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Resumo

Lonchocarpus cultratus (Vell.) Azevedo & Lima (Fabaceae) abriga galhas foliolares
induzidas por Lopesia sp. (Diptera: Cecidomyiidae). Em termos de desenvolvimento, 0s
destinos celulares nos sitios de formacdo das galhas sdo profundamente alterados. A
neoformacdo de estdmatos, a presenca de células esclerenquimaticas vivas que
circundam o tecido nutritivo e os processos de hipertrofia celular e hiperplasia dos
tecidos sdo as caracteristicas estruturais mais relevantes durante o desenvolvimento das
galhas. Do ponto de vista bioquimico, o Cecidomyiidae galhador estimula a producgéo
de triterpenos e suprime o acimulo de amido e esteroides livres nos tecidos da galha.
Tanto a sintese quanto o bloqueio, bem como a compartimentalizagdo espacial dos
metabolitos conferem funcionalidades especificas aos tecidos neoformados, garantindo
protecdo e nutricdo ao galhador. O acimulo de proteinas nas células nutritivas indica
que estes metabdlitos sdo utilizados na dieta do Cecidomyiidae galhador. Compostos
reguladores do crescimento como: 4&cido-indol-3-acético (AIlA), (poli)fendis e
flavonoides séo intensamente detectados nos sitios de células hipertrofiadas e restritos a
um pequeno grupo de células nos sitios hiperplasicos, evidenciando o papel destes
compostos no desenvolvimento da galha. O acimulo de espécies reativas de oxigénio
(EROs) e AIA nas paredes celulares pode causar acidificacdo e, consequentemente, o
afrouxamento das microfibrilas de celulose que influenciam na direcdo do alongamento
celular. Outro componente da parede celular, as pectinas, podem afetar a expansdo
celular através do controle da flexibilidade e rigidez. O redirecionamento das fungdes
celulares ocorre principalmente no tecido nutritivo, onde a dindmica péctica e proteica
das paredes celulares converge para a manutencdo da porosidade e garante maior fluxo
de nutrientes para o galhador. Nos estagios iniciais e intermediarios de desenvolvimento
do foliolo e da galha, sdo detectados epitopos pécticos e proteicos relacionados com a
flexibilidade, enquanto nos estagios finais, os compostos de parede celular convergem

para aquisicao de rigidez.

Palavras-chave: histoquimica, intera¢do inseto-planta, ontogénese, parede celular.



Abstract

Lonchocarpus cultratus (Vell.) Azevedo & Lima (Fabaceae) hosts leaflet galls induced
by an unidentified species of Lopesia sp. (Diptera: Cecidomyiidae). Cell fates are
strongly altered during gall development. The neoformed stomata, the presence of live
sclerenchyma cells surrounding the nutritive tissue, and the processes of cell
hypertrophy and tissue hyperplasia are the most important structural features involved
in gall development. From the biochemical point of view, the galling Cecidomyiidae
stimulates the production of triterpenes, and suppress the accumulation of starch and
free steroids in gall tissues. Synthesis, blockage and spatial compartmentalization of
metabolites provide specific functionalities to the newly formed tissue, ensuring
protection and nutrition to the galling insect. The accumulation of proteins in nutritive
cells indicates that these metabolites are used in the diet of the galling Cecidomyiidae.
Growth regulators such as the acid-indole-3-acetic acid (IAA), (poly)phenols and
flavonoids are strongly detected in the sites of hypertrophied cells, and restricted to a
small group of cells in hyperplasic sites, corroborating the associate roles of these
compounds in gall development. The accumulation of reactive oxygen species (ROS)
and 1AA in the cell walls may cause acidification and, consequently, the loosening of
the cellulose microfibrils that influence the direction of cell elongation. Another
component of the cell wall, the pectins, can affect cell expansion by controlling the
flexibility and rigidity. The redirection of cell functions occurs mainly in the nutritive
tissue, where the pectin and protein dynamics of the cell wall converges to maintain
porosity, and guarantee a higher flow of nutrients to the galling insect. At the early and
intermediate stages of leaflet and gall development, pectin and protein epitopes related
to flexibility are detected, while at the final stages, the cell wall compounds guarantee

stiffness.

Keywords: cell wall, histochemistry, insect-plant interaction, ontogenesis.



Introducéo geral

Lonchocarpus cultratus (Vell.) Azevedo & Lima (Fabaceae) é uma espécie
arboreo-arbustiva, que pode atingir até 7 metros de altura (Panarari et al. 2008). Esta
espécie conhecida popularmente como "feijdo-cru™ ou "imbira™ é abundante em varias
areas do Sul e Sudeste do Brasil (Panarari et al. 2008). Estudos na regido Sudeste
revelam que L. cultratus abriga uma espécie identificada de galhador pertencente ao
género Lopesia sp, familia Cecidomyiidae que induz galhas fusiformes nos foliolos da
planta hospedeira. A familia Cecidomyiidae representa o maior grupo de galhadores, e
compreende cerca de 60% dos insetos indutores de galhas, com aproximadamente
22.0000 espécies nativas da regido Neotropical (Skuhrava et al. 1984, Espirito-Santo &
Fernandes 2007). Suas galhas exibem grande variedade morfoldgica, com variacdo do
numero de camaras larvais, formacéo de tecido nutritivo tipico ou a presenca de fungos
na camara larval e presenca ou auséncia de esclereides isoladas ou agrupadas
circundando totalmente ou parcialmente o tecido nutritivo (Arduin et al. 1991, Oliveira
et al. 2008, Sa et al. 2009, Oliveira & Isaias 2010).

Independentemente do grau de complexidade, o desenvolvimento das galhas,
envolve quatro estagios bésicos: inducdo, crescimento e desenvolvimento ou estagio
jovem, maturacdo e deiscéncia (Rohfritsch 1992) ou senescéncia (Isaias & Oliveira
2012, lsaias et al. 2014). Durante o desenvolvimento das galhas, o balango entre os
processos de hiperplasia e hipertrofia celular (Isaias et al. 2011, Ferreira & Isaias 2013)
e modificacdes no padréo de expanséo e sentido de alongamento celular (Magalhées et
al. 2014) sao responsaveis por gerar os designs estruturais das galhas (lsaias et al. 2013,
Isaias et al. 2014).

As alteracBes estruturais observadas nos sitios de desenvolvimento das galhas
sdo tipicas, constantes e resultam na formacéo de estruturas simétricas com diferentes
graus de complexidade (Raman 2007, Oliveira & Isaias 2010). A maioria das galhas
induzidas por cecidomiideos sdo estruturalmente mais complexas e apresentam
variagfes na composi¢do quimica dos metabolitos (Oliveira et al. 2014a). Dessa forma,
tanto as alteracbes estruturais como o acumulo de substancias dos metabolismos
primario e secundario podem garantir ao galhador e sua progénie nutrientes presentes no
sitio de alimentacdo, protecdo contra inimigos naturais e microambiente adequado,
segundo as trés hipdteses sobre o valor adaptativo das galhas (Price et al. 1987, Stone &

Schonrdgge 2003). A hipotese nutricional sugere que o galhador obtém alimento através
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da manipulacdo dos tecidos da planta hospedeira (Price et al. 1987, Stone &
Schénrogge 2003), sendo comum o acumulo de agUcares e proteinas utilizadas na dieta
do galhador (Oliveira et al. 2010, Oliveira et al. 2011). A hipdtese microambiental
propbe que a estrutura da galha propicia um ambiente favordvel ao galhador
protegendo-o contra condicdes abidticas desfavoraveis, como altas temperaturas que
podem levar a dessecacdo (Price et al. 1987, Fernandes & Price 1992, Stone &
Schénrogge 2003). A hipotese do inimigo natural postula que a galha protege o indutor
contra predadores e parasitoides (Price et al. 1987, Stone & Schdnrogge 2003),
fornecendo protecdo mecanica, por meio da formacdo de tecidos esclerenquimaticos
(Kraus 1997, Oliveira et al. 2008), e protecdo quimica através da sintese e acumulo de
compostos anti-herbivdricos (Oliveira et al. 2006, Isaias et al. 2014).

A defesa quimica contra herbivoros predadores é atribuida aos metabolitos
secundarios, frequentemente observados nas camadas celulares externas das galhas
(Carneiro et al. 20144, lsaias et al. 2014). Outras funcionalidades, raramente discutidas,
sdo desempenhadas pelos compostos secundarios como os (poli)fendis e flavonoides
gue juntamente com as espécies reativas de oxigénio (EROs) e auxinas influenciam os
processos de hiperplasia dos tecidos e hipertrofia celular (Hori 1992, Fosket 1994,
Murphy et al. 2000, Del Rio & Puppo 2009, Bedetti et al. 2014). Em sitios de intensa
divisdo celular, a auséncia ou menor acimulo de (poli)fenois foi notado, por exemplo,
em galhas de Struthantus vulgaris (Arduin et al. 1991). Além da relacdo com a
hiperplasia, certos derivados fendlicos, os flavonoides, atuam como moduladores no
transporte de auxinas permitindo que a hipertrofia celular ocorra (Murphy et al. 2000,
Peer & Murphy 2007, Bedetti et al. 2014). A co-ocorréncia de (poli)fendis e &cido-
indol-3-acético (AIA) nos mesmos sitios das galhas em Piptadenia gonoachanta foi
comprovada por Bedetti et al. (2014), que relacionaram o acimulo de (poli)fendis com
0 bloqueio da acdo das AlA-oxidases, elevando os niveis de auxinas envolvidas no
processo de expansdo celular. Outra funcionalidade desempenhada pelas auxinas € a
acidificacdo da parede celular (Rayle & Cleland 1992) também realizada pelas EROs
(Cosgrove 1998, 1999), garantindo o afrouxamento das microfibrilas de celulose,
necessario para que o alongamento celular ocorra (Del Rio & Puppo 2009, Swanson &
Giroy 2010). Para melhor entendimento do processo de expansao celular, Magalh&es et
al. (2014) avaliaram os padrdes de orientagdo das microfibrilas de celulose que afetam

diretamente o sentido de alongamento celular em galhas de Baccharis dracunculifolia.



Além das mudancas estruturais e quimicas supracitadas, alteracbes na
composigdo e distribuicdo dos componentes da parede celular estdo relacionadas aos
valores adaptativos dos tecidos das galhas. A remodelagem dos componentes pécticos e
proteicos das paredes celulares em prol das novas funcionalidades assumidas pelos
tecidos neoformados foi recentemente avaliada por Formiga et al. (2013), Carneiro et
al. (2014b) e Oliveira et al. (2014b). Dentre os componentes das paredes celulares
estudados, as pectinas tém importante papel na adesdo e expansédo celular, controle da
porosidade, rigidez e flexibilidade da parede (Knox et al. 1990, Ridley et al. 2001,
Willats et al. 2001, Zykwinska et al. 2005, O'Donoghue & Sutherland 2012). A familia
das pectinas é composta por polissacarideos complexos que compreendem 0s
homogalacturonanos (HGAs), os ramnogalacturonanos do tipo 1| (RG-I), os
ramnogalacturonanos do tipo Il (RGII) e os xilogalacturonanos (XGAs) (Pelloux et al.
2007, Mohnen 2008). Os HGAs sdo polimeros lineares e homogéneos de unidades de
acido galacturonico ligadas em a-(1,4), que podem estar metiladas na carboxila C-6 ou
acetiladas no O-2 e O-3 (Ridley et al. 2001). O grau de esterificacdo dos HGAs confere
diferentes funcionalidades as paredes celulares, sendo que quando altamente metil-
esterificados, os HGAs garantem flexibilidade a estrutura e quando sdo de-metil-
esterificados os HGAs enrijecem as paredes (Knox et al. 1990, Willats et al. 2000,
Sabba & Lulai 2005).

As cadeias laterais de RGI podem ser substituidas por arabinanos e galactanos
(Albersheim et al. 2010). Os arabinanos conferem adeséao a parede celular (O'Donoghue
& Sutherland 2012), enquanto os galactanos permitem que o alongamento celular ocorra
(McCartney et al. 2003, Mastroberti & Mariath 2008, Formiga et al. 2013, Carneiro et
al. 2014b, Oliveira et al. 2014b). Além das pectinas, fazem parte da composicdo da
parede celular, as arabinogalactano-proteinas (AGPs) e as extensinas (Showalter 1993).
As AGPs atuam no direcionamento do plano de crescimento celular, permitindo que a
expansdo celular ocorra sem que haja morte celular programada (MCP) (Cassab 1998,
Gao & Showalter 1999, Majewska-Sawka & Nothnagel 2000, Seifert & Roberts 2007).
A medida que o grau de diferenciacio se estabelece, as extensinas conferem
estabilidade e rigidez as paredes celulares indicando o fim do crescimento celular (Brett
& Waldron 1996). Estudos recentes (Formiga et al. 2013, Carneiro et al. 2014b e
Oliveira et al. 2014b) tém permitido evidenciar que as galhas sdo bons modelos para
analises de dominios pécticos e proteicos durante o desenvolvimento celular,

apresentando funcionalidades especificas nas diferentes camadas de tecido.



A presente dissertacdo € dividida em trés capitulos, nos quais o primeiro aborda
os valores adaptativos conferidos pelas alteragdes estruturais e quimicas observadas nos
tecidos vegetais hospedeiros sob o impacto do Cecidomyiidae galhador. O segundo
capitulo relaciona as diferentes funcionalidades desempenhadas pelos compostos
reguladores do crescimento: espécies reativas de oxigénio, AIlA, (poli)fendis e
flavonoides com o0s processos de hiperplasia e hipertrofia e com a consequente
reorientacdo das microfibrilas de celulose no sitio de desenvolvimento da galha. O
terceiro capitulo, por fim, capitulo relaciona a dindmica dos compostos pécticos e
proteicos da parede celular com a funcionalidade diferencial dos tecidos durante o

desenvolvimento do foliolo e da galha.
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Perfis estruturais e histoquimicos da galha fusiforme em Lonchocarpus cultratus

(Fabaceae) ligadas ao seu valor adaptativo para o Cecidomyiidae galhador

Resumo

NeoformacOes vegetais simétricas induzidas em resposta ao ataque de artropodes sao
denominadas galhas. Ao se estabelecer, o galhador induz alteragbes nos perfis
estruturais e quimicos da planta hospedeira, aqui estudadas nas galhas fusiformes
foliolares em Lonchocarpus cultratus. Os resultados sdo discutidos a luz do valor
adaptativo da galha para o galhador, um Diptera: Cecidomyiidae. Amostras de foliolos
ndo galhados e galhas foram coletadas na Estagdo Ecoldgica da UFMG e no Parque
Estadual Serra Verde, Belo Horizonte-Minas Gerais e submetidas aos procedimentos
usuais para analises ontogenéticas e histoquimicas. O desenvolvimento do foliolo ndo
galhado segue o padrdo ontogenético descrito na literatura, com epiderme originada da
protoderme, mesofilo do meristema fundamental e sistema vascular do procambio. O
Cecidomyiidae induz alteracdes significativas nos destinos das células epidérmicas da
superficie adaxial e do mesofilo. A rediferenciacdo das células da epiderme da
superficie adaxial e do parénquima adaxial do foliolo ndo galhado levam a formacéao do
tecido nutritivo que armazena proteinas, que constitui a dieta preferencial dogalhador.
Células parenquimaticas do cortex externo originadas a partir daquelas da epiderme da
face adaxial e do mesofilo, acumulam substancias de reserva como acgucares redutores
utilizados na manutencdo estrutural da galha, e compostos anti-herbivoricos que
conferem protecdo ao galhador. O galhador estimula a neo-sintese de triterpenos que
formam uma barreira quimica conferindo protecdo contra o ataque de parasitoides,
predadores e cecidofagos. A ndo deteccdo de amido na galha indica que os carboidratos
sdo direcionados a manutencédo do design estrutural do 6rgdo neoformado, que apresenta
zoneamento tecidual tipico das galhas de Cecidomyiidae: cOrtex externo
parenquimatico, zona mecanica formada por células esclerenquimaticas e tecido
nutritivo circundando a cadmara larval. Baseado nestes resultados, a futura deteccdo da
atividade da fosfatase acida e da protease pode vir a elucidar as vias de degradagéo de
amido e proteinas, cujos produtos podem ser direcionados a manutengdo estrutural e

disponibilizacdo de nutrientes para o galhador, respectivamente.

Palavras-chave: anatomia, interagdo inseto-planta, metabdlitos, rediferenciacdo celular
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Abstract

Galls are neoformed symmetrical plant structures induced in response to the attack of an
arthropod. This arthropod induces changes in structural and chemical profiles of the
host plant, herein studied in the leaflet fusiform galls on Lonchocarpus cultratus. The
results are discussed in the light of the adaptive value of the gall to galling insects, a
Diptera: Cecidomyiidae. Samples of the non-galled leaflets and galls were collected at
the Estacdo Ecologica of UFMG and at Parque Estadual Serra Verde, both in Belo
Horizonte, Minas Gerais state, Brazil, and subjected to the usual procedures for
ontogenetic and histochemical analyzes. The development of the non-galled leaflets
follows the ontogenetic pattern described in literature, with epidermis originated from
the protoderm, mesophyll originated from the ground meristem, and the vascular system
originated from the procambium. The Cecidomyiidae induces significant changes in the
fates of the cells of the adaxial surface epidermis, and of the mesophyll. The
redifferentiation of the cells of the adaxial surface epidermis, and of the adaxial
parenchyma of the non-galled leaflets leads to the formation of the nutritive tissue that
stores proteins, which is the preferred diet ofgalling insect. Parenchyma cells of the
outer cortex originated from the adaxial surface epidermis and of the mesophyll
accumulate reserve substances such as reducing sugars used in the structural
maintenance of gall and anti-herbivoric compounds related to galling protection. The
gall-inducing stimulates the neo-synthesis of triterpenes which form a chemical barrier
conferring protection against attack of parasitoids, predators and cecidophagous.The
non-detection of starch at the gall site indicates that the carbohydrates are directed to the
maintenance of the structural design of neoformed organ, which has the typical tissue
zonation of Cecidomyiidae galls: a parenchymatic outer cortex, a mechanical zone
formed by sclerenchymatic cells, and a nutritive tissue surrounding the larval chamber.
Given these findings, the future detection of the enzymatic activity of acid phosphatase
and protease may elucidate the pathways starch and protein degradation, whose
products may be directed to structural maintenance and mobilization of nutrients for

gall-inducing, respectively.

Keywords: anatomy, cell redifferentiation, metabolites,insect-plant interaction
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Introducéo

Galhas sdo produtos de alteragBes estruturais e quimicas nos tecidos vegetais
(Mani 1964, Bronner 1992) originadas em resposta ao ataque de um indutor especifico
(Raman 2007) que pode ser virus, bactérias, fungos, nematodeos, acaros ou, mais
comumente, insetos (Mani 1964, Arduin & Kraus 2001). Dentre os insetos, a familia
Cecidomyiidae constitui o principal grupo de galhadores, com aproximadamente
22.0000 espécies nativas da regido Neotropical (Espirito-Santo & Fernandes 2007),
sendo responsaveis pela formacéo de galhas que apresentam desde formas mais simples
a estruturas altamente complexas(Meyer 1987). Grande diversidade de morfotipos de
galhas é encontrada em diferentes familias de plantas hospedeiras, com destaque para
Fabaceae, Myrtaceae, Asteraceae e Melastomataceae (Maia & Fernandes 2004,
Mendonca 2007, Maia et al. 2008), sendo as espécies de Fabaceae as mais comumente
atacadas por galhadores na América do Sul, Africa e India (Dreger-Jaufret &
Shorthouse 1992). Dentre os morfotipos de galhas mais frequentes o fusiforme
representa 31,1% do total de registros encontrados nos inventarios Neotropicais (lsaias
et al. 2013). O estudo de morfotipos comuns nos permite detectar mecanismos
conservativos que podem elucidar passos ontogenéticos pouco entendidos.
Independente do grau de complexidade, o estudo ontogenético do 6rgdo hospedeiro
relacionado aos estagios de desenvolvimento da galha permite compreender em quais
etapas seus padrdes de diferenciacdo foram alterados pela acdo do galhador, por meio de
rediferenciacdo celular (sensu Lev-Yadun 2003), estruturagdo de novos tecidos,
culminando na forma final da galha. A grande diversidade de formas € explicada tanto
pelo equilibrio peculiar entre os processos de hiperplasia e hipertrofia celular,
recorrentes durante o desenvolvimento das galhas (Mani 1964, lsaias et al. 2013), como
pela pressdo seletiva imposta pelos inimigos naturais (Stone & Schoénrogge 2003). Em
folhas, a variedade de morfotipos parece ser resultante principalmente de mudancas no
sistema fundamental, cujas células respondem mais rapidamente aos estimulos do inseto
(Formiga et al. 2011).

Segundo Hartley (1998), ao se estabelecer, o artropode galhador pode modificar
o perfil quimico da planta hospedeira, visando obter alimento, abrigo e protecdo contra
inimigos naturais, 0 que esta proposto em trés hipoteses sobre o valor adaptativo das
galhas para o inseto galhador (Price et al. 1987, Stone & Schonrégge 2003).

Metabdlitos priméarios como proteinas, lipideos, acUcares redutores e amido,

14



frequentemente detectados nas células proximas a cdmara larval, constituem a principal
fonte alimentar do galhador (Oliveira et al. 2010, Oliveira & Isaias 2010b, Oliveira et
al. 2014). Alteracdes estruturais como a neoformacao de tricomas pode contribuir para a
geracdo de um microambiente favoravel no interior das galhas (Fernandes 1994, Isaias
1998), protegendo o galhador de condicbes abidticas desfavoraveis, como altas
temperaturas que podem levar a dessecacgdo (Price et al. 1987, Fernandes & Price 1992,
Stone & Schénrogge 2003). O acumulo de compostos de defesa do metabolismo
secundario e a formacdo de células esclerenquimaticas ao redor do tecido nutritivo
conferem protecdo quimica e mecanica, respectivamente, protegendo o galhador do
ataque de inimigos naturais (Kraus 1997, Stone & Schonrogge 2003, Oliveira et al.
2006, Isaias et al. 2014). Dentre os compostos de defesa frequentemente detectados em
galhas os (poli)fendis e flavonoides apresentam potencial antioxidante (Gottlieb et al.
1996, Yamasaki et al. 1997, Soares et al. 2000, Oliveira et al. 2006, Pourcel et al.
2007), protegendo os tecidos da galha do estresse oxidativo ocasionado pelas espécies
reativas de oxigénio (EROs) (Oliveira & Isaias 2010b). O modelo proposto para a
avaliacdo das mudancas estruturais e quimicas induzidas por um inseto galhador a luz
das hipdteses sugeridas para explicar o valor adaptativo das galhas para os galhadores €
a interagcdo de um Diptera: Cecidomyiidae com os foliolos de Lonchocarpus cultratus
(Vell.) Azevedo & Lima (Fabaceae). O estudo das galhas resultantes desta interacao
visa responder as seguintes questBes: (1) Como os destinos celulares dos foliolos
hospedeiros sdo modificados em funcdo da formacéo da galha? (2) Quais caracteres dos
perfis estruturais e quimicos estdo relacionados aos valores adaptativos da galha para o
galhador? (3) Os estimulos do Cecidomyiidae induzem alguma neo-sintese ou inibi¢do
de metabolitos primarios e secundarios detectados no perfil histoquimico dos foliolos

hospedeiros?

Materiais e métodos

Area de estudo e coleta

No presente estudo, foram analisados dez individuos (n = 10), metade deles
presente na Estacdo Ecoldgica da Universidade Federal de Minas Gerais (EEUFMG),
campus Pampulha (19°53'02.4"S; 43°58'09.8"0) e a outra metade no Parque Estadual
Serra Verde (PESV), em Belo Horizonte, Minas Gerais (19°47'22.47"S;
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43°57'32.35"0). Exsicatas dos materiais foram depositadas no Herbario BHCB sob o
namero de registro 155.758 (EEUFMG) e 169.410 (PESV).

Identificacdo do inseto galhador

As galhas foram dissecadas em estereomicroscopio (Olympus SHZ) para
observacao e coleta dos insetos galhadores. Para obtencdo de formas adultas, as galhas
foram acondicionadas em potes de vidro cobertos com tecidos de malha fina até que os
indutores emergissem. Os galhadores e a guilda associada foram fixados em etanol 70%

e encaminhados a especialista para identificacao.
Fixacao e preparo das amostras

Para o estudo da ontogénese do foliolo ndo galhado (FNG) e das galhas, foram
coletados e processados: meristemas apicais (MA), primdrdios foliolares (PF) do
primeiro ao terceiro nd, foliolos jovens (FJ), foliolos maduros (FM), galhas jovens (GJ),
maduras (GM) e senescentes (GS) (n > 10, para cada estagio). Todas as amostras foram
fixadas em Karnovsky (paraformaldeido 4.5% e glutaraldeido 2.5% em tampéo fosfato
(PBS) 0.1M (pH 7.2) (Karnovsky 1965, modificado) e posteriormente submetidas a
vacuo.

Analises anatdmicas foram feitas em amostras previamente fixadas, incluidas em
Paraplast® (Kraus & Arduin 1997) ou Historesina (Leica® Microsystems GmbH,
Wetzlar, Germany). Para inclusdo em Paraplast®, o material foi desidratado em série
butilica (Johansen 1940). O seccionamento foi feito em micrétomo rotatorio (12-18 pm)
(Leica® Jung BIOCUT 2035), e a afixacdo das secdes as laminas foi realizada com
adesivo de Bissing (Bissing 1974). Para retirada do Paraplast®, as laminas contendo os
cortes foram imersas em acetato de butila a 40°C em banho-maria, desparafinizadas e
desidratadas em série etilica. As sec¢des foram coradas com azul de Astra e safranina,
na proporgdo de 9:1 (v/v) (Bukatsch 1972, modificado para 0.5%) e montadas em
Verniz Vitral (Paiva et al. 2006). Para a infiltragdo em Historesina Leica® (Leica®
Microsystems GmbH, Wetzlar, Germany), amostras previamente fixadas foram
desidratadas até etanol 95%, submetidas a pré-infiltracdo com etanol 95% e resina pura,
1:1 (viv), por 3 dias, seguidas de infiltracdo em resina pura por 24 horas. O

polimerizador foi misturado a resina pura 1:15 (v/v) (conforme instrucdes do fabricante)
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e as amostras foram emblocadas em moldes plasticos. Procedeu-se a montagem e
posteriormente seccdo dos blocos (5 pm) em micrétomo rotatério (Leica® Jung
BIOCUT 2035). As sec¢des foram aderidas as laminas com &gua, coradas com 0.05%
de azul de toluidina em tampéo fosfato 0.1M (pH 6.8) (O’Brien et al. 1964) e montadas
em Entellan (Merck® Millipore International).

Para dissociacdo de epidermes, fragmentos (0.5 cm?) foram submetidos &
clarificagdo com hipoclorito de sodio 1%, lavados em &gua destilada, corados com
safranina 1% (Johansen 1940) e posteriormente montados em gelatina glicerinada 50%
(Kraus & Arduin 1997). Os resultados obtidos foram registrados com camera digital

(Canon® Power Shot A650) acoplada ao microscopio 6tico (Zeiss® Primo Star).
Microscopia Eletronica de Varredura (MEV)

Para andlises em Microscopia Eletrénica de Varredura (MEV), amostras fixadas
foram pds-fixadas em tetroxido de 6smio 1% por duas horas e desidratadas em série
etilica crescente (Johansen 1940). Em seguida, o material foi submetido ao “ponto
critico” com gas carbdnico (Bal-Tec® CPD 030). As amostras foram fixadas aos stubs e
metalizadas com 15 nm de ouro (O’Brien & McCully 1981) em metalizador (Bal-Tec®
MD 20). As imagens obtidas foram registradas em microscépio eletrénico de varredura
(DSM-950) no Centro de Aquisicdo e Processamento de Imagens da UFMG (CAPI).

Microscopia Eletronica de Transmisséo (MET)

FM e GM fixadas e pos-fixadas em tetroxido de 6smio 1% foram desidratadas
em série etilica (O’Brien & McCully 1981) e embebidas em resina Spurr® (Lufth 1961).
O material foi seccionado transversalmente em ultramicrétomo Reichert-Jung-Ultracut
(Leica, Wetzlar, Germany) e contrastado com acetato de uranila e citrato de chumbo
(Reynolds 1963). As secOes foram analisadas em microscopio eletrénico de transmisséo
modelo Tecnai G2-12 SpiritBiotwin (FEI, Hisslboro, USA) a 120 kV no Centro de
Aquisicéo e Processamento de Imagens da UFMG (CAPI).

Analises histoquimicas

Testes histoquimicos para detec¢do de substancias dos metabolismos primério e
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secundario foram realizados em FM e GM a partir de amostras recém-coletadas
seccionadas a mao livre. Para deteccdo de lipidios, o material foi submetido ao Sudan
Red B em solucdo saturada em etanol 70% (Brundett et al. 1991). Para detecgédo de
amido, foi utilizado o reagente de Lugol (0.3% de iodo e 1.5% de iodeto de potéssio)
(Johansen 1940). A presenca de acgucares redutores foi testada com reagente de Fehling
(solucéo A- 7.9% de sulfato de cobre e solugdo B- 34.6% de tartarato sddico de potassio
e 1% de hidrdéxido de sodio, misturados sobre o corte, seguidos de aquecimento) (Sass
1951). Para deteccdo de proteinas, as amostras foram imersas em solucdo saturada de
cloreto de magnésio e 0.1g de azul de bromofenol durante 15 minutos, e lavadas em
acido acético e 4gua (Baker 1958).

Para deteccdo de substancias do metabolismo secundario, como os (poli)fendis,
as amostras foram submetidas ao cloreto férrico 1% (Johansen 1940). O reagente de
Dittmar (1g de iodeto de potassio e 1g de iodo) foi utilizado para identificacdo de
alcaloides (Furr & Mahlberg 1981). Para deteccdo de flavonoides, as sec¢fes foram
imersas em 0.5% de cafeina/benzoato de s6dio em butanol 90% por cinco minutos e
incubadas em 1% de p-dimetilaminocinamaldeido (DMACA), &cido cloridrico e etanol
na proporcdo de (5:1:5) por aproximadamente 2 horas (Feucht et al. 1986). Para
deteccdo de ligninas, foi utilizado o floroglucinol acidificado (solucdo A- 2% de
floroglucina e solucéo B- 25% de &cido cloridrico, misturados sobre o corte) (Johansen
1940). A presenca de terpenoides foi testada com 1% de a-naftol, e 1% de dimetil-p-
fenilenodiamina em tampéo fosfato 0.01M (pH 7.2) por 30 minutos (NADI) (David &
Carde 1964). O reagente de Liebermann-Buchard (solu¢do concentrada de acido
sulfurico e acido acético, 1:1, v/v) foi utilizado para deteccao de triterpenos e esteroides
livres (Wagner et al. 1984). A presenca de espécies reativas de oxigénio (EROs) foi
testada em 0.5% de 3,3'-diaminobenzidina (DAB), por aproximadamente 30 minutos.
As seccdes submetidas as reacdes histoquimicas foram comparadas com cortes branco
para validacdo dos resultados. As secOes transversais das amostras submetidas aos
reagentes foram montadas em agua. Fotografias foram obtidas em microscépio optico

(Zeiss Primo Star®) com camera digital (Canon® Power Shot A650).

Resultados

Morfologia externa

Lonchocarpus cultratus (Leguminosae: Papilionoideae) € uma espécie arbéreo-
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arbustiva (Fig. 1A), conhecida popularmente como embira-de-carrapato, com foliolos
predominantemente elipticos (Fig. 1B-C). Suas folhas apresentam galhas fusiformes
induzidas proximas ou sobre as nervuras com coloragdo verde semelhante a ambas as
faces do foliolo (Fig. 1B-C). Estas galhas apresentam camara larval esférica (Fig. 1D)
na qual foram encontrados representantes de Lopesia sp. pertencentes a supertribo
Lasiopteridi, parasitadas por Hymenoptera da superfamilia Chalcidoidea. A fase de
inducdo é caracterizada pela formacdo de uma ligeira proeminéncia no foliolo maduro
(FM) (Fig. 1E). Nas galhas jovens (GJ), ha um aumento da projecdo (Fig. 1E), e nos
estagios de maturacdo (GM) (Fig. 1F) e senescéncia (GS) (Fig. 1G), nota-se aumento do
volume total da galha. A abertura do canal de saida do indutor nas GS se da pela face
adaxial do foliolo (Fig. 1G), onde se pode observar a presenca da extvia/pupario (Fig.

1G-H) do Cecidomyiidae que deixa a galha na fase adulta (Fig. 11).

Ontogénese do foliolo ndo galhado

O meristema apical (MA), em secdo transversal, apresenta tdnica dividida em
trés camadas celulares (C1, C2 e C3) e corpo formado por um grupo de células
alongadas periclinalmente (Fig. 2A). Os primoérdios foliolares (PF), em disposigcdo
oposta, apresentam protoderme constituida por uma camada de células isodiamétricas
(Fig. 2B). A regido que originara a nervura principal sobressai da superficie abaxial
apresentando células procambiais isodiamétricas ocupando posicao central (Fig. 2B). O
MA, em secdo transversal, apresenta-se envolvido por tricomas densamente distribuidos
(Fig. 2C) e estipulas revestidas por epiderme unisseriada com feixes vasculares em
desenvolvimento (Fig. 2D). Tricomas tectores revestem a estipula no meristema (Fig.
2D).

O primordio foliolar (PF) localizado no primeiro no, a partir do MA, apresenta
lamina foliolar dobrada ao longo da nervura mediana (Fig. 2E). A protoderme
unisseriada que o reveste € originada a partir de divisdes anticlinais das células iniciais
marginais, enquanto o meristema fundamental, formado por quatro camadas de células
isodiamétricas, € originado a partir das iniciais submarginais (Fig. 3). O cordao
procambial tem forma de arco com abertura voltada para a face adaxial e acimulo de
compostos fendlicos nas células centrais (Fig. 2E). Neste estagio de desenvolvimento,
uma grande densidade de tricomas tectores revestem os PF (Fig. 2F). No PF do segundo

no, as células protodérmicas e do meristema fundamental sdo alongadas anticlinalmente
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e apresentam nucleo conspicuo (Fig. 2G). O meristema fundamental é subdividido em
trés camadas: meristema adaxial formado por uma camada celular, meristema mediano
constituido por duas camadas celulares e meristema abaxial com uma camada celular
(Fig. 2G). Na camada mediana do meristema fundamental, grupos de células se
dividem em varios planos iniciando a diferenciacdo dos corddes procambiais, com
células pequenas que formardo os feixes vasculares de menor calibre (Fig. 2G). No PF
do terceiro nd, o sistema de revestimento encontra-se protegido por tricomas tectores
multicelulares diferenciados a partir da protoderme (Fig. 2H). Divisdes das células
procambiais sdo responsaveis pelo desenvolvimento das nervuras de segunda ordem
(Fig. 2H).

O foliolo jovem (FJ) esté diferenciado a partir do 4-6 n6 e apresenta epiderme
unisseriada (Fig. 4A) com tricomas tectores distribuidos de forma esparsa (Fig. 4B) e
mesofilo composto por quatro camadas celulares (Fig. 4A). O sistema vascular é
formado por feixes colaterais. No FM, o sistema de revestimento é formado por
epiderme unisseriada, com cuticula mais espessa na face adaxial (Fig. 4C). Células
epidérmicas de ambas as faces possuem paredes anticlinais retilineas (Fig. 4D-E). O
foliolo é hipoestomatico com estdmatos predominantemente anomociticos (Fig. 4E).
Tricomas tectores e glandulares apresentam-se dispersos por todo foliolo, sendo os
glandulares, presentes apenas na face abaxial. O mesofilo possui de 4-6 camadas de
células parenquimaticas, que acumulam compostos fendlicos (Fig. 4C). O parénquima
palicadico adaxial, abaxial e o paravenal sdo formados por 1-2 camadas celulares. O
sistema vascular é formado por feixe colateral circundado por bainha esclerenquimatica
(Fig. 4F).

Ontogénese da galha

O estagio de inducgéo € caracterizado pela invaginacdo da epiderme adaxial (Fig.
5A), que apresenta divisdes em ambos os sentidos (anticlinal e periclinal) dando inicio a
formacdo do tecido nutritivo (Fig. 3). A epiderme abaxial se mantém unisseriada, com
cuticula delgada e tricomas tectores mais frequentes que tricomas glandulares. As
galhas apresentam feixes vasculares colaterais semelhantes aos do foliolo (Fig. 5A). Na
galha jovem (GJ), o mesofilo origina o cortex externo parenquimatico (Fig. 3) dividido
em regides adaxial (7-18 camadas celulares) e abaxial (9-21 camadas celulares). Os

estimulos gerados pelo indutor promovem necrose de células préximas a ele (Fig. 5B).
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As ceélulas do tecido nutritivo em diferenciacdo dividem-se periclinalmente (Fig. 5C)
resultando no aumento do ndmero de camadas (3-6 camadas celulares). A epiderme
adaxial e as células parenquimaéticas adjacentes iniciam divisdes em diferentes planos
promovendo o fechamento da galha (Fig. 5D). Feixes vasculares neoformados sdo
observados no cortex externo (Fig. 5D). A galha madura (GM) é caracterizada pela
formacdo do cortex interno composto por células esclerenquimaticas (4-7 camadas
celulares) e pelo tecido nutritivo (5-11 camadas celulares). Neste estagio de
desenvolvimento, é observado aumento das projecdes adaxial (26-42 camadas celulares)
e abaxial (15-41 camadas celulares) (Fig. 5E). O acumulo de (poli)fendis € intenso em
ambas as faces do cortex externo (Fig. 5E), contudo um baixo acimulo de (poli)fendis é
observado em um grupo de células parenquimaticas do cortex externo adaxial que
ocupam posicdo central (Fig. 5F). Os feixes vasculares da galha mantém arranjo
colateral (Fig. 5G). O tecido nutritivo é constituido por células alongadas
periclinalmente com ndcleo evidente (Fig. 5H). A bainha esclerenquimatica apresenta
esclereides vivas com numerosas pontoagdes (Fig. 51-J) e mitocondrias (Fig. 5J),
podendo acumular compostos fendlicos. A galha é anfiestomatica, com células
epidérmicas com paredes anticlinais retilineas em ambas as faces e estdmatos
predominantemente anomociticos (Fig. 5K-L). No ultimo estagio de desenvolvimento
da galha (GS), apés a saida do indutor, acimulo de suberina é detectado no cortex
externo adaxial (24-36 camadas celulares) (Fig. 6A) e no tecido nutritivo (2-5 camadas
celulares) (Fig. 6B). Células do cortex externo abaxial (16-31 camadas celulares) podem
apresentar paredes celulares colabadas (Fig. 6C). O canal de saida do indutor com
abertura para a face adaxial é observado (Fig. 6D).

Perfil histoquimico do foliolo ndo galhado

Dentre os metabolitos primarios, lipidios, amido, agUcares redutores e proteinas
sdo detectados nos tecidos do FNG, marcados pela coloracdo vermelha, preta,
acastanhada e azulada, respectivamente. Lipidios sdo detectados na cuticula e como
goticulas no citoplasma das células da epiderme adaxial e células parenquimaticas do
mesofilo (Fig. 7A; 8A-B). Gréos de amido sdo raramente observados nas células
parenquimaticas (Fig. 7A). Acucares redutores sdo evidenciados menos intensamente no
vactolo do parénquima paligadico adaxial e paravenal se comparado ao parénquima

palicadico abaxial e floema (Fig. 7A; 8C). Proteinas sdo detectadas de forma intensa no
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citoplasma das células do mesofilo (Fig. 7A; 8D). Os metabdlitos secundarios
detectados no FNG foram: (poli)fendis, alcaloides, flavonoides, ligninas, terpenoides e
esteroides livres. A coloracdo preta indicativa da presenca de (poli)fendis é observada
mais intensamente no vacuolo das células do parénquima palicadico adaxial e abaxial se
comparado a deteccdo menos intensa na epiderme adaxial e no parénquima palicadico
paravenal (Fig. 7A; 8E). O acumulo intenso de alcaloides evidenciados pela coloragdo
acastanhada € observado no vacutolo das células do mesofilo (Fig. 7A; 8F). A coloracéo
azul indicativa da presenca de flavonoides é observada mais intensamente no citoplasma
das células parenquimaticas adaxiais e abaxiais se comparado as células do parénquima
paravenal (Fig. 7A; 8G). Ligninas sdo detectadas nas paredes celulares da bainha
esclerenquimaética e do xilema através da coloragdo rosa (Fig. 7A; 8H). A coloracdo
azul indicativa da presenca de terpenoides ocorre no vacuolo das células
parenquimaticas do mesofilo (Fig. 7A; 81) e em menor frequéncia no vacuolo da
epiderme adaxial (Fig. 7A; 8J). Triterpenos ndo séo evidenciados nos tecidos do FNG.
Esteroides livres sdo intensamente marcados no citoplasma das células parenquimaticas,
através da coloracdo verde-azulada (Fig. 7A; 8K). Espécies reativas de oxigénio (EROs)
marcadas pela coloracdo marrom sdo detectadas de forma mais intensa nas paredes
celulares e citoplasma do parénquima pali¢adico paravenal, abaxial e epiderme abaxial
quando comparadaa marcacdo na epiderme adaxial e parénquima palicadico adaxial
(Fig. 7A).

Perfil histoquimico da galha madura

Lipidios sdo detectados na cuticula e como goticulas pouco frequentes no
citoplasma das células da epiderme da superficie adaxial (Fig. 7B; 9A), do cortex
externo adaxial (Fig. 7B; 9A), do tecido nutritivo (Fig. 7B; 9B) e do cortex externo
abaxial (Fig. 7B; 9C). No vacuolo das celulas parenquimaticas do cortex externo adaxial
(Fig. 7B; Fig. 9D) e abaxial (Fig. 7B; Fig. 9E), acucares redutores sdo evidenciados de
forma moderada, enquanto no vacutolo das células epidérmicas da superficie abaxial sdo
menos evidentes (Fig. 7B). Proteinas sdo detectadas em menor intensidade no
citoplasma da epiderme adaxial e mais intensamente no citoplasma das células do tecido
nutritivo (Fig. 7B; Fig. 9F).

Ligninas ocorrem nas paredes das células esclerenquimaticas que circundam o

tecido nutritivo (Fig. 7B; Fig. 10A). Terpenoides sdo evidenciados moderadamente nos
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vacuolos das células parenquimaticas do cortex externo adaxial (Fig. 7B; Fig. 10B), do
tecido nutritivo (Fig. 7B; Fig. 10C) e do cértex abaxial (Fig. 7B; Fig. 10D). Triterpenos
sdo observados de forma moderada no vacuolo das células parenquimaticas do cortex
externo adaxial (Fig. 7B; Fig. 10E) e abaxial (Fig. 7B; Fig. 10F). (Poli)fendis, alcaloides
e flavonoides sdo detectados intensamente nas células parenquimaticas do cortex
externo (Fig. 7B; Fig. 10G-K). (Poli)fendis também estdo presentes no vacuolo da
epiderme adaxial e células esclerenquimaticas (Fig. 7B). EROs sdo detectadas de forma
intensa nas paredes celulares e vacuolo das células parenquimaticas do cortex externo
adaxial, abaxial e do tecido nutritivo (Fig. 7B; Fig. 10L). Esteroides livres e graos de

amido ndo sdo observados nos tecidos da galha.

Discussao

Ontogénese do foliolo ndo galhado

A ontogénese do foliolo ndo galhado (FNG) de Lonchocarpus cultratus segue o
padrdo de desenvolvimento submarginal mediano descrito por Hara (1957), com
padrdes de células-maes e células-derivadas confirmadas em outras espécies por Fahn
(1990). Este padrao foi também observado para folhas de Lantana camara (Moura et al.
2009a), foliolos de Copaifera langsdorffii (Oliveira & Isaias 2010a) e de Lonchocarpus
muehlbergianus (lsaias et al. 2011). Em relacdo a uma espécie cogenérica L.
muehlbergianus, a estrutura anatémica dos FNG de L.cultratus é parcialmente similar.
Lonchocarpus muehlbergianus apresenta células epidérmicas de paredes anticlinais
sinuosas em ambas as faces do foliolo e estbmatos paraciticos (Oliveira et al. 2006 e
Isaias et al. 2011), enquanto as células epidérmicas dos foliolos de L. cultratus tém
paredes anticlinais retilineas e os estdbmatos sdo predominantemente anomociticos. O
sistema fundamental de L. cultratus é subdividido em parénquima palicadico adaxial,
paravenal e abaxial, diferindo do observado para L. muehlbergianus, no qual o mesofilo
é formado por parénquima pali¢adico, paravenal e lacunoso (Oliveira et al. 2006 e
Isaias et al. 2011). Tal comparacdo demonstra potencial de uso da anatomia foliolar
para distin¢do destas duas espécies cogenericas.

A reducdo gradativa da densidade de tricomas do primérdio foliolar (PF) do
primeiro nd para o foliolo jovem (FJ) em L.cultratus pode ser explicada pelo fato da

diferenciacdo dos tricomas ocorrer primeiro, enquanto as células epidérmicas bésicas
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estdo em processo de expansao e divisao celular (Fahn 1990, Glover 2000). Esta maior
densidade de tricomas nas fases iniciais de desenvolvimento do foliolo pode conferir
protecdo contra herbivoria e dessecagdo (Herms & Mattson 1992, Isaias et al. 2011). A
baixa predacdo dos foliolos de L. cultratus nos estagios iniciais de desenvolvimento e a
alta radiacdo luminosa que os individuos analisados estdo expostos indica que o0s

tricomas conferem tanto protecéo contra herbivoria quanto a radiagéo solar.

Alteracdes nos destinos celulares e valores adaptativos conferidos pelo novo design

estrutural da galha

O destino celular dos tecidos foliolares em L.cultratus é profundamente alterado
pela acdo do galhador, de modo similar ao observado nas galhas induzidas por uma
espécie ndo identificada de Cecidomyiidae em Copaifera langsdorffii (Oliveira & Isaias
2010a). Em L. cultratus modificacbes nos destinos celulares sdo notaveis tanto na
epiderme da face adaxial quanto no mesofilo enquanto a epiderme da face abaxial
mantem destino similar aquele do FNG. O gradiente de alteracbes nas camadas de
tecidos obedece ao campo cecidogenético proposto por Mani (1964), no qual quanto
mais préximo ao estimulo do galhador, mais marcantes sdo as alteragdes.

Embora para Edwards & Wratten (1980), a face abaxial das folhas seja o sitio
preferencial para a inducdo das galhas, devido as condi¢des microclimaticas menos
estressantes, as galhas em L. cultratus sdo induzidas na face adaxial. O mesmo foi
observado para os sistemas Lantana camara-Acerina lantanae (Moura et al. 2008,
Moura et al. 2009a) e Copaifera langsdorffi-Cecidomyiidae (Oliveira & Isaias 2010a).
Tal fato denota que a face foliar ndo é fator restritivo a oviposicdo. O impacto do
galhador no sistema de revestimento da galha leva a neoformacdo de estdbmatos
aparentemente funcionais em L. cultratus, o que € reportado por Meyer & Maresquelle
(1983) e Souza et al. (2000). Além das alteracGes nos estdmatos, os tricomas tectores
tornam-se abundantes em todos os estagios de desenvolvimento da galha, enquanto
tricomas glandulares séo escassos. Esta neodiferenciagdo celular indica o rompimento
dos padrfes de estimulo-inibicdo propostos por Glover (2000) para o desenvolvimento
da epiderme foliolar. Os tricomas tectores podem contribuir para a geracdo de um
microambiente favoravel no interior das galhas (Fernandes 1994, Isaias 1998), ja que
influenciam na manutencdo da temperatura e umidade (Fahn 1990, Oliveira et al. 2006).

Portanto, a mudanca no padrdo morfogenético do 6rgdo hospedeiro indica alta
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especializacdo da interacédo e favorece o desenvolvimento do indutor.

Corroborando o padrédo proposto por Rohfritsch (1992) para galhas de
Cecidomyiidae, trés tipos de tecidos especializados sdo observados nas GM: o tecido
nutritivo, células esclerenquimaticas, e o cortex externo parenquimatico que acumula
substancias de reserva. Conforme proposto por Meyer (1987) e Bronner (1992, 1997),
os Cecidomyiidae ao se alimentarem ndo ocasionam grandes danos as células do tecido
nutritivo, sendo observadas necroses esparsas semelhantes as detectadas nas galhas
jovens (GJ). A diferenciacdo do esclerénquima na galha estudada é comum a diversos
morfotipos induzidos por cecidomiideos na regido neotropical (Kraus et al. 1996, Isaias
1998, Kraus et al. 2003, Castro 2007, Formiga et al. 2011). A lignificacdo é uma
resposta comum das plantas ao estresse abidtico e bidtico e garante protecdo contra
inimigos naturais e sustentacdo mecanica (Bronner 1992, Rohfritch 1992, Kraus 1997,
Stone & Schonrogge 2003, Lee et al. 2007). Em L. cultratus, as analises citologicas
comprovam que as células esclerenquimaticas sdo metabolicamente ativas, podendo
atuar na translocacdo de &gua e nutrientes para o galhador, através das numerosas
pontoacdes, fato ja relatado por Rohfritsch (1992) e Arduin & Kraus (1995).

O arranjo colateral dos feixes vasculares do foliolo € mantido nas galhas, onde
ha ainda neoformacdes vasculares. A formacdo de novos feixes pode conferir uma
oferta adicional de nutrientes, dando embasamento estrutural a hipotese nutriticional
(Price et al. 1987). Conforme proposto por Mani (1964), feixes colaterais sao
caracteristicos de galhas de Cecidomyiidae, e ja foram observados em outros morfotipos
induzidos por esta familia de insetos em Copaifera langsdorffii (Oliveira & Isaias 2009,
Oliveira & Isaias 2010a) e em Aspidosperma spruceanum (Formiga et al. 2011).
Considera-se também o arranjo dos feixes vasculares como produto do padrdo
morfogenético das galhas em questdo na qual o dobramento da lamina foliolar ocorre
pela face adaxial do foliolo. Os feixes vasculares mantém desta forma a porcdo
xilematica voltada para a face interna da galha.

Nas GS, o processo de suberizacdo das células do cortex externo é decorrente da
cicatrizacdo apos a saida do galhador, e pode proteger a galha da invasdo de agentes
patogénicos (lsaias & Olivera 2012). A suberizacdo ndo é exclusiva de galhas de
insetos, como as induzidas por um Cecidomyiidae em Aspidosperma spruceanum
(Formiga et al. 2011) e por Callophya duvauae (Psylloidea) em Schinus poligamus
(Dias et al. 2013) ja que também ocorre em galhas induzidas por Aceria lantanae

(Acari) em L. camara (Moura et al. 2009a).
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Sintese, inibicdo e compartimentalizacdo de metabdlitos leva a aquisicdo do novo

design funcional

A atividade do galhador estimula a producéo de triterpenos, presentes apenas nos
tecidos da galha madura (GM), e suprime o acimulo de amido e esteroides livres. Os
demais metabdlitos analisados estdo presentes tanto nos tecidos do foliolo ndo galhado
(FNG) quanto da GM, entretanto o local de ocorréncia destes compostos varia. Tais
resultados demonstram que a neo-sintese, o blogqueio e a compartimentalizacéo tecidual
dos metabolitos conferem funcionalidades especificas aos tecidos da galha. A deteccao,
embora rara, de grdos de amido no FNG indica que seu acimulo é provavelmente
resultante do processo de assimilacdo de CO, cujos produtos sdo exportados e
utilizados em diversas vias metabdlicas (Souza et al. 2005). A auséncia de amido na
galha de L. cultratus indica sua provavel despolimerizacdo para utilizacdo na
manutencdo estrutural do 6rgdo neoformado, conforme proposto por Oliveira & lsaias
(2010b) para galhas em Aspidosperma australe. Reservas lipidicas detectadas em
diferentes tecidos da GM correspondem a um padréo esperado para galhas de Cynipidae
e ndo para galhas de Cecidomyiidae, conforme proposto para galhas da regido
Temperada (Bronner 1992). O acumulo de goticulas lipidicas no cortex externo de L.
cultratus evidencia a atuacdo deste composto como substancia de reserva, podendo
contribuir para manutencdo estrutural da galha, uma vez que sdo moléculas altamente
energéticas e possiveis precursoras de diferentes vias metabdlicas das plantas
(Buchanan et al. 2000, Oliveira et al. 2006, Moura et al. 2008, Oliveira & Isaias
2010b). A deteccao de lipidios no tecido nutritivo pode estar associada a mobilizacdo de
reservas para a producdo de novas células. Este metabolito foi observado no tecido
nutritivo das galhas induzidas por Pipaldiplosis pipaldiplosis em Ficus religiosa
(Raman & Gopinathan 1987) e por Schismatodiplosis lantanae em Lantanae camara
(Moura et al. 2008), ambos com galhas induzidas por Cecidomyiidae. Em todos os
casos relatados, o acumulo de lipidios parece advir do potencial metabdlico das plantas
hospedeiras para sua sintese. Outro metabolito detectado nas células nutritivas das
galhas em L. cultratus, as proteinas, parecem constituir a principal fonte alimentar do
galhador, similarmente ao observado por Oliveira et al. (2010) para galhas em
Aspidosperma spruceanum. Além do papel nutricional, as proteinas podem estar

relacionadas ao aumento da tensdo respiratdria (Schonrogge et al. 2000). Em galhas
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induzidas por Cynipidae em Quercus sp. a proteina formato-desidrogenase (FDH)
detectada nos tecidos circundantes a cdmara larval é atribuida ao estresse respiratério do
indutor (Schonrogge et al. 2000). Dessa forma, a deteccdo expressiva de proteinas nas
células nutritivas de L. cultratus também pode ser relacionada ao aumento do estresse
oxidativo ocasionado pela respiracdo do galhador.

Os carboidratos sdo importantes fontes de reserva presentes em galhas de
Cecidomyiidae (Bronner 1992). O acimulo de agucares redutores e amido no mesofilo
do FNG e apenas de acucares redutores no cortex externo das galhas em L. cultratus é
mais um indicativo de que os carboidratos estdo envolvidos na manutencédo celular da
galha (Oliveira et al. 2010), sem potencial para acimulo na forma de amido. O ndo
acumulo de aglcares no tecido nutritivo reflete o intenso consumo destes metabdlitos na
dieta do galhador ou durante a respiracdo celular. Outra via potencial para os acucares
redutores seria a de protecdo contra o estresse oxidativo (Couée et al. 2006),
corroborada pela deteccdo de espécies reativas de oxigénio (EROs) nos mesmos locais
de acumulo de carboidratos nas galhas em estudo. A formacgdo das galhas em L.
cultratus, contudo, suprime a expressdo de compostos com potencial antioxidante, os
esteroides livres (Cui et al. 2005), os quais sdo intensamente detectados em todo
mesofilo do FNG.

No género Lonchocarpus, a presenca de (poli)fendis e seus derivados é
frequentemente relatada (Alavez et al. 2000, Argaéz et al. 2000, Oliveira et al. 2006) e
embora sua producdo seja atribuida a defesa contra inimigos naturais (Hartley 1998),
em L. cultratus, os (poli)fendis ndo impedem a inducdo da galha, de modo que sua
funclo priméria parece estar relacionada ao desenvolvimento estrutural do Orgdo
neoformado (Suzuki et al. 2015 - cap. 2. Submetido). Ao inibir a acdo do acido-indol-3-
acetico (AlA), os (poli)fenois participam dos processos de crescimento, regulando a
expansdo celular, conforme discutido por Bedetti et al. (2014) em galhas de Piptadenia
gonoachanta. Os flavonoides, derivados fendlicos, sdo também comumente produzidos
pelo género Lonchocarpus (Pires et al. 2011) e além de conferirem protecdo contra
predadores, fornecida pelas catequinas e outros flavonoides adstringentes (Pietta 2000),
tém atividade antioxidante (Bors et al. 1990, Yamasaki et al. 1997, Soares et al. 2000,
Pourcel et al. 2007). Tal papel € corroborado em L. cultratus pela deteccdo destes
metabolitos nos mesmos sitios de acimulo de espécies reativas de oxigénio (EROs)
(Suzuki et al. 2015 - cap. 2.Submetido). A reducgdo na palatabilidade dos tecidos das

galhas é conferida pelos (poli)fendis, flavonoides e reforcada pelos alcaloides, que
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geram sabor amargo e conferem toxicidade aos tecidos (Henriques et al. 2000).

Uma particularidade do perfil histoquimico das galhas de L. cultratus é a
ocorréncia de terpenoides no tecido nutritivo. O Cecidomyiidaegalhador parece néo
sofrer os efeitos deletérios deste composto, possivelmente, devido a mecanismos que
inativam a toxicidade desse metabdlito, semelhantemente ao observado por Miles
(1968) e por Hori (1992) para insetos que degradam os (poli)fendis por meio das
polifenol oxidases presentes em sua saliva. Triterpenos observados nas células da
epiderme da superficie adaxial e do cortex externo adaxial e abaxial da galha em L.
cultratus constituem possivelmente uma barreira quimica contra o ataque de inimigos
naturais. Em outro sistema estudado nos Neotropicos, Moura et al. (2009b)
investigaram a influéncia de diferentes classes de terpendides na indugdo de galhas em
Lantana camara. A auséncia de monoterpenos e sesquiterpenos, juntamente com a
menor densidade de tricomas foram determinantes para a escolha das plantas
hospedeiras que ndo apresentaram tais restricdes quimicas e estruturais (Moura et al.
2009b).

Consideracoes finais

Os destinos celulares da epiderme adaxial, e das células do parénquima adaxial,
paravenal e abaxial do foliolo sdo modificados para formar a galha fusiforme,
estabelecendo um novo design estrutural que corrobora o padrdo proposto para galhas
de Cecidomyiidae. Tanto as altera¢cdes quimicas quanto estruturais garantem nutricao ao
galhador, a partir da formagéo do tecido nutritivo, da rediferenciagéo de esclereides
vivas que permitem a passagem de agua e nutrientes atraves das numerosas pontoacgdes
e do acumulo de proteinas. Protecdo € conferida pela rediferenciacdo de células
esclerenquimaticas que circundam o tecido nutritivo e pelo acimulo de compostos anti-
herbivoricos como (poli)fendis, terpenoides, flavonoides, alcaloides e triterpenos,
detectados predominantemente nos tecidos externos da galha. A compartimentalizagéo
espacial de metabolitos primarios e secundarios reforca o papel destes compostos na
nutricdo e protecdo do inseto indutor, respectivamente. A presenca de tricomas em
ambas as faces da galha pode manter a temperatura e a umidade em niveis adequados
para a sobrevivéncia do galhador, garantindo um microambiente favoravel ao seu
desenvolvimento. O Cecidomyiidae estimula a neo-sintese de triterpenos que garante

protecdo contra inimigos naturais e suprime o acumulo de amido e esteroides livres.
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Como perspectivas futuras, investigacdes enzimaticas como a deteccdo da fosfatase
acida podera reforcar a proposta de que os carboidratos estdo sendo direcionados para a
manutencdo estrutural da galha. As investigacGes acerca do tecido nutritivo podem
evoluir para a deteccdo da protease e o papel desta enzima na disponibilizacdo de

proteinas para nutricdo do galhador.
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Fig. 1. Aspectos gerais da folha e da galha em Lonchocarpus cultratus (Fabaceae).
A. Individuo marcado em campo. B. Face adaxial da folha galhada. C. Face abaxial da
folha galhada. D. Cémara larval com larva do indutor Diptera: Cecidomyiidae. E.
detalhe do indutor. F. Foliolo com galhas em estagio de inducédo (circulo pontilhado),
galha jovem (seta) e galha madura. G. Seccdo transversal da galha madura. H. Viséo

geral da galha senescente. I. Extvia do indutor. J. Indutor adulto.
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Fig. 2. Ontogénese do foliolo ndo galhado em Lonchocarpus cultratus (Fabaceae).
A. Secgdo longitudinal do meristema apical evidenciando camadas da tunica (C1, C2,
C3) e zona periférica (ZP), central (ZC) e de nervura (ZN). B. Seccédo longitudinal do
meristema apical evidenciando primordios foliolares. C. Seccdo transversal do
meristema apical evidenciando primoérdios foliares opostos, presenca de estipulas e
tricomas. D. Microscopia eletronica de varredura (MEV) mostrando tricomas tectores
(seta) presentes no meristema apical revestindo a estipula. E. Foliolo jovem no primeiro
no. F. Tricomas revestindo o foliolo no primeiro né (MEV). G. Formacéo de feixes de
menor calibre no segundo né (pontolhado) e meristema fundamental composto por
quatro camadas celulares. H. Foliolo no terceiro n6 com tricomas tectores
multicelulares. FV= Feixe Vascular. Camadas celulares: MAd= Meristema Adaxial.
MMed= Meristema Mediano. MAb= Meristema Abaxial. MF= Meristema

Fundamental. Pc= Procambio. Pd= Protoderme. TT= Tricoma Tector.
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Fig.3. Desenvolvimento do foliolo ndo galhado (seta continua) e da galha madura

(seta pontilhada) em Lonchocarpus cultratus (Fabaceae).
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Fig. 4. Foliolo jovem e maduro em Lonchocarpus cultratus (Fabaceae). A-B. Foliolo
jovem (FJ). C-F. Foliolo maduro (FM) A. Mesofilo do FJ. B. Tricomas tectores
observados em microscopia eletronica de varredura (MEV). C. Epiderme unisseriada e
mesofilo do FM. D. Vista frontal da epiderme adaxial evidenciando células com paredes
anticlinais retilineas. E. Vista frontal da epiderme abaxial evidenciando estbmatos. F.
Feixe colateral. BE= Bainha Esclerenquimatica. EAb= Epiderme Abaxial. EAd=
Epiderme Adaxial. Es= Estdmato. Fl= Floema. PPAb= Parénquima Pali¢cadico Abaxial.
PPAd= Parénquima Palicadico Adaxial. PPPv= Parénquima Paligadico Paravenal. TT=

Tricoma Tector. X= Xilema.
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Fig. 5. Estagio de indugdo e galhas jovens e maduras em Lonchocarpus cultratus
(Fabaceae). A. Inducédo. B-D. Galha Jovem (GJ). E-L. Galha Madura (GM). A. Estagio
de inducdo com formacdo de uma ligeira protuberancia. B. Necrose ocasionada pela
atividade alimentar do indutor (pontilhado). C. Divisbes periclinais das células do
tecido nutritivo (seta). D. Juncdo das células para formacdo da cAmara larval (seta) e
feixe neoformado (circulo e detalhe). E. Visdo geral da GM. F. Deteccdo menos
frequente de (poli)fendis nas células parenquimaticas centrais do cdrtex externo adaxial.
G. Feixe vascular. H. Tecido nutritivo com nucleo evidente. 1. Esclereides com
pontoacdes e acimulo de compostos fenolicos. J. Microscopia eletronica de transmisséo
(MET) evidenciando esclereide viva com pontoacdo. K. Epiderme adaxial da GM. L.
Epiderme abaxial da GM. Ec= Esclereides. Es= Estdmato. F\VV= Feixe Vascular. Mi=
Mitocondria. PAb= Parénquima Abaxial. PAd= Parénquima Adaxial. TN= Tecido

Nutritivo.



Fig. 6. Ontogénese da galha senescente (GS) em Lonchocarpus cultratus
(Fabaceae). A. Face adaxial da galha com células suberizadas. B. Tecido nutritivo com
acumulo de suberina. C. Células colabadas no cortex externo abaxial. D. Rompimento
celular para formacéao do canal de saida do indutor. Ec= Esclereides. PAb= Parénquima

Abaxial. PAd= Parénquima Adaxial. TN= Tecido Nutritivo.
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Fig. 7. Diagrama de testes histoquimicos no foliolo ndo galhado e galha madura em

Lonchocarpus cultratus (Fabaceae). A. Foliolo ndo galhado (FNG). B. Galha madura
(GM). EAb= Epiderme Abaxial. EAd= Epiderme Adaxial. Es= Esclereides. PAb=
Parénquima Abaxial. PAd= Parénquima Adaxial. PPAb= Parénquima Paligadico
Abaxial. PPAd= Parénquima Paligaddico Adaxial. PPPv= Parénquima Pali¢adico
Paravenal. TN= Tecido Nutritivo. FV= Feixe Vascular. 0= Lipidios. 1= Acucares
redutores. 2= Proteinas. 3= (Poli)fendis. 4= Alcaloides. 5= Flavonoides. 6= Ligninas.
7= Terpenoides. 8= Triterpenos. 9= Amido. 10= Esteroides livres. 11= Espécies
Reativas de Oxigénio.
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Fig. 8. Testes histoquimicos para metabdlitos primérios e secundarios em foliolos

ndo galhados (FNG) em Lonchocarpus cultratus (Fabaceae). A. Reacdo de Sudan
Red evidenciando lipidio no mesofilo. B. Natureza lipidica da cuticula e goticula
lipidica na epiderme adaxial. C. Reacdo de Fehling evidenciando agUcares redutores no
parénquima paravenal, abaxial, adaxial, epiderme abaxial e floema. D. Proteinas
presentes em todo mesofilo. E. Cloreto férrico evidenciando (poli)fendis no mesofilo. F.
Reacdo de Dittmar mostrando alcaloides no mesofilo. G. Flavonoides presentes mais
intensamente no parénquima adaxial e abaxial. H. Ligninas nas paredes celulares da
bainha esclerenquimatica e xilema da nervura central. 1. Terpenoides evidenciados no
mesofilo. J. Terpenoides na célula epidérmica adaxial. K. Reagdo de Lieberman-
Buchard evidenciando esteroides livres no mesofilo. BE= Bainha Esclerenquimaética.
EAb= Epiderme Abaxial. EAd= Epiderme Adaxial. FI= Floema. PPPAb= Parénquima
Palicadico Abaxial. PPPAd= Parénquima Palicaddico Adaxial. PPPv= Parénguima
Palicadico Paravenal. X= Xilema.
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Fig. 9. Testes histoquimicos na galha madura (GM) em Lonchocarpus cultratus
(Fabaceae). A. Lipidios presente na cuticula e como goticulas na epiderme adaxial e
células do cortex externo adaxial. B. Goticulas lipidicas nas células nutritivas. C.
Goticulas lipidicas nas células parenquimaticas do cortex externo abaxial. D. Acgucares
redutores nas células do cértex externo adaxial. E. Acucares redutores nas celulas
parenquimaticas do coOrtex externo abaxial. F. Proteinas detectadas nas células
nutritivas. EAd= Epiderme Adaxial. PAb= Parénquima Abaxial. PAd= Parénquima
Adaxial. TN= Tecido Nutritivo.
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Fig. 10. Testes histoquimicos na galha madura (GM) em Lonchocarpus cultratus
(Fabaceae). A. Ligninas presentes nas paredes celulares das células esclerenquimaticas.
B. Reagente NADI evidenciando terpenoides nas células parenquimaticas do cortex
externo adaxial. C. Terpenoides nas células nutritivas. D. Terpenoides nas células
parenquimaticas do cOrtex externo abaxial. E. Triterpenos presentes na epiderme e
células parenquimaticas do coértex externo adaxial. F. Triterpenos no cortex
parenquimatico abaxial. G. (Poli)fenois evidenciados nas celulas do cortex externo
adaxial. H. (Poli)fendis presentes nas células parenquimaticas do cortex externo abaxial.
I. Reagente de Dittmar evidenciando alcaloides na face adaxial. J. Alcaloides presentes
na face abaxial. K. DMACA evidenciando flavonoides nas células parenquimaticas do
cortex externo adaxial. L. Espécies reativas de oxigénio (EROs) nas células do cortex
externo adaxial, abaxial e tecido nutritivo. EAd= Epiderme Adaxial. Ec= Esclereides.
PAb= Parénquima Abaxial. PAd= Parénguima Adaxial. TN= Tecido Nutritivo.
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Abstract

Gall-inducing insects cause their plant hosts’ cells to redifferentiate, divide and
elongate, which are processes mediated by cell growth regulators. Herein, the
histochemical detection of these regulators, and of cellulose microfibrils are performed
in a gall induced by Lopesia sp. (Cecidomyiidae) on Lonchocarpus cultratus. The co-
occurrence of reactive oxygen species, (poly)phenols, flavonoids, and indole-3-acetic
acid are age-independent, and are detected at the sites of cell hypertrophy. Nevertheless,
the intensity of the reactions may vary from young to mature galls. First, changes in the
axis of cell elongation are observed from the non-galled leaflets to the young galls, in
the cortical parenchyma, and in the nutritive tissue. During maturation, the elongation
axis of the nutritive cells changes again. In young galls, sites of hyperplasia and
hypertrophy co-occur, and in mature galls, the orientation of cellulose microfibrils
determines the predominant anisotropic pattern of cell expansion. The detection of
(poly)phenols and indole-3-acetic acid, reactive oxygen species, and flavonoids
coincide with the sites of cell elongation and division. These results denote a chemical
balance between the regulation of growth and the avoidance of cell death at gall sites.
The rearrangement of cellulose microfibrils coordinates the anisotropic expansion,
which determines the development of the tissue projections both to adaxial and abaxial

leaflet lamina, and typical to this gall morphotype.

Key words: cell hypertrophy, hyperplasia, indole-3-acetic acid, leaflet galls,

(poly)phenols, reactive oxygen species.
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Introduction

Gall-inducing insects alter the normal development of plant tissues (Mani 1964;
Meyer and Maresquelle 1983; Rohfritsch 1992; Oliveira and Isaias 2010) resulting in
the formation of symmetric structures, known as galls (Raman 2007; Castro et al. 2012).
Cell responses to the gall inducers lead to the formation of specific morphotypes (Isaias
et al. 2013, Isaias et al. 2014), with variations in shape, size, color and anatomical
structure (Rohfritsch 1992). During the development of galls, cell redifferentiation
(Lev-Yadun 2003), division, and elongation are constantly observed (Moura et al. 2008;
Oliveira and Isaias 2010; Isaias and Oliveira 2012; Ferreira and Isaias 2013). However,
the steps of these processes are rarely discussed. The group of galling insects capable of
inducing the strongest redifferentiation of plant cells and rearrangement of plant tissues
is the Diptera: Cecidomyiidae (Oliveira and Isaias 2010; Formiga et al. 2011). Besides
the structural changes, these gall-inducing insects may induce changes in the production
and accumulation of primary and secondary metabolites (Formiga et al. 2009; Detoni et
al. 2011). The (poly)phenols, for instance, may influence the successful establishment
and development of the gall-inducers (Hartley 1999; Soares et al. 2000) either by
protecting them against natural enemies (Hartley 1998) or by modulating plant growth,
while interacting with stimulatory growth regulators, such as indole-3-acetic acid (IAA)
(Hori 1992; Bedetti et al. 2014). The (poly)phenols are usually detected during the early
stages of gall development (Isaias and Oliveira 2012), and may inhibit the IAA-
oxidases, thus increasing the levels of auxins involved in the process of cell expansion
(Hori 1992; Bedetti et al. 2014), via acidification of the cell wall (Rayle and Cleland
1992).

The reactive oxygen species (ROS) are produced during photosynthesis and cell

respiration (Del Rio and Pupo 2009; Heldt and Piechulla 2011), and may control the
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extensibility of the cell walls (Del Rio and Pupo 2009). Alternatively, the ROS can take
part in a cascade of events that culminate in programmed cell death (PCD) (Bolwell
1999; Del Rio and Pupo 2009). To counterbalance the positive and negative effects of
the ROS, and guarantee the maintenance of plant tissues, the accumulation of
antioxidants, such as flavonoids, is essential (Bors et al. 1990; Yamasaki et al. 1997;
Pourcel et al. 2007). Consequently, their presence is expected for the development of
the new structural and functional design of the gall. The histochemical detection of
ROS, (poly)phenols, flavonoids, and 1AA in specific cells of the pinnula lenticular galls
and rachis fusiform galls on Piptadenia gonoacantha (Mart.) MacBr (Fabaceae) has
recently been performed, and the dynamics of this co-occurrence has been discussed
(Bedetti et al. 2014).

Variations in the structure of the cell walls determine the final shape of the cell.
The structure of these cell walls is influenced by the patterns of cellulose microfibrils
deposition (Isaias and Oliveira 2012), which was elegantly demonstrated in the kidney-
shaped gall on Baccharis dracunculifolia (Magalhdes et al. 2014). According to Baskin
(2005), the isotropic cell expansion results from equal pressure all over the cell wall,
while the anisotropic cell expansion results from differential pressure either in the
anticlinal or periclinal direction. Another factor that determines the cell’s new size and
shape is the distribution of pectins, which influence cell expansion by controlling the
flexibility and rigidity of the cell wall (Cassab 1998; Carneiro et al. 2014). The
functionalities confered by the distribution of pectins in the cell walls of different gall
morphotypes were recently evaluated (Formiga et al. 2013; Carneiro et al. 2014; and
Oliveira et al. 2014).

This study examines hypotheses concerning relationship between sites of

accumulation of ROS, phenolic derivatives, and IAA to the patterns of deposition of
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cellulose microfibrils. The first hypothesis proposes that the sites of hyperplasia are
related to reduced cell areas, and isotropic cell expansion, which implies low
accumulations of phenolics and indole-3-acetic acid (IAA). The second hypothesis
suggests that the sites of cell hypertrophy involves the accumulation of ROS, phenolic
derivatives, and 1AA, which are related to the reorientation of cellulose microfibrils,
associated with changes in cell shape.

The model of study is the fusiform gall induced by Lopesia sp. (Diptera:
Cecidomyiidae) on the leaflets of Lonchocarpus cultratus (Vell.) Azevedo and Lima
(Fabaceae). To test the hypotheses above, the following questions are addressed: (1) is
there correlation among the sites of accumulation of ROS, (poly)phenols, flavonoids
and IAA with those of intense cell division and elongation? (2) How do the patterns of
cell elongation and of deposition of cellulose microfibrils influence the development of
the tissue projections for both gall surfaces? And (3) how do cell growth regulators
influence the patterns of deposition of cellulose microfibrils?

Materials and methods
Sampling and collection

Samples of non-galled leaflets (NGL) (n > 13) and galls at three stages of
development - young (YG), mature (MG) and senescent (SG) (n > 13, per stage) - were
collected at the Estacdo Ecoldgica of the Universidade Federal de Minas Gerais
(EEUFMG), campus Pampulha (19°53'02.4"S, 43°58'09.8"W), and at the Parque
Estadual Serra Verde (PESV) (19°47'22.47"S, 43°57'32.35"W), Belo Horizonte, Minas
Gerais, Brazil. The voucher specimens were deposited in the BHCB Herbarium under
the registration numbers 155 758 (EEUFMG) and 169 410 (PESV).

Anatomical analysis

For anatomical observations, samples (n > 5) were fixed in 4.5% formaldehyde
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and 2.5% glutaraldehyde in 0.1 M phosphate buffer (PBS), pH 7.2 (Karnovsky 1965,
modified), for 48 hours at room temperature. The histological sections were dehydrated
in n-butyl series, and embedded in Paraplast® (Kraus and Arduin 1997). Sections (12-14
um) were produced using a rotary microtome (Leica® Jung BIOCUT 2035). The
sections were deparafinized, and stained with astra blue and safranin 9:1 (v/v)
(Bukatsch 1972, modified to 0.5%). The slides were mounted in clear varnish Acrilex®
(Paiva et al. 2006). Samples (n > 5) were dehydrated in an ethanol series, embedded in
Historesin (Leica® Microsystems GmbH, Wetzlar, Germany), and sectioned using a
rotary microtome (5-7um) (Zeiss® Hyrax M40). Subsequently, the slides were stained
with 0.05% toluidine blue in 0.1M PBS, pH 6.8 (O'Brien et al. 1964), and mounted in
Entellan (Merck Millipore® International). The sections were photographed with a
digital camera (Canon® Power Shot A650) coupled to an optical microscope (Zeiss
Primo Star®).

Histolocalization of growth regulators and associated metabolites

Hand-made sections of fresh samples (n > 3) of NGL and YG, MG and SG were
used for the detection of ROS, IAA, (poly)phenols and flavonoids. ROS were detected
by immersing the sections in 0.5% 3,3 -diaminobenzidine (DAB) (Sigma-Aldrich, St.
Louis, MO, USA) for 30 min, in the dark (Rossetti and Bonatti 2001). The intensity of
the reaction was analyzed by the color intensity; the intense brown color indicated
strong reaction and the weak brownish color indicated weak reaction.

The accumulation of (poly)phenols was detected in samples using a 2% ferrous
sulfate in 10% formalin solution (Johansen 1940). A positive reaction was confirmed
by the development of a brownish or black color at the sites of accumulation.
Flavonoids were detected by the development of a blue color in sections fixed in 0.5%

caffeine, 0.5% sodium benzoate, and 90% butanol for 5 min, and incubated in 1% p-
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dimethylaminocinnamaldehyde (DMACA), hydrochloric acid, and ethanol (5: 1: 5) for
2h (Feucht et al. 1986). For indole-3-acetic acid (IAA) detection, the sections were
treated with Ehrlich reagent (1% p-dimethylaminnobenzaldehyde in 1M HCI; w/v)
(Leopold and Plummer 1961) for 5 min at room temperature, and positive reactions
were confirmed by the pink color of tissues (Bedetti et al. 2014). The results were
photographed with a digital camera (Canon® Power Shot A650) coupled to an optical

microscope (Zeiss® Primo Star).

Cytometric analysis

For comparative purposes, the origin of galled tissues was determined by
ontogenetic analyses and their continuity to the non-galled tissues. In the NGL, the cells
of the epidermis, and of the adaxial, paravenal, and abaxial palisade parenchyma were
measured (n = 40, for each layer). In the three developmental stages of the galls, cell
areas (n = 40) of the epidermis, adaxial outer parenchyma and abaxial cortical
parenchyma, sclerenchymatic layers, and nutritive tissue were measured. The number
of cell layers in transverse sections was accounted for in the NGL tissues and in the YG,
MG, and SG (n = 10, for sample). Cell areas and the longest cell axis (periclinal and
anticlinal) (n=40) were measured using the software Axion Vision™ 7.4% (Carl Zeiss®
Microscopy GmbH, Jena, Germany). The type of cell expansion was determined using

both longitudinal and transverse sections.
Statistical analyzes

Statistical analyses were made with GraphPad Prism™ 5.0 software (Motulsky
1992-2009) to verify differences among the patterns of elongation, cell areas, and
number of cell layers. Parametric data were compared using a t-test (for two categories)

or analysis of variance (ANOVA) (for three or more categories), followed by Tukey’s
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test. The non-parametric variables were transformed to logarithmic scale (logio) to
normalize the values and equalize variances. The transformed data that did not pass
normality tests (Shapiro-Wilk tests) were analyzed using the Mann-Whitney test (for
two categories) or the Kruskal-Wallis test (for three or more categories), followed by

Dunn’s test. The level of significance used in all tests was p < 0.05.
Analysis of the patterns of deposition of cellulose microfibrils

Sections obtained from fresh material, and embedded in Paraplast® were treated
with 50% Calcofluor White in distilled water for 30 min in the dark (Herth and Schnepf
1980), for detection of the orientation of the cellulose microfibrils. The sections were
washed in distilled water, mounted in 50% glycerin, analyzed, and photographed with a
fluorescence microscope (Nikon Eclipse Ti®) using DAPI filter in the Centro de

Aquisicéo e Processamento de Imagens (CAPI-ICB/UFMG).
Results

General features

Leaves of L. cultratus are compound, alternate and imparipinnate, and
approximately 10-25 cm in length (Fig. 1A). The fusiform galls occur isolated or
grouped, have trichomes and are green in young and mature stages (Fig. 1B-D). The
larval chamber (Fig. 1D) shelters one individual of Lopesia sp. The SG have brownish
portions, and opens to the adaxial surface (Fig. 1E), enabling the escape of the Lopesia

sp. (Fig. 1F).
Anatomical analysis

The NGL of L. cultratus have uniseriate epidermis and are hypostomatic (Fig.

2A). The mesophyll consists of 4-6 cell layers and is divided into adaxial, paravenal,
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and abaxial palisade parenchyma (Fig. 2A). The vascular bundles are collateral and
surrounded by a sclerenchymatic sheath (Fig. 2B). The YG are characterized by cell
divisions and elongation, which causes the hypertrophy and arching of the leaflet lamina
(Fig. 2C). In the MG, the parenchymatic outer cortex is subdivided into adaxial and
abaxial portions (Fig. 2D), in relation to the position of the larval chamber. This stage is
characterized by the formation of the inner cortex composed by sclerenchymatic cells
and the nutritive tissue (Fig. 2D). At senescence, the nutritive tissue (Fig. 2E), the
adaxial epidermis, and the adaxial parenchyma have some necrotic sites.
Histolocalization of growth regulators and associated metabolites

The detection of ROS by DAB in the NGL is more intense in the paravenal
palisade parenchyma, in the abaxial palisade parenchyma, in the phloem, and in the
abaxial epidermis (Fig. 3A). In the adaxial epidermal cells and in the adaxial palisade
parenchyma, the detection of ROS is less intense (Fig. 3A-B). (Poly)phenols and
flavonoids are distributed all over the mesophyll, mainly in the adaxial and abaxial
parenchymatic cells (Fig. 3C-D). In the YG, the ROS are strongly detected in the cells
of the adaxial epidermis, in the nutritive tissue undergoing redifferentiation, in the
abaxial outer cortex, and in the phloem (Fig. 3E). (Poly)phenols (Fig. 3F), indole-3-
acetic acid (Fig. 3G), and flavonoids (Fig. 3H) occur in a small group of cells in the
abaxial outer cortex. All the compounds are detected in the adaxial (Fig.3 I-L) and
abaxial outer cortices of the MG (Fig. 3M-P). Overlapping sites of occurrence of ROS,
(poly)phenols, IAA, and flavonoids were observed on both surfaces of the SG (Fig. 4A-
I). The presence of IAA is restricted to small groups of cells in the adaxial (Fig. 4C) and

abaxial outer cortices of the SG (Fig. 4H).
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Cytometry and new pattern of cell elongation

The adaxial epidermis of the NGL is responsible for the formation of the gall
adaxial epidermis, and part of the adaxial outer cortex, as well as of the nutritive tissue
(Fig. 5). Changes in the pattern of cell elongation are observed in the redifferentiating
nutritive tissue, and in the adaxial and abaxial outer cortices of the YG (Fig. 5). The
adaxial outer cortex, which originates from the adaxial epidermis, and the adaxial and
paravenal palisade parenchyma presents anticlinal cell elongation at all stages of gall
development (Fig. 5). The abaxial outer cortex of the YG has two patterns of cell
expansion. The portion originating from the paravenal parenchyma expands
isodiametrically, while the cells originating from the abaxial parenchyma expand
anisotropically (Fig. 5). In the MG and SG, the cells of the adaxial and abaxial outer
cortices elongate anticlinally, while the nutritive cells elongate periclinally (Fig. 5).

The YG, MG, and SG have uniseriate epidermis with periclinally elongated cells
on both surfaces. The number of cell layers of the adaxial outer cortex is higher in the
MG (32.4b £ 4.9) when compared to the YG (10.8a + 3.6), which is also true for the
nutritive tissue (4.9a £ 0.9 and 7.7b = 1.8, in YG and MG) and the abaxial outer cortex
(13.7a + 3.4 and 25.4b + 7.4, in YG and MG). In the SG, the number of cell layers of
the adaxial (30.0b = 4.2), and abaxial (22.8b = 4.4) outer cortices does not differ
significantly, when compared to the MG. The number of cell layers of the
sclerenchymatic layer from the MG (4.8b £+ 1.1) to the SG (4.8b + 1.0) does not vary. A
significant decrease is observed in the number of cell layers of the nutritive tissue
between the MG (7.7b + 1.8) and the SG (3.9a + 1.1).

The area of the cells of the adaxial epidermis does not vary between the NGL
(294.4a um? + 77.2) and the YG (231.1a um® + 69.4). The area of the cells of the

adaxial (877.1b pm? + 197.3) and abaxial (662.3b um? + 276.4) outer cortices, and of
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the nutritive tissue (348.3b pm?®+ 143.7) of the YG are large. The differences in areas of
these tissue layers are larger than those of the adaxial epidermis (294.4a pm? + 77.2),
adaxial palisade parenchyma (219.9a pm? + 67.6), paravenal palisade parenchyma
(141.9a pm? + 37.9), and abaxial palisade parenchyma (144.3a pm?+ 37.1) of the NGL.
In the MG, the area of the cells of the adaxial epidermis (447.4c pm? + 202.1), of the
adaxial (2936.8c um?+ 1139.7) and abaxial (2458.7¢c pm?+ 711.2) outer cortices, of the
nutritive tissue (1113.9c pm? + 303.4), and of the abaxial epidermis (298.7¢c pm? +
100.9) are significantly larger than those of the YG. In the SG, the area of the adaxial
epidermal cells (201.8ad um? + 334.6), adaxial (1868.8d pm? + 294.1) and abaxial
(1483.1d pm? + 483.7) outer cortical cells, and nutritive cells (680.7d pm? + 275.3) are
significantly smaller when compared to the cell areas of the MG.
Analysis of the patterns of cellulose microfibrils deposition

The cells of the NGL (Fig. 6A) present anisotropic expansion (Fig. 6B). The
cellulose microfibrils in the cell walls of the adaxial epidermis (Fig. 6C) and mesophyll
(Fig. 6D-F) are oriented perpendicularly to the major axis of the elongated cells. From
YG to SG, the arrangement of the cellulose microfibrils changes in the distinct cell
layers (Fig. 7A-0). In the YG (Fig. 7A), the adaxial epidermal and the parenchymatic
cells of the adaxial outer cortex (Fig. 7D) invaginate and divide anticlinally and
periclinally to form the nutritive tissue (Fig. 7G). The abaxial outer cortex has two
different types of cell expansion; isotropic next to the larval chamber, and anisotropic
next to the abaxial epidermis (Fig. 7J). The cellulose microfibrils are perpendicularly
oriented to the major axis of cell elongation in the anisodiametric cells of the adaxial
parenchyma, randomly arranged in the isodiametric cells and perpendicularly arranged

in the anisodiametric cells of the abaxial outer cortex.
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In the MG (Fig. 7B), the cells of the adaxial outer cortex (Fig. 7E), nutritive
tissue (Fig. 7H), and abaxial outer cortex (Fig. 7K) present cellulose microfibrils
aligned perpendicularly to the major axis of cell elongation (Fig. 7M-0O). The shape of
the gall, the predominant type of anisotropic expansion, and the direction of cell
elongation are similar in the MG and in the SG (Fig. 7F, 71, 7L). In the SG (Fig. 7C),
the cellulose microfibrils of the adaxial outer cortex, nutritive tissue, and abaxial outer
cortex are arranged perpendicularly to the major axis of the anisodiametric cells.
Discussion
Correlation between the accumulation of growth regulators and associated metabolites
with the sites of hyperplasia and cell hypertrophy

In the Lonchocarpus cultratus-Lopesia sp. system, the establishment of the gall-
inducing insect completely alters the ontogenetic steps of the NGL tissues in a process
called neo-ontogenesis (Carneiro et al. 2014). The first cell responses are hypertrophy
and an increase in cell division resulting in tissue hyperplasia (Rohfritsch 1992; Arduin
and Kraus 1995; Isaias and Oliveira 2012). Hyperplasia implies an immediate reduction
in cell areas, which is a diagnostic feature of isotropic expansion (Rose 2003). In fact,
the isotropic expansion of the abaxial outer cortical cells can be determined by their
small cell areas, and are an exclusive feature of YG on L. cultratus. The second step in
the development of these cells is an increase in area in relation to the NGL cells, as
observed in gall cells induced on the leaves of Rosa virgiana by Diplolepis rosaefolii
(Hymenoptera: Cynipidae) (LeBlanc and Lacroix 2001). The key factors that trigger cell
hypertrophy and hyperplasia in galls are still poorly known, but recent studies suggest
the interaction of the phenolic compounds with regulators of cell growth, mainly 1AA,
as documented in galls of Piptadenia gonoacantha (Fabaceae) (Bedetti et al. 2014). The

detection of (poly)phenols, IAA, and flavonoids occurred exclusively in the abaxial
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outer cortical cells in YG. These cells undergo anisotropic expansion, which is the
predominant pattern in the YG. In the typical morphogenesis of plant organs, cell
divisions and elongation are separated in time (Obroucheva 2008), while in the YG on
L. cultratus, the cells elongate and divide concomitantly, showing that hyperplasia and
cell hypertrophy are not spatially or temporarily separated, as observed for the leaves of
Populus deltoides (Stiles and Van Volkenburgh 2002). The co-detection of hyperplasia
and hypertrophy in YG was also observed in the galls induced by Baccharopelma
dracunculifoliae on the leaves of Baccharis dracunculifolia (Magalhaes et al. 2014).

Cell expansion requires the extensibility of the cell walls, which is influenced
among other things by the biosynthesis of (poly)phenols. Hori (1992) proposed that the
increasing biosynthesis of (poly)phenols can inhibit the activity of I1AA-oxidase, and
consequently increase the levels of IAA, responsible for cell hypertrophy. The
interaction of these metabolites in the tissue layers of the MG in L. cultratus was
demonstrated by their histochemical detection in the parenchymatic cells of the outer
cortices, which coincides with the sites of intense cell hypertrophy.

The best established hypothesis by which auxins stimulate cell wall extension is
known as the acid growth model (Rayle and Cleland 1992). This hypothesis postulates
that auxins stimulate the rate of proton H* extrusion across the plasma membrane, and
that the increased proton concentration in the wall spaces weakens the cross hydrogen
bonds between cellulose and adjacent hemicelluloses (Brett and Waldron 1996;
Obroucheva 2008). This linkage weakening facilitates the lateral slippage of
microfibrils relative to the cell-wall matrix, thus allowing cell elongation (Obroucheva
2008). Another hypothesis about the role of auxin in cell elongation suggests that auxins
stimulate the production of superoxide radicals in the cell walls (Rose 2003). The

superoxide radicals are converted into hydrogen peroxide (H,0,), which is then
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converted into hydroxyl radicals (OH) by wall-bound peroxidases (Rose 2003). The
hydroxyl radicals break many chemical bonds, including glycosidic linkages in the
backbone of wall polysaccharides, enabling cell wall extension (Cosgrove 1999; Rose
2003; Cosgrove 2005). The histochemical detection of both IAA and H,0O, at similar
sites corroborates the occurrence of the acid growth model in the MG of L. cultratus,
and indicates the possible role of auxin in the conversion of superoxide radicals to
hydrogen peroxide, herein histochemically detected.

In SG, the accumulation of 1AA is restricted to a small group of cells, where the

histochemical reaction to the Ehrlich’s reagent was weak, indicating the cessation of cell

hypertrophic responses. Similar results were obtained from the rachis fusiform galls on
Piptadenia gonoacantha (Bedetti et al. 2014).

Cytometry and new pattern of cell elongation orchestrated by the reorientation of the
cellulose microfibrils

The mechanical and chemical stimuli of the gall-inducing Cecidomyiidae alter
the morphogenesis of L. cultratus leaflets causing an increase in cell areas, and changes
in the patterns of cell expansion and elongation. These cytometric alterations are
orchestrated by the reorientation of the cellulose microfibrils.

Cellulose microfibrils in the cells of the galls on L. cultratus are oriented
perpendicularly to the longest cell axis in elongated cells, and randomly arranged in
isodiametric cells, as described by Baskin (2005) for plant organs in general. In fact,
anisotropic expansion is crucial for molding plant organs (Baskin 2005), and is
controlled by the peripheral microtubules in the cells that promote the arrangement of
cellulose synthase for the aligned deposition of microfibrils in the cell walls (Green
1980; Baskin 2001, 2005; Crowell et al. 2010). In L. cultratus, the pattern of deposition

of cellulose microfibrils accompanied the new directions of cell elongation acquired by
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the cells of the adaxial and abaxial outer cortices in the YG, and by the cells of the
nutritive tissue of the YG and MG. These changes in the direction of cell elongation
require the acidification of the cell wall, conferred by ROS and IAA (Rayle and Cleland
1992; Cosgrove 1998, 1999), which facilitates the reorientation of the cellulose
microfibrils (Magalhdes et al. 2014). The nutritive cells in L.cultratus acquired a pattern
of periclinal elongation in the MG and SG, generating the elliptical shape of the larval
chamber triggered by the random feeding activity of the Cecidomyiidae. While the
periclinal elongation is crucial for the development of the kidney-shaped galls on B.
dracunculifolia (Magalhdes et al. 2014), on the galls in L. cultratus, the anticlinal
elongation is responsible for the final shape of the gall, with increased number of tissue
layers developed to both leaflet surfaces. As far as we are concerned, the development
of these two host plant-galling herbivore systems, i.e., B. dracunculifolia-
Baccharoplema dracunculifolia and L. cultratus-Lopesia sp. demonstrates the
reorientation of the cellulose microfibrils during the development of the kidney-shaped
and the fusiform galls, respectively.

Final considerations

The histochemical tests used in this study are simple and direct methods for detecting
specific sites of accumulation of (poly)phenols and IAA. Moreover the detection of
these compounds occurred at sites of cell division and elongation, corroborating the
associated roles of these compounds in gall development. The new design of the L.
cultratus fusiform gall is the consequence of cell anisotropic elongation orchestrated by
the rearrangement of cellulose microfibrils, in sites where growth regulators could be
detected.
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Fig. 1. Lonchocarpus cultratus-Cecidomyiidae system. (A) Leaf of Lonchocarpus
cultratus (Fabaceae) with a gall induced by a Cecidomyiidae (arrow). (B) Detail of a
young gall (YG) seen on the adaxial surface. (C) Detail of a young gall (YG) seen on
the abaxial surface. (D) Transverse section of a mature gall (MG) showing the larval
chamber. (E) Senescent gall (SG) showing the escape channel (arrow). (F) Larva of
Lopesia sp.
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Fig. 2. Anatomical aspects of the non-galled leaflet and galls of Lopesia sp. on
Lonchocarpus cultratus (Fabaceae). (A-B) Non-galled leaflet (NGL). (C) Young gall
(YG). (D) Mature gall (MG). (E). Senescent gall (SG). (A) NGL with uniseriate
epidermis, mesophyll divided into adaxial palisade parenchyma, paravenal palisade
parenchyma, abaxial palisade parenchyma, and stomata on the abaxial surface (arrows).
(B) Collateral vascular bundle surrounded by sclerenchymatic sheath. (C) YG
characterized by cell divisions and elongation, which causes the hypertrophy and
arching of the leaflet lamina. (D) MG with parenchymatic outer cortices, nutritive tissue
and sclereids. (E) Detail of suberization in the nutritive tissue adjacent to the larval
chamber. Abaxial epidermis (ABE), abaxial palisade parenchyma (ABPP), abaxial
parenchyma (ABP), adaxial epidermis (ADE), adaxial palisade parenchyma (ADPP),
adaxial parenchyma (ADP), paravenal palisade parenchyma (PVPP), phloem (P),
nutritive tissue (NT), sclereids (SC), sclerenchymatic sheath (SS), vascular bundle
(VB), xylem (X).
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Fig. 3. Histochemical tests on transverse sections of the non-galled leaflet and galls of
Lopesia sp. on Lonchocarpus cultratus (Fabaceae). (A-D) Non-galled leaflet (NGL). (E-
H) Young gall (YG). (I-P) Mature gall (MG). (A) Detection of reactive oxygen species
(ROS) (brown color) by 3.3’-diaminobenzidine (DAB) more intense in the paravenal
palisade parenchyma, abaxial palisade parenchyma, and phloem. (B) ROS detected by
DAB in the adaxial epidermis. (C) (Poly)phenols (PPH) (brownish color) evidenced by
ferrous sulfate in formalin in the mesophyll. (D) Detection of flavonoids (FV) (blue
color) by p-dimethylaminocinnamaldehyde (DMACA) in the mesophyll. (E) ROS
detected by DAB in the nutritive tissue, abaxial outer cortex and phloem. (F)
(Poly)phenols in the abaxial outer cortex. (G) Detection of indole-3-acetic acid (IAA)
(pink color) by Erhlich reagent in the abaxial outer cortex. (H) Flavonoids (blue color)
evidenced in the abaxial outer cortex. (1) ROS in the cells of the adaxial outer cortex. (J)
(Poly)phenols in the cells of the adaxial outer cortex. (K) IAA in the cells of the adaxial
outer cortex. (L) Flavonoids in the cells of the adaxial outer cortex. (M) ROS detected
in the cells of the abaxial outer cortex. (N) (Poly)phenols in the abaxial surface. (O)
Detection of 1AA in the cells of the abaxial outer cortex. (P) Flavonoids in the cells of
the abaxial outer cortex. Abaxial epidermis (ABE), abaxial palisade parenchyma
(ABPP), abaxial parenchyma (ABP), adaxial epidermis (ADE), adaxial palisade
parenchyma (ADPP), adaxial parenchyma (ADP), paravenal palisade parenchyma
(PVPP), phloem (P), nutritive tissue (NT).



Fig. 4. Histochemical tests on transverse sections of the senescent galls (SG) of Lopesia
sp. on Lonchocarpus cultratus (Fabaceae). (A) Detection of reactive oxygen species
(ROS) (brown color) by 3.3’-diaminobenzidine (DAB) in the adaxial outer cortex. (B)
(Poly)phenols (PPH) (black color) evidenced by ferrous sulfate in formalin in the
adaxial outer cortex. (C) Detection of indole-3-acetic acid (IAA) (pink color) by Erhlich
reagent in the adaxial outer cortex. (D) Flavonoids (FV) (blue color) detected by p-
dimethylaminocinnamaldehyde (DMACA) in the adaxial outer cortex. (E) ROS
detected by DAB in the nutritive tissue. (F) Detection of ROS in the abaxial outer
cortex. (G) (Poly)phenols in the abaxial surface. (H) Detection of IAA in the abaxial
outer cortex. (I) Detection of flavonoids in the abaxial outer cortex. Abaxial
parenchyma (ABP), adaxial parenchyma (ADP), nutritive tissue (NT).
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Fig. 5. Patterns of cell elongation and changes in cell areas during the development of
the fusiform gall of Lopesia sp. on Lonchocarpus cultratus (Fabaceae). Squares with
different shading indicate statistical differences in cell area. Anisodiametric cells are
represented by ellipses with only two ends contacting the square. Isodiametric cells are
represented by circles touching all sides of the squares. Arrows indicate changes in
elongation patterns. (n= 10; p< 0.05). Abaxial epidermis (ABE), abaxial palisade
parenchyma (ABPP), abaxial parenchyma (ABP), adaxial epidermis (ADE), adaxial
palisade parenchyma (ADPP), adaxial parenchyma (ADP), mature gall (MG), non-
galled leaflet (NGL), nutritive tissue (NT), paravenal palisade parenchyma (PVPP),
sclereids (SC), senescent gall (SG), young gall (YG).
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Fig. 6. Diagram, anatomy, and patterns of deposition of cellulose microfibrils of non-
galled leaflets (NGL) of Lopesia sp. on Lonchocarpus cultratus (Fabaceae). (A)
Diagram of NGL in transverse section. (B) Transverse section of the NGL, showing
tissue organization. (C) Adaxial epidermis with aligned microfibrils. (D) Adaxial
palisade parenchyma with aligned microfibrils. (E) Paravenal palisade parenchyma with
aligned microfibrils. (F) Abaxial palisade parenchyma with microfibrils aligned
transversely to the long axis of cell elongation. Abaxial epidermis (ABE), abaxial
palisade parenchyma (ABPP), adaxial epidermis (ADE), adaxial palisade parenchyma
(ADPP), mesophyll (MP), paravenal palisade parenchyma (PVPP), vascular bundle
(VB).
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Fig. 7. Diagram, anatomy, and patterns of deposition of cellulose microfibrils of young
(YG), mature (MG), and senescent galls (SG) of Lopesia sp. on Lonchocarpus cultratus
(Fabaceae). (A) YG in transverse section. (B) MG in transverse section. (C) SG in
transverse section. (D) Adaxial outer cortical cells of a YG. (E) Adaxial outer cortical
cells of a MG. (F) Adaxial outer cortical cells of a SG. (G) Nutritive tissue in
differentiation in a YG. (H) Nutritive tissue of a MG. (1) Nutritive tissue of a SG. (J)
Abaxial outer cortical cells of a YG. (K) Abaxial outer cortical cells of a MG. (L)
Abaxial outer cortical cells of a SG. (M) Adaxial cortical cells of a MG with aligned
microfibrils (arrow). (N) Nutritive tissue of a MG with aligned microfibrils (arrow). (O)
Abaxial outer cortical cells of a MG with aligned microfibrils (arrow). Abaxial
parenchyma (ABP), adaxial parenchyma (ADP), larval.
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Abstract

Galls are product of an intimate host plant-insect interaction with specific structural and
functional features. Current model of study is a Cecidomyiidae leaflet gall induced on
Lonchocarpus cultratus, assessed to investigate how the diversity and distribution of
cell walls pectins and proteins affect the functionality of gall tissue layers. Non-galled
leaflets and galls of Lonchocarpus cultratus at different developmental stages were
analyzed using anatomical and immunocytochemical approaches. The detection of high
methyl-esterified homogalacturonans (HGAS) and arabinogalactan-proteins (AGPS) in
leaflet primordia, young leaflets, and young galls evidenced cell youth and flexibility.
The labeling of low methyl-esterified HGAs in mature leaflets and senescent galls
demonstrated cell structural stability. In mature galls, AGPs were labeled in the cell
walls of the adaxial outer cortex, which was related to gall growth, and avoidance of
cell death. Neo-functionalities were observed mainly in nutritive cells, where the co-
occurrence of arabinans and galactans enhanced the cell wall porosity, facilitating
insect’s nutrition. The detected epitopes indicated flexibility and porosity in the walls of
redifferentiating cells, and stiffness in the walls of cells at the end of their cycles.
Besides the stimuli of gall inducing and establishment, the age of the host plant organ

also influenced the pectin and protein composition of the cell walls.

Keywords: cell wall composition, immunocytochemistry, insect galls, plant

development.
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Introduction

The components of the cell walls are highly dynamic and throughout
development undergo changes in their composition and configuration in response to the
functional needs of plant organs (Rose 2003). Among the factors that contribute to the
development of galls, changes in pectins and proteins of cell walls allow the redirection
of cellular functions leading to the formation of a new structural and functional design
of the neoformed organ (Formiga et al. 2013; Carneiro et al. 2014; Oliveira et al. 2014).
One of the components of the cell wall, the pectins, are classified into three main
domains: rhamnogalacturonans | (RG-I), rhamnogalacturonans Il (RG-II), and
homogalacturonans (HGAs) (Ridley et al. 2001; Mohnen 2008; Albersheim et al. 2010)
that comprise 20-35%, 10%, and 65% of pectins in cell walls, respectively (Ridley et al.
2001, Mohnen 2008). The RG-I are alternative forms of HGAs composed of side chains
of rhamnose linked to galacturonic acid (Moore et al. 2008; Albersheim et al. 2010),
while the RG-II are structurally more complex and predominate in the primary cell
walls (O'Neill et al. 2004). The lateral chains of RG-1 may be replaced by arabinans and
galactans (Albersheim et al. 2010), with arabinans contributing to the flexibility of the
walls, and their absence confering loss of cell adhesion (O'Donoghue and Sutherland
2012). Mastroberti and Mariath (2008) suggested that the galactans are indirectly
responsible for cell growth, since they bind to RGs and reduce the availability of free
esterification sites. In the presence of galactans, calcium ions do not bind to such sites
and the stiffness of the walls is reduced (Jones et al. 1997).

The HGAs are synthesized in highly methyl-esterified state, ensuring flexibility
to the structure (Knox et al. 1990). These pectins are produced in the Golgi apparatus
and transported to the cell walls forming a three-dimensional network (Willats et al.
2001). Changes in the degree of methyl-esterification of HGAs may occur by the action
of pectin methyl-esterases (PMES), which release the sites to interact with calcium ions,
and promote the increased stiffness of the structure (Knox et al. 1990). Besides the
pectins, the arabinogalactan-proteins (AGPs) and the extensins are part of the
composition of the walls (Showalter 1993). The AGPs are characterized by a large
proportion of carbohydrates, mainly arabinoses and galactoses, and a just 5-10% of
proteins (Showalter 1993). The AGPs are found in practically all plant organs,
associated with several aspects of development, being involved in the processes of cell

division (Rumyantseva 2005), expansion (Willats and Knox 1996), and in the control of
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programmed cell death (PCD) (Mastroberti and Mariath 2008). Another component of
cell walls, often evident at the end of cell expansion, is the extensin (Cassab 1998). This
glycoprotein provides stability and rigidity to the structure decreasing the growth of the
walls (Brett and Waldron 1996). Such components of cell walls has been recently
studied in three gall morphotypes on Baccharis reticularia (Formiga et al. 2013) in
mature stage, during the development of the globoid galls on Psidium myrtoides
(Carneiro et al. 2014), and of the kidney-shaped galls on B. dracunculifolia (Oliveira et
al. 2014).

The pectins and proteins of the cell walls vary temporally and spatially during
the development both of the host organ, and of the gall (Formiga et al. 2013; Oliveira et
al. 2014). On time basis, it is expected that the composition of the cell walls should be
similar between the early stages of leaflet and gall development. On spatial basis, a
remodeling of the components of the cell walls towards the new functionalities assumed
by the gall tissue layers is predicted. To check these assumptions, current study labels
the pectin and protein epitopes on cell walls of leaflets and galls with monoclonal
antibodies (MAbs). The role of each investigated epitope in its specific sites is
discussed based on to their primary functions on the leaflets, towards the new functions
of the gall tissue layers of the galls on Lonchocarpus cultratus (Vell.) Azevedo and

Lima (Fabaceae).

Materials and methods
Study area

Samples of leaflet primordia of the first node (LP), young leaflets (YL), mature
leaflets (ML), and young (YG), mature (MG) and senescent galls (SG) were collected
from individuals of Lonchocarpus cultratus (n = 10). The sites of sampling were the
Estacdo Ecoldgica da Universidade Federal de Minas Gerais (EEUFMG), campus
Pampulha (19°53'02.4"S, 43°58'09.8"W), and the Parque Estadual Serra Verde (PESV)
(19°47'22.47"S, 43°57'32.35"W), Belo Horizonte, Minas Gerais, Brazil. The voucher
specimens of fertile material were deposited in the BHCB Herbarium under the
registration number 155.758 (EEUFMG) and 169.410 (PESV).
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Fixation and preparation of sample

For anatomical analyzes (n > 10 per sample) and immunocytochemistry (n > 3
per sample), portions of the LP, YL, ML, YG, MG and SG were fixed in 4.5%
formaldehyde and 2.5% glutaraldehyde in 0.1M phosphate buffer (PBS) (pH 7.2)
(Karnovsky 1965, modified), dehydrated in n-butyl series (Johansen 1940), and
embedded in Paraplast® (Kraus and Arduin 1997). Cross sections (12pm) were
performed in a rotary microtome (Jung Leica® Biocut 2035). The sections were
deparaffinized in butyl acetate at 40 °C, and dehydrated in ethanol series. For
anatomical observations, the samples were stained with Astra blue and safranin 9:1
(v/v) (Bukatsch 1972, modified to 0.5%), and mounted in clear varnish (Paiva et al.
2006).

Immunocytochemistry

For immunocytochemical analysis, the samples (n > 3 per stage) were incubated
in blocking solution with 3% powdered milk in PBS for 30 minutes, followed by
incubation for 2h in monoclonal antibodies (MAbs) JIM5, JIM7, LM1 , LM2, LM5 and
LM6 (table 1) (Centre for Plant Sciences, University of Leeds, UK). For the negative
control, the MAbs were suppressed. The sections were washed in PBS, and then
incubated in FITC Goat anti-rat (Sigma®) diluted in 3% powdered milk in PBS (1:10),
and kept for 2h in the dark. Slides were washed three times in PBS, and mounted with
50% glycerin. The analyses were performed in a Zeiss 510 META confocal microscope,

with the excitation Argon laser wavelength of 488 nm, and emission of 505-530 nm.
Results

General features

Lonchocarpus cultratus (Leguminosae: Papilionoideae) is an arboreal-shrub
species (Fig. 1A). The fusiform galls are intralaminar, hairy, with similar color on both
surfaces of leaflets (Fig. 1B-C), and a spherical larval chamber (Fig. 1D). The SG have
an escape channel (Fig. 1E) digged by the galling Diptera: Cecidomyiidae, whose larva
is translucent (Fig. 1F).
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Anatomical features of leaflets and galls

The leaflet primordia (LP) have uniseriate protoderm, and ground meristem
subdivided into three regions: one-layered adaxial meristem, two-layered median
meristem, and one-layered abaxial meristem (Fig. 2A). The young leaflets (YL) have
uniseriate epidermis and four-layered mesophyll (Fig. 2B). The epidermis of the mature
leaflets (ML) is uniseriate, and the mesophyll is 4-6 layered (Fig. 2C). The vascular
bundles are collateral and surrounded by sclerenchymatic sheath (Fig. 2D). During all
phases of gall development, epidermis remains uniseriate. The YG is formed by an
outer cortical parenchyma, and a differentiating nutritive tissue (Fig. 2E). The MG have
sclerenchymatic cells surrounding the nutritive tissue (Fig. 3A). Suberization of some
cells of the nutritive tissue and adaxial outer cortex are observed in the SG (Fig. 3B).

Immunocytochemistry

The LP, the YL and ML, and the YG, MG and SG have temporal and spatial
variations in the distribution of pectin and protein epitopes, as well as differences in the
intensity of labeling (Fig. 2-3). The diversity of the compounds of the LP is higher than
those of the YL and ML (Fig. 2A-D). An increasing diversity of pectin and protein
domains is observed from the ML towards the YG (Fig. 2C-E). During the transition
from the YG to MG, no variation occurs in pectin and protein composition of the cell
walls (Fig. 2E; 3A). Nevertheless, the epitopes vary in intensity and site of detection
(Fig. 2E; 3A). From MG towards SG, there is a decrease in epitopes diversity (Fig. 3A-
B).

The JIM 7 antibody labels moderately the epitopes of high methyl-esterified
HGAs in the cell walls of the protoderm, ground meristem (Fig. 2A; 4A), midrib
collenchyma (Fig. 2A; 4B), and in the inner walls of procambial cells of the LP (Fig.
2A; 4C). Weak labeling by the JIM 5 antibody occurs at the junctions of the cells in the
collenchyma (Fig. 2A). Moderate labeling of the epitopes of AGPs by LM2 antibody is
observed in the anticlinal cell walls of the ground meristem (Fig. 2A; 4D), a weak
labeling occurs in the cell walls of the collenchyma (Fig. 2A; 4E), and of the midrib
procambium (Fig. 2A; 4F). The LM6 antibody moderately labels the epitopes of the
arabinans in the cell walls of the protoderm, ground meristem (Fig 2A; 4G),
collenchyma (Fig 2A; 4H), and midrib procambium (Fig. 2A). The detection of the

epitopes of galactans by the LM5 antibody occurs moderately in the cell walls of the

82



© 00 N oo o b~ W N e

W W W W W NN NDNDMDNDDRNDRNRNDNNIDRNIERERER P P R P P R R, e
BE WO N P O © 0 N o 0 B W NP O O 0 N o 0l b W N B O

procambium (Fig. 2A; 4l), and in the midrib collenchyma (Fig. 2A; 4J), while the cell
walls of the adaxial, median, and abaxial meristem have less intense labeling (Fig. 2A;
4K).

In the YL, the cell walls of the epidermis, parenchyma, xylem, phloem, and
collenchyma have strong labeling of high methyl-esterified HGAs by the JIM7 antibody
(Fig. 2B; 4L-M). These epitopes are also detected at the junctions of the collenchyma
cells (Fig. 4M). The low methyl-esterified HGAs are labeled by the JIM5 antibody with
lower intensity in the cell walls of the epidermis, and parenchyma (Fig 2B; 4N). The
AGPs are weakly labeled by the LM2 antibody in the cell walls of the epidermis and
parenchyma (Fig 2B; 40). In the cell walls of the collenchyma cells, of the xylem, and
phloem, the galactans are weakly labeled by the LM5 antibody (Fig. 2B; 4P). More
expressive labeling of galactans occurs in the junctions of the collenchyma cells (Fig.
4P).

In ML, the epitopes of the low methyl-esterified HGAs are moderately labeled
by the JIM5 antibody in the outer periclinal walls of the adaxial epidermis (Fig. 5A),
and intensely labeled in the outer periclinal walls of abaxial epidermis (Fig. 5B).
Moderately labeling occurs in the cell walls of the adaxial, paravenal and abaxial
palisade parenchyma (Fig. 2C; 5A). In the midrib, these epitopes are moderately labeled
at the junctions of the collenchyma cells (Fig. 2D; 5B). The high methyl-esterified
HGAs are weakly labeled by the JIM 7 antibody in the cell walls of the epidermis and
parenchyma (Fig. 2C; 5C). These epitopes are intensely labeling in the outer periclinal
walls of the abaxial epidermis of the midrib (Fig. 5D). The cell walls of xylem and
phloem are weakly labeled for high methyl-esterified HGAs, while moderate labeling is
observed at the junctions of the collenchyma cells (Fig. 2D; 5D). The LM5 antibody
moderately labels the epitopes for galactans in the cell walls of the phloem (Fig. 2D;
5E) and weakly labeled in the cells of the adaxial epidermis, adaxial and paravenal
palisade parenchyma, and xylem (Fig. 2C-D). The AGPs are weakly labeled by the
LM2 antibody in the outer periclinal walls of the epidermis (Fig. 2C-D).

A great diversity of pectin and protein epitopes is observed in the YG (Fig. 2E;
5F-T). Weak labeling of low methyl-esterified HGAs by the JIM5 antibody occurs in
the cell walls of the epidermis, parenchyma cells of the adaxial outer cortex (Fig. 2E;
5F), differentiating nutritive tissue (Fig. 2E; 5G), and parenchyma cells of the abaxial
outer cortex (Fig. 2E; 5H). Moderate labeling occurs at the junctions of these cells (Fig.
5F-H), and in the cell walls of the phloem (Fig. 2E; 5I). The JIM 7 antibody labeled
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more intensely the epitopes of the high methyl-esterified HGAs in the inner cell walls of
the differentiating nutritive tissue (Fig. 5J), at the junctions of the adaxial outer cortical
cells (Fig. 5K), and in the outer periclinal walls of the abaxial epidermis (Fig. 5L), when
compared to the moderate labeling in the cell walls (Fig. 2E; 5J-L). These epitopes are
moderately labeled in the cells walls of the phloem, and weakly labeled in the inner cell
walls of the sclerenchymatic sheath (Fig. 5M). Less expressive labeling of the AGPs by
the LM2 antibody occurs in the adaxial epidermis, in the parenchyma cells of the
adaxial outer cortex (Fig. 2E; 5N), and in the cell walls of the differentiating nutritive
tissue (Fig. 2E; 50). The cell walls of the nutritive tissue (Fig. 2E; 5P) and parenchyma
cells of the abaxial outer cortex have weak labeling for the epitopes of galactans by the
LMD5 antibody (Fig. 2E). The LM6 antibody moderately labels the epitopes of arabinans
in the cell walls of the adaxial epidermis, adaxial outer cortical parenchyma (Fig. 2E;
5Q), nutritive tissue (Fig. 2E; 5R), and abaxial outer cortical parenchyma (Fig. 2E; 5S).
LM6 antibody labels more intensely the cell junctions of the abaxial outer cortex (Fig.
5S). Weak labeling is observed in the cell walls of the abaxial epidermis by the LM6
antibody (Fig. 2E; 5T).

The epitopes for low methyl-esterified HGAs are moderately labeled by the
JIMS5 antibody in the cell walls of the adaxial epidermis and of the adaxial outer cortical
parenchyma of the MG (Fig. 3A; 6A). A weak labeling is observed in the cell walls of
the nutritive tissue (Fig. 3A; 6B), while in the abaxial outer cortical parenchyma and
abaxial epidermis, a moderate labeling occurs (Fig. 3A; 6C). The epitopes for low
methyl-esterified HGAs are intensely labeled by the JIM5 antibody in the outer
periclinal walls of the abaxial epidermis (Fig. 6C). The high methyl-esterified HGAs are
moderately labeled by the JIM7 antibody in the cell walls of the adaxial outer cortical
parenchyma (Fig. 3A; 6D), nutritive tissue (Fig. 3A; 6E), abaxial outer cortical
parenchyma cells (Fig. 3A; 6F), and phloem (Fig. 3A; 6G), while weakly labeling
occurs in the cell walls of the xylem (Fig. 3A; 6G). The arabinans are weakly labeled by
the LM6 antibody in the cell walls of the adaxial outer cortical parenchyma (Fig. 3A,
6H), and nutritive tissue (Fig. 3A; 61). The AGPs are weakly detected by the LM2
antibody in the cell walls of the adaxial outer cortical parenchyma (Fig. 3A; 6J). The
LM5 antibody weakly labels the epitopes of galactans in the cell walls of the nutritive
tissue (Fig. 3A; 6K), and of the abaxial outer cortical parenchyma (Fig. 3A).

In SG, the low methyl-esterified HGAs are weakly labeled by the JIM5 antibody

in the cell walls of the nutritive tissue (Fig. 3B; 6L), while on the adaxial and abaxial
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outer cortices, and in the outer periclinal walls of the epidermis, the labeling is intense
(Fig. 3B; 6M-N). The high methyl-esterified HGAs are weakly labeled in the cell walls
of the adaxial epidermis, adaxial outer cortical parenchyma (Fig. 3B; 60-P), nutritive
tissue (Fig. 3B; 6Q), and phloem (Fig. 3B). These epitopes are moderately labeling in
the external periclinal walls of the adaxial epidermis (Fig. 60). In the adaxial outer
cortical parenchyma, the LM5 antibody weakly labels the epitopes of galactans (Fig.
3B; 6R), while at the junctions of these cells moderate labeling occurs (Fig. 6R). In the
cell walls of the abaxial epidermis, the galactans are moderately labeled (Fig. 3B; 6S),
and intense labeling occurs in the cell walls of the abaxial outer cortical parenchyma
(Fig. 3B; 6S-T). In the lignified cells that surround the nutritive tissue, the extensins are
weakly labeled by the LM1 antibody (Fig. 3B).

Discussion
Maintenance of flexibility from young to mature tissues

During gall formation, cell redifferentiation (sensu Lev Yadun 2003) leads to the
development of new tissues with different functionalities (Oliveira et al. 2010). The
redirection of cell functions requires alterations in the pectin and protein composition of
the cell walls, which influences their extensibility, adhesion, porosity and stiffness, as
observed in recent studies on Neotropical galls (Formiga et al. 2013; Carneiro et al.
2014; Oliveira et al. 2014).

In the cell walls of the leaflet primordia (LP), young leaflet (YL), and young gall
(YG) of L. cultratus, the HGAs are detected in their high degree of methyl-
esterification, ensuring youth and flexibility to the cell walls (Knox et al. 1990). The
maintenance of the extensibility of the cell walls in YG allows that the stretching, cell
redifferentiation, and cell divisions occur. Furthermore, the lower rigidity of the cell
walls next to the larval chamber, conferred by these high methyl-esterified HGAs (Knox
et al. 1990), may facilitate the crashing of the nutritive cells by the larva of the
Cecidomyiidae (Dreger-Jauffret and Shorthouse 1992). This structural peculiarity of the
nutritive cells is related to the nutritional hypothesis proposed by Price et al. (1987),
whose premise is that the gall-inducing insects is able to manipulate the host plant
tissues for obtaining their food.

The maintenance of the extensibility of the cell walls of the LP, YL and YG is
also guaranteed by the AGPs, which allows the redifferentiating cells to expand (Willats

et al. 2001). The detection of the AGPs in the initial and intermediate developmental
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stages of the leaflets and of the galls reinforces the involvement of these wall
components in cell elongation and proliferation, and in the avoidance of the
programmed cell death (PCD) (Mastroberti and Mariath 2008). Along with the
arrangement of the cellulose microfibrils, the AGPs take part in directing cell growth,
which influences their final shape (Cassab 1998; Magalhé&es et al. 2014).

The most expressive labeling of arabinans by the LM6 antibody, when compared
to that of galactans by the LM5 antibody, demonstrates that the control of cell turgor
and the maintaining of the state of hydration of the cell walls are maintained in LP, and
YG (Moore et al. 2008). During gall development, the maintenance of the flexibility of
the cell walls of the outer cortical parenchyma, guaranteed by the presence of the
arabinan epitopes, is essential for cell elongation to occur without cell disruption (Jones
et al.1997; Formiga et al. 2013). The arabinans and the galactans may be present in the
cell walls as independent or associated polysaccharides (O'Donoghue and Sutherland
2012). During the developmental stages of the leaflets and galls on L. cultratus, these
polysaccharides are observed in different tissues, similarly to the three gall morphotypes
on B. reticularia (Formiga et al. 2013). In the LP, the arabinans are associated with the
galactans in the ground meristem, collenchyma and procambial cells. In the nutritive
cells of the YG and MG the arabinans are associated with the galactans, ensuring
porosity to the cell walls (Zykwinska et al. 2005). Also, these results corroborate that
the pectin composition of the nutritive cells of Cecidomyiidae galls ensures a greater
flow of nutritive macromolecules to the gall-inducing insects, as proposed by Oliveira et
al. (2010).

Acquisition of stiffness from mature to senescent tissues

The most significant detection of the low methyl-esterified HGASs in the tissues
of the ML and SG indicates the maturity of their cells, since the HGAs are synthesized
in the high methyl-esterified form, and are subsequently de-methyl-esterified by the
action of the pectin-methyl-esterases (PMEs) (Lord and Mollet 2002). The PMEs
expose the carboxyl groups linked to the calcium ions, forming pectic gels, responsible
for the stiffening of cell wall (Pelloux et al. 2007). The process of de-methyl-
esterification can be either linear or randomic. In the first case, all cell walls are
degraded by the action of endopolygalacturonases (Micheli 2001; Oliveira et al. 2014).
In the linear de-methyl-esterification, the galacturonic acid residues interact with
calcium ions, stiffening the cell walls (Knox et al. 1990; Oliveira et al. 2014). As
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observed by Oliveira et al. (2014) on galls of B. dracunculifolia, in SG on L. cultratus,
the randomic de-methyl-esterification does not occur, since cell lysis is not observed.

The AGPs and the arabinans are not detected in the tissues of the SG, and
consequently, cell wall loose adhesion (Zykwinska et al. 2005; O'Donoghue and
Sutherland 2012), which should facilitate the digging of the escape channel by the
galling Cecidomyiidae. The weak labeling of the high methyl-esterified HGAs in ML
and SG demonstrates the limited flexibility of the cell walls. From mature to senescent
cell walls are rigid and their functions are well established (Knox et al. 1990). These
characteristics together with the absence of the epitopes of AGPs in detectable
quantities in the SG indicate the end of cell expansion at this final developmental stage
on L.cultratus galls. Bao et al. (1992) detected extensins in the secondary walls of pine
wood (Pinus taeda). In L. cultratus, the strengthening conferred by the extensins is
restricted to secondary cell walls.

In L. cultratus galls, the intensity and location of pectins and proteins vary both
temporally and spatially, proving the influence of these compounds in the new
functional design assumed by the cells of the gall. The highest diversity of epitopes
detected in the cell walls of the YG when compared to the ML, sustained the
assumption that galls exhibit characteristics of a new plant organ (Shorthouse et al.
2005, Raman 2007).

Final considerations

Current study demonstrates that in the initial and intermediate developmental
stages of the leaflets and of the galls (LP, YL, YG and MG), pectin and protein
composition of the cell walls guarantees elasticity and porosity, allowing cell
redifferentiation, and elongation. In the final stages of the development of leaflets and
galls (ML, SG), the pectin composition guarantees stiffness. The YG induced in ML
exhibit greater diversity of pectins and proteins when compared to the host organ, which
reinforces the new functional design of the gall. The greatest diversity of compounds
was detected in the cell walls of the nutritive tissue, demonstrating its uniqueness on the
gall neo-ontogenetic basis. The high diversity of the cell wall compounds is similar
between the initial stages of the leaflet and gall development, and a decrease of diversity
occurs when both organs mature. As far as we are concernec, current observations

demonstrate for the first time that beyond the stimuli generated by Cecidomyiidae, the
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age of the host organs directly influences the dynamics of the pectins and proteins in the
cell walls, and corroborate their relation with the distinct functions of plant tissues.
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Table 1. Description of the monoclonal antibodies used for the labelling of the

epitopes in the cell walls

Monoclonal Epitopes References

antibodies

JIM 5 HGA methyl-esterified (until 50%) Knox et al. (1990), Clausen et al.
(2004).

JIM 7 HGA methyl-esterified (35%-90%) Knox et al. (1990), Clausen et al.
(2004).

LM 1 Extensins Clausen et al. (2004).

LM 2 Arabinogalactan-proteins (AGPSs) Smallwood et al. (1996).

LM 5 (1— 4) p-D-galactan Jones et al. (1997).

LM 6 (1 — 5) a-L-arabinans Willats et al. (1998).
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Fig. 1. General aspects of the leaflets and galls on Lonchocarpus cultratus
(Fabaceae). A. Arboreal-shrub species with young leaflets. B-D. Mature galls (MG).
B. Adaxial surface. C. Abaxial surface. D. Gall in hemi-section. E. Senescent galls(SG)
with the exuviae on the gall opening. F. Larva of the galling Diptera: Cecidomyiidae.
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Fig. 2. Distribution of pectins and proteins in the cell walls of the Ieaflet prlmordia

(LP), young leaflets (YL), mature leaflets (ML), and young galls (YG) on
Lonchocarpus cultratus (Fabaceae). A. LP. B. YL. C-D. ML. C. Mesophyll. D
Midrib. E. Young gall (YG). ADP: Adaxial protoderm. ADM: Adaxial meristem.
MDM: Median meristem. ABM: Abaxial meristem. ABP: Abaxial protoderm. PC:
Procambium. ADE: Adaxial epidermis. ADPP: Adaxial palisade parenchyma. PVPP:
Paravenal palisade parenchyma. ABPP: Abaxial palisade parenchyma. ABE: Abaxial
epidermis. ADOC: Adaxial outer cortex. NT: Nutritive tissue. SS: Sclerenchymatic
sheat. ABOC: Abaxial outer cortex. VB: Vascular bundle. XL: Xylem. PH: Phloem.
CL: Collenchyma. Antibodies and their relative epitopes: LM2:Arabinogalactan-
proteins (AGPs). LM5: Galactans. LM6: Arabinans. JIM5: Low methyl-esterified
homogalacturonans (HGAs). JIM7: High methyl-esterified HGAs. M Strong labeling.

BModerate labeling. ] Weak labeling. k Phloem. [ Xylem.
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Fig. 3. Distribution of pectins and proteins in the cell walls of mature (MG) and
senescent galls (SG) on Lonchocarpus cultratus (Fabaceae). A. MG. B. SG. ADE:
Adaxial epidermis. ADOC: Adaxial outer cortex. NT: Nutritive tissue. SC: Sclereids.
ABOC: Abaxial outer cortex. ABE: Abaxial epidermis. VB: Vascular bundle.
Antibodies and their relative epitopes: LM1: Extensins, LM2: Arabinogalactan-
proteins (AGPs). LM5: Galactans. LM6: Arabinans. JIM5: Low methyl-esterified
homogalacturonans (HGAs). JIM7: High methyl-esterified HGAs.ll High labeling. 8

Moderate labeling. [ Weak labeling. & Phloem. HMXylem.
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Fig. 4. Immunocytochemistry of pectins and proteins in the cell walls of leaflet
primordia (LP) and young leaflets (YL) on Lonchocarpus cultratus (Fabaceae). A-
K. LP. L-P. YL. A-C. High methyl-esterified homogalacturonans (HGAs). D-F.
Arabinogalactan-proteins (AGPs). G-H. Arabinans. I-K. Galactans. L-M. High methyl-
esterified homogalacturonans (HGAs). N. Low methyl-esterified homogalacturonans
(HGASs). O. Arabinogalactan-proteins (AGPs). P. Galactans. ADP: Adaxial protoderm.
ADM: Adaxial meristem. MDM: Median meristem. ABM: Abaxial meristem. ABP:
Abaxial protoderm. PC: Procambium. ADE: Adaxial epidermis. ADPP: Adaxial
palisade parenchyma. PVPP: Paravenal palisade parenchyma. ABPP: Abaxial palisade
parenchyma. ABE: Abaxial epidermis. XL: Xylem. PH: Phloem. CL: Collenchyma.
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Fig. 5. Immunocytochemistry of pectins and proteins in the cell walls of mature
leaflets (ML) and young galls (YG) on Lonchocarpus cultratus (Fabaceae). A-E.
ML. F-T. YG. A-B. Low methyl-esterified homogalacturonans (HGAs). C-D. High
methyl-esterified HGAs. E. Galactans. F-1. Low methyl-esterified HGAs. J-M. High
methyl-esterified HGAs. N-O. Arabinogalactan-proteins (AGPs). P. Galactans. Q-T.
Arabinans. ADE: Adaxial epidermis. ADPP: Adaxial palisade parenchyma. PVPP:
Paravenal palisade parenchyma. ABPP: Abaxial palisade parenchyma. ABE: Abaxial
epidermis. ADOC: Adaxial outer cortex. NT: Nutritive tissue. SS: Sclerenchymatic
sheath. ABOC: Abaxial outer cortex. XL: Xylem. PH: Phloem. CL: Collenchyma.
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Fig. 6. Immunocytochemistry of pectins and proteins in the cell walls of mature
(MG) and senescent galls (SG) on Lonchocarpus cultratus (Fabaceae). A-K. MG.
L-T. SG. A-C. Low methyl-esterified homogalacturonans (HGAs). D-G. High methyl-
esterified HGAs. H-1. Arabinans. J. Arabinogalactan-proteins (AGPs). K. Galactans. L-
N. Low methyl-esterified HGAs. O-Q. High methyl-esterified HGAs. R-T. Galactans.
ADE: Adaxial epidermis. ABE: Abaxial epidermis. ADOC: Adaxial outer cortex. NT:
Nutritive tissue. ABOC: Abaxial outer cortex. XL: Xylem. PH: Phloem.
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Consideracoes finais

O estudo das galhas fusiformes em Lonchocarpus cultratus permitiu avaliar os
impactos estruturais e metabdlicos induzidos pelo Cecidomyiidae galhador no érgao
hospedeiro. Ao ser comparado a outros modelos previamente estudados, a presente
dissertacdo revelou a existéncia de caracteristicas relevantes dentro da perspectiva de
estudo em galhas da regido Neotropical.

O design estrutural e funcional das galhas de L. cultratus corrobora o padréo
proposto para galhas de Cecidomyiidae, contudo, as analises de imunocitoquimica de
parede no presente modelo de estudo demonstram, pela primeira vez, que além do
impacto ocasionado pelo galhador, a idade do 6rgao hospedeiro influéncia diretamente a
dindmica péctica e proteica nas paredes celulares.

A compartimentalizacdo de metabolitos primarios, como as proteinas, detectadas
nas células nutritivas e de metabolitos secundarios, como os terpenoides, neo-
sintetizados nas células do cdrtex externo foram relacionadas a dieta do galhador e a
protecdo quimica. Adicionalmente, uma nova interpretacdo sobre a funcionalidade do
AlA e das espécies reativas de oxigénio foi proposta, pela co-ocorréncia destes
compostos nos sitios de alongamento celular. Tal co-ocorréncia pode permitir a
acidificacdo das paredes celulares, e a reorientacdo das microfibrilas de celulose, que
influenciaram o sentido de expansdo celular crucial para o desenvolvimento das
expansdes adaxial e abaxial da galha.

Como perspectivas futuras, o estudo do metabolismo de acucares, via detecgédo
de atividades de diferentes enzimas nos tecidos da galha podera elucidar se as proteinas
sdo de fato o Unico recurso nutricional direcionado a alimentacdo do galhador, ou se ha
disponibilizacio de carboidratos no tecido nutritivo das galhas de L. cultratus. E
provavel que sejam evidenciados sitios de atividade distintos, para enzimas mediadoras
de carboidratos e de proteinas. Deste modo, a analise da atividade da protease podera
elucidar caracteristicas importantes da dieta do galhador associado a L. cultratus, um
Cecidomyiidae, tido como utilizador de carboidratos em sua dieta.

Lista de abreviaturas
Portugués

AGPs: Arabinogalactano-proteinas
AlA: Acido-Indol-3-Acetico
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AM: Amido

ANOVA: Andlise de Variancia

BE: Bainha Esclerenquimatica

CEAB: Cortex Externo Abaxial
CEAD: Cortex Externo Adaxial
DMACA: p-dimetilaminocinamaldeido
EAB: Epiderme Abaxial

EABF: Epiderme Abaxial do Foliolo
EABG: Epiderme Abaxial da Galha
EAD: Epiderme Adaxial

EADG: Epiderme Adaxial da Galha
EC: Esclereides

EEUFMG: Estacdo Ecolodgica da Universidade Federal de Minas Gerais
EROs: Espécies Reativas de Oxigénio
FAA: Formaldeido Acido Acético glacial
FDH: Formato Desidrogenase

FE: Fenois

FJ: Foliolo Jovem

FM: Foliolo Maduro

FNG: Foliolo N&o Galhado

FV: Feixe Vascular

GJ: Galha Jovem

GM: Galha Madura

GS: Galha Senescente

HGAs: Homogalacturonanos

LM: Lomassomas

MA: Meristema Apical

MAB: Meristema Abaxial

MAD: Meristema Adaxial



MCP: Morte Celular Programada

MEV: Microscopia Eletronica de Varredura
MF: Meristema Fundamental

MMD: Meristema Mediano

NADI: a-naftol e dimetil-p- fenilenodiamina
PC: Parede Celular

PC: Procambio

PD: Protoderme

PESV: Parque Estadual Serra Verde

PF: Primérdio Foliolar

PMEs: Pectina Metil-Esterases

PPAB: Parénquima Palicadico Abaxial
PPAD: Parénquima Palicadico Adaxial
PPPV: Parénquima Palicadico Paravenal
RG: Ramnogalacturonanos

TN: Tecido Nutritivo

UFMG: Universidade Federal de Minas Gerais
XGAs: Xilogalacturonanos

ZC: Zona Central

ZN: Zona de Nervura

ZP: Zona Periférica

Inglés

ABE: Abaxial Epidermis

ABM: Abaxial Meristem

ABOC: Abaxial Outer Cortex

ABP: Abaxial Parenchyma

ABP: Abaxial Protoderm

ABPP: Abaxial Palisade Parenchyma
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ADE: Adaxial Epidermis
ADM: Adaxial Meristem
ADOC: Adaxial Outer Cortex

ADP: Adaxial Parenchyma/Adaxial protoderm

ADPP: Adaxial Palisade Parenchyma
AGPs: Arabinogalactan-proteins
ANOVA: Analysis of Variance

DAB: Diaminobenzidine

DMACA: Dimethylaminocinnamaldehyde

FV: Flavonoids

HGAs: Homogalacturonans
IAA: Indole-3-Acetic Acid
LC: Larval Chamber

LP: Leaflet Primordia

MADbs: Monoclonal Antibodies
MDM: Median Meristem

MG: Mature Galls

ML: Mature Leaflets

MP: Mesophyll

NGL: Non-Galled Leaflets
NT: Nutritive Tissue

P: Phloem

PBS: Phosphate Buffer

PC: Procambium

PCD: Programmed Cell Death
PH: Phloem

PMEs: Pectin Methyl-Esterases
PPH: (Poly)phenols

PVPP: Paravenal Palisade Parenchyma
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RG: Rhamnogalacturonans
ROS: Reactive Oxygen Species
SC: Sclereids

SG: Senescent Galls

SS: Sclerenchymatic Sheath
VB: Vascular Bundle

X: Xylem

YG: Young Galls

YL: Young Leaflets
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