'origine del polimorfismo ehcaratterizza molte delle specie
interessate dallo studio. In particolare, & stattividuato un meccanismo inedito
che permette la frequente comparsa di forme neoée (anche come forme
nigrine) presso gran parte delle specie a colorazionellmatdunzionando come
un interruttore il cui azionamento (su scala filogica) permette di rendere
visibile la colorazione pigmentaria oppure quelilarigine fisica.

In conclusione, vengono proposte alcune osserviazsnia grande
versatilita dei meccanismi che producono coloriattgrn di origine fisica, dalla
quale puo forse conseguire una difficolta di cdfdrdegli stessi, cosi come sulla
versatilita degli elementi morfologici del tegumenthe si possono interfacciare



con meccanismi cromatici molto diversi, producendteressanti fenomeni di
convergenza di pattern anche fra gruppi filogeaetiente molto lontani.

ABSTRACT

Colours and chromatic patterns of insects are,esiong time, a subject of
particular interest for researchers. However, despeveral orders exhibit
complex colour patterns, few groups received moth® attention, i.e. butterflies
(Lepidoptera) androsophilafruit flies (Diptera). Today, colour patterns falim
each one of these two groups are known in grealdetder various aspects,
from those of the comparative morphology of pattetements to those of
developmental processes and genetics.

Surprisingly, studies on the chromatic patternba#tles, despite the large
variety of chromatic patterns found among their rhems, have been widely
neglected. An accurate perusal of literature reagedhat works dealing with
interspecific evolution of patterns are very scarlty addition, information is
lacking also about the putative developmental qgpokogical relationships
between colour patterns and integument morpholag, particular reference to
the role of wing veins, which were demonstratedeoa fundamental patterning
device in other groups.

This research meant to move the first steps towhallidsy some of the
major gaps in the present knowledge of evolutionaingnomena occurring in
beetles colours and colours patterns.

The first section of the thesi€@lours and chromatic effects in bee}les
deals with some aspects of colours and colour noattevhich are of general
interest, at level of the whole order. A reviewcolour-producing phenomena is
presented, with particular attention to the coloofrphysical origin (i.e., those
which stronger evolvabilty), and some original olsations are presented. In the
following section Pattern evolution and Evo-Devo aspé@dtse focus is brought
on aspects of the interactions between anatomycafaur patterns, for which
several original observations are presented aruisked. The limited information
available from the literature is reviewed, and ioad) data and case studies are
presented and discussed. Induction- or control-&Kects from morphological
elements towards colour pattern elements are exéeapldiscussed and proposed
as a major device active in the colour patternihthe integument.

In the third section of the thesiSttuctural and evolutionary aspects in
Chrysolina), the focus is brought on a circumsdtilgeoup of leaf-beetles, the
genusChrysolinaand the allied ones. A wide survey of their colpattern is
performed, aiming at a reconstruction of the maiol@ionary changes occurred
in this genus. In order to achieve a necessaryogleyletic framework, which was
unavailable from the literature, a morphology-bagguylogeny attempt is
presented, although the results did not provideagesolution. However a few
interesting considerations were allowed by the meselved branches of the tree.
In particular, similar-looking species scattered oam different genera and



subgenera are recognised as belonging to a moreighglade, and thus their
peculiar patternfastuosa-like pattepnis demonstrated to derive from a single
evolutionary event.

Finally, investigations on the ultrastructure ot thpicuticle allowed to
recognize the morphological basis for the chromadiymorphism found in many
of the species showing physical colours, and tefesan up-to-date unknown
morphological arrangement of the epicuticle, whatount for the widespread
comparison of black phenotypes.

In conclusion, some considerations are proposeith@targe evolutionary
potential of mechanism producing physical colowsd of the morphological
elements capable to interact with the colour patter



| cannot pretend to feel impartial about colors.
| rejoice with the brilliant ones and am
genuinely sorry for the poor browns.

Winston Churchill

INTRODUCTION

Colours and chromatic patterns of insect integumdrave attracted attention
from researchers since long time, for reasons giworg a naive fascination about
their beauty to serious, challenging questions abihweir adaptive value,
development and evolution. Nevertheless, afterurgsd of investigations, many
old questions still await answer, and new ones keegrising.

Chromatic patterns of often conspicuous compleaiy observed across
several orders of insects, especially Lepidopt€aleoptera, Homoptera and
Heteroptera. However, research effort has beemildigeéd in uneven manner.
Butterflies (Lepidoptera), whose members displag platterns of most extreme
complexity, have been the favourite subject foestst studying insect colours
and patterning since decades (Parchem et al., 2b0ifjore recent times, a great
deal of knowledge has been also gathered arounfipBut the colour patterns
of fly body and wings cannot be regarded as pdaityu exciting in terms of
variation and complexity, their study arising mgiak a spin-off of the choice of
Drosophila melanogasteas a model organism.

Therefore, we have come to a quite uneven leveinofwvledge for the
different groups of insects. Nowadays, the complatterns of butterfly wings are
known in detail under several aspects, includinglwionary and developmental
ones (see Nijhout, 1991 for a broad review). Mahthe earlier workers focussed
their efforts on the elaboration of interpretativedels, aimed at explaining the
diverse patterns as different expressions of glairfundamental architecture
shared by most of the Lepidoptera and organized esmplex of independent
modules. This interpretative approach is today weMtablished, and is
accompanied and supported by results deriving frmmdern genetic and
developmental studies. These are shedding lightthen biological processes
leading to the shape of the final products, andevedrie to uncover relationships
linking genetic information, developmental pathwaysd environmental
influences to some aspects of the colour patteraddition to studies focused on
the determination of the pattern at the specifielere some studies devoted to
the transspecific evolution of patterns (e.g.. Beawl996; Descimon, 1986;
Jiggins, 2001).

Some evolutionary reconstructions of traits of tta@our patterns in
Drosophila fruitflies are also available (Hollocher et alQ0B). For this group,
indeed, our understandig of the genetics and dpweat of chromatic
phenomena is even better than in butterflies, aswlves into a step by step
reconstruction of the developmental process defits, Gompel et al., 2005).



Although it is still not known whether the genestolling wing patterns
in Lepidoptera an®rosophilaare the same (Parchem et al., 2007), these studies
were able to uncover some traits which are commdroth groups, among which
are the fundamental importance of wing veins asmeprs of pattern (Nijhout,
1991; True et al., 1999; O’Grady and DeSalle, 2@G01@) the existence of a sort of
prepattern marking extablished in a manner not migget from wing veins (True
et al., 1999; Reed and Gilbert, 2004).

Butterflies and fruitflies apart, studies devotednterspecific comparisons
or evolution of colour patterns are rare among roghmeups of insects, although a
few examples can be cited, e.g. among PhasmatQuespj and Sandoval, 2000),
Hemiptera (e.g.: Zrzavy and Negty 1999 and references therein) and
Hymenoptera, which were discussed, among othersa inotable paper by
Williams (2007) on the colour patterns®dmbus

Rather surprisingly, among the groups poorly codelg evolutionary
studies, are the beetles. Beetles, in fact, repteébe largest among the orders of
insects, comprising no less than 350.000 validispeand accounting for 40% of
all insects (Grimaldi & Engel, 2005). Their bodydatteir first pair of wings are
often characterized by bright colours, and the oetwce of polychromous
patterns, strongly diversified from each othegasamon too (Evans, et al., 2000).
Patterns observed on the wings of Coleoptera doeaah the peak of complexity
displayed by of butterfly wings, and commonly arsethe combination of only
two colours as a rather simple series of simplypsHgatches. Such a condition is
typical, for example, of many Coccinellidae. Nehetess, patterns of higher
complexity can be retrieved even among beetlest cmamonly within groups
whose members are covered by hairs or scales (&egambycidae, fig. 1), but
also among species owing their colours to cuticg@ments or to physical
phenomena (e.g.: Chrysomelidae, figs. 2-3). In ease, whatever the degree of
complexity, mechanisms controlling the productiard ahe shaping of beetle
colour patterns, as well as their evolution, arecat completely unknown.

Despite the undeniable appeal of the topic, studiealing with the
evolution of colour patterns of beetles or, at feaggsroposing reasoned
comparisons between the intraspecific patternelated species are very scanty.
Of the older works, remarkable are Tower's (1908jaded research on the
evolution of the genu&eptinotarsa containing many pages on the variation of
the colour pattern in that genus, and Shelford%1{} study on the colours of
tiger beetles, focussed on the ecological and enmiental factors influencing
development and evolution of the patterns. Among thcent contributions
providing a sound phylogenetic background to thmlstof evolution of colour
patterns, three works can be listed, dealing wigleraus of Carabinae (Okamoto et
al., 2001), the whole family Erotylidae (Robertsemnal., 2004) and a genus of
Staphylindae (Chatzimanolis, 2005), respectively.

Consequently, our understanding of the structureabur patterns in
beetles is still very poor, as is our knowledge tloé aspects of chromatic



evolution. Comprehensive studies on the architeatdircolour patterns, intended
as a complex of modular elements largerly indepenfflem each other, have
been largerly neglected, and the same is true wfieg on the mechanisms
controlling their shape or driving their evolutioAt a difference with other

mentioned groups, we have practically no knowleoigkow patterns interact (if

they do) with the integumentary morphological stuues, or of how they interact
with wings veins, which seem to strongly take papattern shaping in the better
known groups.

The Coleoptera are holometabolous insects as aeDiptera and the
Lepidoptera, but show some major difference inghtern-related problems with
respect to the other two orders. Different from Iltle@idoptera, their pattern does
not involve the hindwings (which are not in sighbyt, instead, is strongly
dependent on the colour and colour patterns of fre-body (head and
pronotum). Moreover, the shape of their fore wi(ggtra) is not flat, but mostly
convex, and the wing veins are commonly invisibidlze surface.

My research was meant to identify the major gapsthe current
knowledge about the evolution of colour pattern€oleoptera, and to move the
first steps towards filling some of them.

| started with a broad, critical perusal of ther#ture. This is mirrored by
the first section of this thesi€¢lours and chromatic effects in beetlps,13),
where some aspects of pigmentary colouration aeflyoreviewed, followed by a
wider review, including original observations, abalie production of physical
colours, which appear of notable interest for tregpability to produce quick
major evolutionary changes of the overall body aspé the next section
(Pattern evolution and Evo-Devo aspegis25) the focus is brought on aspects of
the interaction between anatomy and colour patt@ire limited information
available from the literature is reviewed, and im@d) data and case studies are
proposed and discussed.

Against this background | moved to the study of #welution of the
colour patterns in a model grougst{uctural and evolutionary aspects in
Chrysolina, p. 39), which was investigated alsangknto account the notions
gathered in the previous, more extensive, survég. Study group was identified
in the Chrysomelidae of the genGérysoling together with some close genera
whose separate identity is a matter of debate. giluap seemed to fulfill needs
both intrinsic and logistic (i.e. access to somepanant collections of
Chrysomelidae). The gen@hrysolina,in fact, is notable for its huge chromatic
variations, thus providing a large array of phepatyplasticity examples, whose
comprehension is a key challenge in evolutionaojogly. These, encompass both
pigmentary and physical colours, as well as botmecbromous, polychromous
and differently patterned species. In addition,s tigiroup is noteworthy for
expressing its chromatic variation at a low taxomonevel, given the great
diffusion of chromatic variations even within pogtibns of a single a species.

A case of actually impressive polymorphism is repreged by species of
the genureinaand closeChrysolinaspecies. Members of a single species, and



even of a single population can show extreme variat commonly ranging from
brilliant and uniform colour, to polychromous s&gspecimens; less commonly,
black phenotypes are known too.

The expression of such a polymorphism is noteworgtven among
beetles, and call for explanations accounting Hothts biological significance
and the related developmental processes. Accotditite modern perspective of
the evolutionary developmental biology (evo-devio),fact, one must keep in
mind that the phenotype is the contact point betwtbe drive of the selective
pressure, which is imposed by the interactions il environment, and the
results of a developmental process, which can impgosstraints and, eventually,
bias further evolution.

MATERIALSAND METHODS

Sources of study material

The present research was based primarily on thgsGimelidae collection of the
Museo Civico di Storia Naturale di Verona (in peutar for the examination of
long series of European Chrysomelidae) and ontilratp collection M. Daccordi
(Verona) (in particular for the examination of @gdthrysomelinae). In addition,
a minor number of specimens of Chrysomelidae ahdrdamilies of Coleoptera
have been sampled from the collection of the MutieBtoria Naturale, Venezia
and from the private collections of A. Minelli (Rad) and M. Uliana (Codevigo,
PD). On the whole, about 40.000 specimens of Clmmgsoae have been
evaluated, mostly belonging t©hrysolinaand allied genera, but also including
representatives of all Chrysomelinae genera redgaaidevalid and over 95% of the
Palaearctic species.

Occasionally, samples of fresh Chrysomelinae spexas were collected,
their use however being eventually relevant only fiee observation of the
muscular system on fresh specimenkejftinotarsa decemlineata

Microscopy and imaging

Light microscopy observations were performed wilteeca MZ12.5 stereoscopic
miscroscope with magnification ranging from 8x t@0%, either with reflected
light (for whole specimens or elytra) or with tramtted light (for elytra or
pronotum integument only).

Microscopic photos were taken with a Leica DFC4adthera mounted on
the microscope; whole specimen photos were takéim aviPentax K10D digital
camera equipped with a Sigma 105 mm macro objed8lietos were edited with
the Photoshop CS2 software. In addition, in ordegdt well focused images of
considerably thick subjects, the image stackindinetogy was used: stack of
photos of the same subject were taken with focuslifiarent focal planes and
then processed into a single image trough the CuenMZ software (Hadley,
2008).
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For observations and photos under reflected ligigecimens were
uniformly illuminated with a fluorescent ring lampither attached to the
microscope objective or placed around the beetightLdiffusion was strongly
enhanced using a cylindric screen of white sensparent plastic material,
placed as close as possible to the beetle.

Observations and photography of elytra venationewerried out with
transmitted light on samples either dry or rehyattawith 70% ethanol. As for the
source of light, the lighting system of the microge stage revealed too dim to
pass through the thicker elytra, and a Leica L2 tight source was often needed.
In this case, the light beam was directed upwacdssa the subject with the help
of a mirror. The slide carrying the elytra was aaekwith opaque adhesive tape
in order to moderately diffuse the beam, and tigdtirkened around the subject
in order to protect the observer’s eyes from tloevit source of light and to allow
the visual perception to fit on the dark toneshe# subject without being dazzled
by the surrounding light field.

TEM observations were meant to study physical aslowt changing after
death and dehydration, therefore they were caoigdvithout problems on elytra
samples taken from dry museum specimens. Ordimeagnbents of fixation and
postfixation were therefore unnecessary. Sample® waectly dehydrated in
ethanol alcoholic series, embedded in epossidiaunednd cut into sections 80-
110 nm thick and contrasted for 20’ with uranyltate in alcoholic solution and
then for 7’ with lead citrate. Observations weref@ened with a Hitachi H600
microscope.

Phylogenetics

Phylogenetic analysis was performed under maximansimony method with
TNT software (Goloboff et al., 2003) on a 2.67 Qinacessor with 2 MB RAM (1
MB was dedicated to TNT during phylogenetic recardton). The software
choice was done taking into account its high comfrial speed and its unique
capability to handle continuous characters, such nasasurements and
morphometric indices, without the need to code thasnarbitrarily discrete
characters.

The ingroup was selected from over 400 specieShofsolinaand allied
genera. Coding was subsequently limited to 59 teeqesenting 52 species and
47 subgenera o€hrysolina (plus oneincertae sedisspecies), 5 species and 3
subgenera oDreina, 1 species oEemenovial species o€rosita (seeAppendix
1, p. 100). The choice of this taxon set was madéngathe following into
account: availability of collection specimens oftlbb@sexes to dissect and/or to
handle in a non-conservative way, inclusion of khghest possible number of
subgenera, especially of subgenera particularBvesit from the chromatic point
of view. Other conditions being favourable, for eaubgenus the type species
was chosen. Five pairs of species belonging to asyrsubgenera were included
in the ingroup, as a basic test to evaluate théogleyetic hypothesis produced.
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As an outgroup was choseheptinotarsa decemlineataa species
belonging to a Neotropical lineage allopatric respe the considered ingroup
and since long regarded as distinct from @teysolinalineage (cfr. Daccordi,
1994), a condition which was confirmed by its positin recent phylogenies
(Gomez-Zurita et. al, 2007).

The phylogenetic reconstruction was performed thief morphological
characters directly verified on the studied speasnéowever the building of the
character matrix revealed highly problematic andcimmore time consuming
than expected. As a preliminary work, a wide sdrggrincluding over 210
characters or characters coding systems was pextbriA high number of
characters was subsequently discardeditinere, due to the absence of
phylogenetic information (autapomorphies, e.g. hedt last tarsal article of
Chrysolina fastuosadenticulate mandibles oChrysolina variany or, most
commonly, due to the impossibility to recognizefisigntly discrete states (e.qg.:
shape of the periocular sulcus, shape of the mbegjibr to the high interspecific
variability of the character taken into accoung(epresence of the apical medial
tubercle of the prosternum).

The final matrix Appendix 3p. 105) was composed of 90 morphological
charactersAppendix 2p. 101). Of these, 15 are quantitative morphoyretised
characters and 75 are qualitative characters. Anlomgjualitative characters, 39
multistatum characters have been defined, of whi8hare additive, due their
belonging to an apparent morphocline. In additaiploid chromosomic number,
plant host family, and class of defensive chemicampounds, whenever
available, were coded as additional characters fr@mature data. On the whole,
a total of 95 characters were definitely processigd the software.

Evaluation of chromatic conditions and level of epgpmation

A survey of over 35.000 specimens @ffirysolinaand allied genera allowed to
recognize a few distinct chromatic conditions, egtlusive of each other. The
observation of chromatic characters was limitethéodorsal surface.

The distribution of each of the chromatic condionithin the studied
group was then outlined at a subgeneric level usingdegree of presence:

(a) observed as most common condition within thele/subgenus;
(b) regularly observed within one or more species;

(c) observed as single aberrant specimens withénoomore species;
(d) never observed,

The choice to approximate the study to a subgenlenel was done as a
temptative to efficiently cope with such a speaiek-taxon, therefore having no
possibility to undertake a detailed phylogeneticoretruction of over 400
species, but trying anyway to mantain a comprekensvolutionary view of the
same.
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From an phylogenetic point of view, this correspoma@onsider each subgenus as
monophyletic. This assumption, although a work ltlgpsis, is not unwarranted.
Monophyly of several subgenera, infact, is suggkebiethe strong morphological
similarity observed among their members, whichroftan be distinguished on the
basis of fine morphological or edeagic charactery;an addition, the limited
phylogenetic studies performed until now on thioug, always suggested
monophyly or, in a single case, paraphyly of thegemera taken into account (see
alsoThe Chrysomelidae: a taxonomic and phylogenetitra tp. 39). However,
the subgenuBezocrositawas discarded from the analysis since it appetaréd
strongly heterogeneous and most likely polyphyletic

COLOURSAND CHROMATIC EFFECTSIN BEETLES

Colours producing devices: pigments

Pigmentary colours of beetles occur either embeddethe cuticle or in the
underlying hypodermal cells (Crowson, 1981) The tramsmmon pigments are
melanins, a large and heterogeneous family of pefizad quinone derivatives of
phenolic compounds (True et al. 1999), whose prialucdepends on the
availability of tyrosine. There are two classesr@lanins, eumelanins (brown to
black) and phaeomelanins, which are yellow to r&udBerthier, 2007; True et
al., 1999). Beside melanins, carotenoids and orhnoemges are also common in
beetles, where they mostly locate in the cuticleo@®on, 1981). They are
characterised by a yellow to red appearance aadspread across different
families. It seems that, in some instances at |etise pigments are not
syntethized by the beetle, but acquired from thedfoThis is the case, for
example, of Cassidinae leaf-beetles, whose pigmentalour was indirectly
observed to be dependent on the foodplant: adwtldse may vary in colour
across the seasons, depending on the chemical tioondif their foodplant
(Jolivet, 1994). A direct evidence of acquiremehp-@arotene from leaves of the
foodplant was produced for at least one memberha subfamily, Cassida
murraea(Jolivet, 1994). The presence of other classesgrhents, in particular
of biliary pigments (producing green to blue hues)supposed, but not yet
ascertained (Crowson, 1981). Actually, green angk ldolours of non-physical
origin are rather rare in beetles, but they ocenorsg some of the most colourful
groups, such as Erotylidae and Chrysomelidae ChrgBoae (e.g.Platyphora
gratiosa, Platyphora nigroguttata and Clytrinae (e.g., Diapromorpha
trifasciata).

Darkening and sclerotisation of the cuticle

The relationship between the sclerotisation (hardgrof the insect cuticle and its
darkening is known since long time. To date, despéveral investigations on the
sclerotization of the insects cuticle, this prodssstill not completely understood
(Andersen, 2005; True et al., 1999).

However, sclerotisation and darkening were suppdsdok independent
long ago (cfr. Goodwin, 1952) and recognised adindis processes since
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Andersen (1974) demonstrated the cohexistencensects (such as the beetle
Tenebrio molitoy, of two distinct mechanisms of cuticle hardenifpgobably
associated to different enzymes), which use theesaobstrate (dopamine, a
derivate of tyrosine) but are active on differeattp of the same molecule. One of
those enzymes acylates the substrate to N-acepmtioe (NADA), the other
acylates it to N3-alanyldopamine (NBAD) (Andersen, 2005). Both ofhet
resulting compounds will serve as precursors ofstiierotization process, but the
first will produce a pale or colourless cuticle,ilgtthe second will sclerotise and
at the same time darken it to a dark brown coldwen¢e the common but
misleading use of the term “tanning” to addresshbtd the process of
sclerotisation and the process of darkening). W@ mechanisms can anyway
work simultaneously and the variable ratio observetiveen their activities can
account, at least partly, for the different huesbodbwn observed on beetle
integument.

A second common compound reponsible for the dalducaf the cuticle
(in particular, black) is melanin, whose metabglathway is almost identic to that
of the two mentioned compounds which take parthie bardening process.
Melanin, in fact, is produced starting from the sasabstrate (dopamine, which is
oxidated by phenoloxidase) or by its immediate prear (DOPA), but is
supposed to play no role in the hardening procgsddrsen, 2005), as suggested
by observations in different organisms such asnallhutations in grasshoppers,
whose cuticle lack melanin but has the same mechhproperties as the wild
type (Malek, 1957).

Among beetles, the independence of darkness frdenosization can be
also inferred from the existence of weakly pigmdn{eut not soft bodied)
species, a phenomenon particularly common amongespmhabiting caves (e.qg.
Carabidae Trechinae), or soil (e.g. Staphylinidselaphinae, Scydmaenidae), but
also found (although far less commonly) among ssewiith nocturnal free-living
habits, such as European beach tenebrionids agjahesXanthomuswhose pale
yellow integument is semi transparent. The absefddackness in species that
do not need to protect themselves from sunlighd ailgygest that the darkening of
the cuticle through melanine production is not justby-product of the
sclerotization system, but is an expensive traittvirs positively selected and can
be disposed of if unnecessary (see also Crows@4i,)19

In conclusion, the link between hardness and dakrnof the cuticle
appear to be labile and to depend on the involvémiea compound (dopamine)
which can syntopically produce three different dates: one enhancing only
darkness (melanine), one enhancing only hardne8®QA), one enhancing both
of them (NBAD).

Physical colours

Phenomena leading to the perception of colourfienabsence (or regardless) of
the presence of pigments are widely distributedature and among beetles and
other insects as well. Colours observed are usuellgrred to as “structural
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colours” or “physical colours”, whereas the anatwathicolour-producing devices
are described as or as “photonic structures”, whitdly be also defined as
“optically active” when they cause polarizationtioé incoming light.

Basically, a structural colour is produced by theeiaction between the
light and periodic nanostructures capable to selkgtinteract with wavelengths
in the range of visible light (380-750 nm). Theestf the nanostructure period is
in the same order of magnitude of that of the wevgih produced.

The existence of physical colours among insectseed since long time,
was regarded as a specific phenomenon, distinah fifte pigmentary colours,
since Hagen (1883), who introduced an explicit tealogy to distinguish colours
produced by pigments from colours produced by maysstructures. From the
nineteenth century to present days, the brillizuat aften iridescent colours shown
by insects integument have elicited the interest nimber of researchers. In very
recent years, physical colours found among bebtgs been receiving increasing
attention, especially from the structural/archibeat point of view (including the
search for biomimetic materials, e.g. Lenau & Badp2008), and some new
phenomena were discovered (e.g.: Parker et al3)200

In beetles, there are three main classes of mexarproducing physical
colours: multilayer reflectors, three dimensionabionic crystals and diffraction
gratings. These correspond to the complete seffiesmexhanisms producing
physical colours observed among insects, with tilg exception of the Tyndall
blue effect, a phenomenon which is known to occuvarious insects such as
dragonflies (Mason, 1926), grasshoppers (Filsha.efl975), lepidopteran larvae
and adults (Byers, 1975; Huxley, 1976), but hasendaeen found in beetles.
These main mechanisms are here briefly revieweagbther with a discussion of
some meaningful examples, study cases, or modditat of the basic
mechanisms.

Colours produced by photonic structures of Cole@péee generally very
stable in time (but seReversible colour change. 23) and if not exposed to
stressful conditions, they may last almost forey®eago et al., 2008). An
exceptionally well preserved fragment of multilaypelonging to a beetle aged 50
million years was studied in detail by Parker andkidnzie (2003), although the
assumption of preservation of the original coloanmot be demonstrated.
Nevertheless, complete specimens of fossil begdesh as Chrysomelidae,
Buprestidae and Lucanidae) showing well preservedgmic structures which are
reliably deemed to show the original colours arexemn in the limestones of
Messel (Germany), about 49 million years old (L.ut292). A much less aged,
but uncontrovertable, observation of long-termb#ityg of such a structure is
given by Vigneron et al. (2006) and Adachi (200Who mentioned well
preserved elytra o€hrysochroajewel beetles (Buprestidae) used for decorative
purposes in a Japanese temple and aged about £3@€. yiowever, there are
evidences that exposition to sunlight for a fewrgeaay strongly affect or delete
physical colours, possibly as an effect of UV réidizs (Seago et al., 2008).
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Physical colours. multilayer reflectors

Multilayer reflectors are very common devices pmdg structural colour in
beetles. Their presence is commonly suggested éyobiservation of bright,
saturated colours, often described as “metallic'vireous”, whose appearance is
strongly dependent on the angle of observation:irmmease of this angle,
measured as a shift from the normal to the integuirsierface, produces a shift of
the perceived colour towards shorter wavelengthg.,(&eville and Caveney,
1969; Berthier, 2007). As a consequence of thisirtpof-view dependence”,
convex beetles exposed to a directional light (edgect sunlight) will appear
colourful only limited to a small surface, but mgsiark on the rest of the body
(fig. 19b, c), while a diffuse illumination will & to the perception of a
polychromous body even if the colour producing devis grossly uniform
throughout the entire integument (fig. 4).

A multilayer reflector is made of a series of layeisually alternatively
composed of two different materials of lower andjher refractive index.
Interaction with light occurs when the spacing kesw layers approaches one
guarter the wavelength of visible light. Under #esonditions a constructive
interference phenomenon occurs (hence the defindfanterference colours for
the colours thus produced), with the produced aolmeing dependent on the
thickness and the refractive index of each layeoating to the equation W=4IrT
(W: colour wavelength, Ir: refractive index, T: &ythickness). Hence, a stack of
layers all having the same optical thickness (Will produce a constructive
interference for the same wavelength (fig. 6), #redr combined action will give
rise to a more intense and brighter colour; coralgra stack of layers of different
optical thicknesses (usually with the same Ir bdifeerent thickness, fig. 7) will
produce different wavelengths and thus a less paleur (see als@roadband
reflectors p. 18).

Less commonly, interference colours can arise fparticular multilayer
reflectors, the so-called “Bouligand structuresfr.(t.enau and Barfoed, 2008),
whose particularity is that these are made of #Hmaeschitinous material, rather
than of two alternating substances. Within eackraghitin fibrils lie parallel, but
the arrangement of fibrils in each layer is twistgth regard to the fibrils of the
adjacent layers. Twisting occurs in such a reguway that, given a stack of
layers, the arrangement of the fibrils along theival axis becomes helicoidal.
As a result of this structure, light is circularpolarized, a phenomenon of
selective reflection occur and hence interfereratews are produced. The largest
reflectivity for a given colour is obtained wheretloptical thickness of half a
period is equal to the wavelength of the colourn@due and Barfoed, 2008). The
existence of polarization phenomena in the beetigcle was observed by
Michelson (1911) and treated by Gaubert (1924),thatfirst detailed study on
the structures responsible for these phenomena pn@duced much later by
Neville and Caveney (1969). To date, despite helaloarrangement of chitin
fibrils being very common among insects opticaltyivee stacks of chitine layers
were observed only among the Scarabaeoidea, witbralespecies scattered
across different families such as MelolonthidaeteRdae, Cetoniidae, and
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Scarabaeidae (Goldstein, 2006; Seago et al., 2@08)lso interesting to observe
that in the same families interference colours naaige both from ordinary
multilayer reflectors and from Bouligand structuBieville and Caveney, 1969).

Both kinds of multilayered structures describedehextend parallel to the
surface of the elytron (the periodicity thus deyeperpendicularly to this surface)
and may be located in different cuticular layersasMcommonly, they are found
in the epicuticle (Chrysomelidae, Carabidae, Melejd but are typically observed
in the exocuticle among the Scarabaeoidea (Nedill€aveney, 1969), and
occasionally in the endocuticle among the Chrysaael (Seago et al., 2008, see
alsoReversible colour change. 23). Some works dealing with the ultrastruetur
of multilayer reflectors seem to make unwarrantessuenptions about the
anatomical placement of their subject of reseascicth as the recent works on
Chrysochroa(Buprestidae), where the multilayer is assumetddcexocuticular
despite being placed in the outepu of the elytron thickness (Vigneron et al.,
2006; Adachi, 2007). The distinction is relevantce chemical composition of
the two layers is different.

In general, knowledge about the precise chemicahposition of the
layers forming cuticular photonic structures isheat limited. However, while
chitin is regarded as the main component of exoular laminations - even
though relevant amounts of uric acid have beenctilein Rutelidae (Caveney,
1971) - it is completely absent from epicuticleicfiards, 1951). To date,
although these are very widespread photonic strestiepicuticolar multilayers
have a poorly known chemistry, due to the compjerit the epicuticle itself
(which is composed, in addition, of other differdayers) and the extreme
thinness of the complex (a stack of layers is ugualthe range of Jum), which
makes difficult to investigate on it (Richards, 195Epicuticle laminations were
interpreted as alternating layers of proteins apidls by Neville (1975), while
the presence of melanoproteins within the lamimatiof tiger-beetles epicuticle
was inferred by Schultz and Rankin (1985) and, whth same method, by Liu et
al. (2008) inChlorophilaTenebrionidae, but an unquestionable demonstratsn
never been produced. Vigneron et al. (2006) sugdeitte presence of thin air
films separating epicuticular layers@hrysochroa vittatabut Adachi (2007) and
Noyes et al. (2007), respectively working on thiatesl Ch. fulgidissimaandCh.
rajah, did not provide any evidence for this hypothedmsmonstrating however
the presence, within the multilayer reflectorspofes with a radius of 0.25-0.30
nm and capable of adsorbing fluids (Adachi, 200G the existence of two kind
of layers with a refractive index different fromathof the air. Despite the poor
chemical knowledge outlined, from a strictly medhkestic point of view, to
perform an analysis on the optical properties @ discussed multilayers only
requires an adequate knowledge of the thicknessheflayers and of their
refractive index, for determining which a relialolethod was recently developed
by Noyes et al. (2007).

Multilayer reflectors are the most common mechanigmoducing
structural colours in beetles (Seago et al., 2608) are widespread across several
families of different suborders. In particular, yhare extremely common among
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Carabidae, Buprestidae, Tenebrionidae and the faupiéies Scarabaeoidea and
Chrysomeloidea.

Broadband reflectors

Among the chromatic phenomena produced by multilagéectors are some
light-coloured integuments with a strong metallippearance, notably those
belonging to the Rutelidae of the gen&iarysing Plusiotisand Anoplognathus
which may show a stunning resemblance with pied¢gsotished silver or gold
(fig. 5). Such an exceptional appearance is acHidwethe reflection of most
(virtually, all) wavelengths. This effect will happ when the multilayer is
composed by a high number of layers of differemtkimess (fig. 7), producing
each a constructive interference for a peak waggtedifferent from the others.
Although this optical phenomenon will happen re¢gssl of the distribution of
the layers’ thicknesses (see Parker et al., 1988)ng beetles only chirped
multilayers are known, that is, a stack of layersose thickness gradually
increases (e.g. Parker et al., 1998 for Chrysoraelidassidinae and Rutelidae) or
decreases (e.g.: Vigneron et al., 2007 for Chrysidaee Cassidinae) approaching
to the surface. Conversely, among the beetles statk chaotic thickness such
as those observed in the skin of trichiurid scakeliishes (McKenzie et al., 1995)
are not known.

“Pointillistic” colour mixing

Although interference colours appear most oftemgHiriand conspicuous even
from a macroscopic point of view, they can also/esas a source to produce a
dull appearance. This phenomenon, usually refetoeds “pointillistic colour
mixing” is mainly known for its occurrence in a d¢@ number of Cicindelinae
tiger beetles (such &3icindelaand allied genera, figs. 10-12) and was recently
described inChlorophila (Tenebrionidae Lagriinae) (Liu et al.,, 2008), lkesi
being known also for butterflies. The occurrencetto§ phenomenon is surely
uncommon among beetles, however | can add (pess) aldurther example of it
on the integument of sontedaphrusspecies (Carabidae), notably on thosé& of
riparius (figs. 13-15), which, interestingly converge witltindelids also in the
general habitus and in their behaviour of day-acsight-hunters.

In these beetles the cuticle surface is denselyosoalptured, being
covered with small hexagonal pits (diameter in thege of 10-15um both in
Cicindelinae and il€hlorophila as large as 20-50m in Elaphrug which modify
the architecture of the epicuticle. Thus, the theds of the multilayer responsible
for the colour is not uniform across the surfateha bottom of each pit the strata
are thinner than in the ridges between. As a careseg, each of these two areas
reflect a different peak wavelength, and, under mifegtion, it will appear of a
distinct, bright colour. However, under the nakegke,esmall portions with
different colours blend in a single, much dulleloew. The production of different
wavelengths which get mixed in a single macroscaeplour is further enhanced
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by the sculpture itself, which breaks the surfaxte differently oriented plans and
makes the perceived colour less dramatically seadib the angle of observation.
In Cicindelinae, in addition, small patches of alg40-80 um across) with
colouration different from that of the neighbourioiges may be observed (Schultz
and Bernard, 1989), strongly enhancing the prodonatif mixed colours in small
discrete areas. The small size of the differentiipared points is determinant to
achieve the merging effect. Similar combinationsailpture and colouration, in
fact, may be retrieved also in the integument dfeptbeetles, such as the
Neotropical species gen@mocerus(Chrysomelidae Cassidinae) (figs. 16-18),
where however pits and ridges are much larger (gianca. 50Qum), and thus
perceived as distinct elements (pers. obs).

Dull colours produced by pointillistic colour midxgrare usually interpreted
as a camouflage device, a reasonable hypothesibefusupported by the
observation that the elytral colouration of somgeti beetle species varies
geographically, matching the local soil colour (Glth, 1986).

Physical colours: diffraction gratings

This kind of optical systems is notably less comrtiean the multilayer reflectors
and produces a structural colour far less conspEuo appearance. The presence
of a diffraction grating is usually recognisablecégse of the silky shine shown
by the integument surface, associated to the ptmolucf a rainbow-like
reflectance which moves with changing the angleob$ervation. Diffraction
colours produced this way are usually quite faimtparticular if compared with
the bright structural colours produced by other Ima@csms.

From the structural point of view, a diffractionaging is a nanoscale array
of parallel ridges, grooves, rows of denticles tireo similar high-density linear
structures having a typical density around 100Cesimm (Anderson and
Richards, 1942) and thus capable to diffract lighits constituent wavelengths,
reproducing the rainbow spectrum. In this case, glae with periodicity is
parallel (or, better, coincident) with the surfadethe elytron. Iridescence arising
from these structures appears in the form of onmare ordered spectra directed
perpendicularly to the direction of ridges, withdawnal spectra being less bright
and possibly lacking longest wavelengths.

A peculiar diffraction grating was described by &eaet al. (2008) for
Neotropical Nitidulidae of the genuPallodes which have two diffraction
gratings intersecting at a right angle and origintatwo spectra, one longitudinal
and the other transversal.

An internal diffraction grating system was assunedbe responsible for
the colour of some metallic beetles scales by eaithas (cfr. Onslow, 1921),
however this hypothesis, already questioned by @ngl.c.) appears now to lack
foundation in the light of recent acquisitions & ultrastructure of beetle scales
(seePhysical colours: photonic crystal structures amdles p. 20).

This optical phenomenon, although uncommon, isteed among few
beetles families and seems to be particularly commaoMelolonthidae Sericini
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(with ultrastructure studied by Kim and Kim, 2008)d Phalacridae (Hinton et
al., 1969), however its contribution to the macopsc appearance of the insects
is rather poor and its presence may easily go isetht

Among other insects diffraction gratings is gengrabre and, beside
beetles, was until now recognised only in mutilidsps (Hinton et al., 1969;
Vukusic and Sambles, 2003).

Quasi-ordered scattering

This phenomenon arises when identically sized raales light-scattering

structures are evenly spaced on the surface oélfteon or embedded within a
transparent matrix, but are not ordered in regutanvs as in an ordinary
diffraction grating. The colour produced is a naddscent diffuse bluish-green.
This phenomenon is fairly uncommon among beetleshas been reported only
very recently (Seago et al., 2008).

Physical colours. photonic crystal structure and scales

This kind of structural colour producing devicerealdy known for butterflies
(Ghirardella, 1989; Argyros, 2002), was discoveimredhe beetles only in very
recent years by Parker et al. (2003), who recogntbés phenomenon in the
elytral scales of the entimine weeMletapocyrtussp., originally misidentified as
Pachyrrhynchus arguéSeago et al., 2008). From the macroscopic pdiniew,
the presence of this photonic structure is sugdeltebright saturated colours
lacking iridescence (at least on a macroscopicejcak. the perceived colour is
independent from the angle of observation and itaton (fig. 19). This
peculiar condition was already regarded as unukyatarlier authors, such as
Onslow (1921), who first deemed worth of explamatioe peculiar appearance of
scale-covered curculionids of the gefiyphusandEupholus

To date, only few other observations of photonigstals among beetles
were produced, all belonging to the family Curcnidae Eupholus Vukusic,
2007; Pachyrrhynchusspp.: Seago et al. 200&yphus Berthier, 2007,
LamprocyphusGalusha et al., 2008). The scarce number of eleanpowever,
is surely due to lack of research and this kindllaastructure will probably turn
out to be much more widespread.

In all known cases, the structures which are resptn for colour
production are not located within the integumenit, Wwithin the covering scales:
each scale contains a three-dimensional, highlyered! lattice of nanoscale
spheres, whose spatial arrangement is analogimatoft regular mineral crystals:
the observed arrangement can be hexagonal (a% iopd), or cubic (as in the
diamond). Colour is produced by constructive irgeghce, i.e. by the same
phenomenon exploited by the multilayer reflectorsevusly described.
However, the macroscopic iridescence is here siyorefluced by the optical
device being active in three dimensions, thus produa considerably smaller
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shift of the perceived colour (Metapocyrtusa shift as large as 70° in the angle
of observation leads to a 140 nm shift in the obesgtpeak wavelength).

In addition, the macroscopic reduction of the isicknce appears to be
strongly enhanced by the chaotic structure obsearvedch scale at a higher level
of organization: the scale, in fact, is not comploska single crystal, but contains
several closely packed crystalline domains withfedént orientation, that is,
several pieces of highly ordered structures eacienmd randomly and
independently from the others. As a consequent@architecture, from a given
angle of observation each scale will produce a ofixdifferent wavelengths,
which blend together into an average colour at foweagnification. This
unordered structure is probably a positively sel@atondition, being useful to
enhance a diffuse reflection device which produgesngle macroscopic colour
independent of the viewing angle (Vukusic, 2003k¥4ic and Sambles, 2003;
Galusha et al., 2008).

The characteristics of crystalline domains aré gtibrly investigated, but
they are reported to be usually few microns in ditan(Vukusic, 2007; Galusha
et al., 2008), a condition which surely fits witletproduction of a diffuse uniform
colour. However, preliminary observations on a widenge of subjects suggest
the existence of a wider range of sizes even witloeely related species, leading
to different output in macroscopic appearance. €scaf Eupholuscurculionids,
where photonic crystal have already been obserVe#usic, 2007), may show
abrupt internal discontinuities in reflectance €redble to different crystalline
domains) of size notably different across specias, exemplified by the
comparison betweela. schoenherr(fig. 20) andE. chevrolati(fig. 21), the latter
showing much larger domains giving a gem-like apgeee to its scales (pers.
obs.).

The presence of several multiple crystalline domaioes probably apply
also to the polychromous scales Bfitimus imperialis(Curculionidae), whose
differently coloured sectors were first addressgdbnmock (1883). Indeed, the
sparkling appearance &. imperialishas been the centre of a debate and source
of fame for this Amazonian weevil since centuriésvas the first beetle to elicit
interest for the colour of covering scales, asasuwnentionedby old authors such
as Drury (1773) and Lindenberg (1777, 1780; cfrmiBiock, l.c.). Dimmock’s
contribution is of historical interest as this autldemonstrated that the observed
colours are of physical origin, and produced (umsctously) the first account of
multiple crystalline domains within a beetle scalmtimus scales were later
investigated by Michelson (1911), who referred lthight colours to a diffraction
grating contained within the scales, and by Onsl@®921), who deemed
Michelson’s theory unsatisfactory. No recent stadieve been produced to
propose a definitive explanation for the colourdhs scales of this species, and
the polychromous condition described (correctiyngoago is still today
unresolved matter. Anyway, in the light of obseiwas available for other
weevils, it seems a reasonable hypothesis thafioentinuities observed within
each scale have to be referred to multiple crystllomains (or, at least, to
multiple domains of photonic structures). In thase, the size of each domain
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would be remarkable, as each scale (about 16Q:&8@®ng) would contain only
2-6 domains (figs. 22-23), each of size in the oafelOOum (pers. obs.), against
tens or hundreds of smaller domains observed in seale oEupholusand other
weevil species. These large units are thus resplenfsir the exceptionally shining
appearance oE. imperialis (also called “Brazilian diamond beetle”), which is
well perceivable at close inspection with the nakgd (fig. 22). In addition, the
wide range of colours produced by a single scabldss noteworthy, since scales
of other investigated beetles usually produce aroal monochromous reflection.
Consequently, it seems likely that each domainiwithe scales oE. imperialis
may have geometric properties of its own and inddpet from those of the
neighbouring ones, contrarily tdamprocyphus augustusvhere different
crystalline domains were demonstrated to have dheesstructure (Galusha et al.,
2008).

Apart from structural characteristics of the scaleshould be noted that
the chaotic scattering of microscopic polychromatesas tightly packed together
leads to a phenomenon analogous to the pointllisixing of colours described
for the multilayer reflectors of Cicindelinae a&@hlorophila tenebrionids. The
perception of the “mixing” effect is dependent b size of the single coloured
elements, being more effective in species with kdwhains.

Tridimensional non-crystalline structures and white

Although only few recent studies are available lo@ tiltrastructure of photonic
structures contained within the scales of beetlaanteresting variety of internal
arrangements responsible for different structuoddurs has been unveiled, apart
from the tridimensional highly ordered lattices\poaisly mentioned.

Hoplia coeruleais a Western European beetle whose males are embver
with scales of a brilliant light blue colour. THigghly unusual appearance called
since long for the researchers’ attention and itis¢ $tructural observations were
produced over a century ago by Dimmock (1883), wlemonstrated that the
colour is not due to pigments and provided a fiosigh description of the internal
structure of these scales. The ultrastructure hedphysics oHoplia coerulea
scales were later analyzed with modern microsceplyrtiques by Vigneron et. al.
(2005), who provided a detailed description of thkrastructure and an
explanation of the physical phenomena involved.hEscale contains about 20
chitinous layers, each of them covered with thiokgditudinal rods having a
similar orientation across the different layers.isThystem mainly works as a
photonic multilayered structure (peak wavelengtbuall48 nm, responsible for
blue), but rods produce a tridimensional contrilmutiaccounting for the scarce
variability of the colour under non-zenithal vieand thus quite similar to a
tridimensional lattice in the output.

Particular arrangements of the chitinous structw@stained within the
scales may lead to the production of white colowsmetimes particularly
brilliant or pearlescent, basically as a resulttié random scattering of all
wavelengths in a way similar to that describedtter chirped multilayers of silver
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beetles. This phenomenon was observed in the longheetle Prosopocera
lactator (Lamiinae) (Seago et al. 2008), with scales caoirigi a network
composed of irregular ball-and-stick structure, amas studied in detail in a
species ofCyphochilus(Melolonthidae). In the latter, the scales arkedilwith a
completely random network of filaments producingwaite of exceptional
strength and purity (figs. 8-9), having a saturats low as 6.2% on the dominant
wavelength (Vukusic et al. 2007).

White markings on beetle integument are commonbdpced by scale
covering or pilosity (Dimmock, 1883) which may bensetimes inconspicuous
due to the exceedingly small size and very densmgement (e.g., members of
Cetoniidae Goliathinae such @sliathusandRanzaniy, among the exceptions, a
notable one is represented by the Cicindelinae selvehitish markings on elytra
are not produced by phaneres.

Tower (1903) listed some North African beetlesArthia punctata,
Graphypterus serratorand Scaeitus polyphemus”whose white scales are
supposed to owe their colour to a “white substarumitained within; however,
this statement is not referenced and seems towartamted and not supported by
other authors. To date, the white colour of inseetles is commonly referred to
optical phenomena, as demonstrated by data gathbma species investigated.
White pigments (leucopterine and isoxanthopterere) indeed known to occur
among insects, but they are rare and mostly foundng Pieridae butterflies
(Berthier, 2007).

Reversible colour change

The capability to reversibly change the colour bé tintegument is a rare
occurrence in insects. Among the beetles, it was dibserved in Cassidinae leaf
beetles by Mason (1929) and lateiDynastes herculelsy Beebe (1947). To date,
this unusual characteristic has been further rexbahly for a few other species
of Cassidinae, reviewed by Jolivet (1994), businot known to occur in beetle
groups other than the mentioned ones.

Reversible colour change iDynastes herculess dependent on the
humidity level of the hair: its increase beyond 76p6to 100% will progressively
turn into black the yellowish colour observed inedrcondition (Rassart et al.,
2008). This phenomenon can be observed on liveetlsow dead specimens, and
even on a detached elytra and on a limited arethefelytral surface when
exposed to a humidity level different from that thie surrounding area. In
addition, the colour does not seem to be affectgdeivironmental stimuli
conveyed to the living beetle (Hinton and Jarm&¥,3), thus appearing to be a
completely passive phenomenon.

Conversely, colour switch in Cassidinae leaf bsetlppears to be active
or, at least, elicited by a stimulus conveyed ® @hve animal and not dependent
from any physical parameter of the environmentiyégl 1994). A detailed case
study has been recently proposed by Vigneron ef28l07) for the Panamian
speciesCharidotella egregialn vivo experiments demostrated that this species
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can switch its colour from gold (resting stateyed (excited state) in about two
minutes as a response to nearly any sort of datwd (touch, blow, etc.),

including “stressful” events such as a rainstorrd aapulation. Cases of beetles
spontaneously and continuously changing their golewen in the absence of
external stimuli have also been observed (Jolhv@24).

The switching colour mechanism was elucidated taitland is similar in
both groups: the responsible structure is a thaops cuticular layer, overlaying
a pigmented layer. The colour state perceived byothserver is determinated by
the “wetness” of the porous structure, whose viaratdeeply modify its optical
properties. InDynastesthe porous structure is quite like a sponge artenathe
lacunae are filled with air, a strong reflectaneg@ioduced, due to the difference
between the refractive index of air and chitin; wensely, when it is filled with
water the two refractive indices are more simithe reflectance is much lower
and the “sponge” looks transparent, allowing to theeunderlying black pigment
(Hinton and Jarman, 1973; Rassart et al., 2008}.haridotellathe mechanism is
similar but for the fact that the multilayer becarmapable to interact with the
light when filled with fluid and becomes inactivehan dry; however, the colour
change occur without swelling or shrinking of thegument, as believed or
reported by previous authors (e.g.: Mason, 192%ivsarao, 1999; Berthier,
2003).

Along with the described switching capability, seleCassidinae beetles
are known to show physical colours fading with ddait not capable to switch in
life (Jolivet, 1994), in a way similar to what hans with the members of the
Australian Chrysomelinae tribe Paropsini. Sevesalega of Paropsini are indeed
known for their bright patterned colours, appanremndéferrable both to pigments
and physical phenomena (golden metallic mirror-plgéches), which quickly fade
after death and can be temporarily restored byisgake beetle with different
media (Selman, 1994). Although no ultrastructuthdare known, the described
phenomenon is easily referrable to a multilayerspongy layer whose optical
properties vary with the degree of hydratation,irashe Cassidinae. However,
although Paropsini are known to change their pigargnpattern with age, no
reversion of the physical colour state has even lbeeorded.

The putative adaptive value of the colour switchingpability is
completely unclear. The thermoregulation and catageftheories proposed for
Dynastesy Hinton and Jarman (1972) were reasonably quesditoy Rassart et
al. (2008), who also stressed that this phenomenalmost absent in the females,
which show switching colour integument only at thpeof the elytra. The switch
from gold to red of Cassidinae in response to distace is possibly aposematic,
however it should be noted that the colour chamges about 1.5-2 min, thus
being far too slow to act as an effective warnimgards a predator.
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PATTERN EVOLUTION AND EVO-DEVO ASPECTS

Anatomy and colour pattern

The relationships between colour pattern and anatdralements in beetles are a
poorly explored field, not only from the developrtedror interpretative point of

view, but even from the descriptive one. Data ois thubject seem to be
particularly poor and scattered across literatare | was unable to find any
monographic account, even a short one. Theref@ddlfowing paragraphs are
proposed as an explorative overview, mainly baseodrayinal data, of the most

significant phenomena observed.

Muscles insertions and melanization

Relationships between the spatial arrangementeofrtbiscular apparatus and the
cuticular colour patterns were first described lywé&r (1903), who reported a
strong coincidence between black spots on the puomand underlying muscular
insertions in Leptinotarsa decemlineat§Chrysomelidae) and observed that
muscular insertions act as the foci of colour paitgy also in the cerambycid
Orthosoma brunneumAccording to Tower's description, colour markings
head and pronotum appear in both species durintashelays of the pupal stage
and then either spread on the remaining integumerfidice or remain limited to
the area of first appearance. Subsequently, a ideince between muscular
insertions and black spotted pattern was obsemd®@olisteswasps (Enteman,
1904). These two authors were cited by Shelfordl7i%411) and, to my
knowledge, no other author dealt further with i@ nomenon.

Therefore, | performed some original study, thusficming Towers’
observations on fresh specimens ldptinotarsa (figs. 24-27). | could also
observe a coincidence between muscular insertindspeonotal dark patterning
in dry specimens of some other beetle species gielgrnto different families
(Silphidae, Carabidae, Scarabaeidae, Cetoniidadpldiehidae, Lampyridae).
The coincidence, however, is not always as prezssan Leptinotarsa and in at
least one case it is reversed: Daptus vittatus(Carabidae), pronotal muscles
insert in the lighter areas of pronotum, theref@eemingly inhibiting the
melanization of the cuticle, as the surroundingegniment is indeed dark.
Dissections carried out on fresh or properly pnesgrmaterial will probably
allow the recognition of further instances of tlemrrelation, which is likely to
turn out as one of the major mechanisms involvettiéndefinition of the pronotal
pattern, or in the induction of foci of melanizatio

In this sense, the silphi@iceoptoma thoracicanay serve as a sensible
example, because of its variability in the extensad the dark spots on the
pronotum. Their extension is variable, appearintheei as single, distinct,
elements, or cohalescent in a large elliptical nmgrlkcovering the whole disc of
pronotum. In the former case (fig. 28), a dissectd the specimen will reveal
that each dark spot correspond precisely to a nhrsitisertion, while in the latter
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case (fig. 29) the coincidence would be obvioustglaetectable. However, the
existence of specimens with spots of intermediatension and the agreement of
these observations with Tower’s indications abbetdevelopment of the colour
in Orthosoma brunneunmdicate that muscular insertions act as focirotipction
of the dark markings, whose subsequent extensitwowsever variable. This fact
point to the conclusion that muscular insertions lgeely to act as foci for the
induction of the chromatic pattern also in clos@lated species, regardless of the
final appearance obtained, such Xdodrepa quadripunctatdfig. 30), whose
pronotum is invariably black but for the expandedrgms. In other words, |
suggest here that the developmental mechanism Isbalhe same in these two
species, even though in one of thexn quadripunctatathe foci of pigmentation
will invariably expand in such a way that their @ation with muscular
insertions cannot be recognised in adults with detely pigmented cuticle.

Within the Scarabaeoidea, more often than the aence between
muscular insertions and the darkening of the pramotf(figs. 31-34), the
coincidence between anatomical elements and copaitern is commonly
verified in respect to an apodeme present in thdiah@r anterior part of the
pronotal side, which is present, as far as | calldck, in all Scarabaeoidea
families (including Lucanidae and Passalidae). Hpisdeme is often perceivable
from the outside through an impression or a maodliion of the cuticular surface,
and/or by a darkening of the colour, which is olwgly perceivable only in
species with light-coloured integument (figs. 35-36

The significance of the coincidence between adtimabf pigmentation
and muscular insertion is not clear, however theutsural” hypothesis vaguely
proposed by older authors (pigments would develbprever rigidity or cuticle
strength is necessary) is likely unjustified. Moeeent acquisitions about cuticle
physiology shed light on the relationships betwegerotization and melanization
(see Darkening and sclerotization of the cuticlep. 13), which are two
independent processes. In addition, if the blackssvere positively selected in
order to give a solid attachment to the musclespiild be unclear why so many
light coloured insects exists, which have no dadas corresponding to the areas
of muscle attachment. In this respect, it is alanmngful to observe that muscle
attachment markings may be present or absent ewesry closely related species
(e.g.: pattern present lreptinotarsa decemlineatabsent irL. rubiginosaandL.
typographicd, which are therefore deemed to have a similaryba@hitecture
and an exoskeleton experiencing similarly distelout mechanical stress.
Therefore the hypothesis should be consideredothak pigment is developed as
an occasional by-product of the processes thatfiaknuscle to the exoskeleton.

The elytron: vein patterns, punctuation and scuiptu

Wing veins, derived from the tracheal system, arewn to have a major role in
the determination of the butterfly wing pattern jtut, 1991). The spatial
correlation of vein structure with the markingstbé pattern is widespread and
sometimes almost impressive in its precision anddutaw regularity (e.g.:
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members of Nymphalidae Argynninae). Wing veins kmewn to represent a

landmark necessary to the definition of the wingtgga even among Diptera

(observations limited to the genisosophilg Parchem et al., 2007). However,
little is known about the relationships betweerooolpattern on beetle elytra and
veins, as well as with other morphological elemesnish as integument punctures
or striations.

Most beetles, indeed, lack true wing veins in #igtra. The tracheal
system of elytra is strongly reduced and most & tBmnant tracheae are
completely embedded within the thick modified wingS@omstock, 1918).
Therefore, any possible correlation between thewolpattern and the vein
distribution is much less obvious than in the poegly mentioned groups, whose
veins are well exposed on the surface.

Exploring the literature, | could only discovesiagle paper investigating
the relationships between vein system and colostrildution in elytra of tiger
beetles (Shelford, 1917). This author figured ,(lgates I-V) a few elytra of
Cicindelidae and of some species of Carabidae atddae, illustrating, in the
first pages of its work, the relationships (or tesence thereof) between the
elytral venation and the dark pattern of the integat. Shelford, referring to the
same families, also briefly mentioned that the datover the chitinous columns
corresponding to the elytral punctures is the ‘fastose its pigment”, practically
indicating that those areas act as foci for theettigament of the melanized areas
of the integument.

To the best of my knowledge, no other authoused its attention on these
topics. To date, the ways and the degree to whiehvein patterns of the elytra
and other morphological characters relate to chtizrpattern remain unanswered
questions. Personal observations carried out cemdom selection of patterned
beetles (mainly belonging to the Palaearctic fayiap. 1) revealed that all the
morphological elements of the elytra can have st relationship with the
elytral pattern. Five apparently different kindsrefation have been observed:

interaction: the morphological element pass acrtiee chromatic element,
modifying its shape by determining a preferentiaegéction of elongation (only
observed in some cases where the veins “stretehpakiern). (fig. 37).
coincidence: the pattern element and the morghcdd element are
superimposed and coincident in shape and/or sizie. suggests an inductive
phenomena (from morphology to the colour patte(fiys. 38-39, 42).
enhanced expression: the expression of the patier enhanced when
superimposed to the morphological element, althamlead well around the
element itself. (fig. 40)

confinement/alignment: the morphological elemss¢ms to act as a boundary
to the diffusion of the pattern element on thegntaent. (fig. 41)

exclusion: the morphological element excludes firtesence of a pattern
element. This is opposite to coincidence and ipagntly due to a
phenomenon of inhibition. (figs. 43-44).
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Aphodiidae Aphodius distinctus melanic -- no excl (+) excl (+) no
Aphodiidae Aphodius obliteratus melanic no no ? con / alig (+?) no
Buprestidae Acmaeoderella fasciata melanic -- -- no no --
Buprestidae Chrysochroa vittata physical colours coin(-) no -- -- no
Carabidae Badister bipustulatus melanic no - enh. expr. (+)| con/alig (-) no
Carabidae Bembidion illigeri melanic -- - coin (+) - no
Carabidae Callistus lunatus melanic -- - no no -
Carabidae Daptus vittatus melanic no -- enh. expr. (+) no no
Carabidae Dromius quadrimaculatus melanic no - coin (-) con / alig (-) no
Carabidae Eurynebria complanata melanic no - coin (-) con/ alig (-) no
Carabidae notaphus varium melanic no -- coin (+) con / alig (-) no
Carabidae Omophron limbatum melanic -- - coin (+) con / alig (+) no
Cerambycidae Acrocinus longimanus melanic (hair) int(+) no - - no
Cerambycidae Leiopus nebulosus melanic -- coin (+) -- -- no
Cerambycidae Leptura maculata melanic no no - - -
Cerambycidae Macrodontia sp. melanic excl (+) no -- -- no
Cerambycidae Pachytodes cerambyciformis |melanic int(-) no -- -- no
Cerambycidae Pogonocherus hispidus melanic -- no - - -
Cerambycidae Rhagium inquisitor melanic coin(-) no - - no
Cerambycidae Stenurella septempunctata melanic no no -- -- --
Cetoniidae Dyspilophora trivittata melanic no no - - -
Cetoniidae Euselates perraudieri melanic - no - - -
Cetoniidae Pachnoda sp. melanic no no - - -
Chrysomelidae Calligrapha dislocata melanic excl (-) no coin(+) con / alig (+) no
Chrysomelidae  Chrysolina bicolor physical colours no coin -- -- yes
Chrysomelidae  Chrysolina cerealis physical colours | coin(+/-)* no -- -- nolyes
Chrysomelidae  Chrysolina confluens melanic no no coin(-) no no
Chrysomelidae  Coptocephala unifasciata melanic no no -- no --
Chrysomelidae Crioceris asparagi melanic con / alig (-) no no - no
Chrysomelidae Crioceris paracenthesis melanic no no coin(-) - no
Chrysomelidae  Cryptocephalus bipunctatus |melanic no -- coin? (-) -- no
Chrysomelidae Cryptocephalus connexus melanic -- coin (-) coin (+) - no
Chrysomelidae Gonioctena fornicata melanic no no no - no
Chrysomelidae Gonioctena quinquepunctata |melanic no no no -- --
Chrysomelidae Lachnaia italica melanic no no - - -
Chrysomelidae Leptinotarsa decemlineata melanic no no con / alig (+) -- no
Chrysomelidae | Oreina speciosa physical colours coin(-) no -- -- no
Chrysomelidae Pachybrachys hippophaeus melanic no coin (+) - - no
Chrysomelidae Paropsides soriculata melanic no no -- -- --
Cleridae Trichodes alvearius melanic no no -- -- --
Cleridae Trichodes apiarius melanic no no - - -
Coccinellidae Coccinella septempunctata melanic no no -- -- --
Coccinellidae Epilachna chrysomelina melanic no no - - -
Coccinellidae Propylaea 14punctata melanic no no - - -
Colydiidae Bitoma crenata melanic -- -- no -- --
Elateridae Drasterius bimaculatus melanic -- no ? con / alig (+) no
Endomychidae Ancylopus melanocephalus melanic no enh. expr. (+) - - no
Endomychidae Endomychus coccineus melanic no no -- -- --
Glaphyridae Eulasia vittata melanic (hair) no no - - -
Glaphyridae Eulasia vittata melanic excl (+) -- -- -- si?
Haliplidae Haliplus caesus melanic no -- coin (+) -- no
Haliplidae Haliplus sp. melanic -- coin(+) coin(+) - yes
Hydrophilidae Berosus spinosus melanic -- coin (+) coin (+) con / alig (+) no
Laemophloeidae Laemophloeus monilis melanic no no -- no --
Meloidae Mylabris variabilis melanic int(+) no - - no
Meloidae Tegrodera sp. melanic excl (-) - - - no
Mycetophagidae 'Mycetophagus quadriguttatus |melanic -- no - - -
Nitidulidae Glischirochilus guadriguttatus |melanic ? excl (-) no - - no
Nitidulidae Nitidula carnaria melanic -- no -- -- --
Nitidulidae Stelidota geminata melanic -- -- coin(+) ? no
Oedemeridae Anogcodes rufiventris melanic no no -- -- --
Rutelidae Anisoplia tempestiva melanic no no -- -- --
Rutelidae Blitopertha majuscula melanic coin(-) no no no no
Rutelidae Mimela sp. (Thailand) physical colours no no -- -- --
Scarabaeidae Caccobius schreberi melanic no excl (+)** ? excl (+) no
Scarabaeidae Cheironitis irroratus melanic enh. expr. (+) excl(-) no no no
Scarabaeidae Onthophagus lemur melanic -- no ? excl (+) no
Scarabaeidae Onthophagus vacca melanic -- excl(-) ? excl (+) no
Silphidae Nicrophorus vespillo melanic con / alig (-) no - - no
Staphylinidae Stenus biguttatus melanic -- no -- -- --
Tenebrionidae Diaperis boleti melanic no no no no --
Tenebrionidae Phaleria bimaculata melanic no no coin(+) ? no

Tab. 1.

exclusion;int: interaction. See text for explanations.
--: condition not appliable (morphological elementseit or not perceivable)+) condition

verified on all elements of the considered ki condition not verified on all elements of the
considered kind Notes: *: (+) or (-) according to the colour form exarady ** faintly
perceivable.
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Correlation between elytral pattern and morpholalggdements in a sample of beetles.
coin: coincidence;con /alig: confinement/alignmentenh. expr.: enhanced expressioexcl:




The boundaries between these categories are soasetincertain, and the co-
occurrence of different contiguous morphologicaneénts may cast doubt on
their respective roles (this is the case, for eXamgf punctures aligned in a row
within each striation, as iBrasteriusand Onthophagus nevertheless, this is a
first attempt to classify the relationships betwedye characters taken into
account.

Many of the observed species show some degreerddlation between
one or more morphological elements and the chramaditern. However, as
already noted by Shelford (1917: 412) on a smalhet less variated taxon sample
and for the vein system only, there is no constalstion between any of the
morphological elements and the expression of thiemwa Conversely observing a
given morphological element across the species,rétation whenever observed
can be either positive (coincidence, enhanced sgm®) or negative (exclusion).

As indicated in the table, it is often observed tnarphological elements,
although repeating with an apparently invariategdeas throughout the elytron
surface, often do not behave uniformly. This isestaed both with veins, whose
expected “uniformity” may however be questionalded with punctuations,
which usually appear absolutely constant in shamksize. Particularly evident
examples of this “disuniformity” are the South Afin Chrysolina confluens
whose puncture aligned in rows may or may not iedadarge, black pigmentary
spot (fig. 42b), andDnthophagus vaccavhose sparse punctuation may or may
not inhibit the expression of the black pigmenttd integument (fig. 44b). These
two species are also a sensible example of thequely mentioned positive vs.
negative relation of similar morphological elemeritavards the chromatic
pattern.

As a consequence, the influence of morphologiahehts on the pattern
is rarely capable to explain on its own the appsaaf the definitive pattern, due
to the occurrence of elements (punctures, veing)yolhcking the interaction
which is shown by others. In addition, apart fronmst“disuniformity” in the
behaviour of otherwise apparently identical morplgaial structures, the
integument may show, along with the putative molpig-explainable pattern
elements, an additional patterning with no relaiowith any kind of
morphological structure. As an example, the pattdrtwo Haliplidae,Haliplus
cfr. obliquusandPeltodytes caesusan be mentioned, the first showing a pattern
completely referrable to the induction of dark spy the rows of punctures, the
second showing, in addition, some vaguely definadk dpots on different areas
of the elytra.

Physiological and developmental mechanisms leadinghe observed
correlations are not known, however it seems ressdenthat some of these
differently classed cases may definitely revealh@sdifferent expressions of the
same developmental phenomenon. This is possibly with the conditions
descriptively named “coincidence” and “enhancedresgion”. In both of them,
in fact, the pigmentary expression is enhancechbymorphological element with
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respect to the background expression, which cagitber null or present but at a
lower degree.

Interestingly, morphological elements are capablmteract not only with
pigmentary expression of the cuticle, as alreadsenked by Shelford (1917), but
also with the pigmentary expression of the phanpedtern, as exemplified by
Eulasia vittata(fig. 57) andAcrocinus longimanugfig. 37) and, perhaps more
notably, with pattern of strictly physical origias impressively exemplified by
Chrysolina cerealigfig. 79) for the veins an€h. americana(fig. 76) for the
punctures. In addition, a relationship of inhibitidrom surface punctuations
towards integument melanization is observed heretlie first time, at the
moment limited to members of the Scarabaeidae.

Finally, it should be mentioned that a consisteatiability in the
intraspecific correlation between morphology antgra can be observed even at
a low taxonomic level, as exemplified by the twedps ofOnthophagugaken
into account: despite being closely related (theyhbbelong to the subgenus
Trichonthophagugsthey differ sharply in the behaviour of the sggpsinctuation.

Secondary sexual characters and colours

The occurrence of secondary sexual charactersdespread and very common
among beetles. A few cases, however, show an uhcsinagidence between body
parts bearing secondary sexual modifications aedatteration of the cuticular
colours. The most remarkable example of this phemmm can be observed
among members of the Meloidae tribe Cerocominparticular those belonging
to Cerocoma Many members of the Meloidae family are knowrsb@w minor
sexual dimorphism in the morphology of antenna, Getocomaspecies are
characterised by an extraordinary modificationh& male antenna, which is also
associated with a strong alteration of the foratiioretarsus morphology and of
the morphology of the palps. All these parts, alamigh the morphological
modifications, shows in addition an alteration bk tcolour, which is bright
yellow or orange instead of black (figs. 45-46)eTdorrelation, however, is not
one-to-one: not all the yellow appendages are naogically modified, although
all the morphologically modified parts are yellohe(ice the recognition of the
yellow colour as “modified”). The variability irhé degree of occurrence of this
phenomenon is species-specific, ranging from speslwwing a remarkably
precise coincidence between the two traits, to ispeavith much looser
coincidence. As a representative of the first ctioilican be mentione@. festiva
(fig. 47), whose chromatic alterations are obsemely in males and only in the
part of appendages which are morphologically medifiwhereas unmodified
appendages of male and female are black. As aseqmive of species with less
strong coincidenc€. schreberimay be cited, having all appendages of the male,
both modified and unmodified, orange, whereas amathgr members of the
genus, as well as in the genteratolyttg cases can be found where the chromatic
alteration is extended to both sexes, regardlesheobibsence of morphological
change in the appendages of females.
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A very similar correlation between secondary sexmmaldifications of
morphological nature and chromatic alteration soalbserved in a few genera of
Malachiidae (such ablalachius Clanoptilus Ebaeus Ceraphelesand others).
The antennal portions which are modified in thearak yellowish, as well as the
labrum and the clypeal area, where secondary sekaahcters are present (figs-
48-49). It is interesting to stress that the yelloalour is not observed on the
whole antennal articles involved, but only in thge#oortion which is affected by
morphological modifications. A chromatic modificati related to secondary
sexual characters is also observed at the apelkyioh,ewhere a deep, complex
impression is present in the males of some grofigs. (50, 52) As with the
previously mentioned genu€erocoma chromatic modifications, although
showing a remarkable coincidence with areas bearsegual secondary
modifications in the male, are not limited to thex, but are commonly observed
also in females (figs. 51, 53) and even in non fediimales (fig. 54). However,
secondary sexual modification in morphology is alsvaaccompanied by
alteration in colour.

Less remarkable and/or widespread chromatic madidfios of sexually
modified parts are scattered in various other gsoupmong the Lucanidae,
despite their generalized extreme sexual dimorphismtative example of this
phenomenon seem to be unknown, but for the souticadfColophon primosi
whose unusual orange appendages (legs and maleliearare associated to
hypertrophic mandibles in the male, something ettopal in this genus.
Examples are also known for body parts other thenappendages: Glaphyridae
members of the geneEulasiaandPygopleurusshow a morphological alteration
of the last abdominal segments which is associdtednales, to a chromatic
alteration visible at least on the medial areahef last sternite, which turns red
instead of black.

It is interesting to note that in some groups awollteration somehow
“opposite” in respect to the previously mentionetk® can be observed, in the
sense that when dichromism occurs yellow colouoliserved in females with
unmodified appendages. This is the case of a fewgiep of Palaearctic Lepturini
(Cerambycidae), such dsptura aurulentaand L. quadrifasciata(antennae are
more developed and black in the male, less develapel completely or partly
yellow in the female)l_eptura annularigtibia are black and modified in the male,
yellow and simple in the female). A similar phenooe is also observed in some
Hoplia species: legs of females are ordinarily shorter wedker than those of
males and sometimes testaceous instead of bladiafgens with the legs of the
males).

It should be remarked that in some of the mentiogemps, such as
Malachiidae andCerocoma modified body parts are directly used in courtship
behaviour (forCerocoma see Turco et al., 2003), although not all of thesam
directly involved: the foretibiae, for example, amet directly used during the
sexual intercourse. In other species, the sexghlraism is not conspicuous (e.g.
the posterior tibia oLeptura annularisthe legs oHoplia) or affect areas which
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are unlikely to be involved in communication (suad the modest chromatic
alteration on the ventral side Btilasiaabdomen).

It is proposed here that the (variable) correlati@tween chromatic and
morphological alteration of secondary sexual madtions is, at least in some
cases, not by chance but may also have a speeNgapmental basis, its fixation
would be likely obtained via sexual selection mexsm. Under this scenario, the
possibility to find, within some groups, modificati of colours without
morphological alterations, but not vice-versa, saggest that in these taxa the
determination of colour occurs before the detertiona of morphological
modifications, and that the latter requires themier to be explicated. Otherwise,
it is possible that morphological modifications aodromatic alterations are
elicited, with results of different magnitude, dyetsame positional marker. In
cases where the sensory appendages are involvegydssible that the alteration
of the colour is a by-product of the modificatiof ¢the integument’s
ultrastructure, the latter being related or neagswathe development of peculiar
sensillar or secretive integumental organs presefithin the modified
integuments, as documented for the ggbesocoma(including foretibia, densely
covered with pores) (Turco et al., 2003).

Sexual dichromy is rather rare in Coleoptera gdlyefdost examples can
be found among anthophilous day-active speciesh ssc Buprestidae (many
species of the genusnthaxig, various members of the Cerambyicidae Lepturini
(such as species of the gen8tanurella Leptura, Anastrangalipand Lamiinae,
a few species of Chrysomelidae Cryptocephaling rmembers of Glaphyridae of
the genusEulasia differing either for the physical colour of thategument
(Eulasia chalybaegor the patterning of the hair (an undescribectispef Eulasia
from Iran), and, again, various species of the gddaplia where males are
densely covered with scales showing bright physicalours, while females only
show dull brownish scales or have an almost nakednispicuous integument.
The diurnal phenology and the anthophilous behavabthese species (which are
associated with a strong sensitivity to visual stime.g., Dafni, 1997 for
Glaphyridae) suggest that strong sexual dichrommsay be related to a visual
recognition of partners.

However, uncommon examples of sexually dichromecss can also be
found among forest dwelling and/or nocturnal spgcisuch as Dynastidae
(Golofa, Dynaste} and RutelidaeMimela, Fruhstorferia, commonly regarding
single species scattered among others not showaxgiat dichroism (e.g.:
Dynastes hercule$/limela auratd.

Hair and scales

Unlike butterflies, whose wings and body are dgnselvered with scales and
hairs (from now on, in this thesis, collectivelya®ed to as the phaneres), pattern
of beetle integument are most commonly due to ulaic colours, either
originated by pigments or by physical structurese DBeetle integument is usually
covered by sensory setae, but these are often spamous and/or uniformly
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coloured and distributed, thus giving no substactatribution to the shaping of
a pattern. Nevertheless, beetle setae are sometmmadified into more
conspicuous hairs or scales of various complexifyh shapes going from the
simply spatular one to the less common pebble-eather-like ones (Crowson,
1981), and/or can occur in such an extremely dearsangement that the
underlying integument get completely masked.

Beetle taxa whose colour or pattern is deeply &dteby a thick phaneral
covering occur at different taxonomic ranks and scattered across the whole
order. A few large groups can be regarded as péatly representative of
strongly phaneral patterned beetles, such as Melaliae Hopliinae, Cetoniidae,
Dermestidae, Cerambycidae Lamiinae, Anthribidaed &urculionidae (in
particular, Entiminae). Along with these familie® aroups whose integument is
typically naked (e.g., Chrysomelidae), or coverdthviine, inconspicuous hair
not cohoperating to the definition of a pattern r@gbédae); however, exceptions
exist: among the Chrysomelidae, densely coverel haiir are most Bruchinae
and various Eumolpinae (such as members of thepgarogenu®achnephorus,
fig. 55), among carabidae patches of coloured define the pattern in members
of the small subfamilies Graphipterinaed Anthiinae.

As happens for the integument, the colour of thangral structures can
originate from pigments or from highly complex pbwic structures producing
physical colours (cfPhysical colours: photonic crystal structure andiles p.
20).

The widespread capability to develop phanera avehick integument
which has its own colour anyway, allow beetlesaleetadvantage of an additional
patterning mechanism, which is unavailable to bfliéks. The two patterning
mechanisms (integument and phaneres) can be pregatiher on the elytra and
thus cooperate to the definition of the overall easpof the beetle. Phaneral
structures, in fact, can develop in discrete paclparted by areas where the
integument is completely naked. Taxa having a pageoduced by the discrete
distribution of phaneres are very common acrossvthele order; particularly
conspicuous examples can be found within membetiseoAustralian Cetoniidae
genus Trichaulax (having thick stripes of jellow hairs parted byadk
integument), or within species of the Old World Begiidae genuslulodis
(having patches of dense hairs on bright metatitegument), whose phaneral
cover, in addition, may be bicoloured: various sgeérom Southern Africa have
generally white-yellowish patches of hair, wherd¢las sides of the elytra are
covered by intensely red hair.

Patterns composed by the partecipation both of grlaaand a pigmentary
patterned integument are very common among then@dae, in particular those
of the Asiatic gener&uselatesand Taeniodera In these genera, the integument
bears a bicoloured pigmentary pattern red and bkaut the surface of the body is
more or less extensively covered with spots of dgmdlow scales, which provide
a fundamental contribution to the overall appeagasfahe beetle (fig. 56).

More interesting are other examples, involving ggmeavhose setation
covering the elytra is uniform and complete. Thexistence of superimposed
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phaneral and pigmentary patterns sheds some liglhe relationships between
these two traits, showing that the degree of impettdence between them is
highly variable, going from strict to null, and calnow remarkable variation even
at a low taxonomic level. As an example, among @eeambycidae Clytinae,
members of the genuShlorophorusfit well with Tower’'s (1903) principle, that
in the presence of scales, the underlying integimsemniformly coloured: in this
genus, indeed, the elytra are covered with dengerpad hair, but the integument
beneath is uniformly dark (fig. 58). However, sgscbelonging to closely related
genera, such a€lytus and Xylotrechus,show a remarkable match between the
pattern of the hairs and that of the integumentexamplified byClytus arietis
(fig. 59). It should be noted that this match doesinvolve the small yellow strip
under the humerus: the integument under this stymiformly black. In addition,
the yellow pubescence Gllytus arietis(including hairs of the subhumeral strip) is
morphologically different from the black one: has® more dense, thicker, more
adpressed to the integument and have a slightfgrdiit orientation. Conversely
hairs ofChlorophorusare invariant — colour apart — throughout theaefof the
elytron.

A further, noteworthy case in the reciprocal aremgnt of the two
patterning mechanism, probably much rarer tharptbeiously described ones, is
exemplified byEulasiavittata (Glaphyridae). Both the elytral integument and the
uniformly distributed phaneral cover are patterrsdthwing melanized areas well
distinct from unpigmented or lighter ones (fig. SHowever, the two patterns,
although superimposed, are completely differentmfreeach other, thus
demonstrating that beetles can evolve the capaltditcontrol the pigmentary
pattern expressed by the phaneral cover and thmeepigry pattern expressed by
the underlying integument independently.

A difference between the phaneric pattern of Cdie@p and that of
Lepidoptera should be noted: scales of Lepidopdesain general, evenly spaced
both in the longitudinal and in the transversakdiion (Parchem et al., 2007).
That is, they are well ordered in regular rowse like tiles of a roof or the squares
of a chessboard. Scales of Coleoptera, conversedynot arranged in such a
regular way; they appear scattered or, at mostanizgd in very irregular
longitudinal rows. Often hairs or scales of Coleoptare not as dense and
covering as those of butterflies, anyway, they miantheir characteristic irregular
arrangement even when they are dense and comphesaly the integument, as in
Hoplia and Eupholus This fact is unlikely to have a deep impact oa ¢eneral
organization of the pattern, however it may affine finer regulation of pattern
elements or the capability to evolve discrete sisiakk elements. Thus, it will be
hard for a beetle producing details such as the finiations of different brown
hues on the lower side dflymphalis polychlorosvings, where each line is
produced by a single row of well aligned scalegs(fi1-62). Such a fine control
may be hard, or impossible, to achieve for a besthee it is not just a problem of
controlling colour, but also problem of “pixels’lignment or geometric
arrangement (fig. 60).
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Convergencein colour patternsof sympatrically occurring beetles

The occurrence of convergence of colour patternrgrgympatric beetles is an
interesting thus little known and poorly underst@dgnomenon. We shall define
it as the occurrence of a similar (or same) colpattern among different
sympatric species, this pattern being variable ge@graphical basis but locally
uniform across the species involved. Examples roflar patterns are known for
few families. It is recorded in Carabinae, for exdenby Deuve and Li (2000)
who dealt with Chines€arabus and by Okamoto et al. (2001), who investigated
in detail this phenomenon among ChileaaroglossusThis genus ranges over
Chile and Argentina with 8 species strongly siméach other, despite their last
common ancestor having lived about 30 million yeago. Two or more
Ceroglossus species occur sympatrically through the largestt pair the
distribution range, and each species shows a bnggtallic appearance with a
wide intraspecific variation in body colour (whigh of structural origin). An
extensive collecting work, carried out into a laggpet of theCeroglossugange
and encompassing 6 species, allowed confirmaticgheofmonophyly of currently
recognised species (through phylogenetic analysiseoND5 gene) and showed
that each one of these exhibits a wide range ajucs] homogenously varying
according to geography. As a result of this phenmnein a given area up to four
species may be present, all showing the same Isabitu

This phenomenon is also known among the Scarabeseocadshort record
for African Scarabaeidae of the gerAllbgymnopleurusndScarabaeuss given
by Nicolas and Moretto (2002); a more detailed aotavas produced for the
JapanesedGeotrupes auratusand G. laevistriatusby Watanabe et al. (2002a,
2002b), who described a phenomenon similar to tbahd among Chilean
Ceroglossus but with less precise coincidence. A more caxpsituation,
briefly addressed by Montreuil (2006), is found amosome Palaearctic
Cetoniidae, where the occurrence of circles ofdaokaces” is well evident.

In the latter case, the species involved are rardach in a different
subgenus of the large genBsotaetia (and until recent years even ranked in
different genera), nameRrotaetia(Potosig cupreg P. (Cetonischemspeciosa
andP. (Eupotosia affinis. P. cupreaandP. affinisare widespread across Europe
with different subspecies or populations of ungert@xonomic rank, always
having the upper side evenly coloured, usually vhties of green, far less
commonly with copper or reddish tinge. speciosaoccurs in a less extended
distribution range, from Turkey to Iran; howevewery similar species (close
enough to have this distinction disputed and hybaiibn allowed), namely.
aeruginosa is widespread across southern Europe. As with gheviously
mentioned species, the complgxeciosa/aeruginosa represented by uniformly
coloured specimens in the greatest part of itsidigton range.

Interesting facts with the colouration of these tlese occur with the
Middle Eastern and Levantine populations. In thetlsern part of their range,
each of these species is found with populationsvsig a strongly bicoloured
body, with red pronotum and green elytra. This gratt which does not occur

35



elsewhere, is almost invariant in the involved dapans and has lead to the
designation of different subspecidk:c. ignicollis(from southern Turkey to Iraq
and to Egypt and LibyaR. a. pyrodergfrom southern Turkey to Lebanon) and
P. s. jousselin{ffrom southern Turkey to Iraqg and to the Golan ha(egs. 63-64).

P. speciosaandP. affinis show additional phenomena of colour convergence in
Iran: both of them have a golden-orange subspeaciesrthern Iran and a blue
subspecies in the Zagros range.

A similar, apparently less defined, convergencehserved for Dinaric
and Western-Balcanic populations &fotaetia such asP. (Cetonischema
aeruginosaand P. (Netocig angustata There, populations of both of these
species show a remarkable high occurrence of redlack forms, which are
absent or extremely rare elsewhere. For exampgbepalation ofP. angustatan
the Krk Island, surveyed for three years (pers..)plshowed about 40% of
specimens going from red to black (relationshipsvben red and black colour in
a Protaetiacetonid is later discussed). In addition, red alaglspecimens d?.
cupreahave been recorded from Greece (M. Malmusi, pgysim.), and black
specimens oP. affinisare known from the north-western Turkey (Tauzd0&.

Personal observations also suggest the occurrerfcea osimilar
phenomenon among the Chrysomelidae. Observatiomgataut on the large
collections of the Museo di Storia Naturale di Meoprovided preliminary
evidences for a colour pattern convergence of {exigsbelonging to the highly
polymorphic genu®reina namelyO. cacaliaeand O. speciosissimaSyntopic
populations occurring in the Slovenian Carst (Mvd&o/Veliki Sneznik, Selva di
Tarnova/Tranovski Gozd and adjacent places), simoleed a pattern with blue
background and two longitudinal green stripes. &ligh striped patterns are
widely distributed among other species of the sger@us and the capability to
produce them was apparently inherited by all spectd the subgenus
Chrysochloa it absolutely rare (as fare as | know, not obsérat all) among
otherOreina cacaliaepopulations except those mentioned above. ConyeiGel
speciosissima has greater variability, ranging from different lared
monochromatic patterns to different coloured sttipenes. However, the
blue/green striped pattern is rather uncommon, suggesting that the syntopic
convergence observed is likely not by chance.

Reasons leading to these convergence phenomendaaréom be
understood, but some comments can be issued. Mimgtains among
invertebrates are usually explained as an expiontaif successful signals, hence
involving a matter of communication among individuaither of the same
species or of different specis.

In the discussed cases, the intraspecific commtioicehypothesis is
unlikely to be true: ground beetles are nocturmamals, consequently it would
be unlikely for them to exploit a communication teys requiring a defective
source of signal (light). Even for day-active spscia use of body colour in
intraspecific communication seems unlikely, at lesa sexual signal: perfectly
assortative mating within polymorphic populationsasamobserved in the genus
Chrysoling closely related tdOreina (Fujiyama and Arimoto, 1988Fven in
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cetoniids, the colour of adults does not seem tmbalved in partner recognition
or to affect the reproductive behaviour. Adult babar suggests that intraspecific
recognition among cetoniids is reached, in parteast, via chemical signals,
while there are no observations pointing to theolwement of body colour.
Captive specimens of thHe. specios@aeruginosacomplex, for example, readily
mate even when belonging to different colour formrs even to different
species/subspecies (pers. obs.), even when vdgratif colours were involved
(as in the pair black x greegjousselinix black, etc.). Moreover, if the colour was
involved in intraspecific recognition, the syntopiesence of similar species with
similar colour would make no sense.

A geographically coordinate variation in the colofidifferent species fits
better with the hypothesis of an interspecific sigihe. a Batesian mimicry chain
involving aposematic colours), however there amedacts detracting from this
explanations. Again, brightly coloured ground besthre active in scarce light
conditions, so there is no ground to support a thgsis involving any kind of
communication. Cetoniids have a chemical defensenagpredators (distasteful
fluids can be emitted from the anus), nevertheleeg mainly show (at least for
the Palaearctic species) a uniform and inconspEwgreen or copper metallic
colour, usually giving quite a good camouflage agmaegetation (for canopy
dwelling species) or still resulting in a not-shimzklook for flower dwellers ones.
There is no evidence that mentioned cetoniids imealstimuli to advertise their
defence system, as done by other insects havini&slifestyle but bearing
much more striking patterns (e.g.richodesamong the Cleridae,Lepturaand
Clytus among the Cerambycidadlylabris among the Meloidae etc.). The
significance of a striped pattern amo@eina and Chrysolina (which are
chemically protected) is often described as ha@am@posematic role (e.g. Hsiao
& Pasteels, 1999), however no evidence has even Ipreposed for this
hypothesis, nor can be easily explained the commiogervation of striped
(aposematic?) individuals mixed with monochromaasdnspicuous) ones. As a
final comment, applying to all of the mentioned mydes, it should be said that it
is unclear why such an hypothetic signal shouldy a&tween adjacent areas,
where landscape and beetle behaviour does notteelkave significant variation:
aposematic colours, instead, are usually very ¢gatee on a wide geographical
range (if not worldwide).

Finally, it should be considered that colours egpeel by the integuments
of highly polymorphic species (including speciesoshg sympatric colour
convergence), may be under poor direct selectiod, ehave mainly as a by-
product of different morphogenetic processes. lis ttase, the coincidence
observed among colours and geographical areastsheukferred to a pleiotropic
genetic system whose phenotypic traits are expdeedn uneven selective
pressure: colours, despite being a most evidenigiigic output, would
experience a comparatively mild selective pressilne,latter being stronger on
less directly evident characters or developmentatgsses connected with the
colour determination.
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It is important to stress that sympatric convergeat colour patterns in
beetles is so far only known for species with ptgiscolours, whose variation is
achieved through tiny modifications of integumendrphology. Since a single
morphological trait (the thickness of the integutaémmultilayer) has to be
modified in order to achieve very different coldimas, it is possible that the
polycromy is achieved and/or mantained by a redyigimple genetic system.

Determination of colour forms among polymorphic tese owing their
colour to photonic structures is little known bas far as known, it is chiefly of
genetic origin. Polymorphism among a two-forms papon of Chrysolina
aurichalcea(a species close ©reing, cfr. text fig. 1) was shown to be dependent
on two alleles and to strictly follow Mendelian lawFujiyama and Arimoto,
1988). Weaker evidences on colour control system karown also for the
Protaetiacomplex, where colour forms seems to be under dmnéra of genetic
factors. Breedingex situ of various colour forms oProtaetia species always
produces the expected “natural’/parental colour, spite of the different
environmental conditions experienced and of thalifege substrate used (pers.
obs.). In addition, explorative crossing experinsant/olving red colour forms of
P. aeruginosaalso shed some light over the colour determinasigstem (Dutto
and Malmusi, 2006; pers. obs.), again pointing geaetic determination system
of colour. Published data are very poor, but iintgresting to note that crossing
F1 red phenotypes produced three different formts watios corresponding to
those of a Mendelian system with two alleles withomplete dominance (25%
green form, 25% black form, 50% red form). Howevigre different output
coming from the crossing of wild red adults (nodil@pecimens were obtained in
F1) and the occasional emergence of specimensungRikpected colours indicate
a more complex colour determination system. Crgssxperiments carried out
between bicoloured forms &frotaetia specioséssp.jousselin), and red or black
forms of P. aeruginosaproduced F1 hybrids with colour intermediate bemwe
that of parents (pers. obs.).
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STRUCTURAL AND EVOLUTIONARY ASPECTSIN CHRYSOLINA

The Chrysomelidae: ataxonomic and phylogenetic outline

With an estimated 35.000 extant species (FarréB8), the Chrysomelidae
account for about 10% of known beetles and arehind largest families in the
whole order Coleoptera after Curculionidae s.l. Staphylinidae.

From the phylogenetic point of view, the Chrysom@$ (including
Bruchinae) are recognised as a monophyletic clede€ll, 1998; GOmez-Zurita
et al., 2007, until recent treated as a separatdyf@ruchidae), and are the sister
group of the Cerambycidae lineage, with which tHeym the superfamily
Chrysomeloidea. The latter, in turn, is the sisjeoup of the megadiverse
Curculionoidea clade and these two taxa are thg ominponents of the huge
clade Phytophaga, represented by about 135.006 e species.

The vast majority of Chrysomelidae (also known aaf-beetles) are
phytophagous insects with free-living larvae. Aal¢ exception to phytophagy
iIs represented by the feeding habits of Camptosomé&Clytrinae,
Cryptocephalinae, and allied groups), whose laaraanyrmecophilous and often
at least in part myrmecophagous (Erber, 1988; dplif92, 1995). Exceptions to
the free-living habit are more widespread: Sagriiad@naciinae and Bruchinae
are a monophyletic clade whose larvae are primantjophagous within stems of
foodplants or within seeds (the latter apply to diinae, long regarded as an
autonomous family) and endophytic larval behaviatase also among members
of Zeugophorinae, Criocerinae, Hispinae, and Alae (Jolivet, 1995). Other
representatives typically feed on the green paftgplants and are usually
oligophagous on a narrow range of plant speciggnera. With the exceptions of
very species-poor ancient groups feeding on gynmerosg, the great majority of
Chrysomelidae depend on angiosperms, cases obsltiftto gymnosperms being
notably rare (examples for the Palaearctic faura faw representatives of
CryptocephalusndCalomicrusfeeding onAbiesandPiceg).

The family Chrysomelidae is currently subdividedalvout 12 subfamilies,
whose phylogenetic relationships have been invasiijrecently and are known
in a rather satisfactory way. Modern cladistic gsisl revealed that most of the
traditionally recognised groups which are rankesuad the subfamily level are
true natural groups, with only few of them beinggmyletic (e.g.: Hispinae is
nested within Cassidinae, Megascelinae within Epmak, Chlamysinae within
Cryptocephalinae) or still ambiguously placed (eSynetinae, either nested
within or sister to Eumolpinae) (Gémez-Zurita ef 2005, 2007).

Among the traditional subfamilies doubtfully supigat by modern
phylogeny are the Chrysomelinae, which are possiahaphyletic, although with
low support (Gomez-Zurita et al., 2007), with regp@ Galerucinae as long as
the Timarchini and Phaedonini are included in trenker (as with the traditional
concept of Chrysomelinae).
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Taxonomy of the Chrysomelinae andCbiysolina(s.l.)

The Chrysomelinae, according to the traditionalcemt, are a large and well
defined subfamily diffused worldwide, comprisingoalb 2000 species arranged in
about 130 to over 170 genera, according to auttixascordi, 1994). Generic and
suprageneric arrangement of the Chrysomelinae tisalye a matter of debate
among the specialists: the classification of takava the species or group-of-
species level is often highly uncertain, let astlectly nomenclatorial problems
originating from the plethora of genus-group namegposed along the years. The
last generic catalogue, proposed by Daccordi (198#4s 134 valid genera and
hundreds of valid subgenera.

Within the subfamily Chrysomelinae, one of the &stggroup is the genus
Chrysoling which in its current circumscription includes ab@d70 species and
over 250 subspecies arranged in 64 subgenerak@aeki, 2001, 2007) (tab. 2).
Chrysolinais widespread especially in the Palaearctic regidrere it reaches its
maximum diversity, but a significant number of egentatives are found in the
tropical areas of South Western Asia and throughimeitwhole African continent
including Southern Africa. A small number of remettives is also found in
North America (composed both of native and intretlspecies from Europe)
and in Oceania, where two European and one Soutltafif species were
introduced as a biological agent to contkypericum and Chrysanthemoides
moniliferaweeds respectively.

The diversity of the genus, although heavily exptbrby the several
specialists active in the last decades, is not ¢etely known. As a matter of fact,
in the few years between 2001 and 2007, as mucB2asew species were
described (about 5% of the total) and at leastasymare awaiting description (M.
Daccordi, com. pers.). Although the greatest parn@w species come from
poorly explored areas of Central Asia (chiefly fro@hina), new taxa are
occasionally discovered also in otherwise well knaweas (e.gCh. bourdonnei
from Southern Italy; Daccordi and Ruffo, 2004). Aray, the alpha-taxonomy of
the genus may be considered on the whole well-Bstednl and satisfactory,
except for a limited part of the distributional gan

However, despite the huge taxonomic effort underaia the last years,
the supraspecific taxonomy of the genGérysolina is still unsatisfactory.
Alongside with several well-defined and clearly haganeous subgenera, others
exist which are strongly heterogeneous (eRgzocrosityq whose autonomy is
debated, or to which species of uncertain posgi@ntraditionally (but doubtfully)
referred (e.g.Ch. stachydisdoubtfully assigned to the subgereseniosticha
Still worse, to date it is impossible to circumberChrysolinaby a comparative
diagnosis capable to set apart from the closely related genera. The recent
synopsis proposed by Bikowski (2007) does not provide a comparative
diagnosis either. In particular, the distinctiortviieen Chrysolinaand Oreina is
highly problematic. The main traditionally accepthstinctive character (the ratio
between the length of the metasternum and the Heaftthe first abdominal
sternite) turned out to be inconsistent at a cl@wlysis and failed to offer a
sharp division between the two genera, as outlmeBienkowski (2007). This is
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Subgenus

Subgenus nr. of
included in coloulr Subgenus nr. 9f species + Type species DISTRIBUTION
phylogeny coded in species subsp.
tab. 3
TS X Allochrysolina 4 10 fuliginosa Mediterranean Area, Central Europe
X X Allohypericia 15 27 lobicollis Central Asia, E. Asia, Canada, USA
X Altailina 2 3 dudk oi Kazakhstan, Altai
TS X Anopachys 10 12 asclepiadis Eurasia (escl. Eur. Centro-occ.), Taiw an.
TS X Apterosoma 3 3 angusticollis Far East, N.E China, Japan
X Arctolina 18 18 birulai [subsulcata] Central and Arctic Asia, N. America
X X Atechna 36 37 striata South Africa, Congo, Angola
X Atlasiana 1 1 seriatipora Algeria
1 X Bechynea 2 5 kabakovi China, Korea, Amur, Sakhalin, Kurili
TS X Bechynia 5 5 platypoda S. France to Greece to Altai
X Bittotaenia 8 11 salviae Europe, Caucaso, Middle East, Asia Minor
TS X Camerounia* 8 8 ornata Central and S. Africa
X Cecchiniola 1 1 platyscelidina Crimea
TS X Centoptera 1 1 regalis [bicolor] Mediterranean Basin
TS X Chalcoidea 30 60 marginata from Europe and N. Africa to Central Asia, India, USA
TS X Chrysocrosita 5 7 spectabilis China, central Asia
TS X Chrysolina 5 8 staphylaea Holarctic
TS X Chrysolinopsis 1 1 gemina Canary Islands
TS X Chrysomorpha 1 5 cerealis Europe to Siberia
TS X Colaphodes 2 5 hottentota [haemoptera] | Europe to Middle East
TS X Colaphoptera 16 43 hemisphaerica France to Asia Minor, Middle East
TS X Colaphosoma 1 3 goettinngensis [sturmi] | Europe to Siberia
TS X Craspeda 3 6 besseri [limbata] Morocco, Alps, Eur. Russia to Mongolia
TS X Crositops 3 3 pedestris Central Asia, Siberia
TS X Diachalcoidea 3 5 sacarum N. Africa, Middle East, Central Asia
TS X Erythrochrysa 1 3 polita Palearctic
TS X Euchrysolina 2 8 graminis Europe to Japan
TS X Fastuolina 1 5 fastuosa Europe to Siberia
1 X Ghesquiereita 13 13 spiloptera Central Africa
1 X Heliostola 5 11 islandica Alps to Siberia
TS, 2 X Hypericia 14 22 hyperici Palaeardtic, Australia, USA
X Jacobsonia 1 1 pudica China
X Lithocrosita 1 1 rugulosa Central Asia
TS X Lithopteroides 2 4 musiva [exanthematica]  Siberia, India, China, Vietnam, Japan, Taiw an
TS X Maenadochrysa 12 33 femoralis Mediterranean Countries
TS X Melasomoptera 3 7 grossa W. Mediterranean
X Mimophaedon 1 1 pourtoyi Atlantic Pyrenees
TS X Naluhia 4 5 confluens E.C., S. Africa
2 X Ovosoma 10 23 vernalis Mediterranaean Countries to Caucasus
TS X Ovostoma 3 10 coerulea [olivieri] S. E Europe to Caucasus
TS X Palaeosticta 5 6 diluta S.W. Europe, Morocco, Lybia, Middle East
X Paracrosita 1 1 armeniaca Caucasus, Afghanista, Middle East
TS X Paradiachalcoidea 4 5 vignai Ethiopia, Middle East, Turkey
X Paraheliostola 1 1 soiota Sayan Mts.
X Paramenthastriella 1 1 beatricis E. Africa
X Pezocrosita 48 51 sahlbergiana Central Asia, to Mongolia and Siberia
TS X Pierryvettia 25 29 stictica China, Vietnam, India, Java. Indochina, Philippines?
X Pleurosticha 7 9 sylvatica Central Asia, Alaska, Hokkaido, Urals,
Pseudocrosita 1 1 bactriana Central Asia
Pseudolithoptera 1 1 interlucea Korea
TS X Pseudotaeniochryse 2 5 superba Central Africa
Pseudotimarchomim 1 1 luminosa Tanzania
TS X Rhyssoloma 1 1 fragariae Madeira
Sibiriella 2 2 paradoxa Altai
TS X Sphaeromela 1 3 varians Europe, Siberia
1 X Stichoptera 12 29 sanguinolenta Europe, Turkey, Primorski, China,
TS X Sulcicollis 4 5 chalcites Europe, Middle East
TS X Synerga 4 16 bella [coerulans bella] Europe, Middle East, China, Siberia
TS X Taeniochrysea 1 1 americana S. Europe
TS X Taeniosticha 10 22 lurida Europe, middle east, Central Asia, Tien Shan
TS X Threnosoma 20 30 helopioides Central Europe, Mediterranean countries
Timarchomela 3 3 - not designated China (Yunnan)
TS X Timarcholina 9 9 templetoni India, Sril Lanka, Myanma
TS X Timarchoptera 1 1 haemochlora Central-E.asia
TS X Vittatochrysa 1 1 nigrovittata Central Asia, N.W. China
Tab. 2.

Overview of the subgenera 6hrysolinaaccording to Bigkowski (2001).

TS: type species included in phylogerly; one species included in phyloger®; two species
included in phylogeny.
Notes.*: considered as separate genus by Bienkowski (2007)
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confirmed by the morphological recognition carred in the present thesis. The
distinction ofChrysolinafrom Oreing however, is a matter of debate since long
time (es. Garin et al., 1999), and the inclusiotheflatter genus within the former
one has been proposed by various authors. In addithe boundaries of the
genus are uncertain in regard to the inclusion ropital taxa, such as
Camerounia grouping species from Central Africa (Bk®wski, 2001, 2007),
and is sometimes splitted within its most tradiibnoundaries by authors such as
Bourdonné (2005), who elevated to the generic rdmk subgenuraspeda
including within of itTaeniostichaeandPalaeostichaa proposal which seem to be
rejected by Bigkowski (2007).

Currently, a huge revision work is being carried loyithe latter author; of
the planned 6 volumes the first was published i672towever the treatment is
that of traditional taxonomy and no cladistic ewion of the groups is
performed.

Compared taChrysoling the genureinais much smaller, including 28
species. Most of them are highly polytypic and ently about 75 subspecies are
recognised as valid. The distribution range isrfragted and less extended than
that of Chrysolina The great majority of these taxa inhabit the Besn
mountains, from the Pyrenees to the Balkans; a gepulations are found in
lowlands of Central Europe. In addition, two specee endemic of the Russian
Far East. The highest diversity is reached actossAtpine range. The genus is
divided into seven subgenera, some of them paatilgudlistinctive, i.e Protorina
for the unusual colour anférigidorina for the notably small size. On the whole,
the supraspecific taxonomic assessment is welbésteed.

ChrysolinaandOreinaphylogenetics

Phylogenetic investigations @@hrysolinaare very scarce and always limited to a
small subset of taxa. The first phylogenetic attemas published by Bourdonné
and Doguet (1991), who proposed an rough evolutjongpothesis for 10 groups
of Palaearctic species; however, rather than uaimgodern cladistic approach,
authors based their evolutionary tree on a suleestimation of the evolution of
two traits, the chromosomic number and the choicth® foodplant. Later, two
cladistic studies of the gen@hrysolinawere independently produced in 1999,
both attempting to reconstruct the evolution ofthglant affiliation. In one of
these studies (Garin et al., 1999) a phylogeneiatysis was performed based on
mitochondrial DNA sequences [16S rDNA and cytocheooxidase subunit |
gene (COI)]. The ingroup included 3Chrysolina and 2 Oreina species,
representing a total of 22 subgenera. The maximarsirpony trees produced for
the two sets of data had a quite poor resolutiomdver the authors succeeded in
confirming the monophyly of the subgenera that wemesented by more than
one species. The position of the t@Woeina species resulted puzzling, since they
appeared to be only distantly related. Howeveis ihteresting to note that they
both fall within the Chrysolina radiation, supporting the hypothesis of non-
distinction between the two genera, as alreadyirmatlby previous authors. The
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other study (Hsiao and Pasteels, 1999), was base®$ and 16S mtDNA and
CO1 sequences and applied to 30 species ofhmgsolinaOreinacomplex (16
Chrysolinaspecies belonging to 14 subgeneraQkéina species belonging to 7
subgenera). The strict consensus tree had a pedutien of the basal nodes, but
was well resolved in the distal nodes, allowingdoognise some well supported
natural groups. Oreina species were gathered in a strongly supported
monophyletic clade, however within this clade waeply nestedChrysolina
fastuosa The trees proposed by these two studies areypoorhparable, due to
the scarce overlapping between the two ingroupstlaagoor resolution of basal
nodes. Both of them agree in the close relationdlepveen the subgenera
Synergaand Melasomoptera and the between the subgenétgpericia and
Sphaeromela however significant differences are observed he teciprocal
placement of the subgenefraeniochryseandColaphodes

As for Oreing two independent phylogenetic analyses exist,ppasented
by Dobler et al. (1996) and based on genetic dismmof 18 allozyme loci and
taking into account 12 species, and the other byddand Pasteels (1999),
previously mentioned, taking into account 14 spedegether with several
Chrysolina Both trees are quite well resolved, however tddfer in several
aspects. In particular the allozyme tree (Doblerakt 1996) confirm the
monophyly of all of the subgenera, even though only of them are represented
by more than one species. Conversely in the treddigo and Pasteel (1999) the
subgenusChrysochloaturns out paraphyletic and even the monophyly hef t
genusOreina is questioned, sinc€hrysolina fastuosaseem to fall within its
radiation, its position being supported by a goodotbtrap value (83).
Nevertheless, the authors were strongly reluctaattept this results, mentioning
the existence “strong morphological evidences” Wwhwould contradict this
hypothesis.

Chrysolinaphylogeny

A single most parsimonious tree was found (I=986t&%t fig. 1). Unfortunately,
despite the prolonged effort with alternative setets and coding of characters,
measures of support are not comfortable: Cl= (RIZ2.3. Different resampling
technigues applied to the most parsimonious tredymed low values for most of
the branches, being as low as 0 for most of thallvexles.

A few considerations can be issued, enhancing denfie for some of the
most apical nodes. The confidence of basal nodesyetsely, has to be
considered very cautiously.

The five pairs of species traditionally referreca®many subgenera which
were included in the phylogeny, branch closestrte another, in a sister-group
relation, their placement thus resulting in agresinéth their current taxonomic
arrangement. The only exception is that of subg&tuysochloa which turned
out to be paraphyletic, thus being in agreemertt vasults obtained by Hsiao and
Pasteels (1999). In addition, the present phylogagriees with the traditional
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taxonomy also confirmating the monophyly of the @we@reina a view which
was supported also by Hsiao and Pasteels (1999).

Moreover, the arrangement of the cla@é. fastuosareina is quite
agreement with the phylogenetic hypothesis propdsgdHsiao and Pasteels
(1999). Actually, the reciprocal arrangement of tumtained taxaHastuoling
Chrysomorpha Synerga Euchrysolinaand Oreina s.l) is different between the
two trees taken into account, however they boticatd the mentioned subgenera
as close relatives, together forming a monophylufhe only remarkable
difference in respect to Hsiao and Pasteels (189%®)eir inclusion within this
group of the clad&rythrochrysaMelasomopterawhich conversely fell out of it
(although not far) in the present phylogeny. Anottendition of agreement with
all the previous studies (Bourdonné and Doguet11@arin et al., 1999; Hsiao
and Pasteels, 1999) is the sister-group relatibndmn the subgeni&phaeromela
(represented only b@h. variang and the subgenusypericia

Beside confirming some of the groupments retrieved previous
phylogenies, the present tree proposes a few nabud clades whose identity
makes sense on the account of characters not evediih the phylogeny: the
Taeniochryse@seudotaeniochrysedade includes two subgenera which have a
well disjointed distribution (Mediterranean vs. @ah Africa), but are notably
similar in appearance and share peculiar chroneatnditions. TheRhyssoloma
Chrysolinopsisclade, conversely, groups two species looking ratlifeerent, but
sharing (allopatric) Macaronesian distribution. Hieady mentioneBastuolina
Oreinaclade is characterised by the presence of an umlggnatic pattern (see
the fastuosa-like patterliscussed below), and even the basal clade grguben
subgeneraNaluhia, Atechna and Camerounia all from tropical Africa, is
characterised by the shared presence of orangekests integuments carrying
various pigmentary patterns that find no equal agather groups.

With reference to the latter clade, it should béd shat Atechna +
Chrysolina (s.l.) turned out to be paraphyletic with respéztLeptinotarsa
according to the Chrysomelinae phylogeny of Gémedtd et al. (2007).
However, running a phylogeny with the exclusiontliése subgenera from the
data set did not produced any change within thdogleyetic output: the tree
recalculated in the absence Afechna Naluhia and Camerounia (I=933.280,
C.1=0.18, R.1.=2.11) showed the very same relatibasveen the remaining taxa,
in such a way that the African clade seemed jusbffdrom the remainder of the
tree.
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Text fig. 1. Maximum parsimony phylogenetic treetloé Chrysolinaand allied genera. Figures
above nodes are bootstrap resampling values wifl® ¥@plications, figures under nodes are
jacknife resampling values with 1000 replications.
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Chromatic patternsin Chrysolina

The results of the chromatic survey are summaiiiz¢ab. 3 (pages 48-49).
The different chromatic conditions observed on doesal side of investigated
specimens are described and briefly discussederfdlfowing paragraphs, with
reference to names and numbers used in tab. 3l amange them according to
four main criteria:

1) main colour

2) elytra/forebody relations

3) physical patterns

4) pigmentary patterns
For each pattern or condition which discussed herdescriptive name will be
introduced. Within the text, these names are spelteitalics for the sake of
clarity. For the same reason, the adjective “metallas been commonly used
instead of the would be more appropriate term ‘fofgical origin”, since colours
of physical origin are commonly and shortly referess such.

Main colour

1-2. Blackelytra/Black pronotuntfigs. 70, 83-84, 86-87)

This category encompasses beetles with fundameiiaitk colouration and not
showing any obvious coloured shine as can be paddiy human eye. Strongly
dark specimens, but showing a even faint colousdteation are classed as
metallic In this class are also counted beetles whose afuedtal black
colouration is replaced in small part by a coloypattern, such as members of the
genusTaeniostichashowing ared elytral marginpattern (fig. 82). Black coloured
forms are well distributed across the investigatgdup and several of the
subgenera where this condition was not found ageoties where the available
sample was poor and/or the number of included spasi particularly low (1-3)
(cfr. tab. 3).

Nevertheless, subgenera where black forms are mirese a common
condition are rare; rather, they appear as an i@l aberration (or a form within
an intraspecific polymorphism) of otherwise metalipecies. The relationships
between black forms and conspecific metallic caduones will be further
discussed in the chapt@&he origin of physical colours and the evolutiontloé
black phenotype. 59).

3-4.Metallic elytra/Metallic pronotuntfigs. 72-78, 79-82)

In this class are counted all species whose deidalhas a colour with at least a
faint metallic colour, deemed to be of physicalgori Among others, | include
here also dark forms with at least perceivable wad reflections (but therefore
indicating anyway the existence of a photonic stmec capable to interact with
light) and forms with patterned integument.
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This condition is the most common one and is uguadisociated to a
strong intraspecific polymorphism, often encompagdrankly black forms (cf.
columnBlack/metallic transitiorin tab. 3). TEM microscopy observations carried
out on some representative species revealed tkterge of a photonic structure
responsible for the metallic coloured effect, alt e discussed iThe origin of
physical colours and the evolution of the blackratgpeqp. 59).

5. Rufous integumergtigs. 71-72, 86).

Within this group are included forms whose integoteehave a orange,
testaceous or red colouration. Among others, waskided cases where the main
colour of the integument is orange/red (fig. 7ere in the presence of dark
pigmentary pattern (e.gCh. vittata, Ch. brunelifig. 86). Forms where the
orange/red parts are poorly extended (e.qg., figB83were not included.

Rufous integument are mainly associated to Foeebody dark, elytra
rufouspattern (later discussed), being otherwise raresaattered across various
subgenera, where they mostly appear as the prodlacpoor/failed melanisation
of the integument, sometimes as a condition spesgesific or at least common
within a species (e.gCh. staphylaen

Elytra/forebody relations

6-7. Homocromy/heterocromy

| treat as homochromous those chromatic forms wteresolour of the forebody
(head and pronotum) and the colour of elytra ame shme. Conversely, in
heterochromous forms the colour of the forebodylifferent from that of the
elytra.

Heterochromy may depend on different situation$fedint pigmentary
colours (e.g..Taeniosticha, Craspeddig. 86), different physical colours (e.g.:
RhyssolomaChrysocrositafig. 73), or a combination of physical and pigmenta
colours (e.g.:Melasomoptera,fig. 72). The degree of heterochromy, which
depends on the difference between two colours, colsly vary along a
continuum; nevertheless | meant to explore throaghualitative classification,
although approximative, the occurrence of strongereehromy, i.e., of forms
whose colour of forebody is heavily different frahat of the elytra. The greatest
part of these strongly heterochromic patterns weumd to be associated to a
peculiar species-specific pigmentary conditidor€body dark elytra rufous,
while they are notably rarer among metallic spedidsvertheless, among these,
they can either appear as individual aberratiog.:(©reina speciosghor species-
specific pattern (e.gChrysolina spectabilidig. 73).

Conversely, forms with low heterochromy (figs. 68r6were found to be
widespread. In fact, although most of the metaBjgecies are commonly
described as “unicoloured” or “monochromatic”, teigrvey revealed that this is
acceptable for a general description (e.g., ainhingllow species identification),
but cannot be regarded as a rule for most of thelhwecoloured subgenera. For
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MAIN COLOUR BLACK/METALLIC ELYTRA/FOREBODY
transition RELATIONS
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Chrysolina |Allochrysolina 4 | 4 YES YES
Chrysolina | Allohypericia 15| 4 YES YES
Chrysolina |Altailina 2 1 / /
Chrysolina |Anopachys 10 9 YES YES
Chrysolina |*Apterosoma 3 3 / /
Chrysolina |Arctolina 18 | 11 YES YES
Chrysolina | *Atechna 36 | 21 YES YES
Chrysolina |Atlasiana 1 1 / /
Chrysolina 'Bechynea 2 1 YES YES
Chrysolina |Bechynia 5 4 no no
Chrysolina | Bittotaenia 8 5 YES YES
Chrysolina |Camerounia 8 8 YES YES
Chrysolina | Cecchiniola 1 1 YES YES
Chrysolina |Centoptera 1 1 YES YES
Chrysolina | Chalcoidea 30 | 30 YES YES
Chrysolina | *Chrysocrosita 5 2 / /
Chrysolina |Chrysolina 5 4 / YES
Chrysolina |Chrysolinopsis 1 1 / /
Chrysolina |Chrysomorpha 1 1 / /
Chrysolina |Colaphodes 2 2 YES YES
Chrysolina | Colaphoptera 16 | 16 YES no
Chrysolina |Colaphosoma 1 1 YES YES
Chrysolina | Craspeda 3 3 / YES
Chrysolina |*Crositops 3| 2 / /
Chrysolina | Diachalcoidea 3 3 ? ?
Chrysolina |Erythrochrysa 1 1 YES /
Chrysolina | Euchrysolina 2 2 YES YES
Chrysolina |Fastuolina 1 1 / /
Chrysolina |*Ghesquiereita 13 9 YES YES
Chrysolina | Heliostola 5 5 YES YES
Chrysolina |Hypericia 14 | 14 YES YES
Chrysolina ' Jacobsonia 1 1 YES YES
Chrysolina |Lithocrosita 1 1 YES YES
Chrysolina | Lithopteroides 2 2 YES YES
Chrysolina |Maenadochrysa 12 6 YES YES
Chrysolina ' Melasomoptera 3 3 / YES
Chrysolina | *Mimophaedon 1 1 / /
Chrysolina |Naluhia 4 | 4 / /
Chrysolina | Ovosoma 10 @ 10 YES YES
Chrysolina | Ovostoma 3 3 YES YES
Chrysolina |Palaeosticta 5 5 / /
Chrysolina | *Paracrosita 1 1 YES YES
Chrysolina |Paradiachalcoidea | 4 | 2 / /
Chrysolina |*Paraheliostola 1 1 / /
Chrysolina |*Paramenthastriella| 1 1 / /
Chrysolina | Pezocrosita 48 | 29 YES YES
Chrysolina |Pierryvettia 25 25 YES YES
Chrysolina | Pleurosticha 7 7 YES YES
Chrysolina |Pseudotaeniochr. 2 4 / YES
Chrysolina |*Rhyssoloma 1 1 / /
Chrysolina |Sphaeromela 1 1 YES YES
Chrysolina |**Stichoptera 12 | 12 / YES
Chrysolina | Sulcicollis 4 4 YES YES
Chrysolina |Synerga 4 | 4 / /
Chrysolina | Taeniochrysea 1 1 / /
Chrysolina | Taeniosticha 10 7 / /
Chrysolina | Threnosoma 20 | 20 YES YES
Chrysolina |Timarcholina 9 8 / YES
Chrysolina | *Timarchoptera 1 1 / YES
Chrysolina |Vittatochrysa 1 1 / /
Semenovia | - 6 6 / /
Crosita - 9 | 8 / /
Oreina Allorina 4 4 YES YES
Oreina Chrysochloa 5 5 YES YES
Oreina Frigidorina 1 1 YES YES
Oreina Intricatorina 11 YES YES
Oreina Oreina 9 9 YES YES
Oreina Protorina 7.5 / /
Oreina Virgulatorina 1 1 YES YES

Tab. 3. Colour conditions and colour patterns in the sukgenfChrysolinaand allied genera.
/ : coding unappliable; condition abser?; condition doubtfulNotes.*: poor sampling**: Ch.
stachydisexcluded due to doubts on placement. (follows ixt pe)
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PHYSICAL PATTERNS

PIGMENTARY PATTERNS
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Chrysolina | Allochrysolina -
Chrysolina | Allohypericia _
Chrysolina | Altailina - -
Chrysolina | Anopachys _
Chrysolina *Apterosoma
Chrysolina | Arctolina R
Chrysolina *Atechna _ _
Chrysolina | Atlasiana R
Chrysolina Bechynea
Chrysolina | Bechynia
Chrysolina | Bittotaenia -
Chrysolina 'Camerounia _
Chrysolina | Cecchiniola -
Chrysolina | Centoptera R .
Chrysolina | Chalcoidea . . I
Chrysolina | *Chrysocrosita _ R .
Chrysolina | Chrysolina - R
Chrysolina | Chrysolinopsis - -
Chrysolina | Chrysomorpha _ _ _
Chrysolina | Colaphodes - -
Chrysolina | Colaphoptera
Chrysolina | Colaphosoma
Chrysolina | Craspeda
Chrysolina | *Crositops
Chrysolina | Diachalcoidea
Chrysolina | Erythrochrysa
Chrysolina | Euchrysolina
Chrysolina | Fastuolina
Chrysolina *Ghesquiereita
Chrysolina Heliostola
Chrysolina | Hypericia
Chrysolina ' Jacobsonia
Chrysolina | Lithocrosita
Chrysolina | Lithopteroides
Chrysolina 'Maenadochrysa
Chrysolina | Melasomoptera
Chrysolina | *Mimophaedon
Chrysolina | Naluhia R
Chrysolina ' Ovosoma _
Chrysolina ' Ovostoma R
Chrysolina Palaeosticta
Chrysolina *Paracrosita
Chrysolina | Paradiachalcoidea
Chrysolina | *Paraheliostola
Chrysolina | *Paramenthastriella
Chrysolina Pezocrosita
Chrysolina | Pierryvettia
Chrysolina | Pleurosticha
Chrysolina | Pseudotaeniochr.
Chrysolina *Rhyssoloma
Chrysolina ' Sphaeromela
Chrysolina | Stichoptera**
Chrysolina | Sulcicollis
Chrysolina | Synerga
Chrysolina | Taeniochrysea
Chrysolina Taeniosticha
Chrysolina | Threnosoma
Chrysolina | Timarcholina
Chrysolina  *Timarchoptera
Chrysolina | Vittatochrysa - - - - -
Semenovia | - - - B
Crosita - - -
Oreina Allorina - - - - - R R
Oreina Chrysochloa _ - _
Oreina Frigidorina R R .
Oreina Intricatorina - - -
Oreina Oreina _ - _ .
Oreina Protorina - - - _
Oreina Virgulatorina ___ .

(follows from previous page)

occurs as aberration in single specimens (atypical colour form)
occurs regularly, but uncommon and/or distributed among few species

regularly occurs as a common/typical condition
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the greatest part of these, in fact, a careful exation of several specimens under
uniform, diffused light, revealed the existencespkcimens showing at least a
faint discrepancy between the colour of pronotuich thiat of elytra.

Such specimens with inconspicuous heterochromyuatmlly scattered
among large series of actually homochromous oneat(teast so for the human
perception, figs. 66-67); however, their presersceelevant since it indicates that
the two parts of the body (forebody and elytra) bancontrolled independently,
and that this capability is commonly (perhaps al®gymantained also in clades
or species having a substantially homochromous pattgrn.

8. Forebody dark, elytra rufou$igs. 72, 86)

Extremely heterochromic pattern, characterisedufyus elytra and black or dark
metallic pronotum. This pattern occurs quite scatteamong several, where it is
commonly found as the typical condition of one arrenspecies. It normally do
not appear in form of aberration and, where presignis poorly subject to
individual variations. Doubts in the attribution specimens to this form may
come from the presence of a coloured metallic shidnéch in some species may
be well perceivable above a light-coloured reddslkground. Aberrations are
rare too, although black coloured specimens arerded at least in the ordinarily
redCh. polita(Porta, 1934).

Physical patterns

9. Areolated puncture@igs. 74-76; text fig. 2)

Patterns produced by the presence of colouredesirstattered more or less
uniformly on the elytra. These metallic circles areariantly associated to sharp
impressions (punctures) of the integument (fig. 88 alsoThe elytron: vein
patterns, punctuation and sculptungg, 26), and in particular to those which are
classed as “second order punctuation of the seoaotet” in the list of characters
compiled for the phylogenetic study (&ppendix 2 p. 101). Usually, punctures
characterizing this pattern are larger than thst farder punctures, which are
always present together and are not associatedctoar alteration; however,
exceptions exist and demonstrate that a compalatasger size is not necessary
and not sufficient for the puncture to be assodiatethe presence of a coloured
areola. In fact, large punctures on metallic integats lacking an areola are
found among members of the subgeridischalcoidea while second order
punctures associated to a coloured areola but iffetaht in size from the first
order punctures are observed in specimensCbf ruandana However, in
specimens where puncturés associate to a coloured areola, all the second orde
punctures of the elytra are invariably involvede-axceptions allowed.

This pattern is widely distributed amo@hrysolinaspecies: it is found
among 10 subgenera and is considered as commoroglr cdammon condition
among 6 of them; its presence is normally spegwesific. According to the
evolutionary tree proposed here, this pattern arodependently at least five
times
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Text figs. 2-5.
2. Occurrence oéreolated punctures3. Occurrence o$triped pattern4. Occurence opuncture-
produced stripess. Occurrence ofastuosa-like pattern
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in the evolution of the investigated taxa, but itghbe taken into account that two
subgenera where it occurs are not included in kiytogeny.

A peculiar condition produced by areolated puncusediscussed later as
a pattern of its own, undeuncture-produced stripes

10. Striped patternfigs. 76-79; text fig. 3)

In general, chromatic patterns characterised bytasence of longitudinal stripes
having colour different from that of the backgroufthis class is heterogeneous,
and the chromatic patterns of its members can lerreel to two distinct
phenomena, corresponding to at least two diffecentrol systems which can be
alternatively used to produce patterns with simélppearance. Thus, longitudinal
coloured stripes can be produced by the cohalesceinmetallic circles densely
aligned in longitudinal rows (sesreolated puncturgs or may be associated to
the elytral veins, in this case each stripe beisglfithe most elementary pattern
unit.

In both cases, despite the outlined differencethenbasic components,
both patterns owe their longitudinal shape andtmosio the veins, since these
act as landmarks also for the alignment of puncinat

All species with a longitudinally striped patterither show puncture
produced stripesor afastuosa-like patterntwo conditions which are separately
treated in the following paragraphs. The only pugatexceptions areCh.
(Semenowia mirabilis, whose condition was impossible to evaluate siitse
elytra were too thick to be properly observed imnsmitted light, and striped
members of the cladénopachys-Apterosomée.g. A. lineigerg, which were
unavailable to direct study but whose stripes, thase descriptive literature
available, are certainly referrable to a vein-agged pattern, and therefore
similar to thefastuosa-like pattermalthough less conspicuous.

11. Puncture-produced stripgg. 76; text fig. 4)

A pattern produced by the longitudinal alignmenttejumentary impressions
(punctures) surrounded by a coloured areola éseelated puncturgs which
cohalesce in a longitudinal stripe.

This condition was found in three subgenera ongmely Taeniochrysea
and Pseudotaeniochryseavhere its occurrence is ordinary and verifiedalh
species, andshesquiereita where its occurrence is occasional and limited to
some populations ofh. spilopteraonly (currently named as the infrasubspecif
form upembaelolivet, 1952 but possibly belonging to a distitecton; Daccordi,
1982 and pers. comm.). The first subgenus has 8ouiuropean-Mediterranean
distribution, while the other two are tropical taxstributed in subsaharian
Africa. Despite this distribution, phylogenetic &sis revealed a close and well
supported relationship between the first two genesa@ich apparently inherited
the pattern from a common ancesi@hesquiereitgfig. 75), conversely, appear
to be quite distant from this clade; it belongdtanch to which other taxa with
pattern characterised by the presence of discretalim areolae can be referred,
although it is not clear if they shared a commoceator. However, this situation
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is in agreement with the occasional occurrence aiflyhe discussed pattern
within Ghesquiereitatself, where it arises from an increased densfitgtherwise
scattered punctures, thus leading to a phenomehaonvergence towards the
typical pattern offaeniochryseandPseudotaeniochrysea

12. Fastuosa-like patter(figs. 77-79; text fig. 5).

The definition of this elytral pattern is based e appearance dhrysolina
fastuosa(fig. 78), whose pattern can be more or less nthkentrasted) but,
when visible, is invariable in its structure. Badig, on a blue to green
background there are two longitudinal stripes, dusethe base and convergent at
the apex, whose colour wavelength is longer than ¢ii the background, going
from green to red. These stripes occupy the subrnerinternal and external
areas of the elytra, while the background coloupresserved along the margins
and along the midline. A few variations are obsdrwanging from longitudinal
stripes being more or less faded (specimer@@hofcacaliag, or, conversely, being
very wide and leaving only a narrow background aeag the midline (such as
in Oreina gloriosa.

This pattern is observed, with a few variationdssed later, within 16
species only, traditionally referred to the gen@farysolina and Oreina and
distributed among eight different subgenera. Inespif traditional taxonomy,
phylogenetic analysis indicates that all these foimelong to a monophyletic
clade with support values different from zero, rhosh agreement with
previously produced molecular phylogenies.

This result is particularly relevant, since it saggthat this pattern has
most probably appeared only once in the evolutphgstory of the treated group.
This is obviously reflected in the remarkable chatioc uniformity of species
traditionally regarded as distantly related, suslOgeina virgulata, Chrysolina
(Euchrysolina) graminisand Chrysolina (Fastuolina) fastousé&he latter until
recent attributed to a genus of its ovidlpchrysg. The hypothesis of a single
origin for this pattern is also well consistentiwits absolute uniqueness: in spite
of its relatively simple geometrical architectutbjs model of colouration is
almost unique among beetles. Metallic integumeatsymg well-defined striped
pattern are rare: few examples may be cited amdweg Meloidae I(ytta),
Chrysomelidae@hrysochrog, Rutelidae limela).

13. Crosita-like patteriffigs. 80-81)

The definition of this elytral pattern is basedafew Crositaspecies, such &3.
altaica (fig. 81). Each elytron is occupied by a chromaradient with radial
symmetry, with longest wavelength in the discalaaamd shorter wavelenegth
along margins (base and apex included).

This pattern, which can be observed on the proncéismnwell (seepatterned
pronotumn), was observed only in two genus-level taRegsitaandChrysocrosita
subgenus ofChrysolina (fig. 80), as already mentioned by Mikhailov (2D08
Phylogeny seems to confirm the partition betweesse¢htwo taxa, therefore
suggesting that this chromatic condition arosetimes, independently. The poor
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Thefastuosa —like patterrand itsvariations
(figs. 88-93)

A synoptic table describing the occurrence of flituosa-like pattermwithin all the
species of thé-astuosaOreina clade is given in the table (next page). All speaé
Oreina displaying physical colours are listed, includitgse belonging to subgent
not taken into account in eh present phylogeny but reliably belonging tc
monophyletic Oreina clade according to the literature (Hsiao and Pé&stel999;
Dobler et al., 1999). Apart from the subgeurstorina, where physical colours ha
been completely lost and the criterion of preseaaiz®#nce of the physicg@attern
cannot therefore be applied, we see that the dayatm produce thefastuosalke
patternhas been retained by most of the members of tlie clehis capability has be
repeatedly lost: once in two out of three membérhe Synergaclade Ch. herbacea
andCh. viridana,closely related each other and to the patte@edcoerulanscfr. text
fig. 1), and at least once in members of theeina (s.l.) clade. Actually,Oreina
members missing the striped patternobel to as many as four subgenera, which ¢
not to belong to a monophyletic clade accordingthe available phylogenie
Therefore, the loss has quite likely occurred foumore times in the genu@reina
itself.

This repeated loss of thfastuosa-like patterns not surprising, since its presenct
strongly variable at a very low taxonomic levii fact, in all species displaying t
pattern there are also monochromatic forms, oauyreither as individual specime
more or less frequently scattered among others (@rgina speciospor with a definec
geographical trend (e.gCh. coerulanswhose striped forms are mainly typical of
eastern populations/subspecies). The only putaage of absence of a monochrom
form is found inO. geneibut, due to its rarity, | could only study a smalinmber of
specimens, which is not sufficient for a firm staet.

Thefastuosa-like patteris rather conservative in its genesaape. Normally, ¢
least two major longitudinal elements, with colahifting toward the red end of tl
spectrum, are recognized; one superimposed tornhermost vein (Cu), the oth
superimposed to the most external vein (Sc), inpolbgical relationship suggesti
induction of the pattern from the veins. The bebaviofthe two other veins M and |
(comprised between Cu and Sc), as well as the gntenf the two main longitudin
elements is variable, according to a distinct sgEespecific trend and to min
individual variation. InChrysolina cerealigsee fig. 88) Mand Rs often behave as
other two veins (although inducing less wide ss)pe¢he whole pattern appearing
composed of four distinct elements parted from eattter by a blue “backgroun
stripe. This pattern is only known to occur in teeciesHowever, specimens with
pattern with more or less confluent stripes ocauitegcommonly too, the backgrou
being partially “obliterated” by the reshifting pattern. The complete obliteration of
intervein spaces Sc-Rs and M-Cu is, instead, mastlyle inOreina gloriosa(fig. 89),
where the striae are usually green, and never irgathe red colourn this species, a
veins undertake a inductidike relationship with the colour pattern, but tiwe major
elements (corresponding to Sc and Ci® extremely wide and fuse with the thin
elements produced by the two minor veins, thusitgpa single free intervein space
the form of a narrow blue stripe. The wouldd-inductive behaviour of M and Rs
often missing: each one of these can bmmpetely “inactive” (in other words, showil
no relation with the colour pattern), or correspoadly to a weak/incomple
longitudinal stripe, the latter case appearing gsaattered among individuals whe
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the same trachea seems has no relation with tloeircphttern at allLack of patterr
elements corresponding to the trachea Rs is tym€dD. speciosissimdfig. 90),
whereas an only partial correspondance with M maylbserved irD. alpestris (fig
91). The latter species often shows laclcofrespondance with colour both for M ¢
Rs, its pattern being related to the two main véis and Sc) only. This condition
also typical ofCh. fastuosawhere the two coloured stripes are usually exga@svith
unsharp definition.

However, all thementioned patterns are referrable to the samehitanture”,
only differing in the expression of the constitetimodules.

Apart from these, two major deviations are foundgchein a single specie
namelyO. geneiandO. liturata. In the first one (figP2 ), a single red stripe is fou
exactly between the veins M and Rs. These two vdmsiot even look as beil
laterally well superimposed to the pattern: thethea appear to act like a bound
between the red area and the green area. Therpaftér liturata (fig.93), look rathe
like the background (blublack) and the stripes (green to gold) were ingk
However, despite the sharp definition of the ssjghlere is no precise coincidence
a boundary relation between any of the colour etrgnd the vein system. These t
pattern, despite the “striped” appearance, aredonahtally diverse from the norn
condition of thefastuosa-like patternHowever, since they are nested within a ¢
characterized by that pattern, their are likelyhtwe evolved from it, and to share
similar morphogenetic process.

Striped | Not striped Background ' Background Stripes Stripes

Black form
form form colour colour colour colour
Speaios shortest longest shortest longest
wavelenght | wavelenght wavelenght wavelenght

Oreina (Allorina) bidentata YES dark blue orange - - YES
Oreina (Allorina) caerulea YES dark blue green - - YES
Oreina (Allorina) canavesei YES dark blue green - - YES
Oreina (Allorina) collucens YES dark blue blue - -
Oreina (Chrysochloa) cacaliae YES YES dark blue green light blue gold YES
Oreina (Chrysochloa) elongata YES YES dark blue green gold gold YES
Oreina (Chrysochloa) fairmairiana ? YES dark blue green - - YES
Oreina (Chrysochloa) genei YES* green green orange red YES
Oreina (Chrysochloa) speciosissima YES YES dark blue green light blue red YES
Oreina (Frigidorina) frigida YES dark blue red/bronze - - YES
Oreina (Intricatorina) intricata YES dark blue green - - YES
Oreina (Oreina) alpestris YES YES dark blue green light blue dark red YES
Oreina (Oreina) bifrons YES YES dark blue red/bronze light blue gold YES
Oreina (Oreina) gloriosa YES YES dark blue blue light blue orange YES
Oreina (Oreina) liturata YES* YES dark blue blue green gold YES
Oreina (Oreina) speciosa YES YES dark blue green light blue dark red YES
Oreina (Oreina) redik ortzevi YES green bronze ? ? YES
Oreina (Oreina) sulcata YES YES dark blue purple/red light blue red YES
Oreina (Oreina) viridis YES YES dark blue purple/red gold gold YES
Oreina (Virgulatorina) virgulata YES YES dark blue green light blue red YES
Chrysolina (Fastuolina) fastuosa YES YES dark blue green light blue red e
Chrysolina (Euchrysolina) graminis YES YES dark blue green green red YES
Chrysolina (Euchrysolina) virgata YES ? dark blue red green red ?
Chrysolina (Synerga) coerulans YES YES dark blue blue light blue dark red
Chrysolina (Synerga) herbacea YES dark blue red - -
Chrysolina (Synerga) viridana YES green red - - YES
Chrysolina (Chrysomorpha) cerealis YES YES dark blue green light blue dark red YES

Occurrence and characteristics of thgtuosa-like patterin the species of théastuolina-Oreinaclade,
with exclusion of the subgen®sotorina (lacking metallic colours), and @i. ganglbauertiunavailable
for study. Data mainly directly observed and partirieved from Binaghi (1973), Mallet (1933),
Mikhailov (2001, 2008) and Porta (1934).

-: condition not appliable; ?: condition doubtfuledto poor material available.

* strongly modifiedfastuosa-likepattern (see details in text).

** yery specimens dark dfh. fastuosare known, but none was described as completabkbl
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support of the phylogenetic tree obtained requioee cautious, but a comment
can be issued: according to the presently proppsgtbgeny, Crosita seem to
have originated from a metallic-colouré&hrysolinagroup including forms with
areolated puncturepattern, and to be sister Ghrysolina bicolor which has a
strongly different pattern (similar t&€h. vernalis fig. 74). In addition, their
overall look is quite different from each othervaall, and it is therefore possible
that the position o€rositaon this phylogeny will reveal not consistent. Pblysi
Crositaand Ch. bicolorwere put together on the basis of convergent traitsh
as the large body size and their unusual bare foot.

14-15. Patterned pronotufeentral or bilateral symmetry(figs. 76-81)

Patterns characterised by a polychromous pattepnaabtum. Both alternatives
are strictly associated (apparently, at the indigldlevel) to the presence of
pattern on elytra.

The pattern with central symmetry has the samentaxac distribution as,
and is always found in association with, tGeositalike patternof elytra, to
which it is geometrically identic (figs. 80-81). Wever, the presence of the
Crositalike pattern does not imply the occurrence of #goaed pronotum, as
demonstrated byCh. spectabilis its elytra are ordinarily patterned in red and
green Crosita-like patteri, while its pronotum is uniformly blue (fig. 73).

The pattern with bilateral symmetry (figs. 76-7%cors only, and in all
groups showing a striped pattern, either due tae™rstripes, or to puncture-
produced stripes. The only exceptions are repreddoy Ghesquiereita(fig. 74)
(which is not closely related to any other stripeckon) and possibly by
Anopachys whose patterned species were not available tdystés with the
previous one, the expression of this pattern isagbMinked, at the individual
level, to the presence of an elytral pattern; coselg, and again as for the
previous one, the presence of an elytral pattems dwt necessarily imply the
presence of the patterned pronotum (at least iredaxa).

In fact, the relation between the pattern of elyaral the symmetrical
pattern of pronotum varies according to the gr@ken into account: a biunivocal
relation is observed in th&aeniochrysedseudotaeniochrysealade, in Ch.
cerealisandCh. coerulansthe latter two showing, in addition, a strict fonmity
in the intensity of pattern expression across W different body parts (cfr. fig.
79). However, in other groups such as the subg@nema (Oreing), the pronotal
pattern expression is always low (and sometimesing¥, even in the presence of
strongly patterned elytra (cfr. fig. 77).

The appearance of the symmetrical pattern is rathgable (intensity of
expression apart), it shape being variable acrlesdifferent taxa. In all clades
exceptOreing it shows a shift from the blue end of spectrumals the red one
on two areas on each side, a para-medial areahanthdrginal area, which often
are cohalescent along the anterior border and ribreopum midline. The sharpest
expression is observed ©h. cerealis In Oreing the expression is less defined
and slightly different: it can be observed onlyrajdhe lateral (inflated) sides, but
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the para-medial areas are commonly not perceivdblesome cases (e.gO.
cacaliag a limited colour change (not going beyond greienpbserved on the
whole surface of pronotum but for the basal ardackvremain blue.

Pigmentary patterns

16-17. Red elytral margin / red elytral badegys. 83-84; text figs. 6-7)

Patterns characterised by the presence of a rgme stinning along the lateral
edge of elytra (from the humerus to the apex, dogealso the elytral epipleura),
the rest of the surface being either black or ietélg. 84). The “red” stripe can
actually be orange, or testaceous, however itsiggecolour hue has little
meaning when observed in dead specimens, as nstilable for this study,
since the original life colour often fades when @sgd to solvants (such as the
ethyle acetate, commonly used to kill beetles) @andiiring drying process.

This pattern is widespread in several groups aochrding to the present
phylogeny, it seems to have arisen independentlgast 5 times. Although the
poor support of this phylogeny imposes caution, ligpothesis of a multiple
origin is in agreement with the common occurrentéhis pattern among other
genera of Chrysomelinae, such Hgdrothassa(palaearctic) andMicrotheca
(neotropical). Within the ingroup itself, this path can be produced by two
distinct “architectures” converging in a similartput: one characterised by the
pattern “as a whole”, and not composed by discsetaunits (e.g., members of
Craspedy, the other (observed only Maluhia) where the pattern is composed by
the cohalescence of melanic spots originating afopunctuations, which are
lacking on the most external side of the elytréveréfore appearing as a reddish-
orange lateral stripe.

Thered elytral baseattern (fig. 85) is observed across most of tloeigs
with the red elytral margin, and is always asseciab the presence of the red
margin itself, of which it seem to be a continuatib was unable to observe any
specimen having a red elytral base but lackingetgtlal margin.

18. Dark punctures/stripes/spdfggs. 85-86; text fig. 8)

This is a heterogeneous class of patterns, debyete presence of dark elements
over rufous elytra. These pattern are very poordyributed in the investigated
group; their rarity and their reciprocal difformijpystifies the treatment as a whole
(apart from thevittata-like pattern discussed later). Pigmentary patterned elytra
are mostly found among the basal African clade amagd by the subgenera
Atechna Naluhia and Camerounia where they occur in a variety of shapes and
undertake different relations to the internal dwoe of the elytra. Patterns
observed among these species have no equal in @tirgsolina Among these
African species, a case where large dark spotsasseciated to (induced by?)
punctuations €h. confluens has been illustrated and briefly discussedTire
elytron: vein patterns, punctuation and sculptupe 26, while a case where
several dark spots cohalesce and producedeelytral marginpattern (e.g.Ch.
simonsi ‘form C”) was discussed undBed elytral margird red elytral base
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Ch. Sphaeromela
Ch. Hypericia
Ch. Chalcoidea
Ch. Ghesquiereita
Ch. Diachalcoidea
Ch. Centoptera
Crosita
Ch. Erythrochrysa
Ch. Melasomoptera
Ch. Chrysolina
Ch. Taeniochrysea
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Ch. Pierryvettia
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Text figs. 6-9.
6. Occurrence ofred elytral margin pattern. 7. Occurrence ofred elytral basepattern. 8.
Occurence obark punctures/stripes/spot3. Occurrence ofittata-like pattern.
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Among other cases, a mention is deserved for thditsteaneanChrysolina
variolosa whose aspect is uniqgue amo@frysolina other than the discussed
African clade. The pattern o€h. variolosais identical, for the structure and the
aspect, to theareolated puncturegattern, but for the fact that integument
punctuations are associated to pigmentary (melar@jylae instead of physical
coloured areolae.

19. Vittata-like patterr{fig. 86; text fig. 9)

A pattern characterised by a rufous elytral backgdy with an elongated black
spot in the discal area (without any evident relahip with anatomical
characters) and a black sutural stripe.

This pattern is very rare and was observed ontii@e species, having no
strong reciprocal affinities: Ch. (Vittatochrysa vittata, belonging to a
monospecific subgenusCh. bruneli (fig. 87) a species of uncertain position
(Bienkowski, 2001) temptatively assigned to the subgebraspedaby various
workers (Bourdonné and Daccordi, pers. comm.), &id (Taeniosticha
koktumensis whose problematic taxonomic placement has recehben
addressed by Bigowski (2001). This pattern always occur as thecgpcolour
form and seem poorly subject to aberrations. A lamnpattern is shown also by
other Chrysomelinae, such as members of the PataegeneraEntomoscelis
and Prasocuris which are however only distantly related with tp@up taken
into account in this study.

20. Rufous elytral apeffig. 87)

This is characterised by a completely black bodiyh wthe apical half of elytra
turning gradually rufous towards the apex. A pattenly occurring in the
subgenusAllohypericia where it was observed i€h. aeruginosa as an

individual form mixed to black and metallic form&he fact of being

characterised by a pigment gradient, and not bypttesence of well defined
pattern elements suggested a treatment of its atlxerthan the inclusion within
dark punctures/stripes/spots

Theorigin of physical coloursand the evolution of the black phenotypes

One of the aims of this research was to investiaeproximate reason for the
“metallic” physical colours which are very commartd the investigated group.
Cross sections of the elytra of different specie®m@inaandChrysolinarevealed
the presence of a cuticular multistratum in theeout-1.5um of the cuticle,
composed of two kinds of alternating layers, onendpeof electron-lucent the
other of electron-dense material (figs. 94-95). Tlwenber of alternating layers
vary across the different species and, to a lowtang, within different regions of
the same elytron (x 2 layers). The lowest numberlayers was found in
Chrysolina americanaand Ch. confluens(5 layers), the highest iOreina
alpestris(12-13 layers).
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This multilayer was recognised as the structureparsible for the
production of the physical colours, since a) itsifpon, structure and appearance
closely match those observed by other authors berdbeetles, including the
chrisomelidPlateumaris sericedKurachi et al., 2002); b) their thickness is elos
to that expected for multilayers producing the expe wavelength; c) no other
structure deemed to interaction with light could dizserved in the rest of the
elytron.

Actually, explorative measurements of individuatdes did not allow to
retrieve a perfect agreement with the wavelengtluevaexpected from the
chromatic appearance of the specimen, howevelghist a surprise. In fact, the
equation mentioned irPhysical colour: multilayer reflectorgp. 16) can be
successfully applied to an ideal multilayer onlytBdifferently from the latter,
actual multilayers are composed of two differentimend have layers’ thickness
irregular and variable from one layer to the otlsr,that obtaining a reliable
measure would require quite an extensive set ofsureaents over different
sections. In addition, deformations during TEM s&ss should be taken into
account (Neville and Caveney, 1969), as well asftimelamental fact that the
application of the equation require the knowledfi¢he exact refractive indexes
of the two media, whose values are actually unkn@md often uncritically
inferred by authors from the few original data #afale in the literature. However,
as mentioned at point b), measurements do not ntlaécbxpected values exactly,
although very closely. For example, in red elytrh ©. alpestris| got
measurements of 67-80 nm (mean: 75.2; N=12) fok tarers, and 80-102 nm
(mean: 86.7; N=12) for light layers, in compariseith 52-92 nm and 72-111 nm
respectively inChrysochloaNoyes et al. 2007), just to mention a very recemd
accurate study. Mathematical models applied tortban values would require, in
order to get a wavelength above 600 nm (i.e., @anged colour), a refractive
index above 2 for electron-lucent layers and abbvé® for electron dense, two
values which are about 20% higher than those ysoahasured.

Investigations on differently coloured specimenga @iolymorphic species,
such asOreina alpestris allowed to confirm that the intraspecific chromat
differences are due to small variations in thekingss of the epicuticle layers.
The very same mechanism turned out to be respenfiblthe elytral patterning
of polychromous specimens, as demonstrated bylikereation of samples from
differently coloured areas of a striped specimeg. (86). Measurements from
samples of different colours vary in agreement tedgtion: the layers of the
green integument oD. alpestrisare slightly thinner in comparison to the red
integument, with measures of 54-73 nm (mean: G&.8ark layers and 54-83 nm
(mean: 70) in light layers, to be compared with 880nm and 65-92 nm,
respectively, irChrysochloaNoyes et al. 2007).

These data are in perfect agreement with informagieailable from the
literature, which is however notably poor for théole Chrysomelidae family:
beside investigations on the switching reflectofs Gassidinae outlined in
Reversible coloucchange (p. 23), the only other data about devicedyzing
physical colours were recently produced by Kuraehial. (2002; same data
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proposed in Hariyama et al., 2002), who investigdte elytral ultrastructure of
Plateumaris sericea(subfamily Donaciinae). Th€hrysolinaclade parted from
the clade leading to Donaciinae no less than 6%omilyears ago (cfr. GOmez-
Zurita et al., 2007), nevertheless the photoniaicstire responsible for the
physical colours produced has remained the saméhentwo groups. The
mechanism leading to intraspecific colour variatioPlateumariswas the same
as inChrysolina Present data are also in agreement with the athigr account
on the ultrastructure of differently coloured arebslonging to the same
individual, which was published during the devel@mmnof this thesis for the
mentionedChrysochloabuprestid (Noyes et al., 2007).

Observations on polymorphic species were also widedowards an
understanding of the origin of the black forms, evhiare common across the
whole ingroup, with frequence going from the ocomal variation at the
individual level to the typical, invariant colourf @ species (see also tab. 3,
columnBlack/metallic transitioi

Black individual forms are particularly frequent @ng members of the
genusOreina (fig. 70), which are otherwise characterised byagkable bright
metallic colours, often patterned by polychromotrgss fastuosa-like pattenn
Such black individuals, often referred to as “metanr “melanized” specimens,
are rather rare, nevertheless they are known arabrtige Oreina subgenera and
many - if not all - of the species, where they waften given allusive names such
asO. viridisf. lugubris or O. speciosissimé nigrescensAn extremely rare dark
form (f. carbonarig is known even for a species traditionally regdrdes
chromatically invariable such a€h. elegans(Binaghi, 1973). Occasionally, the
black colour may become the rule, as w@h alpestris nigrina an invariantly
black subspecies of an otherwise bright colourettiss.

From a theoretical point of view, black colour cahbe explained as the
product of a multilayer photonic structure, sintésinot a reflected colour, but
instead the visual effect of the absence of reddight; therefore it cannot be
compared to the other colour morphs. In additioomparative observations
through transmitted light of elytra from differeclour morphs suggest that black
specimens do not contain additional amounts of amelpigment. In fact, the
testaceous colour observed in transmitted lighahsolutely comparable among
elytra of different colours morphs (as defined undeflected light), including
black specimens (figs. 97-98); therefore the lattmnot be accounted as “more
melanised” than the others.

Cross sections of the elytra of different specimams different species of
Oreina revealed that black morphs of polymorphic specaes invariantly
associated to a peculiar and up to date undescdbadition of the epicuticle
(figs. 99-102). As shown in the figures, the layerslinarily composing the
multistratum in coloured specimens are replaced abydisordered granular
structure. The latter is composed of two diffener@dia which quite likely are the
same materials which are normally arranged in segauticular layers. Apart
from the corresponding anatomical localization aside, this view is also
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confirmed by the occasional occurrence of a sometulivmental organization in
layers of the dark grains (cf. fig. 99).

Two hypotheses, not mutually exclusive, can beedsto explain the
optical effect of this multilayer disorganizationdaits relation to blackness. As a
first, more conservative, hypothesis, the disorgeshimultilayer would become
uncapable to significatively interact with lightetrefore it would produce no
selective reflection. The black colour would or@i@ from a melanised
layer/region underlying the epicuticular photonitusture, which would be
invariantly present in all specimens but usually perceived by the observer, due
to the strong coloured reflections of the abovedgy multilayer. Black
specimens, hence, would owe their appearance tarahsparency achieved by
the epicuticle, which gives way to the observatodrthe underlying dark layer.
This speculative interpretation is in agreementhwaebservations reported by
Neville and Caveney (1969) foCetonischema aeruginos@or which black
specimens are known to occur too, but whose catitiucture is unknown, see
also Convergence in colour patterns of sympatrically wdag beetlesp. 35),
where a dark melanine layer was observed to lagwéhe photonic structure
contained in the esocuticle. The presence of sack ldyer under the photonic
structures has a precise functional explanatiomatild avoid the reflection of
brown colour from the cuticle laying at the bottooh the elytra, therefore
avoiding the addition of sparse wavelengths to tiéour reflected by the
photonic structure, and enhancing the brightnesseo€olour produced.

As a second, less obvious, hypothesis | suggedt ttie disordered
structure described may actually be not just traresgt, but instead co-operate
with the melanised background in order to enhaheebtack colour perceived by
the observer. In principle, in fact, it would bespible that the granular region of
the epicuticle act as an anti-reflection photomincture, enhancing the adsorption
of light operated by the underlying black pigmefnti-reflection structures are
widespread in biological systems, where they uguakrve to assist the
transparency of the surface: such devices, haviegshape of ordered nipple
arrays, are commonly observed protruding from tiase of insect ommatidia
and on the transparent wings of some moths (Vukasid Sambles, 2003).
Nevertheless, the first account of a physicallyisisd blackness by such a
structure was only recently described by Vukusiale2004), who retrieved it on
the wings of a butterfly. In scales Bfapilio ulyssesin fact, the same devices
which are normally responsible for the productidrih@ physical colours behave
in an anti-reflective way, enhancing the transmoisgf the light towards the inner
melanised portion of the scale, and therefore dsoebtion. Unfortunately, the
optical properties of these scales were indired#ynonstrated by filling their
empty spaces with a medium with refractive indewilair to that of the chitin, an
experimental demonstration which cannot be appbetieOreina elytra, where
no empty spaces are present. A proper investigatidhe case would require a
precise measurements of the refractive index otwleemedia and of the size of
the “grains” composing the disorganized multilagfer Vukusic, pers. comm.)
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Cross sections of elytra of species whigverhave a physical colour, not
even a very dark or faint one, did not show anydence of an epicuticular
multilayer, nor of its constitutive substances.hecked this condition both in
rufous phenotypes, such @4. grossaand O.plagiata and in black phenotypes,
such asCh. rossia (figs. 103-105).

CONCLUSIONS

The Chrysolinaand allied leaf beetles genera are characterizeahbiynpressive

variation of colours and colour patterns. The ggrdgnamism in the evolution of
the chromatic traits is well reflected in the freqti occurrence of chromatic
variations within a species (polymorphism), whiate abserved in almost all
species groups.

A conspicuous peak of polymorphism is observedhm $pecies of the
genusOreina which are confirmed in this thesis to be a natgraup. Members
of a single species, and even of a single populdfay example, inO. speciosp
can show extreme variations, from specimens wibhight, brilliant and uniform
colour, to polychromous specimens with conspicugitipes on the elytra, or the
forebody of a colour other than that of the elytcathat of specimens completely
black. In the same clade, just one node abovebramched the members of the
subgenugProtorina, which show one more derived condition: their dbsde is
completely non-metallic red, with or without dararts.

The expression of such a noteworthy plasticity,neata taxonomic level
as low as that of the population, is uncommon ambagtles, and call for
explanations accounting both for its biologicalnsigance and the undergoing
developmental processes which make it possible.

As for the adaptive significance of colours and ocol patterns,
conspicuous appearance of most leaf-beetles isllystansidered to play an
aposematic role, i.e. to advertise the noxious atesiwhich these beetles either
sequester from the foodplants or syntethize de {Basteels and Rowell-Rahier,
1991) and the bright colours @freinamake no exception (Dobler et al., 1996;
Hsiao & Pasteels, 1999). However, this interpretatnust be considered, at the
moment, as purely speculative. No experimental inmation has ever been
produced, although a research in this sense is planned by the M. Rahier
research group at the Laboratory of EvolutionarjoBmlogy of the University of
Neuchatel (cfr. http://www2.unine.ch/Jahia/sitedegp/edit/pid/6120, accessed
28.12.2009). Several arguments seems to detrant thies hypothesis. First, it is
difficult to reconciliate the strong polymorphisntiwvthe hypothesis of a warning
signal (expected to be constant and standardizegsapopulations and species).
Second, some colour morphs actually do not seebetparticularly showy in a
grassy landscape: this is true of forms mainlyanpletely green, which are the
most common phenotypes in species sucB@m@na gloriosa as well as in other
relatedChrysoling such asCh. graminisandCh. herbaceaFor these phenotypes,
the hypothesis of cryptic mimicry would perhaps makore sense, maybe also
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taking into account that their shining surface gtabous form may recall, to our
eyes at least, a large droplet of water on a leaf.

Ecological interpretations for the different fregaes of the colour morphs
of Oreina and Chrysolinawere suggested by various authors (Fujiyama, 1979;
Mikhailov, 2008 and references therein). Among otkrends, a correlation
between increasing altitude and a colour shift towahe blue was retrieved, a
phenomenon explained as an adaptation to a bettenck from UV rays, whose
intensity increases with altitude. This seem ratieasonable, since UV rays are
located beyond the visible blue end of spectrumyewer, in addition to not
explaining the adaptive value (if any) of the irp@pulation polymorphism, to the
best of my knowledge this hypothesis is not suggublty any direct measurement
accounting for the putatively different rates ofsaxption and reflection. An
indirect correlation, with colour morphs to be mpieeted as by-products of genes
selected for other reasons, cannot therefore Hedea.

Anyway, a strong support for an adaptive value etatlic integuments,
whatever its specific nature, is provided by thestexce of théProtorina clade.
These high mountain leaf-beetles, well nested withie Oreina clade, are the
only Oreinawhich lack metallic colours (and, mostly, also alamization of the
integument) and the only ones which are active atlynight, spending the
daytime under stones (M. Daccordi, pers. comm;.p#s.). The coincidence of
these two unique traits suggests thaPintorina the colour production may have
been disposed of as it became unnecessary, arefdifeethat it has an adaptive
value in day-active species.

If the adaptive significance is unclear, literatdega from a developmental
perspective is also poor. Besides a few elememdéoymations about the genetic
determination of the colour morphs, nothing is knaatout the processes leading
to the production of pigments and structural cadoufhe present research,
however, allowed to gather important informations tbhe fine anatomy of the
photonic structures and on their relationships witier morphological features of
the elytra. Three independent components were newed) as the basic
components of the definitive colour pattern:

A. the tanned background colour of the cuticle, whishresponsible for
rufous integuments. The bright red phenotypes (sastCh. grossa
Taeniostichasp. pl. etc.) probably rely on additional red péeptation,
which however does not modify the gross aspedi@bietle to a sizeable
extent;

B. a blackish pigmentary layer;

C. a multilayer producing physical colours located\abthe previous ones,
in the most superficial layers of the cuticle.

Eventually this third element turned out to be kbg device allowing members of
the Chrysolinaclade to evolve their colouration in a quick, draémaay, even in
an almost an instant phylogenetic time. This fegtur fact, is prone to changes
with unusually conspicuous effects, since it can
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a. produceall the colours of the light spectrum, just by chiauig by a few tens
nanometers the thickness of its constitutive units;

b. produce different patterns by interfacing with gotiinduction mechanisms
which are independently present in the body archite;

c. work like a switch, that is, it can inactivate d@ptical function without the
need to physically disappear (i.e.: without the dhée be completely
removed from the developmental process).

Therefore, the epicuticular multilayer reveals ® d particularly plastic
“instrument”, which can be easily shaped and medifthrough likely very
modest changes in developmental terms and, presymétile energetic
expenditure if compared with pigments (Parker, J98®wever, a device which
is particularly versatile and whose alternativeestaare easily interchangeable is
also likely to experience difficulties in its finening.

Difficulties in the fine tuning of photonic struets would then become
evident when different body parts have to be chdrigea coordinate manner.
Therefore, such a “control difficulty” of the mu#yer is the interpretation that |
suggest for the widespread occurrence of heteragbrphenotypes, i.e. those
characterised by a perceivable difference in tHeuwraf forebody and in that of
the elytra. With regard to this matter, it is i®&ting to note that, within species
which are not ordinarily heterochromic, heterochimmdividuals do occur, but
most frequently exhibit poorly perceivable diffeces between the colour of the
two body regions. This can be read as the outcdntteeaccombined effects of the
developmental constraints and of the selective spres if we assume that
selection drives these beetles toward a unifornylmadbur, and that, at the same
time, they experience problems co-ordinating the twady regions, the output
will be likely that actually observed, i.e., forelyoand elytra may be different, but
the difference is limited enough to be adaptiveipfluent.

The suggested difficulty in colour coordination w@be also in agreement
with the absence, as far as | could check, of hdmumgous individuals scattered
among ordinarily heterochromous species. This sitggéhat the processes
leading to the co-ordination of body parts areidlift to regain once lost.

As mentioned above, the epicuticular multilayer aiordinate with
different morphological structures to produce aoadmatic pattern. Within the
discussed ingroup, the capability of the multilayerco-ordinate with elytral
punctuations and with veins patterns has been siscbiabove (cfThe elytron,
vein patterns, punctuation and sculptyve 26; box, p. 54). Representatives of
other genera of Chrysomelinae show that the colpattern of metallic
integuments can co-ordinate also with large elytrapressions (subhumeral
impressions inAmbrostoma quadriimpressurfig. 3) and even have poor or no
obvious co-ordination at all with other anatomistlictures (e.gQreina liturata,
fig. 93).

In general, with reference to beetles of other f@s\ observations about
the relationships between colour pattern and anatmdicate that anatomical
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structures play a major role in the determinatiboeajour patterns. In addition to
the mentioned interactions with multilayers, botleing and integumental
punctures do contribute to the pigmentary patterclding the aspects due to the
phaneres), an interaction which is also extendemuscular insertions, and, to a
some extent, to morphological parts undergoingnstreexual modification, or
phylogenetically likely to do so. These mechanismeswidespread and varying at
a low phylogenetic level, usually with species-s$fiec characteristics.
Convergence of morphology-based pattern retrieveedsa very distant species
and sometimes produced by different devices (pigmes. physical colours;
integument vs. phaneres) suggests that these rmatteay rely on the same
morphogenetic mechanisms widely preserved across vihole Coleoptera,
although only occasionally “interpreted” as norustural prepatterns in the
control of a colour pattern. An example is in tloeergence of pattern between
Chrysolina bicolor (metallic) andChrysolina variolosa(pigmentary); a much
more remarkable example is the similarity betweba striped patterns of
Chrysolina cerealisand Eulasia vittata(Glaphyridae) elytra, both based on the
vein geometry although produced one by integumgrihysical colours and the
other by the spatial distribution of phaneres pigtagon. Their similar outlook is
remarkable since these patterns, in addition teematl similar appearance, both
share a similar polymorphism in the “sharpness’thed pattern, and a similar
behaviour in the activity of the individual veins (particular, the Rs-linked
pattern is weaker than others) (cf. fig. 106).

None of the different mechanisms of interactiotween morphology and
colours is known, however it seems likely that, Some instances at least,
morphological elements “captured” and enhanced #enpa which would
otherwise develop in a different, perhaps lessnéefiway (such as i@reina,
where at lasO. liturata has a pattern not defined by morphological eles)etit
is fit to observe that in the induction of metabitipes by the venatioffiastuosa-
like pattern), the vein do not accomplish its role by mere “poession” of the
above-laying epicuticle: multilayer strata above tkein are, in fact, thicker than
elsewhere.

In other cases, and in accordance to observationkepidoptera and
Diptera (Nijhout, 1991; True et al., 1999; O’'Graalyd DeSalle, 2000), it seems
likely that the morphological elements actually und (or repress) pattern
production, as observed, for example, for the miasgnsertions ot eptinotarsa
In this case, it is worthwhile to stress that miecinsertions, beside inducing the
pattern, also constrain its evolutionary capakditiin fact, given that the shape of
the muscles is defined by precise biomechanicasirements, their anatomical
structure is very unlikely to change. Thus, as lasgthe production of spots is
dependent on the sites of muscular insertion thavebilty of pronotal and
abdominal pattern will be almost null. This is adly confirmed by the pronotal
pattern found in various members of the gelneistinotarsa whenever expressed,
the black pattern has a very conservative shape.
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Finally, beside the existence of several morpholadgted patterns, many elytral
patterns exist which have no (or not complete) ti@lawith anatomical or
morphological structures. The existence of simgpots, stripes, or differently
shaped coloured areas on beetle elytra is notisungy since it has its equivalent
in similar, possibly homologous, phenomena in thangw of other
holometabolous insects. The existence of a “prepdttpigmented area, whose
development is independent from that of the suceelysdefined vein-dependent
pattern, has been demonstatedirosophila (True et al., 1999), and a similar,
inexpected phenomenon has been recently obsergediralbutterflies, where
abnormal specimens missing wing veins can nevesbglroperly express at least
some of their ordinary pattern elements (Reed aitimed, 2004).
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Figures 1-9.

1-3: Examples of complex pattern&; Phaneral patternS¢ernotomis pulchra
Cerambycidae)2: Pigmentary patterrZfygogramma chiriquinaChrysomelidae);
3: Physical colour patterliAtmbrostoma quadriimpressui@hrysomelidae).

4. Colour originated by a even spaced multilayedeotdr (Anomala vitis
Rutelidae).

5. Colour originated by a broadband multilayer retibe (Chrysina strasseni
Rutelidae). © B. Strnadova, from http://godofinsecdm.

6. Model of even-spaced multilayer reflector.
7. Model of broadband multilayer reflectors.

8. Example of white colour originated by photonicustures contained within
scales Cyphochilussp., Melolonthidae).

9. SEM image of a fractured edge ofCgphochilusscale. From Vukusic et al.,
2007.
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Figures 10-15.

10-12. Pointillistic diffraction gratings inCalomera littoralis nemoralislytron
(Cicindelidae).

13-15: Pointillistic diffraction gratings inElaphrus riparius (Carabidae);13:
Habitus;14: detail of head and pronoturi: detail of elytral sculpture.
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Figures 16-23.

16-18: Omocerus masoni 16: Habitus (from: http://www.biol.uni.wroc.pl
/cassidae/katalog%20internetowy/index.htt);18: detail of elytral sculpture.

19: Comparison between the diffused reflection oflitnensional photonic
structures (aEupholus chevrolatiCurculionidae) and the directional reflection of
multilayer reflectors (bChrysochussp., c:Chrysolina graminisChrysomelidae).
Photo taken with a strongly directional flash light

20-21: Detail of Eupholuselytral scales20: E. chevrolati 21: E. schoenherri

22-23: Detall ofEntimus imperialigCurculionidae) elytral scales.
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Figures 24-36.

24-27. Leptinotarsa decemlineata24. abdomen, ventral view25: dissected
sclerites of the abdomen (internal view), with mMesc26-27: dissected sclerites
of the abdomen (internal view), with muscles. Codaolwith methylene blue.

28-30. Pronotal melanization in Silphida28-29: Oiceoptoma thoracicadifferent
extension of prothoracic melanization, with spotsresponding to muscular
insertions in28; 30: Xylodrepa quadripunctata

31-32. Amphimallon solstitialigMelolontidae);31: dorsal view;32: ventral view
of dissected pronotum, with muscles removed onehaide.

33-34. Dyspilophora trivittata(Cetoniidae);33: dorsal view;34: inclined ventral
view, with muscles removed on the left side.

35-36. Examples of Scarabaeoidea with dark spots caynebpg to the pronotal

apodeme (arrows)35: Euoniticellus fulvus(Scarabaeidae)36: Aphodius sp.
(Aphodiidae).
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Figures 37-44.

37. Interaction between elytral tracheae (highlighited) and phaneral pattern.
(Acrocinus longimanyerambycidae).

38: Coincidence between tracheae and pigmentaryrpatt@&litopertha lineolata
(Rutelidae); elytral tracheae highlighted with gelllines.

39: Coincidence between elytral punctures and phiysemour pattern in
Chrysolina superb&Chrysomelidae).

40. Enhancement of pigmentary colour pattern by taeh in Cheironitis
irroratus (Scarabaeidae); arrowheads point to tracheae.

41. Relation of confinement/alignment relation betweerdinated series of
punctures and pigmentary patterrLgptinotarsa decemlinea{@hrysomelidae).

42. Coincidence between elytral punctures and pigamgntolour pattern in
Chrysolina confluengChrysomelidae). b: white arrowheads point to pures
coincident with dark spots, red arrowheads pointstmilar punctures not
coincident with pattern.

43. Relation of exclusion between elytral trachead aigmentary pattern in.
Arrowhead indicate a point where this relationas respected.

44. Relation of exclusion between setae-bearing puestand pigmentary pattern
in Onthophagus vaccab: white arrowheads point to punctures excluding
pigmentation in their neighbourhood, red arrowhepdisit to similar punctures
not excluding pigment.
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Figures 45-54.

45-46. Cerocoma schrebelMeloidae) 45: male,46: female); arrowheads point
to appendages with alterated colour and shape la (aaantenna, b: maxillary
palp, c: tibia, d: tarsus).

47. Male of Cerocoma prevezaensisiMeloidae), © S. Krejcik, from
http://www.meloidae.com/meloidae/displayimage.phlgs2p340

48-49. Head and first antennal articles bfalachius australis(Malachiidae)
(frontal view);48: male;49: female.

50-51. Elytral apex oEbaeus battonifMalachiidae)50: male;51: female
52-54. Elytral apex ofMalachius (Malachiidae).52: sexually modified apex in

male of M. spinipennis 53: simple apex in female oM. spinipennis 54:
unmodified apex in male &fl. australis
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Figures 55-62.

55. Example of scale-covered Chrysomelid®chnephorus tessellatu® L.
Borowiec, from http://www.biol.uni.wroc.pl/cassidae

56. Phaneral pattern (yellow patches) superimposedcuitular pigmentary
pattern (red and black areas)Buselates perraudiefCetoniidae).

57. Independence of pigmentary pattern of phaneresiéav in reflected light)
from the pigmentary pattern of cuticle (b, viewtiansmitted light) on an elytron
of Eulasia vittata(Glaphyridae).

58. Absence of relationship between the phaneraépatia) and cuticular colour
(b) in Chlorophorus variugCerambycidae, Clytinae).

59. Presence of relationship between the phanertdrpafa) and cuticular colour
(b) in Chlorophorus variugCerambycidae, Clytinae). White arrow point to an
element of the phaneral pattern which is not médan the integumentary one.

60. Disordered scales on the elytra of an Africanhiibidae

61-62. Finely patterned wings and highly ordered winglas of Nymphalis
polychloros(Lep. Nymphalidae).
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Figures 63-69.

63-65. Sympatric convergence of colour patterrProtaetia (Cetoniidae)63: P.
(Cetonischemaspeciosa jousselinié4: P. (Potosig cuprea ignicollis 65: P.
(Eupotosid affinis pyrodera(from Tauzin, 2008).

66-69. Homochromy and heterochromy between pronotum ahdra in
Chrysolina and Oreing 66-67: Homochromy inO. virgulata (66) and Ch.
schatzmayri 68-69: low degree of heterochromy i®. tristis (68) and Ch.
oricalcia (69).
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Figures 70-78.

70. Oreina(Oreina speciosablack form.

71. Chrysolina(Colaphopterablanchej © L. Borowiec, from
http://www.biol.uni.wroc.pl/cassidae.

72. Chrysolina(Melasomopterpgrossa.

73. Chrysolina(Chrysocrosita spectabilis © M.E. Smirnov from
http://www.zin.ru/ANIMALIA/Coleoptera/index.htm

74. Chrysolina(Ovosomavernalis.

75. Chrysolina(Ghesquiereitan. sp.

76. Chrysolina(Taeniochrysepamericana

77. Oreina(Oreina speciosastriped form fastuosa-like pattemn

78. Chrysolina(Fastuoling fastuosa© M.E. Smirnov from
http://www.zin.ru/ANIMALIA/Coleoptera/index.htm
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Figures 79-87.

79. Chrysolina (Chrysomorpha) cerealis
80. Chrysolina (Chrysocrosita) jakowlewi.
81. Crosita altaica.

82. Chrysolina(Sulcicollig oricalcia© M.E. Smirnov from
http://www.zin.ru/ANIMALIA/Coleoptera/index.htm

83. Chrysolina(Stichoptera sanguinolenta.
84. Chrysolina(Craspedalimbata.

85. Chrysolina(Camerounigelysia.

86. Chrysolina(Craspedabruneli.

87. Chrysolina(Allohypericig aeruginosa.
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Figures 88-93.

88-93. Left elytron of Oreina and Chrysolina species; a: reflected light, b.
reflected and transmitted light together, with agations of tracheae:

88. Ch. cerealis

89. O. gloriosa

90. O. speciosissima

91. O. alpestris

92. O. genei

93. O. riturata.
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Figures 94-99.

94. Cross section of elytron @ireina alpestriganiline blue colouration).

95. TEM cross section of the surface (epicuticleglgfron ofOreina alpestris
(metallic specimen)

96. Comparison between the epicuticular multilayeosnf different regions of a
same elytrorof Oreina alpestrigmetallic, striped specimen). a: green area,d: re
area.

97. Comparison between elytra©feina speciosadifferent chromatic forms,
reflected light.

98. Same as fig. 97, in transmitted light.

99. TEM cross section of the surface (epicuticle)tlod a black specimen of
Oreina speciosa
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Figures 100-107.

100. Cross section of black elytron Gfeina viridis

101. Cross section of black elytrarfi Oreina speciosa

102. Cross section of bladRreina alpestris nigrinalytron.

103-105. Cross section of elytra not showing any epicudgicumultilayer; 103:
Oreina (Protorinad) sp. (non-metallic red)104: Chrysolina grossgnon-metallic

red); 105: Chrysolina rossigblack).

106. Coincidence of the elytral pattern structureGhrysolina cerealiga) and
Eulasia vittata(Glaphyridae) (b).

107. Classes of punctuation on the pronotum @ffirysolina graminis a:
micropunctuation; b: punctures of the first orderpunctures of the second order.
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APPENDICES

Appendix 1. Species used in the phylogenetic reconstruction

Species

Code used in phylogeny

Leptinotarsa decemlineata (OUTGROUP)

Leptinotarsa

Chrysolina ? kinabaluensis

Ch.kinabaluensis

Chrysolina ( Allohypericia) aeruginosa

Ch.Allohyp.aeruginosa

Chrysolina (Allohipericia) fuliginosa

Ch.All.fuliginosa

Chrysolina (Anopachys) asclepiadis

Ch.Anop.asclepiadis

Chrysolina (Apterosoma) angusticollis

Ch.Apt.angusticollis

Chrysolina (Atechna) vigintiquatorsignata

Ch.Ate.vigintiguatorsignata

Chrysolina (Bechynea) platypoda

Ch.Bechy.platypoda

Chrysolina (Bechynia) nikolskii

Ch.Bech.nikolskii

Chrysolina (Camerounia) ornata

Ch.Cam.ornata

Chrysolina (Centoptera) bicolor

Ch.Cent.bicolor

Chrysolina (Chalcoidea) marginata

Ch.Chal.marginata

Chrysolina (Chrysocrosita) spectabilis

Ch.Chrysocr.spectabilis

Chrysolina (Chrysolina) staphylaea

Ch.Chrys.staphylaea

Chrysolina (Chrysolinopsis) gemina

Ch.Chrysolin.gemina

Chrysolina (Chrysomorpha) cerealis

Ch.Chrysom.cerealis

Chrysolina (Colaphodes) haemoptera

Ch.Col.haemoptera

Chrysolina (Colaphosoma) hemisphaerica

Ch.Colaph.hemisphaerica

Chrysolina (Colaphosoma) sturmi

Ch.Colaphos.sturmi

Chrysolina (Craspeda) limbata

Ch.Cras.limbata

Chrysolina (Crositops) pedestris

Ch.Cros.pedestris

Chrysolina (Diachalcoidea) sacarum

Ch.Diach.sacarum

Chrysolina (Erythrochrysa) polita

Ch.Eryth.polita

Chrysolina (Euchhrysolina) graminis

Ch.Euch.graminis

Chrysolina (Fastuolina) fastuosa

Ch.Fast.fastuosa

Chrysolina (Ghesquiereita) katangana

Ch.Ghes.katangana

Chrysolina (Heliostola) lichenis

Ch.Hel.lichenis

Chrysolina (Hypericia) geminata

Ch.Hyp.geminata

Chrysolina (Hypericia) hyperici

Ch.Hyp.hyperici

Chrysolina (Lithopteroides) hexanthematica

Ch.Lith.hexanthematica

Chrysolina (Maenadochrysa) femoralis

Ch.Maen.femoralis

Chrysolina (Melasomoptera) grossa

Ch.Melas.grossa

Chrysolina (Naluhia) confluens

Ch.Nal.confluens

Chrysolina (Ovosoma) sahlbergi

Ch.Ovos.sahlbergi

Chrysolina (Ovosoma) vernalis

Ch.Ovos.vernalis

Chrysolina (Ovostoma) olivieri

Ch.Ovost.olivieri

Chrysolina (Palaeosticta) diluta

Ch.Pal.diluta

Chrysolina (Paradiacalhoidea) vignai

Ch.Parad.vignai

Chrysolina (Pierryvettia) stictica

Ch.Pierr.stictica

Chrysolina (Pseudotaeniochrysea) superba

Ch.Pseudot.superba

Chrysolina (Rhyssoloma) fragariae

Ch.Rhys.fragariae

Chrysolina (Sphaeromela) varians

Ch.Sph.varians

Chrysolina (Stichoptera) rossia

Ch.Stich.rossia

Chrysolina (Sulcicollis) oricalcia

Ch.Sul.oricalcia

Chrysolina (Synerga) coerulans

Ch.Syn.coerulans

Chrysolina (Synerga) viridana

Ch.Syn.viridana

Chrysolina (Taeniochrysea) americana

Ch.Taen.americana

Chrysolina (Taeniosticha) bakuensis

Ch.Taen.bakuensis

Chrysolina (Threnosoma) helopioides

Ch.Thr.helopioides

Chrysolina (Timarcholina) haemochlora

Ch.Timar.haemochlora

Chrysolina (Timarchoptera) templetoni

Ch.Tim.templetoni

Chrysolina (Vittatochrysa) vittata

Ch.Vitt.vittata

Crosita altaica

Cr.altaica

Oreina (Chrysochloa) elegans

Or.Chrys.elegans

Oreina (Chrysochloa) elongata

Or.Chrys.elongata

Oreina (Frigidorina) frigida Or.Frig.frigida
Oreina (Oreina) speciosa Or.Ore.speciosa
Oreina (Oreina) viridis Or.Ore.viridis
Oreina (Protorina) plagiata Or.Prot.plagiata
Semenovia mirabilis Sem.mirabilis
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Appendix 2. Characters coding

A list of the characters coded for the phylogenstiay is given below. A new terminology was apgplie
specify different kinds of punctures occurring tihge on the integument. The elytral integument Ibfree
species, and the pronotal integument of most ahttehows three different classes of punctures, lynosl
distinct from each other. The smallest puncturegcr@punctuation), barely perceivable only at higher
magpnification (60-100x), likely corresponding tonsi#la emerging between the integument cell, waye n
taken into account. Intermediate size puncturegayd present both on pronotum and elytra are chiézd
“punctuation of the first order”. Larger puncturasyays present on the elytra but not always pteserhe
pronotum, are called “punctuation of the seconercSee fig. 107.

Characters 1-15 describe (or depend on) continudnarscters, whose values were recorded, with pogcisi
to the second decimal number. These characters sogrgdered additive by default from the softwane;
addition, characters marked with an * were alscaseddditive, since they were deemed to be expressia

morphocline.

1. Body length
(mm)

2. Body ratio
(length/width). Length measured from the
anterior margin of the pronotum to the apex of
the elytra. Width measured at its maximum
(usually, across the anterior half of the elytra).

3. Pronotal ratio
(length/width). Length measured along the
medial line. Width measured at its maximum.

4. Pronotal maximum width/basal width

5. Body length/ body thicknessratio
Length measured from the anterior margin of
the pronotum to the apex of the elytra.
Thickness measured at its maximum (usually,
across anterior half of the elytra).

6. Mentum index
(length/width)

7. Labrum index
(length/width)

8. Hind femur index, length/maximum width
(length/width). Width measured at its
maximum (subapical width)

9. Hind leg tarsus, 1% articleratio
(length/width). Measures taken on the hairy
sole

10. Hind leg tarsus, 2™ articleratio
(length/width). Measures taken on the hairy
sole

11. Hind leg tarsus, 3" articleratio
(length/width). Measures taken on the hairy
sole

12. Hind leg tarsus, length 3" article/ length
2" article
Measures taken on the hairy sole

13. Hind leg tar sus, width 3" article/width 2™
article
Measures taken on the hairy sole

14. Ratio length of the metathor ax /length of

the first abdominal sternite.
Measures taken along the midline. According
to taxonomic literature, the ratio between these
two measures would be a diagnostic character
to part the genu®reinafrom the genus
Chrysolina

15. M etathor ax, medial length/minimal length

MOUTHPARTS
16. Mouthparts: last article of the maxillar
palps, relative width
0 - about half of the width of the penultimate
article
1 - as large as the penultimate or slightly
narrower
17. Mouthparts: maxillary palps, whether
sexually dimor phic
0-no
1-yes
*18. Mouthparts. maxillary palps of the male,
shape
0 - pointed or rounded
1 - truncate, with subparallel sides
2 - truncate, with divergent sides (securifprm
19. Mouthparts: labial palps of the male, shape
0 - pointed to rounded
1 - truncate to securiform

HEAD
20. Head, dorsal side: punctuation of the
clypeus stronger than the punctuation of the
head
0 -yes
1-no
21. Head, ventral side: subocular sulcus,
degree of impression
0 - not perceivable
1 - shallow, with sloped margins
2 -well incised, with sharp margins
22. Head, ventral side: subocular sulcus,
direction
0 - towards the eye, not tangent to the eye
1 - towards the eye, not tangent to the eye
2 - sinuated, directed away from the eye

THORAX, DORSAL SIDE
23. Thorax, pronotum: shape of sides
0 - unevenly rounded
1 - evenly rounded
2 - sides subparallel
3 - sides straight narrowing from the base
*24. Thorax, pronotum: reticulation of sides
0 - distinct
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1 - faint
2 - absent
*25. Thorax, pronotum: reticulation of the
medial (discal) area
0 - distinct
1 - faint
2 - absent
*26. Thorax, pronotum: basal pit/sulcus of the
callum
0 - absent or virtually so
1 - irregular, not sharp, defined by denser
punctures
2 - in form of fovea or punctuated sulcus
3 - in form of sharp sulcus
27. Thorax, pronotum: degree of development
of thelateral callumin itsanterior half
0 - callum absent or indistinct, the pronotsm
regularly rounded
1 - surface flattened or at most gently sloped
2 - strong impression
3 - narrow sulcus prolonging the basal
pit/sulcus
*28. Thorax, pronotum: punctuation of the
pre-callum impression
0 - stronger than that of the discal area,
foveolated
1 - stronger than that of the discal areanoat
foveolated
2 - as that of the discal area
29. Thorax, pronotum: distribution of the
large punctures of the pre-callum
impression
0 - present also on the callum
1 - limited to the pre-callum impression
30. Thorax, pronotum: second order of
punctuation present
0 - yes, widely distributed on the discal area
1 - yes, only near the anterior margin
2-no
31. Thorax, pronotum: punctuation of the
discal area evenly distributed
0-yes
1-no
*32. Thorax, pronotum: punctuation of first
order on the callum compared to
punctuation of first order of the pronotal
disc
0 - equal
1 - thinner
2 - stronger
*33. Thorax, pronotum: relative size of the
first order of punctuation
0 - small
1 - medium
2 - large
*34. Thorax, pronotum: condition of the
mar ginal furrow along the base
0 - absent
1 - present, only near posterior angles
2 - present, complete
35. Thorax, pronotum: setigerous pores at the
angles
0 - present at the anterior and at the pasteri
angles
1 - present only at the posterior angles
2 - absent
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36. Thorax, pronotum: setigerous pores,
whether contained within the marginal
furrow or not

0-yes
1-no

37. Thorax, pronotum: setigerous pores,
whether contained within a deep fovea

0-no
1-yes

THORAX, VENTRAL SIDE
*38. Thorax, ventral side, prosternum:
reticulation
0 - distinct
1 - faint
2 - absent
39. Thorax, ventral side, prosternum: shape of
prosternal sulci
0 - present only at the external end of
prosternum
1 - disappearing in punctures towards the
medial process
2 - complete, large, shallow
3 - complete, strong, narrow
4 - obliterated or missing
40. Thorax, ventral side, prosternum:
prosternal sulci distancein the middle
0 - well parted from each other
1 - connecting or almost so
*41. Thorax, ventral side, proepimera:
reticulation of ventral side
0 - absent
1 - faint
2 - distinct
42. Thorax, ventral side, proepimera: shape of
the posterior fovea
0 - absent or indistinct
1 - distinct, not incised on the posterioresid
2 - distinct, incised on the posterior side
43. Thorax, ventral side, proepimer a:
impression of the posterior angle
0 - impressed
1 - not impressed
44, Thorax, ventral side, proepimera: radial
sulci around the bor der
0 - absent to faint
1 - distinct to strong
*45. Thorax, ventral side, proepimera: degree
of projection at the middle of thelateral
ridge
0 - null
1 - indistinctly projecting
2 - evidently but poorly projecting
3 - evidently and strongly projecting
*46. Thorax, ventral side, proepimera: degree
on apical enlargement of thelateral ridge
0 - null
1 - moderate (double thickness of middle)
2 - strong (more than double thickness of
middle)
47. Thorax, ventral side, proepimera: sharp
sulcus along the external edge
0 - absent
1 - present
48. Thorax, ventral side, mesoster nun: shape
of the central process



0 - flat, close to the metasternum
1 - thickened, without central crest and kter
fovea
2 - thickened, with central crest and lateral
fovea
49. Thorax, ventral side, metasternum:
punctuation along the anterior furrow
0 - smooth, glabrous
1 - smooth, hair on small punctures
2 - smooth, hair on large punctures
3 - indented by large punctures
50. Thorax, ventral side, metasternum: shape
of thelateral furrow
0 - sharp, clearly reaching the posterior engl
parted from the basal sulcus
1 - blunt and/or not clearly reaching the
posterior angle
2 - sharp and linked to the basal sulcus
51. Thorax, ventral side, metasternum: shape
of the posterior sulcus
0 - distinct, large and poorly incised
1 - distinct, narrow and well incised
2 - obliterated, almost absent
52. Thorax, ventral side, metasternum:
setation of the posterior sulcus
0 - absent to faint
1 - distinct to strong
53. Thorax, metasternum: anterior margin
with completeridge
0-no
1-yes
*54. Thorax, ventral side, metaepimera:
marginal furrow
0 - present on the external side and also in
form of apical impression
1 - present on the external side only
2 - absent on the external side (present anly
the anterior side)

ELYTRA
55. Elytra, shape: whether strongly convex at
sides, with maximum width not
corresponding to the epipleura
0-no
1-yes
*56. Elytra: reticulation of the surface
0 - distinct
1 - faint
2 - absent
*57. Elytra: arrangement of punctuation of the
second or der
0 - not ordered
1 - partially ordered in rows
2 - well ordered in not geminated rows
3 - well ordered in geminated rows
58. Elytra: leaks around punctures
0 - absent
1 - poor
2 - strong
59. Elytra, apical sulcusnear the suture:
degree of impression
0 - strongly impressed
1 - faint to absent
*60. Elytra, apical sulcus near the suture:
elongation
0 - short

1 - reaching half of the elytra
61. Elytra, whether having protruding ridges
0-no
1-yes
62. Elytra, epipleura: strongly turning apically
0-no
1 - turning inwards
2 - turning outwards
63. Elytra, epipleura: epipleuravery thin near
the apex (almost inexistent)
0-yes
1-no

LEGS
64. Legs, tarsi: tarsi of maleslarger than tarsi
of females
0-no
1-yes
65. Legs, tarsi: in males, sole of thefirst
article of protarsi longitudinally divided
0-no
1-vyes
66. Legs, tarsi: in males, sole of thefirst
article of mesotarsi longitudinally divided
0-no
1-yes
67. Legs, tarsi: in males, sole of the metatarsi
longitudinally divided
0-no
1 - yes, up to the first article
2 - yes, up to the third article
68. Legs, tarsi: in females, sole of the protarsi
longitudinally divided
0-no
1 - yes, up to the first article
2 - yes, up to the second article
3 - yes, up to the third article
69. Legs, tarsi: longitudinal division of tars
large or narrow
0 - large
1 - narrow
70. Legs, protibia: presence of tomentose
stripe along the internal side
0-no
1-yes

ABDOMEN
71. Abdomen, first sternite: margin of the
medial processwith completeridge along
the edge
0-yes
1-no
72. Abdomen, last sternite: reticulation of the
medial area
0 - present
1 - poor
2 - absent
73. Abdomen, last sternite: whether sightly
inflated in the male
0-no
1-yes
*74. Abdomen, last sternite: whether
protruding in an " ovopositor"
0-no
1 - mildly protruding
2 -yes
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75. Abdomen, last sternite: presence of an
apical pit in the male
0-no
1-yes
76. Abdomen, last sternite: presence of a
longitudinal sulcusin the male
0 -yes
1-no
77. Abdomen, last sternite: presence of a
transversal impression in the male
0-no
1-yes
78. Abdomen, last sternite: presence of an
apical pit in the female
0-no
1-yes
79. Abdomen, last sternite: posterior edge
thickened in the middlein the male
0-no
1-yes
80. Abdomen, last sternite: posterior border
twisted downwardsin the middle and
exposing fine and dense punctuation
0-no
1-yes
81. Abdomen, last sternite: shape of the
marginal furrow
0 - narrow, with smooth bottom
1 - large, flat, sculptured/punctuated bottom
82. Abdomen, last sternite: whether the
mar ginal furrow reachesthe base
0 - yes, complete
1 - yes, but interrupted at sides
2-no
83. Abdomen, last sternite: shape of the edge
inthe male
0 - truncate, straight
1 - truncate, slightly concave
2 - bisinuated
3 - normally rounded
84. Abdomen, last sternite: shape of the edge
in thefemale
0 - normally rounded
1 - truncated, straight
2 - truncated, concave

PyGiDIUM
*85. Pygidium: length of the longitudinal
groove
0 - only present at the base
1 - reaching the distal half
2 - reaching the very apex
86. Pygidium: edgethickened in aridge
0-no
1-yes

AEDEAGUS
87. Aedeagus, shape: whether tubular or flat
and spatular
0 - tubular
1 - intermediate shape
2 - spatular
88. Aedeagus, shape: whether sinuated
0-no
1-yes
89. Aedeagus, apex: presence of denticles
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0-no
1 - yes, reflexed
2 - not reflexed, anchor-like
90. Inner aedeagic apodeme of the last
sternite: shape

0 - distinctly grooved and elevated

1 - poorly grooved and flat

BIOLOGY AND CITOLOGY
91. Host plants: family
0 - Solanaceae
1 - Lamiaceae
2 - Asteraceae
3 - Scrophulariaceae
4 - Apiaceae
5 - Plantaginaceae
6 - Clusiaceae
92. Diploid chromosome number
0-23/24
1-40
2-42
3-38
4-34
5-32
6-36
7-48
8-46
93. Defensive chemicals. presence of
cardenolides
0-no
1-yes
94. Defensive chemicals: presence of
pyrrolizidine alkaloids
0-no
1-yes
95. Defensive chemicals. presence of
polyoxygenated steroids
0-no
1-yes



Appendix 3. Data matrix.

Taxon

Leptinotarsa
Ch.Allohyp.aeruginosa
Ch.Taen.americana
Ch.Apt.angusticollis
Ch.Anop.asclepiadis
Ch.Cent.bicolor
Ch.Chrysom.cerealis
Ch.Syn.coerulans
Ch.Nal.confluens
Ch.Pal.diluta
Ch.Fast.fastuosa
Ch.Maen.femoralis
Ch.Rhys.fragariae
Ch.All.fuliginosa
Ch.Chrysolin.gemina
Ch.Hyp.geminata
Ch.Euch.graminis
Ch.Melas.grossa
Ch.Timar.haemochlora
Ch.Col.haemoptera
Ch.Thr.helopioides
Ch.Colaph.hemisphaerica
Ch.Lith.hexanthematica
Ch.Hyp.hyperici
Ch.Ghes.katangana
Ch.kinabaluensis
Ch.Hel.lichenis
Ch.Cras.limbata
Ch.Chal.marginata
Ch.Bech.nikolskii
Ch.Ovost.olivieri
Ch.Sul.oricalcia
Ch.Cros.pedestris
Ch.Bechy.platypoda
Ch.Eryth.polita
Ch.Stich.rossia
Ch.Diach.sacarum
Ch.Ovos.sahlbergi
Ch.Chrysocr.spectabilis
Ch.Chrys.staphylaea
Ch.Pierr.stictica
Ch.Colaphos.sturmi
Ch.Pseudot.superba
Ch.Tim.templetoni
Ch.Sph.varians
Ch.Ovos.vernalis
Ch.Parad.vignai
Ch.Syn.viridana
Ch.Vitt.vittata
Ch.Taen.bakuensis
Ch.Cam.ornata
Ch.Ate.vigintiquatorsignata
Cr.altaica
Or.Chrys.elegans
Or.Chrys.elongata
Or.Frig.frigida
Or.Prot.plagiata
Sem.mirabilis
Or.Ore.speciosa
Or.Ore.viridis

Character
0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1111222222/2222333333333344444444445555555555666666666677777777778888888888999999
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 67890123456789012345678901234567890123456789012345678901234567890123456789012345
1.000 1.400 0.500 1.000 1.900 3.000 1.000 4.700/1.100 0.400 1.400 2.200 1.400 1.400/0.900 0'?/10/0/1 030000000000 1000000/20100?0020010000320000000000?000100000000000000001047???
0.600 1.500 0.500/1.000 2.1003.300 2.100 5.500 1.400/0.500 1.600 2.200 1.600 1.600 0.900 1012 01/201/10/1100001/12100030211122022010100031000011111/2?1120001000000301017???2?7???
0.900/1.500 0.500 1.000/2.100 2.600 1.900 6.200 1.600 0.400 1.500 2.500 1.500/1.500 1.000101002110001002000201013021101002201011023100001?0000/?112?0010?100?0000101?10100
0.900/1.600 0.600 1.150/2.100 3.000 1.900 6.200 1.500 0.600 1.400 1.500 1.400 1.700 0.7001011120011010001?02000/13000100?0220110001010000110000/?11102010010012?001107?227?7??
0.800/1.600 0.500 1.040/2.100 4.100 2.500 7.200 1.600 0.800 1.500 1.200 1.500 1.600 0.800 102 10200001/10000102010130011000021/11112021000000000007?111010100100120000027?2?000
1.2001.600 0.500 1.000 2.000/2.700 1.900 6.900 1.400 0.400 1.000 1.600 1.000 1.400/1.0001/1/100/21100110?2000201023002010101201111003100001011130112100100007?0001020101207?7??
0.900/1.400 0.500 1.000/1.900 4.000 1.700 5.600 1.400 0.400 1.400 1.900 1.400 1.500 1.0001010022100201000?120100102100210220101/102020000000000/?1121000001000200000001/07?7??
0.700/1.500 0.600 1.000/2.300 2.600 1.900 6.200 1.900 0.600 1.600 1.600 1.600 1.400 1.100101002111000000000207?02300101210220001202020000000000/?112?00001?007?2000?007?1?100
0.800/1.300 0.500 1.000/2.100 2.200 2.000 5.500 1.400 0.500 1.300 1.600 1.300 1.600 1.0001?200211100/101001020101402000301120111000200000100000/?1120000007?0/1020001007?7?7?7???
0.600/1.300 0.500 1.000/1.900 3.300 2.200 4.700 0.800 0.400 0.600 2.100 1.400 1.700 0.900 10201001001/000200012??0301110010120011100110?00110000/?110?00100001000202007?2567?7??
0.600/1.500 0.600 1.050/2.100 2.600 2.100 6.600 1.700 0.600 1.700 1.700 1.700 1.500 0.90010101211000010010020?00102100110221101/102020002100000?11010010010000000112010/100
0.800 1.300 0.500/1.000 1.8003.100 1.900 6.900 1.400 0.300 1.300 2.500 1.300 1.400 0.900 1/?'101/20300/1111?201/1127??0302010120232101/1?70010007?10111/1111100010000100120200117?7?7??
1.100 1.700 0.500 1.000 2.500 3.500 1.600 5.4001.400 0.500 1.500 1.900 1.500 1.600/0.600 102 1/1/111220/21020?0201003020100?01221101023100110000007?11210010010020000110017????
0.8001.400 0.500/1.000 1.9002.400 2.100 4.800 1.400/0.300 1.400 2.600 1.4000.900 1.400 10111/20300/101120201010010207?12001201111100200000100007?110000107?00100010200122000
0.800 1.500 0.5001.000 2.200/2.500 1.700 6.800 1.800 0.500 1.500 2.200 1.500 1.500 1.000 1/1/311/11100001?20002000030111007?0120100102310001/1100007?111000100000000000011107?7??
0.600/ 1.600 0.500/1.000 2.2002.900 ? ? ? ? ? ? ? 11.4001.000??/?112110020112007?20100212100210220/10?1?032000007??????1101?01/1?1?100?100007?63001
1.0001.600 0.600 1.000 2.300 3.100 1.800 6.900/1.800 0.500/1.200 1.600 1.200 1.700/1.000 1/0/10/012/11000/00001/1020002/10010121022010/10020201020?0000?1121000000007?20001007?10100|
1.0001.500 0.500' 1.000 2.500 2.700 2.200 6.200/1.800 0.700/1.300 1.300 1.300 1.700/1.1001/?/20/1/2/1/1/112/201100020100/30210021022010/1002000000110000/?11200010010103000100?10100|
0.800 1.400 0.600/1.080 2.100/2.500 2.000 5.200 1.200/0.400 1.300 1.900 1.300 2.100 0.800 1/1/2 00/200000120?01/1227??0002110000010201/2000200001100007?11210010010000020202??????
0.700 1.300 0.400/1.000 1.8003.000 1.800 5.300 1.300/0.500 1.400 1.800 1.400 1.500 0.800 112 00/223000010001/?227??0302200110221001111000002/1100007?111?0000000100/?202007?51100
1.100 1.300 0.500 1.000 1.900 2.000 2.200 7.300/1.500 0.400 1.400 2.300 1.400 1.700/0.900 101 0/01221002/000200020/1003021000?01101011000100001100007?1?0100100011012202027?2477?7??
0.800/1.400 0.500 1.000/2.000 3.000 2.000 5.400 1.700 0.500 1.300 2.000 1.3001.700 0.800 102 1107?3213/22?201012??0300100010221101/212101002110000/?1120001000?0010101017?107?7??
0.800/1.600 0.500 1.000/2.300 3.100 2.400 6.900 2.200 0.600 1.400 1.400 1.400 1.5000.90011101221111201200221101?01/1112202300111000000001011111111000100000030202017?17??°7??
0.600/1.600 0.500 1.0002.200 2.900 1.800 4.700 1.200 0.600 1.500 1.800 1.500/1.400 1.0001021011100201?/202020101211011210220101100310000110000/?11010011000?00120101?63001
0.800/1.400 0.500 1.000/1.900 3.400 1.800 5.500 1.600 0.400 1.300 2.600 1.300 1.900 0.800 10201201200/100100010100100001310231011100310000?00000?1120001000000302020107??7?°7??
1.000/1.400 0.500 1.000 2.100)3.300 2.000 6.700 1.600 0.800 1.400 1.300 1.400 1.300/1.000 1/0100201000100011000101002010000100001102101000100000?11100010010000000?11??????
0.700/1.500 0.500 1.080/2.000 4.000 2.100 4.700 1.300 0.400 1.400 1.800 1.400 1.700 0.70010100120001/22?/201122??00010110?0201001/200010000010000/?101100100000030001007?7?7????
0.700/1.600 0.500 1.040/2.200 2.900 1.600 5.200 1.300 0.500 1.400 1.900 1.400 1.700 0.800 11301200002/1002000227??0302100220201011100120000110000?10110010001/1000201007?5/27?7?7?
0.600/1.700 0.500 1.000/2.400 3.500 2.400 5.900 1.300 0.300 1.400 2.800 1.400 1.500 1.20010100201001/00020002010/1210100210200111100310000110000?1000001000000301021002517?7?7?
0.900/1.400 0.600 1.100/2.000 4.000 1.800 6.400 1.400 0.600 1.200 1.600 1.200 2.100 0.800 102 00200000/12?/200021100202110000210001/100011000010001/1111000000000000202017?27?7??7??
1.0001.200 0.500 1.020 1.700 4.500 2.200 6.8001.600 0.500 1.500 2.000 1.400 1.500/0.800 1/1/3/1/0/220101/01?200122000302101320200001200021000110001/1111?00100000000212017?1????
0.800 1.500 0.5001.000 2.300/2.800 1.900 5.900 1.4000.400 1.400 2.200 1.500 1.600 0.900 101 00/223/01/3/32?200020100201/100110220101110220007?110000?11110010010100/1202017?48000
1.000 1.600 0.500 1.070 2.000 2.600 2.100 5.300/1.300 ? ? ? ? 11600 0.700 10/2012201010012012211?030110/1120021/011200010000110001110/1100100°?1/1010102007?7?7????
1.000 1.600 0.500 1.000 2.100 2.700 2.300 4.700/1.200 0.400 1.300 2.100 1.300 1.800/0.700 1 0/11/11201002/110100020/10020/2010110121101110010002?100007?11000000010002020007???????
0.700 1.500 0.6001.000 2.200)3.100 2.200 7.600 1.600 0.600 1.500 1.800 1.500 1.600 1.000 1/1/201/21100/1200101/020100302/1000°?0220101102000000/1100007?112000100100000101007?17?100
0.800 1.300 0.4001.000 1.900/2.900 2.000 7.200 1.800/0.500 1.200 2.200 1.200 1.700 0.900 1/1/3 1/1/22'3100/2/11102000127??0302100100121111/1000200021100007?110000100011000202017?147?7??
0.600 1.400 0.500/1.000 2.100/2.900 2.300 5.800 1.400/0.300 1.300 2.300 1.300 1.400 0.900 1012 00/20100/10002000027??2201211120221111/11031000010000/3010200010000003/1202007?7?????
0.900 1.400 0.400/1.000 1.900/2.800 1.800 6.200 0.900 0.300 1.300 2.600 1.300 1.500 0.900 102 10/123100/30112000127??0302200000220111/1102100021100007?11000011?011001102107?1?7?7??
0.900 1.500 0.5001.080 2.200/3.900 1.800 6.100 1.400 0.400 1.300 2.300 1.300 1.700 0.700 1012 1?/20000/11110201/1127??010110111/0221001/1000100001100020110000100000000212007??????
0.800/1.500 0.400 1.000/2.100 3.300 1.900 6.200 1.700 0.600 1.200 1.600 1.200 1.600 0.8001'1311211002/2011010027??03021102201001012010100001000007?112000100000000002007?10100
0.800/1.400 0.500 1.050/2.100 3.300 1.600 5.600 1.900 0.700 1.400 1.500 1.400 1.500 0.900 011012001000000100227??0302110200220111102110000100000/?112000100000000101017?7?7??°7??
0.700/1.300 0.500 1.000/1.800 2.700 2.300 6.100 1.300 0.500 1.200 1.500 1.2000.700 1.600112110?1100011/2010227??13021003001211012100110001100001110100100?000002120111?7?7??
1.0001.400 0.500 1.000' 2.2002.800 2.000 6.300 1.600 0.700 1.500 1.900 1.500 0.900/1.300 1/0/200/201000100100020101000111100220100102320000100000?11200010000000000101?7?????
0.700/1.300 0.500 1.0901.900 3.600 2.000 7.200 1.700 0.600 1.700 1.700 1.700 1.800 0.90010211200111/10011?022??10021000?0120011101300001??0000?1110001000000000020107?7?7??7??
0.500/1.400 0.500 1.000/2.100 3.100 1.800 6.000 1.300 0.600 1.300 1.500 1.300/1.500 0.90010101111000010201120102210110210220101001010002110000/?110001100?00200102007?65001
1.0001.300 0.500 1.000'1.700/2.300 1.700 6.000 1.200 0.500 1.300 2.000 1.300 1.500/0.700 1/0/2/10/223003/32/?200/012??0302100020220001110120002110000?11000011?01100120?101517???
0.600/1.600 0.600 1.000/2.300 3.200 2.000 5.200 0.800 0.400 1.000 1.700 1.0001.700 0.600 1?/101201111/0102000227??13020000°?022210111020000211000??1111?2010?01?00?1020017?7?7??7??
0.800/1.600 0.600 1.000/2.200 2.600 1.800 6.800 1.600 0.700 1.600 1.400 1.600 1.500 1.200101012110000000100201023001012?0220101/1020200000000007?112?00001?0002000100017?100
0.600 1.400 0.500/1.000 1.900)3.400 2.100 4.700 1.600/0.400 1.300 2.200 1.300 1.600 0.700 1/?/'101/011000110001/0227??030201007?0110201/?7010200010000007?111000100000000002007??????
0.700 1.500 0.500/1.000 2.1003.400 1.900 5.000 1.100/0.400 1.300 1.800 1.300 1.500 0.800 1012 00/20100/20102000127??030121001/0221?01/2?02100020000011101100100001000101007?5????
0.900 1.300 0.400)1.140 2.100/3.300 2.300 5.600 1.500/0.500 1.400 1.900 1.400 1.500 1.100 1/1/2 10/0? 000002000001010040201032/10102001000000001000007?1110001000010101000017?????
0.700 1.400 0.5001.000 2.000/4.200 1.200 5.900 1.200/0.400 1.200 1.600 2.000 1.700 1.000 1011 00/211100000000/01010000011011/0120201/1102200001000007?1120001000000000011017?????
0.900 1.600 0.6001.160 2.200/5.500 2.000 7.000 1.700/0.700 0.900 1.200 0.900 1.500 0.700 1/1/2 1/?/211010/2201201/2207?02000110000121?11/100121??01100230112000000?0000120207??2????
0.700 1.700 0.6001.000 2.500/3.000 1.500 7.200 2.200/0.600 1.600 1.300 1.600 1.500 0.900 1/?/'11/1/211100/1201010/?20010100111000220101/1020200000000007?100?00100100000002007?2????
0.800 1.700 0.6001.000 2.600)3.200 1.700 5.800 1.700/0.400 1.400 2.000 1.400 1.400 0.900 10101/21112/120001?020002300101000220101001020100/1?00007?10010000010020000010027?110
0.600 1.700 0.500/1.000 2.4003.400 1.700 4.600 1.390/0.400 0.500 1.700 1.200/1.000 1.400 10111/211000101000/?20010101/1110002101010020200000000007?100100000100000002017?2?110
1.0001.900 0.500 1.110 2.600 3.300 1.700 7.400/2.000 0.500 1.400 1.800 1.400 0.900/1.400 10/11/112/111001/20001/0?200?0/10010110021010/11020200000?0000?10100010000000000000027?000|
0.900/1.500 0.600 1.030/2.000 3.300 1.900 7.800 1.300 0.500 1.300 1.500 1.3001.400 0.70010211220220/2012007?227??0300000?20201001/212110002110000/?11210010000?01000207?7?7??7???
1.000/1.600 0.600 1.000 2.300/3.100 1.700 5.900 1.300 0.400 0.600 2.400 1.400 1.200/1.500/1/12111/21000110001/10200003021011002101000000200000100007?11000000110000000000?47?100]|
1.0001.600 0.500 1.000 2.100 2.900 1.800 5.700 0.000 0.000 0.000 0.000 1.400 1.000/1.3001/13112100010001100200?0300101100210101000020000010000?11000000010000000000?4?7?2?°?
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