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RESUMO

Insetos fitéfagos e suas plantas hospedeiras sdo0 um modelo valioso no estudo da
influéncia do ambiente sobre o fendtipo, uma vez que estas sdo a unica fonte de alimento
e modulam a interagdo do herbivoro com outras espécies. Dado esse papel
preponderante, espera-se que a planta hospedeira exerca influéncia em diversas
caracteristicas dos herbivoros, das mais diretamente relacionadas ao desempenho a
diferengas sutis na morfologia. Além disso, deve haver relagcdo inversa entre o
desempenho e a magnitude da assimetria flutuante dos individuos criados em cada uma
das hospedeiras. Para testar essas expectativas, estudamos o tamanho e a forma das
asas, e sua assimetria, na borboleta Heliconius erato phyllis. Por meio das ferramentas da
morfometria geométrica, testamos se havia variagdo em forma e tamanho entre individuos
criados em diferentes hospedeiras e testamos também se havia assimetria direcional e
flutuante. Detectamos uma variagdo marcada na forma das asas entre individuos que
consumiram diferentes hospedeiras, uma assimetria direcional muito consistente, além de
resultados pouco consistentes para a assimetria flutuante. Os resultados observados
reforcam o papel da plasticidade fenotipica e das plantas hospedeiras na variagao
morfoldgica de insetos fitéfagos, além de contribuirem com as atuais criticas a assimetria
flutuante como indicadora de desempenho.

Palavras-chave: Plasticidade fenotipica, morfometria geométrica, Heliconiini,

Passifloraceae, instabilidade no desenvolvimento



ABSTRACT

Phytophagous insects and its host plants are a valuable model to study how the
environment can influence an organism’s phenotype, as plants are the only food source
and mediate the herbivore’s interaction with other species. It is expected that the host
exerts influence on diverse herbivore traits, from those directly related to performance to
subtle differences in morphology. Além disso, deve haver relacdo inversa entre o
desempenho e a magnitude da assimetria flutuante dos individuos criados em cada uma
das hospedeiras. Besides, an inverse relationship between performance and fluctuating
asymmetry is expected for individuals reared on different hosts. To test these
expectations, we investigate variation in wing size, shape and asymmetry in the butterfly
Heliconius erato phyllis. By using geometric morphometrics tools, we tested size and
shape variation among hosts and also tested fluctuating and directional asymmetry in
shape and size. We detected a strong wing shape variation among individuals reared on
different host species, a very consistent directional asymmetry and inconsistent results for
fluctuating asymmetry. The observed results reinforce the role of phenotypic plasticity and
of the host-plants in the morphological variation of phytophagous insects, besides
contributing to the current criticism raised against fluctuating asymmetry as an index of
performance.

Key words: phenotypic plasticity, geometric morphometrics, Heliconiini,

Passifloraceae, developmental instability



INTRODUGAO GERAL
PLASTICIDADE FENOTIPICA

A variacao fenotipica nas populag¢des é considerada, desde o inicio dos estudos
evolutivos, a matéria prima sobre a qual sele¢ao natural atua (Darwin, 1859). As causas
dessa variacao presente nas populacdes é foco de discussdes desde os primérdios do
pensamento ocidental, na forma da controvérsia entre natureza e meio ambiente
(Pigliucci, 2001). Desde a redescoberta das leis de Mendel e do advento da sintese
evolutiva moderna, os fatores ambientais foram considerados de forma secundaria, como
um elemento sem relevancia na evolugéo bioldgica, apenas com alguns poucos autores
destacando sua importancia em diferentes periodos. Ja que nao estavam sujeitos a
selecado natural, eram vistos como ruido, e até mesmo um obstaculo a selegao natural. A
partir da década de 1980, apds o acumulo de um grande volume de evidéncias de que a
plasticidade fenotipica € um fendbmeno amplamente difundido na natureza e que existe
grande variabilidade genética na sua expressdo em diversos caracteres (fendmeno
genericamente denominado interagcao entre gendtipo e ambiente) é que iniciou-se uma
compreensao mais integrada do fenétipo (Pigliucci, 2005).

A plasticidade fenotipica pode ser definida como a capacidade de um genétipo de
expressar fenoétipos distintos quando exposto a diferentes ambientes (Gotthard & Nylin,
1995). Uma ferramenta conceitual de grande importdncia na compreensao da
plasticidade, e que deriva diretamente de sua definicdo, € a norma de reacdo, que pode
ser definida como a amplitude de variacdo dos fendtipos produzidos por determinado
genotipo ao longo de um gradiente ambiental. A melhor forma de compreender uma
norma de reagao, e consequentemente a importancia da plasticidade fenotipica, é de
maneira grafica (Fig.1). Quando se “plotam” os fendtipos gerados por determinados
genotipos (ou diferentes familias, na maioria dos casos praticos) como uma curva ao

longo de um gradiente ambiental, € possivel detectar tanto a existéncia de plasticidade
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fenotipica em cada um dos gendtipos (uma inclinagao diferente de zero nas curvas, casos
1 e 3) como a existéncia de variagdo genética para essa plasticidade (diferengas nas
inclinagdes das curvas). No entanto, as curvas que descrevem as normas de reagdo nao
sao necessariamente lineares, podendo haver casos com polindmios de ordem superior

(Rocha et al., 2009; Gibert et al., 1998).
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Figura 1: Trés normas de reagcao hipotéticas, mostrando a variagdo em
determinada caracteristica fenotipica para trés gendétipos diferentes quando submetidos a

diferentes condi¢cdes ambientais. (Adaptado de Pigliucci et al., 2006)

Um ponto importante a ser levantado sobre a plasticidade, é que a mesma nao é
necessariamente adaptativa. Ela pode ser o resultado direto de diferentes estimulos
ambientais sobre os processos bioquimicos e fisiolégicos do desenvolvimento (Gotthard &
Nylin, 1995). Esse tipo de variacdao deve ser muito comum, e é esperado, ja que o
ambiente inclui todas as matérias primas e condigdes fisicas as quais o organismo esta

exposto durante o desenvolvimento. O que se espera € que o0 gendtipo tenha a
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capacidade de modular o desenvolvimento de forma a tamponar efeitos deletérios
causados por essas variagdes no meio. Essa combinagdo entre o gendtipo e a variagédo
ambiental pode se dar por sele¢cao natural atuando sobre a variacdo genética para a
plasticidade, e tem sido denominada acomodacgao genética (Pigliucci et al., 2006; West-
Eberhard, 2003). Ela pode levar a um aumento ou a uma redugao na plasticidade,
dependendo do tipo de variagdo no ambiente. Quando ha uma mudang¢a ambiental, e o
novo ambiente se torna predominante, espera-se que a selegcdo atue reduzindo a
plasticidade, por meio de canalizagao do fenétipo 6timo no novo ambiente. Quando ha
variagdo nos ambientes encontrados pela populagdo, a expectativa € de que a selecéo
module essas normas de reacao, gerando plasticidade fenotipica adaptativa (Braendle &
Flatt, 2006).

Nessa definicao geral de plasticidade, estdo inclusas variagbes que se dao em
varios niveis de organizagdo do organismo: bioquimicas, fisiolégicas, morfolégicas e
comportamentais. Geralmente, mas ndo exclusivamente, a fisiologia e o comportamento
respondem ao ambiente de forma rapida, havendo alteragdes nessas caracteristicas
varias vezes ao longo do periodo de vida de um individuo. A maior parte dos casos de
plasticidade na morfologia, no entanto, é resultado de estimulos ambientais atuando
durante as primeiras fases do desenvolvimento, sendo portanto irreversiveis, ou de
resposta lenta (Pigliucci et al., 2006). No caso especifico de insetos holometabolos, toda a
morfologia do adulto é definida durante o desenvolvimento das fases imaturas, e
irreversivel apés a metamorfose.

Além dessa variagdo no tempo e reversibilidade da plasticidade, ha uma grande
diversidade de estimulos ambientais que podem gerar respostas fenotipicas.
Historicamente, os trabalhos classicos acerca de influéncias ambientais no fendtipo
estudaram influéncias da temperatura, no caso de animais, e do fotoperiodo, no caso de

plantas, por serem as duas variaveis ambientais mais facilmente medidas e controladas
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experimentalmente. Especificamente no caso dos insetos herbivoros, a planta hospedeira
é um fator ambiental preponderante, e a variagdo em aspectos da histoéria de vida
dependente da planta hospedeira tem sido amplamente estudada, apesar de em geral
nao ser explicitamente tratada como um caso de plasticidade fenotipica (ver porém Nylin

& Janz 2009).

A INTERACAO INSETO HERBIVORO-PLANTA HOSPEDEIRA

A interagéo entre insetos fitofagos e suas plantas hospedeiras € a relagao trofica
dominante no planeta. Nao se conhece nenhuma espécie de planta que nao sofra
herbivoria por alguma espécie de inseto, e cerca de metade das espécies de insetos tem
habito de vida herbivoro, o que conjuntamente constitui metade da biodiversidade
conhecida (Price 2002).

A grande maioria das espécies de insetos herbivoros estabelece uma forte
interacdo com suas hospedeiras, realizando todo o desenvolvimento larval e se
alimentando de um unico individuo (Bernays & Chapman, 1994). Por isso, a planta
hospedeira é um dos fatores ambientais mais importantes a ser considerado na histéria
de vida de um fitéfago, e essa importancia se da tanto por efeitos diretos como indiretos.
Atuando diretamente, variagdes na quantidade e qualidade de nutrientes e a presenga de
compostos quimicos potencialmente toxicos aos imaturos podem exercer grande
influéncia sobre o desempenho dos adultos. Além disso, caracteristicas da planta podem
modular indiretamente as espécies que interagem com o herbivoro. A produgdo de
compostos volateis e recompensas podem atrair predadores e parasitdides; outros
herbivoros podem utilizar a mesma planta e competir por alimento; e, finalmente, a
presenca de mutualistas, que podem estar diferencialmente distribuidos entre as plantas
hospedeiras, também sao fatores muito importantes no desempenho de um dado

herbivoro (Oliveira & Freitas, 2004).
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Existe uma extensa literatura relacionando o desempenho dos herbivoros as
plantas hospedeiras em que se desenvolveram, na maior parte das vezes levando em
conta alguns dos fatores citados acima (West & Cunningham, 2002). Curiosamente, esses
trabalhos n&o discutem seus resultados baseados na plasticidade fenotipica. Em geral, o
ponto de vista adotado é o da otimizagdo da aptiddo da fémea no comportamento de
oviposicao. Essa é uma abordagem importante, e que permitiu uma compreensao
bastante avangada do processo de selecdo de planta hospedeira. No entanto, estudar
esse tipo de variagdo como uma norma de reagao pode trazer uma percepcgao diferente
da adaptabilidade de tais padrdes. Recentemente, Nylin & Janz (2009) atentaram para
esse fato, argumentando que dois aspectos diferentes do uso de hospedeiras podem ser
interpretados como plasticidade fenotipica. Tanto a variagdo nos indicadores de
desempenho (p.ex. mortalidade, tamanho e tempo de desenvolvimento) entre individuos
criados em diferentes plantas hospedeiras como o proprio fato do animal ser capaz de
utilizar diversas plantas que apresentam variagbes em diversos aspectos, sdo um ajuste
do desenvolvimento a diferentes condigdes ambientais. No processo de colonizagao de
plantas hospedeiras, espera-se que a selecdo natural atue reduzindo a plasticidade do
herbivoro nos componentes do desempenho, o que pode ser compreendido como um
processo de canalizagdo do desenvolvimento. Esse processo, no entanto, se da por um
aumento de plasticidade nos aparatos de detoxificacdo de compostos secundarios.
Portanto, dependendo do ponto de vista, o processo de colonizagdo de uma nova planta
hospedeira pode ser interpretado como um aumento ou uma reducédo na plasticidade
fenotipica.

Uma forma de compreender melhor esse problema é o estudo de caracteristicas
que nao sofrem acgao direta da selecao natural, mas podem ser também alteradas durante
o desenvolvimento. Uma medida desse tipo, que tem sido extensamente estudada e sera

discutida na proxima sessdo, € a assimetria flutuante (AF). Uma outra abordagem
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também utilizada neste trabalho € o estudo de variagbes sutis na forma da asa,
verificando se as diferentes plantas hospedeiras induzem consistentemente diferentes

padrbes de forma.

ASSIMETRIA FLUTUANTE

A capacidade de um organismo de controlar o seu desenvolvimento de maneira a
reverter perturbagdes nos processos desenvolvimentais € conhecida como estabilidade
no desenvolvimento (Dongen, 2006). Estruturas com simetria bilateral, como membros e
asas, compartilham o mesmo genoma e as mesmas condi¢des ambientais ao longo do
desenvolvimento. A estabilidade no desenvolvimento, no entanto, depende da resisténcia
do organismo a perturbagdes em diferentes locais do plano de corpo. Por isso, diferencas
sutis e aleatdrias entre os lados direito e esquerdo supostamente refletem uma
instabilidade nesse processo, causada pela incapacidade de neutralizar as perturbacdes
no desenvolvimento que atuam independentemente em cada lado do corpo. Esse padrao
de diferencas aleatdrias entre os lados de estruturas simétricas € denominado assimetria
flutuante (AF), e constitui um indicador de instabilidade no desenvolvimento amplamente
utilizado nas ultimas décadas (Palmer & Strobeck, 1986).

Historicamente, o principal emprego da AF é como indicador de estresse ao longo
do desenvolvimento. Organismos sob estresse, tanto ambiental como genético, devem
receber mais estimulos perturbadores e, portanto, apresentar maior instabilidade e
consequentemente maior AF. Além disso, propds-se que a AF pudesse servir de indicador
do desempenho, ou aptiddo dos individuos. Seguindo raciocinio semelhante ao anterior
para o estresse, um organismo que tivesse tanto um aparato genético harménico como
bem adaptado ao ambiente em que ocorreu o desenvolvimento, teria menor
susceptibilidade a perturbagdes ao longo do desenvolvimento, apresentando menor AF

(Lens et al., 2002). Tao antigo como o emprego da AF como ferramenta indicadora de
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estresse e aptiddo sido as controvérsias em torno de seu uso (Lens et al., 2002). O
problema mais frequentemente levantado é a separagido entre a AF e outros tipos de
assimetria. Como a diferenga entre os lados € uma unica medida, a AF s6 pode ser
separada desses outros tipos de assimetria em um conjunto de individuos que tenham
suas medidas aferidas (Van Valen, 1962). Os outros tipos de assimetria possiveis sédo
assimetria direcional e antissimetria. A diferenciacao entre esses trés padrdes é percebida
pela distribuicdo das diferengas entre as medidas dos dois lados do corpo (Fig. 2). Na
assimetria flutuante, os desvios sdo considerados aleatérios, e a maioria dos modelos
assume uma distribuicdo normal em torno de um valor médio de zero. No entanto, como a
natureza desses desvios ndo € bem esclarecida, alguns modelos pressupdéem também
uma distribuicdo poisson ou binomial. Na assimetria direcional, ha um desvio consistente
para um dos lados, formando uma distribuicdo em torno de um valor diferente de zero. Ja
na antissimetria, que é mais rara, ha um desvio consistente, mas com dire¢do aleatdria.
Um exemplo classico e extremo de antissimetria sdo os machos dos caranguejos chama-
maré (Uca ssp.), que possuem uma das quelas muito maior do que a outra, mas animais
com cada uma das quelas aumentada ocorrem em igual frequiéncia na natureza (Backwell
et al. 2007). Esse tipo de assimetria gera um padrdo bimodal, ou entdo em casos mais

amenos uma distribuicao platicurtica, de média zero, nas diferengas entre os lados.
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Figura 2: Padrbes de distribuicdo populacional das diferengas entre o lado direito

e esquerdo nos trés tipos de assimetria comumente observados na natureza.

A assimetria direcional e a antissimetria tém uma determinacdo genética, e
portanto nao servem como indicadores de estresse ou desempenho. Por isso, é
necessario estudar a AF separadamente desses outros padrdes de assimetria.
Ferramentas estatisticas para separar esses tipos de assimetria foram desenvolvidas
(Palmer & Strobeck, 1986; Klingenberg & Mcintyre, 1998), mas além de envolverem um
esforgo amostral consideravel, ja que sdo necessarias medidas repetidas dos dois lados
de cada individuo, ndo garantem a separacao total entre os diferentes fatores. Quando a
assimetria direcional € muito alta é dificil detectar os efeitos da AF. Por outro lado, mesmo
quando ha antissimetria misturada a AF, o padrao de distribuicdo dos desvios pode se
ajustar a uma distribuicdo normal, mascarando os efeitos da antissimetria.

Outro problema mais profundo é o fato de que a relagao entre AF e instabilidade
no desenvolvimento nao é inequivoca. Como a AF é uma unica medida que pretende

estimar uma grandeza que é uma variancia, espera-se que haja uma relacao fraca entre
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ela e a instabilidade total no desenvolvimento. Além disso, outros tipos de perturbacao no
desenvolvimento podem nao levar a AF, como efeitos de maior escala que ndo atuem
independentemente nos dois lados do corpo (Dongen, 2006). Além disso, a compreensao
de como o ruido causado por variacdes estocasticas durante o desenvolvimento leva a
assimetria, e sua interacdo com o estresse e a aptiddo, sdo muito pouco conhecidos. A
medida em que se avanga na compreensao da complexidade da arquitetura genética e
sua interagdo com o meio ambiente, se percebe que a maioria dos efeitos das
perturbagbes se da de forma nao-linear, dificultando a inclusdao desses processos em
modelos de tradugéo deles em alteragbes na AF. Devido a esse conjunto de fatores, a AF
tem sido considerada com muita cautela como indicadora de estresse e aptidao. A maioria
dos autores que revisaram esse tema aconselha que futuros trabalhos busquem medir

efeitos no desempenho de forma mais direta.

MORFOMETRIA GEOMETRICA

O estudo quantitativo da forma dos organismos data dos primérdios dos estudos
em estatistica. Ao estabelecer o coeficiente de correlacdo em 1888, Francis Galton ja o
aplicou a relagéo entre medidas morfolégicas humanas (Mitteroecker & Gunz, 2009). Nas
décadas seguintes, durante a primeira metade do século XX, desenvolveram-se os
métodos hoje conhecidos como morfometria tradicional, ou multivariada. Esse conjunto de
técnicas baseia-se na aplicagdo de estatistica multivariada a diversas medidas de um
organismo. Geralmente, as medidas utilizadas sdo comprimentos e larguras de estruturas
ou distancias entre marcos anatdmicos, e em alguns casos angulos ou razdes entre
distancias (Rohlf & Marcus, 1993). Essas técnicas foram amplamente utilizadas durante a
maior parte do século XX, por permitirem o tratamento estatistico e a visualizacao
conjunta de um grande numero de variaveis morfoloégicas, por meio de métodos de

ordenacao e quantificacdo de distancias totais no espaco de variaveis entre os individuos.
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Essas técnicas no entanto apresentam problemas quanto a impossibilidade de recuperar
a forma original ou as diferengas em forma entre os organismos a partir das matrizes de
distancias. Ha também grande perda de informagcao quando se trata as variaveis
separadamente, sem considerar as relagdes entre elas no organismo. Além disso, essa
morfometria tradicional enfrenta problemas para tratar separadamente forma e tamanho, o
que dificulta a detecgao de alometria (Rohlf & Marcus, 1993).

Por essas razdes, a partir da década de 1980 iniciou-se uma verdadeira revolugao
nos estudos de morfometria, com o avango conjunto em diferentes areas O primeiro deles
foi um avango técnico: a grande melhora e a popularizagcdo de ferramentas
computacionais e equipamentos de captura de imagens digitais permitiram que marcos
anatdbmicos fossem registrados de maneira sistematica e que grades de deformagéao
desses marcos fossem produzidas computacionalmente. Além disso, ocorreram avangos
tedricos, como a produgdo de uma teoria estatistica da forma e sua aplicagdo em
métodos de superposicdo de conformacgdes de marcos anatdmicos. Esses avangos
tedricos e técnicos resultaram numa nova forma de abordar o estudo da forma nos
organismos, denominada morfometria geométrica, dado que esse conjunto de técnicas
permite que a geometria das configuragbes de marcos anatdmicos seja preservada até a
apresentacgao de resultados estatisticos (Mitteroecker & Gunz, 2009).

O método mais difundido de anadlise no contexto da morfometria geométrica é a
superposi¢cao por Procrustes (Bookstein, 1991, 1996; Dryden & Mardia, 1998, Monteiro &
Reis, 1999). Inicia-se a aplicagdo desse método definindo marcos anatébmicos, que sao
mapeados em todos os individuos. Esses marcos sao estruturas que sejam homoélogas
entre todos os espécimes estudados e possam ser localizados como pontos fixos. O
conjunto de coordenadas representando as posicdes de todos os marcos anatdbmicos
mapeados em cada um dos individuos sera entdo utilizado como o conjunto de variaveis

em todas as analises. Para a extracao das informacbes de forma e tamanho, o conjunto



-15-

de pontos em cada individuo deve ter essas informagdes isoladas entre si, e de variagdes
triviais como a posicdo e localizacdo dos espécimes no momento da captura das
imagens. Esse procedimento é exemplificado na Figura 3, para dois quadrilateros. Dado
um conjunto qualquer de configuragdes de marcos anatémicos (Fig. 3A), o primeiro passo
€ a centralizagcao de todos os individuos num mesmo ponto de origem (Fig. 3B). Esse
ponto centralizado € o centréide de cada uma das configuragdes, ou seja, o ponto médio
de todos os marcos anatdbmicos em ambas as coordenadas. Em seguida, todos os
individuos sao padronizados para o mesmo tamanho (Fig. 3C). Essa padronizacao é feita
a partir do tamanho do centréide, definido como a raiz quadrada da soma do quadrado
das distancias de cada marco anatdbmico em relagdo ao centréide da configuragdo de
marcos. Cada individuo tem todas as coordenadas de marcos anatdmicos divididas pelo
tamanho do centréide. Assim, a forma da conformagao de pontos nao é alterada, e as
informacbes sobre tamanho sao extraidas. Por Uultimo, todos os individuos séao
rotacionados de forma a minimizar as distancias médias entre os marcos anatdbmicos

homodlogos de cada individuo (Fig. 3D).
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Figura 3: Procedimentos realizados durante a superposicdo de Procrustes. A)
Duas configuragdes de quatro marcos anatdomicos. B) As mesmas configuragbes apds
terem seus centréides localizados no mesmo ponto. C) Apds a corregao para o tamanho.
D) Configuragées rotacionadas de forma a minimizar os quadrados das distancias entre

os pontos. (Adaptado de Mitteroecker & Gunz, 2009)

As novas configuracbes de marcos anatbmicos de cada individuo sao
denominadas coordenadas de forma de Procrustes, e a forma média de todos os
individuos é conhecida como forma consenso. As coordenadas de formas de Procrustes
apresentam mais variaveis do que o numero real de dimensdes nos dados, ja que houve

uma restricdo no numero de dimensbes de variacdo ao fazer a superposi¢cdo. Por isso,
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para utilizar essas coordenadas em anadlises estatisticos multivariadas, € necessario
algum procedimento de redugdo da dimensionalidade. O procedimento utilizado neste
trabalho foi uma Analise de Componentes Principais (PCA). Os eixos de PCA sao usados
como variaveis de forma, e as coordenadas de Procrustes originais séo utilizadas como
referéncia para que os resultados de testes sejam exibidos como variagcdes em forma das

configuragdes de marcos anatdmicos (como implementado em Baylac, 2007).

HELICONIINI E PASSIFLORACEAE

As borboletas tem sido o principal grupo de insetos em estudos sobre interagao
planta-herbivoro (Thompson & Pellmyr, 1991). A maior parte dos estudos sobre
preferéncia por diferentes plantas hospedeiras, a influéncia da planta hospedeira no
desempenho, a evolugcdo da amplitude de hospedeiros, e a co-evolugédo entre herbivoros
e plantas hospedeiras foi realizada nesse grupo (Ehrlich & Raven, 1964; Thompson &
Pelmyr, 1991; Janz et al., 2006). Dentre as borboletas, a tribo Heliconiini e suas plantas
hospedeiras da familia Passifloraceae estdo entre os organismos mais estudados a esse
respeito (Benson et al., 1975). Além da grande quantidade de dados acumulados nessa
tribo sobre as interagbes com as plantas hospedeiras, o género Heliconius Kluk, 1802 tem
sido amplamente utilizado como modelo em estudos evolutivos, principalmente na
compreensao de padrdes de coloragado nas asas no contexto de anéis miméticos (Brower,
1996), especiagcédo (Jiggins, 2008 e referéncias inclusas) e biologia evolutiva do
desenvolvimento (evo-devo) (McMillan et al., 2002; Joron et al., 2006; Parchem et al.,
2007). Estudos sobre a forma da asa e assimetria, principalmente no contexto de uso de
plantas hospedeiras ndo foram realizados até o momento, e permitiriam uma integragao
entre os campos de pesquisa que utilizam Heliconius como modelo. Esse tipo de

integracado contribuiria tanto para a compreensdo de aspectos do desenvolvimento
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interferindo na interagdo com plantas hospedeiras como, reciprocamente, permitiria uma
melhor compreenséo da influéncia de diferentes ambientes sobre o desenvolvimento.
Heliconius erato (Linnaeus, 1764) é uma das espécies melhor estudadas dentro do
género, e a com distribuicdo geografica mais ampla, ocorrendo do sul do México, por toda
a América Central e a maior parte da América do Sul (Brown, 1979, 1981). Ela apresenta
varias subespécies geograficas, com grandes diferengas no padréo de coloragdo, e em
que a maioria das subespécies apresenta mimetismo Mdulleriano com subespécies de
Heliconius melpomene (Linnaeus, 1758). Além disso, cada subespécie é localmente
mimetizada por varias espécies mimicas (McMillan et al., 2002). Nas regides a sul da
floresta Amazlnica, a subespécie é H. erato phyllis, que é abundante em diferentes
biomas e utiliza uma gama de plantas hospedeiras do género Passiflora em toda a sua
distribuicdo (Ramos & Freitas, 1999). Diversos estudos investigaram o padrdo de uso de
plantas hospedeiras, a preferéncia dos adultos e 0 desempenho dessa subespécie no
campo e sob condigbes de laboratdrio em populagdes do sul e sudeste do Brasil (Menna-
Barreto & Araujo, 1985; Perico & Araujo, 1991; Rodrigues & Moreira, 1999, 2002, 2004;
Ramos et al. submetido), mostrando que H. erato é altamente seletiva no processo de
oviposi¢ao. Além de selecionar a espécie de hospedeira, ela também prefere ovipositar
em regides apicais intactas (Mugrabi-Oliveira & Moreira, 1996a), em plantas ricas em
nitrogénio (Kerpel et al., 2006), e sem a presenga de ovos de co-especificos (Williams &
Gilbert, 1981; Mugrabi-Oliveira & Moreira 1996b). Essas caracteristicas ecoldgicas e o
conhecimento ja disponivel fazem dessa espécie um modelo ideal para o estudo da
influéncia da planta hospedeira sobre o fendétipo, especialmente a forma da asa e a

assimetria.
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CAPITULO 1: Host-lant dependent wing morphometric variation in the

butterfly Heliconius erato phyllis (Nymphalidae)

Leonardo Ré-Jorge, Pedro Cordeiro-Estrela, Louis B. Klaczko, Gilson R. P. Moreira &

André V. L. Freitas

INTRODUCTION

Morphological variation in size and shape has been considered a key factor in
evolutionary studies since their beginning (Darwin, 1859). When considering this kind of
variation at the intraspecific level, the influence of genetic and environmental factors is a
major concern. The framework of phenotypic plasticity and reaction norms, although
relatively neglected until the 1980s, is essential to the understanding of the development
and maintenance of size and shape variation (Pigliucci, 2005). Recently, it has been
suggested that plasticity may even have a more primary role than genetic mutations in the
origin of evolutionary novelties (West-Eberhard, 2003). In this context, the interaction
between herbivorous insects and their host-plants is a very adequate model to study the
influence of the biotic environment on an organism’s phenotype.

In many cases the host-plant is the only feeding resource during larval
development, with a potential variation in nutritional quality and presence of diverse
chemical compounds influencing the development. In addition, the host-plant is the main
factor modulating the interactions with other species, such as predators, parasites and
pathogens (Nylin & Janz, 2009). Given these primary roles, it is expected that plants play a
direct influence in different dimensions of an insect’'s phenotype, from life-history traits
directly related to performance (Thompson, 1988), as mortality, body size and

development time, to more subtle morphological variation not necessarily associated to
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fitness. The former traits are expected to be optimized in primary hosts by means of
adaptation, as a part of the process of host-plant colonization (Nylin & Gotthard, 1998).
Inadequate development, and therefore higher variation in these traits are expected only
for secondary hosts or in the case of generalist species. In contrast, subtle morphological
variation can be considered as a reliable surrogate of the effects that different
environments have on the developmental process since they are less related to fitness,
and therefore subject to weaker selection. This makes the herbivore-plant interactions
valuable for studying phenotypic plasticity and developmental accommodation.

The degree of fluctuating asymmetry (FA) in bilateral traits is frequently used as an
index of the degree of environmental perturbation or stress, and of overall individual
quality, and is defined as random nondirectional deviations from bilateral symmetry (Van
Valen, 1962). This measure has long been taken for granted as a good measure of
developmental instability, given that the capacity to make the two sides of the body with
accuracy is an intuitive idea of what should comprise the level of stability and repeatability
of the developmental process (Van Valen, 1962; Dongen, 2006). Nevertheless, recent
studies have raised several objections to the suitabilty of FA as a measure of
developmental instability and stress in populations (e. g. Lens et al., 2002). The main
points are the low power of FA as an estimator of developmental instability and the
possibility of different kinds of asymmetry (directional asymmetry and antisymmetry)
interfering and masking FA.

Although statistical methods to sort out the effects of other kinds of asymmetry
have been developed, mainly to separate FA and directional asymmetry (DA) (Palmer &
Strobeck, 1986), the accuracy of FA is further reduced when more than one type of
asymmetry occurs. This technique of partitioning the kinds of asymmetry has, on the other
side, the advantage of also allowing the study of DA, which is the presence in a population

of a consistent directional difference between left and right sides in supposedly
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symmetrical morphologic structures (Van Valen, 1962). This trait in particular has had
increased interest, as it supposedly has a strong genetic basis, but does not respond to
artificial selection, and it is generally difficult to assign an adaptive role to it (Pelabon &
Hansen, 2008).

Butterflies are the major model for the study of the interaction between herbivorous
insects and their host-plants (Thompson & Pellmyr, 1991). Most studies on preference and
performance, the evolution of host range and co-evolution have been carried out using this
group (Ehrlich & Raven, 1964, Thompson & Pellmyr, 1991, Janz et al., 2006). Within
butterflies, the tribe Heliconiini and its host-plants, the passion-vines (Passifloraceae), are
amongst the most studied organisms in this regard (Benson et al., 1975; Brown 1981).
Besides the large amount of data on interactions with host-plants, the genus Heliconius
has been largely used as a model in evolutionary research, mainly in the comprehension
of wing colour patterns (Brower, 1996, Gilbert, 2003), speciation (Jiggins, 2008) and evo-
devo (McMillan et al., 2002, Joron et al., 2006, Parchem et al., 2007). Studies on wing
shape and asymmetry, especially in the context of host-plant use were not held yet, and
could integrate these fields of research using Heliconius as a model, contributing both to
the comprehension of the developmental aspects of its interaction with hosts, and to a
better understanding of the influence of different environments on development.

Butterfly wings consist of very appropriate structures for morphological studies, as
they are related with multiple functions in life history, ranging from the flight activity and
thermoregulation to conspecific recognition and signaling to predators. Insect wings are
also among the most amenable traits for studies in geometric morphometrics, as they have
a two dimensional nature and a venation system that allows the determination of type one
landmarks (sensu Bookstein, 1991). Being two-dimensional, wings are not subject to the

artifacts and deformations caused by the projection of a three dimensional structure in two
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dimensions. They also have an abundance of veins, which are homologous — sometimes
in large groups of species — and can have their position easily observed in images.

Heliconius erato is one of the best studied species of this genus, as well as the
most widespread, occurring from south Mexico to southern South America (Brown, 1979,
1981). It presents several geographical subespecies, all involved in local mimicry rings
with Heliconius melpomene and other butterfly species (McMillan et al., 2002). The extra-
amazonian subspecies, H. erato phyllis, is the most widespread, occurring in several
different biomes, and using a wide range of host-plants of the genus Passiflora (Brown &
Mielke, 1972; Ramos & Freitas, 1999). Previous studies have shown that H. erato phillys is
highly selective with respect to oviposition sites, concerning plant parts and species,
nitrogen content and presence of conspecifics (Williams & Gilbert, 1981; Mugrabi-Oliveira
& Moreira, 1996; Rodrigues & Moreira, 1999, 2002; Kerpel et al., 2006). These ecological
characteristics and the current knowledge on H. erato phyllis make it an appropriate model
for studying the influence of the host-plant in the phenotype, especially wing shape and
asymmetry.

In this study, we aim to investigate the host-plant influence on the development of
H. erato phyllis, examining the variation in wing size, shape and asymmetry. Specifically,
we ask three main questions: 1) Do shape and size differences among individuals arise on
different host-plants? Our expectation is that the host-plants represent environments
different enough to exert an influence in the development, causing variations in the form of
individuals to make them significantly distinguishable. 2) Is there variation in the
developmental instability among individuals reared on different host-plants? If fluctuating
asymmetry is a good indicator of developmental stress, we expect to observe a relation
among fluctuating asymmetry, performance and use, with a higher FA in individuals reared
in plants that cause a high mortality and/or small size, and an avoidance of these host-

plants for oviposition. 3) Is there directional asymmetry in this species? The necessity to
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study other kinds of asymmetry allows us to investigate the presence of this phenomenon,

which is self interesting and with uncertain adaptive significance.

MATERIAL AND METHODS

Study sites and butterfly rearing

We reared individuals from eggs laid by females collected in two populations
located in two different regions, where host-plant use and performance had been
previously investigated in detail: the first population was from southern Brazil, Rio Grande
do Sul State, a temperate region in the southern limit of H. erato distribution (RS
population hereafter). Females for oviposition were collected in Morro Santana, Porto
Alegre Municipality. The second population was from southeastern Brazil, Sdo Paulo
State, in a tropical coastal region with high levels of humidity (SP population hereafter).
Females were collected at Morro do Voturua, Sao Vicente Municipality. Details of each
region can be found in Rodrigues & Moreira (2002) and Ramos & Freitas (1999)
respectively.

All individuals used in the present study were kindly provided by RR Ramos and A
Elpino-Campos (butterflies from SP and RS populations, respectively), who have reared
them for performance and behavioral studies (Ramos et al., submitted; A. Elpino-Campos,
UFRGS, unpublished data) under the same controlled conditions. Eggs were collected
daily from females kept in insectaries and taken to a climate room at 25 °C. They were
kept in petri dishes lined with moistened paper until eclosion. First instars were then
transferred individually to shoot tips of one of the following host-plants: Passiflora
capsularis, P. edulis and Passiflora jileki in SP, and Passiflora misera, Passiflora

suberosa, Passiflora caerulea and P. edulis in RS, and fed ad libitum until pupation. After
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emergence, all the individuals were killed by freezing, then dried and kept in entomological

envelopes until the image capture procedure.

Data acquisition and morphometrics

We removed the forewings of all individuals (43 from SP and 71 from RS) and
captured images in 1200 dpi resolution of their ventral side, using a flatbed scanner (HP
Scanjet 3800™). The ventral side was chosen because the veins are more visible on this
surface. A total of 19 landmarks, vein intersections or vein tips, were scored in each wing
(Fig. 1a) using TPSDig 2.1 (Rohlf, 2006). Both forewings of each individual were scored
twice to account for measurement error in the asymmetry study. To score the landmarks in
both forewings without any laterality bias, all images were also reversed to their mirror
images, so that we scored the landmarks in the left wings in the images with the original
orientation and for the right wings we used the reversed images. By doing that, left and
right wings had the same orientation a priori, and it was not necessary to reverse the
landmark configurations prior to superimposition.

We decomposed the form of all the landmark configurations into shape and size by
means of geometric morphometrics (Bookstein, 1991, 1996, Dryden & Mardia, 1998). Size
is measured as centroid size (CS), the square root of the sum of the squared distances of
each landmark from the centroid, or gravity center, of the landmark configuration. To
measure shape, all configurations were scaled to unit CS, and superimposed by a
generalized least squares (GLS) Procrustes procedure. A mean shape is calculated and
the differences between its landmarks and the ones of each individuals are the residuals of
the GLS procedure. We used as shape variables the axes of a Principal Components
Analisys (PCA) on the covariance matrix of these GLS residuals. The four last axes are

null, given the dimensionality lost in the procrustes superimposition, so they were not
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considered. The procedure described above was carried out in two different analyses: one
including the two replications of both wings of all the individuals and another in which the
replications’ coordinates were averaged prior to superimposition. The superimposition in
which the replications were averaged was used in all the subsequent analyses, with

exception to the tests for asymmetry.

Size and Shape variation

We held some preliminary analyses to test for the existence of differences in shape
and size between sexes to validate subsequent analysis. Otherwise, sexual dimorphism
could mask the variation among individuals reared on the host-plants above mentioned.
We carried out a one-way ANOVA for CS and a MANOVA for the 34 PCA axes, both using
sex as the factor, to test for size and shape differences, respectively.

To test for host-plant dependent variation in size, we performed a one-way ANOVA
for CS, with host-plant as the factor, with individuals from different localities reared on P.
edulis as different levels. We made this separation in all tests in which host-plant variation
was considered. For shape variation, as there was sexual dimorphism (see Results), we
carried a two-way MANOVA for the 34 PCA axes with sex and host-plant as factors.

To test for the capacity to discriminate H. erato phyllis individuals reared on
different host-plants based only on forewing size and shape, we calculated an optimal
linear discriminant function between the seven host-plants (again, separating P. edulis
from SP and RS). To do so, we performed an LDA on the 34 PCs, in combination with the
CS. We used a leave-one-out cross-validation procedure that allows an unbiased estimate
of classification percentages (Baylac et al., 2003). Cross-validation was used to evaluate
the performance of classification by LDA. In the leave-one-out cross-validation, all the data

except one individual are used to calculate the discriminant function. The individual not
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used is then classified according to this function. The procedure is repeated to compute a

mean classification error and a probability of group membership for each individual.

Asymmetry study

We followed the statistical design proposed by Klingenberg & Mcintyre (1998) to
partition the components of asymmetrical variation between directional asymmetry (DA)
and fluctuating asymmetry (FA), for both size and shape. To assess the asymmetry of
size, we performed an ANOVA for CS with side as a fixed effect and individual as a
random one, nested in host-plant. The effect of host-plants detects size variation among
host-plants, the “individual” factor is for individual variation in size, the “side” effect stands
for DA and the interaction term between “side” and “individual” measures FA. As the effect
of individuals was nested within the host-plant, the “individual” factor mean square was
used as the error term for the host-plant effect F-ratio. For the “individual” and “side”
effects we used the individual x side interaction mean squares as the error term, and for
the individual x side effect, we used the measurement error.

To obtain a better characterization of the size asymmetry, we calculated the signed
differences between the averaged CS measures of the right and left wings (R-L) as an
index of DA. To evaluate FA, we used the module of this difference subtracted by the
mean DA of each host-plant. To test for variation in FA among individuals from different
host-plants, we carried an ANCOVA with host-plant as fixed factor and mean CS as
covariate, to control for size-dependent FA.

For the shape asymmetry we performed a Procrustes ANOVA on the residuals of
the superimposition in which all the replications were superimposed, with the same factor
structure and F-ratio calculation of the ANOVA for CS. The sum of squares used in the test

were obtained by adding the sums of squares of each of the coordinates. The
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corresponding degrees of freedom were obtained by multiplying the ordinary number of
degrees of freedom in the ANOVA design by the true number of dimensions in the data
after the superimposition, that is, two times the number of landmarks minus four, given the
translation, rotation and scaling of the configurations. To test for variation in the shape FA
of individuals reared in the different host-plants, we followed the procedure proposed by
Soto et al. (2008a): we carried out separate ANOVAs to detect the FA in each of the host-
plants, and then compared the mean squares of the individual x side interaction factor of
all the pairs of host-plants by means of F-tests. In our case, we applied a Bonferroni
correction to account for the multiple comparisons.

All morphometric and statistical analyses were performed with ‘R’: a language and
environment for statistical computing version 2.8 for Windows (R Development Core
Team, 2008); morphometric procedures were done using the Rmorph library for R (Baylac,

2007).

RESULTS

Shape and size variation

Concerning sexual differences, we found no dimorphism in size (F1441= 0.017, p =
0.90), but a strong difference in shape between the sexes (Pillai = 0.799, Fzsxxx = 9.14, p
< 0.0001, Fig. 1b). Given this difference, we used sex as a factor in the MANOVA testing
for shape variation among individuals reared on different hosts, but not for the ANOVA
testing for size variation.

There was significant size (Fe 106 = 14.11, p < 0.0001) and shape (Table 1) variation
among individuals reared on the different host-plant species. The absence of interaction
between sex and host-plant for the shape allowed discriminant and asymmetry analysis to

be done not considering sex. The smallest individuals were those reared on P. jileki, and
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the largest ones were fed with P. edulis, P. misera and P. suberosa (Fig. 2). In Fig. 3, we
plotted the mean value of the individuals grown in each of the host-plants for the first two
axes of the PCA for the shape variables. These axes accounted for more than 44% of the
total shape variation. As it shows the deformations along each axis of the PCA, this figure
allows the visualization of what were the general wing deformations caused by feeding on
different diets.

The linear discriminant analysis among individuals reared on each host-plant
provided a considerable rate of discrimination, with 51% of the individuals being assigned
to the host-plant on which they were reared. There was some variation in the correct
classification rate, with a success as high as 75% in one of the species while others were
much lower than this (Table 2). Although, even the host-plants with least success had a
higher correct classification than the expected by chance. This analysis also allowed us to
build a dendrogram (Fig. 4) from the Malahanobis distances among the individuals reared
on each host, showing a strong similarity between individuals fed on P. misera and P.

suberosa and the absence of a geographical pattern in the shape variation.

Asymmetry

Basic descriptive statistics for the size asymmetry is shown on Table 3. We
observed a very significant degree of asymmetry in the wings, with both DA and FA
detected for size and for shape (Table 4). Left wings were consistently larger in individuals
reared on all host-plants, with a 1.28% larger CS on average. As shown in Figure 1c,
shape DA made right wings rounder than left wings. After the correction for DA, we did not
detect differences in the degree of FA in the size of individuals reared on each of the host-
plants (Fe 105 = 1.09, p = 0.37). For the shape FA, we detected differences between the

host-plants (Fig. 5). The individuals reared on P. edulis from SP showed a significantly
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larger FA, when compared to those reared on other host-plants. Such an increase in FA

was not observed for the individuals reared on the same host-plant species in RS.

DISCUSSION

Our study shows that wing shape is consistently influenced by the larval food
source in Heliconius erato phyllis. To our knowledge, this is the first demonstration that
larval diet influences the shape of structures in a butterfly. Our results are in agreement
with other works that have detected this kind of host-related phenotypic plasticity in the
carob moth and in cactophilic Drosophila (Mozaffarian et al., 2007; Soto et al., 2008b). The
shape variation provided a high level of discrimination among individuals reared on
different host-plants. We also found a very consistent directional asymmetry, a poorly
studied phenomenon, but increasingly often detected in different systems (Pelabon &
Hansen, 2008). The results of fluctuating asymmetry, on the other hand, showed no clear
pattern which make our findings more difficult to interpret. In the following paragraphs we
will discuss the main implications of these results for the ecology of Heliconius and for the
study of phenotypic plasticity and asymmetry as a whole.

As observed in previous studies (Ramos & Freitas, 1999), we did not detect size
dimorphism in H. erato phyllis. On the other hand, we detected a clear sexual dimorphism
in the wing shape which was already noticed in the field (AVLF pers. obs.), but not
properly documented before. Although well defined, this kind of dimorphism is hard to
explain from an adaptive perspective. There are two main problems hindering the
interpretation of this kind of wing shape variation in butterflies. First, the relation between
subtle variations in wing shape and aerodynamics or flight performance is poorly
understood. In the studies addressing this problem, shape is treated from a different
framework, which considers shape in a univariate way, generally in terms of aspect ratio or

centroid position (Srygley, 1994, 1999). The second problem is the intrinsically
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multifunctional biological role of the wings in butterflies. Besides acting in flight, they may
also function as cues for predators in the case of aposematic or cryptic species, and are
generally involved in species recognition by sexual partners, and in thermoregulation
(Srygley, 1994; Estrada & Jiggins, 2008). Given that all these aspects of the life history
can vary according to sex, it is even more difficult to determine the relationship between
wing shape differences and one specific aspect of wing function. Although, the influence of
wing shape in the colour patterns used in species recognition by females should be further
investigated, as the first hypothesis to be tested in cases of sexual dimorphism is its role in
sexual selection.

Concerning the size variation observed among the individuals reared on the
different host-plants, our results allow a comparison between previous studies on
preference and performance carried out in the localities where the butterflies were
collected. Ramos et al (submitted) measured host-plant use, preference under insectary
conditions and the survivorship of the individuals from SP used in this study, and similar
data for use and survival is available for H. erato reared in the host-plants from RS
(Menna-Barreto & Araujo, 1985; Rodrigues & Moreira, 2002). This information, added to
our results on size and FA, allows a general understanding of the forces driving host-plant
selection in H. erato phyllis. The host-plants most used in the field in both localities (P.
capsularis and P. edulis in SP and P. misera and P. suberosa in RS) provide the highest
survivorship and size. The same occurs with respect to the oviposition preference under
insectary conditions (Menna-Barreto & Araujo, 1985; Ramos et al., in press.), with the
exception of individuals reared on P. edulis in RS. In this region, there are no reports of
H.erato phyllis use of P. edulis in the field, as in the populations with host-plant use
assessed this host-plant is absent (Rodrigues & Moreira, 2002). The absence of an
effective use of this host could explain the observed pattern, with very low survival but

large size in the RS population. Additionally it corroborates the existence of local
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specializations, as in SP P. edulis provides H. erato phyllis both high survival and size, and

is highly used in the field.

Shape variation

The wing shape variation among H. erato phyllis individuals reared on different
host-plants is an example of morphological phenotypic plasticity that possibly is not
adaptive in a strict sense, but accounts for a large proportion of the underlying variation
observed among individuals. These results raise several questions about the origin and
maintenance of such phenotypic plasticity.

The first pattern that arises is the relationship between phenotypic plasticity and
geographical variation. As can be seen through the absence of shape differences among
individuals reared in P. edulis from both localities, and the not separation of the localities in
the dendrogram of Malahanobis distances, H. erato phyllis wing shape does not vary
geographically. This gives support for the existence of a strong role of phenotypic plasticity
in this trait. These results differ from the observed for wing size, which shows a significant
difference between individuals reared on P. edulis from RS and SP, as well as a general
tendency to find larger individuals in RS. These individuals were reared under the same
temperatures, thus plastic responses to climatic variation between the localities can be
ruled out as the explanation of wing size variation. As a consequence, our work provides
evidence that, at least in this system, geographical size variation is mainly the result of
genetic differences, while most shape variation is the result of phenotypic plasticity. These
conclusions are based on the assumption that P. edulis from both localities are nutritionally
similar.

The next point to be addressed is the origin of the phenotypic plasticity in H. erato

phyllis wing shape. While size variation in herbivorous species related to host-plants can
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be directly attributed to nutritional quality (Nylin & Gotthard, 1998), this correlation is not
straightforward for shape variation. Unlike the size, the shape of a given structure is not
expected to be influenced by the quantity of nutrients provided, unless this shape variation
has to do with static allometry (sensu Gould 1966). In this case, shape differences could
be attributed to size differences resulting from starvation. However, this is not an issue
here, as allometry is low (Fig 1d), and individuals reared on host-plants that provide a
similar adult size are not necessarily more similar in shape (Fig 4). Besides, this variation
is probably not advantageous at the adult stage, given that individuals reared on different
host-plants available in the same environment will face the same selective pressures in the
adult life (unless the host-plant does influence a priori the adult life history). Larval host
plant cannot be considered a relevant part of the adult environment for most butterfly
species, since a different food source is used, and especially in the case of Heliconius,
that has a very long lifespan (Brown, 1981), and Hopkins Effect isn’t an issue (Kerpel &
Moreira, 2005). If wing shape phenotypic plasticity is not adaptive at the adult stage and is
not directly influenced by the amount of nutrients available on each host plant, these
differences are probably the result of qualitative nutritional differences and their effects on
H. erato phyllis development. This variation can be explained as developmental
accommodation to different environments (i.e. host plants) (Nylin & Janz, 2009, West-
Eberhard, 2003). This kind of effect is expected to be widespread, mainly among species
in which each individual uses a single food source during the development, but different
individuals can use very different hosts. Although such variation is probably selectively
neutral in most systems for most of the time, it represents a pool of morphological variation
that cannot be neglected. Such reaction norms can be modulated by selective agents in
contexts in which the host-plant used by the larva is ecologically relevant in the adult life.
The occurrence of this kind of situation is feasible in nature and could trigger genetic

accommodation in situations involving host range change, and subsequent diversification,
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as proposed by Nylin & Janz (2009), based on the general ideas of genetic assimilation by
Waddington (1953).

Our results on shape variation open several possibilities for future studies on the
morphological variation among individuals and its relation to food source. First, the
proximal causation of such plasticity could be investigated by identifying key chemical
compounds acting on the determination of the shape variation present in the different host-
plants. A second approach would be using this kind of data on shape variation in
individuals reared under laboratory conditions to assign field collected ones from different
host-plants. Two important issues to be addressed before the application of such an
approach are the need for a high enough rate of correct classification and the necessity to
assume that the main source of shape variation is the host-plant. In other words, it should
be assured that the other sources of variation present under natural conditions do not
interfere with the capacity of the discriminant function to correctly assign individuals to its
host plant. In H. erato phyllis the rate of correct classification is 51%, so the expected
success is average, but even this rate could be useful, given that it would give a general
comprehension about the host-plant use in a given locality without the necessity of the
arduous work of directly quantifying host-plant use. Afterwards, it would be necessary to
validate this technique by assigning populations whose host-plant range is already known.
A third approach would be comparing the morphological variation within species with
different patterns of host-plant use in order to better understand the role of different factors

in the morphological determination.

Asymmetry
The different performance outcomes recorded for H. erato phyllis on different host
plant species isn’'t in agreement with our findings regarding fluctuating asymmetry. The

absence of differences between the host-plants in size FA and the lack of a relation with
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any of the performance parameters in the shape FA support the current criticism raised
against FA as an index of stress and developmental instability (Dongen, 2006; Lens et al,
2002).

We observed a consistent directional asymmetry both for size and shape, with a
higher effect than the observed for FA in both cases. Subtle directional asymmetry in
supposedly symmetrical structures is generally considered to have a genetic basis,
although its adaptive significance is uncertain (Pelabon & Hansen, 2008). In our study, the
directional asymmetry was constant among different host-plants and among locations,
indicating that it might have a genetic basis, and supports the idea proposed in the review
above that it is constant at the species level. Future studies on DA using related species
might bring light to the evolutionary dynamics of this character. Given that DA is generally
strongly insensitive to artificial selection in most taxa, experimental work does not seem
adequate to studying it. Interspecific comparisons are a possible approach in the study of
this character, investigating whether it has phylogenetic inertia or whether it is more
apparent under certain ecological conditions. Heliconius butterflies are a very suitable
model for this kind of study, as there are many species with a well known phylogeny and
several subspecies with high wing pattern differentiation. Besides, this group has been
widely used for evolutionary developmental biology studies and, as a consequence,

knowledge on wing developmental mechanisms are already available.

Conclusion

In conclusion, our work shows to what extent the environment can exert influences
on the phenotype, from characteristics directly related to fitness to the most subtle

morphological wing shape traits. We emphasize the prominent role of the host-plants as
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the most important environmental factor in the ecology of herbivorous insects, and show
that a large proportion of total morphological variation has an environmental origin.

We suggest that future studies on the patterns and dynamics of host-plant use be
integrated with studies on morphological variation, given that phenotypic variation could be
better understood if held in the framework of patterns of interaction structure. The
separation between adaptive and intrinsic effects of different hosts would also have a
deeper comprehension if other kinds of traits are considered in addition to performance
parameters. This integrated approach would allow a better understanding and could offer a
contribution to the solution of current problems both in ecology and evolutionary biology,
such as the role of the environmental variation in diversification and speciation and the role

of the interactions in diverse aspects of the life-history of organisms.
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Table 1: MANOVA of the PCA on the shape variables testing for sexual and host-plant

based differences in shape among Heliconius erato phyllis individuals. *** p<0.0001

approx num den

Df Pillai F Df Df
Sex 1 0.829 94366 34 66 ***
Host-Plant 6 3.098 2.2303 204 426 ***
Sex x Host-Plant 6 1.898 0.9666 204 426 ns
Residual 99

Table 2: Percentage of classification of the host-plant on which Heliconius erato phyllis

larvae were reared based on shape and size by means of a linear discriminant analysis

followed by leave-one-out cross-validation procedure.

P. edulis - P. edulis -
RS P. jileki SP P. capsularis P. carulea P. misera P. suberosa
P. edulis-RS 75 5 10 0 5 0 5
P. jileki 0 30.77 7.69 23.08 23.08 7.69 7.69
P. edulis -SP  12.5 12.5 37.5 6.25 12.5 18.75 0
P. capsularis 0 0 7.69 53.85 7.69 7.69 23.08
P. carulea 17.65 1176 O 17.65 41.18 5.88 5.88
P. misera 0 0 0 0 5.88 58.82 35.29
P. suberosa 0 11.76 5.88 11.76 0 17.65 52.94

Table 3: Descriptive statistics of the analysis of wing asymmetry in Heliconius erato phyllis

reared on different host-plants. Sizes and asymmetries are given with standard deviations,

N= number of individuals, CV = coefficient of variation.

Mean wing Size Asymmetry

Host-plant N size Ccv R - L wing size CV

P. carulea 17 1996 £82.9 0.041 -28.88+9.45 0.327
P. capsularis 13 2036 + 110.8 0.054 -23.16+9.41 0.406
P. edulis-RS 20 2156 + 106.8 0.050 -28.48+9.00 0.316
P. edulis - SP 16 2000 + 162.0 0.081 -32.01 £29.02 0.907
P. jileki 13 1831 +145.3 0.079 -6.62+30.96 4.678
P. misera 17 2125+76.0 0.036 -30.81+16.46 0.534
P. suberosa 17 2099 +92.1 0.044 -28.56 + 13.83 0.484
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Table 4: ANOVA and Procrustes ANOVA testing for directional and fluctuating asymmetry

in the size and shape respectively in the wings of Heliconius erato phyllis. d. f. = degrees

of freedom, MS = mean squares, *** p < 0.0001

df. MS F
Size
Host-plant 6 760746 14.768 ***
Individual 106 51514 137.738 ***
Side 1 78033 208.644 ***
Individual x Side 112 374 74.800 ***
Error 226 5
Shape
Host-plant 204 3.32E-04 2.441 o
Individual 3604 1.36E-04 12.716 ***
Side 34 5.67E-04 53.006 ***
Individual x Side 3808 1.07E-05 10.387 ***
Error 7684 1.03E-06
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FIGURES:

A

Fig. 1: Landmarks used in this study and the shape variation in H. erato phyllis
forewings from sexual dimorphism, directional asymmetry and allometry obtained by
multiple regression. (A) Ventral view of the left wing of a Heliconius erato butterfly. Open
circles indicates the landmarks used in this study. (B) female (dashed line) and male
(solid line) wing shape. (C) left (dashed line) and right (solid line) forewing and (D) small

(dashed line) and large (solid line) individuals.
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Fig. 2: Wing size variation among H. erato phyllis reared on different host-plants
from different localities. Light grey boxes are from individuals from RS and dark grey are
from SP. The host-plants are ordered by larval survival. Different letters above boxes
represent significant differences among groups (Tukey multiple comparisons). Dots

represent outliers for each host plant.
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Fig. 3: Mean values on the two first axes of the PCA on shape residuals
(percentage of shape variation described) of Heliconius erato phyllis individuals reared on
different host-plant species. The shape variation along each axis is indicated by the picture
next to each axis, in which the dashed line represents the individuals from low values in

the axis and the solid line represents high values.
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Fig. 4: Unrooted dendrogram of the malahanobis distances between H. erato

phyllis reared on different host-plants.
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Fig. 5: Mean squares of the individual vs. side interaction factor of ANOVAs
detecting fluctuating asymmetry in Heliconius erato individuals grown on different host-
plants. Light grey bars are from individuals from RS and dark grey are from SP. The host-

plants are ordered by larval survival.
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CONCLUSAO GERAL

Este trabalho exemplifica o quanto o fenétipo pode ser influenciado pelo ambiente,
desde caracteristicas diretamente relacionadas ao desempenho individual até variacbes
sutis na forma da asa em Heliconius erato phyllis. Observamos também uma assimetria
direcional muito consistente e resultados controversos para assimetria flutuante. As
principais conclusdes do trabalho s&o:

o A variagdao em tamanho entre individuos criados em diferentes hospedeiras esta
de acordo com o uso, preferéncia e sobrevivéncia registrados na literatura para a maioria
das hospedeiras. H4 também uma tendéncia geografica de tamanho, com individuos
maiores no RS, inclusive quando se alimentando da mesma planta em ambos os locais
(Passiflora edulis).

o A variagcdo em forma observada entre individuos que se alimentaram de diferentes
hospedeiras é o primeiro exemplo do género para borboletas, e um caso de plasticidade
no desenvolvimento sem causa adaptativa aparente. O grau de discriminagao observado
entre esses individuos permite o desenvolvimento de técnicas de avaliagdo de uso de
hospedeiras baseado na forma dos adultos, nos casos em que essa plasticidade ocorra.

. A assimetria direcional observada neste estudo, numa espécie modelo em estudos
de biologia evolutiva do desenvolvimento, permite a realizagdo de trabalhos sobre a
dindmica evolutiva dessa caracteristica nas diversas subespécies de Heliconius erato e
nas outras espécies do género.

o Nao foi observada variagao na assimetria flutuante no tamanho das asas de H.
erato phyllis criados em diferentes hospedeiras, e os resultados para forma sdo pouco
conclusivos, sem relacido com parametros estimadores do desempenho. Esses resultados
sdo consistentes com o atual descrédito dado a assimetria flutuante como indicador de

estresse e aptidao.
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o A principal contribuicao desse trabalho é a demonstracado de que o padrdo de uso
de hospedeiras e a variabilidade morfolégica sdo dois parametros ecolégicos
interdependentes. Futuras pesquisas que busquem estuda-los de maneira integrada
podem contribuir para a solugdo de problemas atuais em ecologia e em biologia evolutiva,
como o papel da variagdo ambiental na diversificagdo e especiagdo e o papel das

interacdes em diversos aspectos da histéria de vida dos organismos.



