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RESUMO

Galhas sdo resultantes de interagdes envolvendo geralmente dois organismos, a planta hospedeira
e o galhador, com niveis de complexidade estrutural variados, definidos como simples,
intermediario ou complexo. Tais niveis t€ém como determinantes o habito alimentar do galhador e
as respostas dos sistemas de tecidos vegetais. Pressupomos que a origem-destino dos tecidos das
galhas, os atributos vasculares, a citologia do tecido nutritivo, e a presenga de um terceiro
organismo no sistema pode influenciar fortemente as respostas da planta hospedeira e
consequentemente o nivel de complexidade das galhas. Galhas globoides, lenticulares e
fusiformes induzidas por Cecidomyiidae em [Inga ingoides (Rich.) Willd. (Fabaceae:
Caesalpinioideae) foram usadas como modelo de estudo para testar esta hipdtese, e verificar a
amplitude dos niveis de complexidade estrutural de cada morfotipo sob as restri¢cdes
morfogenéticas de uma mesma planta hospedeira. Na perspectiva da dinamica do
desenvolvimento das galhas, percebemos que o aporte hidrico e a manuten¢do da pressdo de
turgor necessarios para a expansdo celular, os novos padrdes de alongamento e a dinamica das
fibrilas de celulose-hemiceluloses sdo peculiares a cada morfotipo ora estudado. Nas galhas
fusiformes intralaminares, o padrdo de diferenciacdo vascular no sentido &pice-base ¢é
interrompido levando a maior propor¢do de tecido vascular e maior didmetro dos vasos na galha
e nas regides abaixo dela, enquanto as galhas globoides e lenticulares extralaminares, analogas a
orgdos adventicios, ndo apresentam grande investimento em tecidos vasculares e o diametro dos
vasos ¢ menor quando comparado as outras regides do 6rgdo hospedeiro. Em termos
nutricionais, as galhas globdides, caracterizadas como galhas de ambrosia, apresentam o fungo
como intermediador de processos de morte celular facilitando o acesso do galhador aos
nutrientes acumulados no citoplasma e aos xiloglucanos na parede celular. Galhas fusiformes e
lenticulares apresentam apenas dois organismos associados e um perfil citolégico distinto nas
células nutritivas, sendo de morte e manuten¢do da maquinaria celular. Nas galhas fusiformes, os
processos de morte celular para liberagdo dos nutrientes ocorrem sem intermedia¢do flngica,
enquanto que nas galhas lenticulares, os aspectos citologicos indicam a manutengdo do
metabolismo celular sob estimulo do galhador. Concluimos que ndo somente o habito alimentar
do galhador influencia a complexidade estrutural dos morfotipos de galhas em I ingoides, mas
também a origem-destino dos tecidos e a presenga peculiar de um terceiro ocupante na galha. O
impacto destes fatores determina a complexidade estrutural e define mecanismos compensatorios
vasculares peculiares a cada morfotipo de galhas.

Palavras-chave: anatomia de galhas, citologia, galhas de ambrosia, histoquimica,

imunocitoquimica de parede celular, morte celular, sistema vascular



ABSTRACT

Galls generally result from interactions involving two organisms, the host plant and the gall
inducing organism, and may be simple, intermediate or complex in terms of structural
complexity. These levels of structural complexity are commonly related to the gall inducer
feeding habit and by the responses of plant tissue systems. We assume that the origin-fate of the
gall tissues, the vascular attributes, the cytology of the nutritive tissue, and the presence of a third
organism can strongly influence the responses of the host plant, and consequently the level of
gall structural complexity. The globoid, lenticular and fusiform galls induced by Cecidomyiidae
on Inga ingoides (Rich.) Willd. (Fabaceae: Caesalpinioideae) were used as study model to test
this hypothesis, and to verify the amplitude of the levels of structural complexity of each gall
morphotype under the same host plant morphogenetical constraints. From the perspective of gall
developmental dynamics, the water supply and maintenance of the turgor pressure necessary for
cell expansion, the cell elongation patterns, and the dynamics of cellulose fibrils-hemicelluloses
are peculiar to each gall morphotype studied here. In the fusiform intralaminar galls, the pattern
of vascular differentiation in the apex-base direction is interrupted, and greater proportion of
vascular tissues and larger diameter of the vessels in the gall and in the leaflet portions below it
develop. Contrastingly, the globoid and lenticular extralaminar galls, analogous to adventitious
organs, do not have a large investment in vascular tissues and the diameter of the vessels is
smaller when compared to the vessels in host leaflet portions above and below the gall. In
nutritional terms, the globoid ambrosia galls count on the fungus to intermediate cell death
processes, facilitating the access of the gall inducer to the nutrients accumulated in the cytoplasm
and cell wall xyloglucans. The fusiform and the lenticular galls have only two organisms and
distinct cytological profiles in their nutritive tissues. In the fusiform galls, the processes of
nutritive cell death release nutrients without fungal intermediation, whereas in the lenticular
galls, the cytological aspects indicate the maintenance of cell metabolism under the gall inducer
stimuli. We conclude that not only the feeding habits influence the structural complexity of gall
morphotypes on /. ingoides, but also the origin-fate of the tissues and the peculiar presence of a
third organism. The impact of these factors determines the structural complexity and defines
vascular compensatory mechanisms peculiar to each gall morphotype.

Key words: ambrosia galls, cell wall immunocytochemistry, cytology, gall anatomy,
histochemistry, cell death, vascular system



INTRODUCAO GERAL

Inga ingoides (Rich.) Willd. (Fabaceae: Caesalpinioideae) ¢ uma super hospedeira que
apresenta pelo menos trés Cecidomyiidae (Diptera) associados responsaveis pela formagdo de
trés morfotipos de galhas distintos em seus foliolos. As galhas fusiformes sdo induzidas na
nervura e tém dois organismos associados (planta hospedeira - indutor), assim como as galhas
lenticulares que, contudo, sdo induzidas no mesofilo. O mesofilo é também o sitio de indugdo das
galhas globoides que, por sua vez, apresentam trés organismos associados (planta hospedeira —
indutor — fungo), caracterizando-se como galhas de ambrosia. A andlise das implicagdes
anatomicas, citolégicas e histoquimicas em uma super hospedeira de galhadores, como /.
ingoides, revela de forma comparada o estimulo de cada galhador e as potencialidades de
respostas de uma mesma planta hospedeira a estimulos distintos. A super hospedeira /. ingoides e
os seus trés morfotipos de galhas associados foram aqui estudados comparativamente em seus
aspectos de desenvolvimento, na influéncia de caracteres vasculares, na dindmica de fibrilas de
celulose-hemiceluloses nos diferentes compartimentos teciduais e nos atributos citologicos do
tecido nutritivo sobre a complexidade estrutural das galhas. Pressupomos também que a origem-
destino dos tecidos e os niveis troficos associados em cada sistema contribuem para os niveis de
complexidade estrutural estabelecidos. Mesmo atuando sobre o mesmo potencial morfogenético
de I. ingoides, mecanismos compensatorios distintos sdo ativados para garantir o aporte hidrico,
a reestruturagdo celular e a nutricdo dos trés galhadores associados, incrementando a proposta do
perfil de complexidade das galhas baseado em atributos anatomicos e funcionais.

A complexidade estrutural das galhas categorizada nos niveis simples, intermediaria e
complexa, se baseia em parametros anatdomicos, especialmente dos sistemas de revestimento e

fundamental (Ferreira et al. 2019). No entanto, o potencial meristeméatico de grupos celulares



distintos pode interferir nos processos de diferenciag¢do, inibicdo ou rediferenciagdo celular e
consequentemente influenciar neste nivel de complexidade. Uma vez que o potencial
meristematico de grande parte das células vegetais (Lev Yadun 2003) pode ser ativado pelos
galhadores durante o desenvolvimento das galhas (Ferreira e Isaias, 2013; Carneiro et al. 2017),
galhas desenvolvidas mediante rediferenciacdo de células parenquimaticas sdo mais plasticas e
podem apresentar um conjunto maior de tipos celulares quando comparadas as galhas
provenientes de meristemas secundarios (Isaias et al. 2013; Ferreira et al. 2019; Braganga et al.
2020a), que apresentam a maior propor¢ao de tecido vascular (Ferreira e Isaias, 2014). A relagdo
entre a origem e o destino dos tipos celulares nos sitios de desenvolvimento das galhas ¢ aqui
abordada com especial atencdo ao sistema vascular, revelando mecanismos compensatérios
variados para garantir o aporte hidrico ao novo 6rgdo (Braganga et al. 2020a).

A manuten¢do da condutividade hidraulica é necessaria para a hidratacdo dos tecidos e
para gerar a pressdo de turgor necessaria a intensa hipertrofia celular (Crowel et al. 2010), um
dos processos determinantes para o desenvolvimento das galhas (Mani 1964; Rohfritsch 1992;
Isaias et al. 2014; Oliveira et al. 2016). Os novos padrdes de alongamento celular estabelecidos
em fung¢do da atividade alimentar dos galhadores necessitam ndo somente do aumento na pressao
de turgor, mas também do rearranjo dos componentes da parede celular (Magalhées et al. 2014;
Suzuki et al. 2015; Teixeira et al. 2018), via atuagdo hormonal e o desacoplamento entre as
fibrilas de celulose e as hemiceluloses (Cosgrove 2016, 2018; Braganga et al. 2020b). Este
rearranjo pode estar relacionado aos estagios de desenvolvimento das galhas e ainda determinar
o mosaico de tecidos especializados que compde cada morfotipo de galha (Braganga et al.
2020b). A variagdo dos tecidos neoformados no sitio de desenvolvimento das galhas pode ainda

estar sob influéncia de outros organimos adicionais que podem interferir nos padrdes de



reestruturagdo celular (Arduin e Kraus 2001; Dias et al. 2013; Rezende et al. 2019). Este terceiro
organismo adicional pode ser representado por um parasitéide, um inquilino ou um organismo
simbionte (Luz et al. 2019), como ocorre por exemplo em galhas de ambrosia, nas quais a fémea
do indutor transporta e inocula um fungo nos tecidos vegetais no momento da oviposi¢do
(Yukawa and Rohfritsch 2005; Rohfritsch 2008). A presenca deste fungo em contato com os
tecidos vegetais pode alterar os padrdes celulares, e consequentemente, impactar a complexidade
e os atributos quimicos e citoldgicos das galhas. Tais perfis, especialmente nos compartimentos
teciduais internos, ligados a nutri¢do do galhador, estdo relacionados ao habito alimentar deste
(Rohfritsch 1992; Stone e Schonrdgge 2003) ou da guilda associada (Rezende et al. 2019). Neste
aspecto, o aparelho bucal das larvas e o comportamento do terceiro nivel troéfico determina o
modo de aquisi¢do dos nutrientes (Bronner 1992, Rohfritsch 2008, Chao e Liao 2013, Ferreira et
al. 2019), que se da via morte celular para liberagdo dos metabodlitos energéticos
compartimentalizados no citoplasma (Harris et al. 2006; Oliveira et al. 2010, 2011), ou ainda por
consumo direto das células nutritivas (Bronner 1992).

Esta Tese tem como modelo de estudo Inga ingoides e trés morfotipos de galhas
associados com o objetivo de avaliar comparativamente (1) os atributos anatomicos
determinantes da complexidade dos trés morfotipos de galhas (Braganca et al. submetido); (2) a
influéncia do sitio de indug¢do e do posicionamento das galhas extralaminares (globoide e
lenticular) e intralaminares (fusiforme) nas caracteristicas do xilema e nos mecanismos
compensatorios para manutencdo da condutividade hidraulica (Braganga et al. 2020a); (3) o
padrdo das fibrilas de celulose e das hemiceluloses durante a reestruturagcdo celular para
formagdo dos trés morfotipos de galhas (Braganca et al. 2020b) e (4) os atributos citolégicos

relacionados a disponibilizagdo de recursos nutricionais em sistemas formados por dois (galhas



fusiformes e lenticulares) e trés organismos (galhas de ambrosia globoides) (Braganga et al.
submetido). A Tese foi dividida em quatro capitulos que abordam os topicos mencionados acima
e buscam categorizar os niveis de complexidade estrutural (simples, intermedidrio e complexo)
das galhas (Ferreira et al. 2019), bem como associar a origem-destino dos tecidos, a influéncia de
um terceiro nivel tréfico no sistema e os novos atributos vasculares e citologicos do tecidos
nutritivos induzidos pelos cecidomiideos galhadores na super hospedeira /. ingoides que podem
contribuir para o entendimento dos mecanismos que definem a complexidade estrutural das

galhas.
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Abstract

The complexity of a gall is associated with the anatomical traits established by the feeding habit of each
galling taxa. Herein, we propose that the induction site, the origin of gall tissues, and the gall occupation by
more than two components also influence the level of gall complexity. To test this hypothesis, we evaluated
three gall morphotypes (globoid, lenticular and fusiform) induced by cecidomyiids on Inga ingoides
(Fabaceae) using anatomical and histochemical techniques. The globoid and the lenticular galls share the
same induction site, the mesophyll, but the globoid galls are ambrosia galls and have a fungus as the
associated organism. The lenticular and the fusiform galls have two associated organism: the host plant and
the Cecidomyiidae, but the fusiform galls are induced in the veins. The anatomical features of the galls are
related to the feeding habits of the cecidomyiids. In addition, the induction site influences gall structure and
the formation of the mechanical zone of each morphotype. The intense lignification process in globoid and
fusiform galls reinforces the interpretation of lignification as a mechanism of the dissipation of oxidative
stress. The levels of oxidative stress are associated with the associated groups or with the protective
mechanisms against natural enemies. The symbiotic association with the fungi culminates in the development
of a nutritive-like tissue, a peculiar anatomical feature that define the globoid morphotype as the most
complex of the three galls on I ingoides.

Keywords: ambrosia gall, gall anatomy, histochemistry, induction site

Introduction

Galling herbivores are parasites that induce alterations in the morphogenetic patterns of their host
plants, generating specific structures, the galls (Mani 1964). The interaction between a galling herbivore and
its host plant is highly specific and culminates in a unique structure (Carneiro et al. 2015). Despite the
species-specific relationships, the galls may provide food for different organisms (Arduin and Kraus 2001;
Rohfritsch, 2008; Luz et al. 2019; Harris and Pitzschke 2020), and also protection and a favorable
microenvironment for the development of different guilds (Stone and Schonrdgge 2003; Miller and Raman
2018, Luz et al. 2019).

Galls are characterized by the redifferentiation of plant tissues, whose histological complexity is
classified according to the structural traits of the new organ (Formiga et al. 2015; Ferreira et al. 2017, 2019).
In such perspective, simple galls may be characterized by processes of hyperplasia, cell hypertrophy and

epidermal alterations; intermediate galls have the redifferentiation of specialized cells forming storage and
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nutritive tissues, while complex galls have additional ontogenetic changes, such as the redifferentiation of
nutritive-like tissues, neoformed sclerenchymatic zones, with a variety of cell types in the ground system, and
reacquisition of promeristematic activity (sensu Ferreira et al. 2019).

The three levels of gall structural complexity were based on traits of the dermal and ground system
developed by the association of the host plant potentialities and the feeding habit of the taxa of gall inducer
(Ferreira et al. 2019). The induction site, the ontogenetical origin of gall tissues, and the presence of a third
component in the system mediating the interaction may also influence the level of gall complexity through
chemical and structural alterations. To test this hypothesis, we choose a superhost of galling herbivores, Inga
ingoides (Rich.) Willd. (Fabaceae: Caesalpinioideae), which has three associated gall morphotypes (globoid,
lenticular and fusiform) on different leaflet regions. The globoid and the lenticular galls have the mesophyll
as the induction site, while the fusiform galls are induced in veins of primary and secondary order. The
globoid galls are ambrosia galls with host plant-fungi-Cecidomyiidae interaction, while the lenticular and the
fusiform galls are the product of host plant-Cecidomyiidae interactions. The following questions guide the
discussion: a) how do the different induction sites in the leaflets influence gall tissue ontogenesis and level of
complexity? And b) is the gall that consisting of three components structurally more complex than gall
consisting of two components in the system?

Material and methods

Sampling. The population of [ ingoides with globoid, lenticular and fusiform galls induced by
Cecidomyiidae is located at the Parque Estadual Serra Verde (PESV) (19°47, 22.47"S, 43°57'32.35"W), Belo
Horizonte, Minas Gerais, Brazil. Samples of mature non-galled leaflets (n=5) and globoid, lenticular and
fusiform galls in young (n=5), mature (n=5) and senescent (n=5) stages were collected from seven
individuals. The developmental stages of the galls were distinguished by color and anatomical features.
Globoid galls are green during all stages of development. Lenticular galls are green in the young stage and
red in the mature and senescent stage and the fusiform galls are green in the young stage and brown in the
mature and senescent stage. Anatomically the gall stages are differentiated by the differentiation of lignified
cells in the mature and senescent stage and the number of the nutritive cell layers in the mature and senescent
stage. The samples (fragments of 5Smm?) were fixed in Karnovsky’s solution (2.5% glutaraldehyde and 4.5%
formaldehyde) (Karnovsky 1965, modified to 0.1 mol L™ phosphate buffer, pH 7.2) for 24-48h.

Structural analyses. For anatomical analyses, a set of fixed samples were dehydrated in ethanol series,

followed by isoamyl acetate, and embedded in Paraplast X-TRA® (Kraus and Arduin 1997; Alvarez et al.
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2009). The sections (12-14pum) were obtained in a rotary microtome (Leica® 2035 BIOCUT) and affixed to
the slides with Bissing’s adhesive (Kraus and Arduin 1997). The sections were deparaffinized at 40°C using
butyl acetate, rehydrated in ethanol series, and stained with 0.5% Astra blue and 0.5% safranin (9:1, v/v)
(Bukatsch 1972). After staining, the sections were dehydrated in ethanol series followed by butyl acetate, and
the slides were mounted with colorless varnish Acrilex® (Paiva et al. 2006) and covered with coverslips. A
second set of sample fragments (2mm?) were dehydrated in ethanol series and embedded in
glycolmethacrylate Leica® Historesin (Kraus and Arduin 1997), sectioned in rotary microtome (5-7 pm), and
stained with 0.1% toluidine blue O (O’Brien et al. 1964), modified to dilution in 0.1 mol L' acetate buffer,
pH 4.7. The sections were analyzed, and the images were captured with a Leica ICC50 HP® digital camera
coupled to a Leica DM 500 light microscope.

Histochemical analyses. For the staining of fungi, globoid galls embedded in Leica® historesin were stained
with 5% cotton blue in lactophenol for 20 min, and counter-stained in 1% safranin for 10s. In such a test, the
fungi hyphae were stained in blue (Marques et al. 2013). For lignin detection, fixed samples of the three gall
morphotypes were free-hand sectioned and submitted to Wiesner’s reagent (2% phloroglucinol in acidified
solution for 5 min) (Johansen 1940), with lignins stained in red. Sections of fixed samples of the fusiform
galls were stained with a saturated solution of ruthenium red (Jensen 1962) for detection of pectins, and with
a saturated solution of Sudan Red B in 70°GL ethanol during 5 min (Brundett et al. 1991) for detection of
suberin. Pectins were stained in pink and suberin in red. Blank sections, without staining, were used as

controls. The sections were analyzed, and the images were captured with a Leica ICC50 HP®

digital camera
coupled to a Leica DM500 light microscope.

Results

Non-galled leaflet

Inga ingoides has compound leaves, with extrafloral nectaries in the rachis between the leaflet pairs. Leaf
petioles and rachis have lateral alate expansions (Figure la). The epidermis of non-galled leaflets is one-
layered with stomata on the abaxial surface. The mesophyll has a one-layered palisade parenchyma, and a 3-5
layered spongy parenchyma (Figure 1b). Vascular bundles have collateral arrangement and are surrounded by
one layer of pericyclic fibers. The adaxial cortical parenchyma has 5-7 cell layers and vascular system has a
concentric arrangement around a homogeneous parenchymatic pith. The vascular system consists of a

collateral unit close the abaxial surface and a bicollateral unit close the adaxial surface. The vascular system

is surrounded by 1-4 layers of pericyclic fibers (Figure 1c).
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Globoid gall

Globoid galls are extralaminar, induced in the mesophyll of mature leaflets, in the adaxial or abaxial
surface, and are isolated and green during all stages of development (Figure 2a). The globoid structure is
originated by redifferentiation of epidermis, palisade, and spongy parenchyma, and vascular tissues (Figure
2b).

During gall growth (Figure 2c-f), the leaflet abaxial epidermal cells divide anticlinally,
accompanying gall expansion. In the young stage, the outer tissue compartment (OC) has 11-13 layers of
homogeneous parenchymatic cells, with phenolic inclusions in vacuoles, which occupy most of cell volume.
Neoformed vascular bundles are immersed in the outermost cells of the OC parenchyma (Figure 2c¢). The
vascular bundles of the gall peduncle have hypertrophied vascular parenchyma cells (Figure 2d-e). The IC
has 4-8 layers of nutritive cells with dense and granulose cytoplasm and evident nucleus (Figure 2f), lining
the larval chamber.

Mature globoid galls (figure 2g-1) have lignified epidermal cell walls (Figure 2h). Under the
epidermis, the OC is divided into three distinct regions. The subepidermal region is formed by 5-8-layered
outer parenchyma, with periclinally elongated cells with thin and sinuous primary walls (Figure 2h), followed
by 4-9 median parenchyma cell layers. The median parenchyma cells have unevenly thickened and lignified
cell walls (Figure 2i). Subjacent to the median parenchyma, there are 3-5 layers of sclereids, with
homogeneously thickened and lignified secondary walls (Figure 2j). Collateral vascular bundles are
immersed in the OC. Near the peduncle, i.e., the point of insertion of the gall in the leaflet lamina, there are
2-4 nutritive cell layers with diminutive intercellular spaces, associated with fungal hyphae, forming a
nutritive-like tissue (Figure 2k-1). In the senescence stage, the nutritive-like tissue may be absent or
collapsed.

Lenticular gall

The lenticular gall is extralaminar and induced on the abaxial surface of mature leaflets. The galls
are isolated and green during young stage (Figure 3a), and red-colored in mature and senescent stages. The
tissue compartments develop by redifferenatiation of epidermis, spongy and vascular parenchyma cells
(Figure 3b). In the young stage, the epidermis is one-layered and the cells divide anticlinally, accompanying
gall expansion. The gall connects to the leaflet lamina by 10-12 cell layers of an upper OC opposite to 6-10
layers of anticlinally elongated cells constituting the lower OC (Figure 3c). The cells of the OC accumulate

phenolic compounds. The IC is located between the upper and lower OC regions, and has 5-8 cell layers of
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typical nutritive tissue (Figure 3d). The vascular bundles of the gall peduncle are originated from NGL and
have hypertrophied vascular parenchyma cells (Figure 3¢). The lateral extension of the lower OC has 6-9 cell
layers, which confer an umbrella-shape to the young gall (Figure 3f).

During the maturation stage (Figure 3g-1), the upper OC has 10-14 cell layers. Periclinal cell
divisions and anticlinal elongation determine the gall lenticular shape. At this stage (Figure 3g), the 10-16
cell layers of the upper and 6-15 layers of the lower OC are lignified (Figure 3h-i). The vascular bundles
extend toward the extremities of the lateral extensions (Figure 3j, k). The nutritive cells organized in 10-16
layers have dense cytoplasm and evident nuclei (Figure 31). In the senescence stage (Figure 3m), the 7-12
layers of the typical nutritive tissue have lignified cell walls.

Fusiform gall

The fusiform galls are intralaminar and induced on the midrib or the veins of primary or secondary order of
young leaflets. The galls occur isolated (Figure 4a) or grouped and are green in the young stage, and brown
in mature and senescent stages The tissue compartments develop by the vascular cambium and phellogen
activities (Figure 4b). During the young stage (Figure 4c-e), the gall is covered by a single-layered epidermis,
with cells that divide anticlinally to accompany the gall superficial increment in area. The OC parenchyma is
formed by 5-6 cell layers and the vascular system is surrounded by 2-4 layers of pericyclic fibers (Figure 4c-
d). At this stage, the vascular cambium produces a radial series of isodiametric non-lignified fibers with
thickened cell walls. These cells constitute the 10-15-layered typical nutritive tissue (Figure 4e).

At the stage of maturation (Figure 4f-j), the vascular cambium produces secondary xylem inwards,
and secondary phloem outwards (Figure 4f). The dermal system of the gall is gradually replaced by a
periderm, with 3-4 layers of suberized cells, one-layered phellogen, and 2-3 layered phelloderm (Figure 4g-
h). The cortical parenchyma consists of 8-14 cell layers and the vascular system is surrounded by pericyclic
fibers (Figure 4i). The secondary phloem is less conspicuous than the secondary xylem, which is composed
of 18-35 cell layers. The typical nutritive tissue is divided into two regions (Figure 4j-1): 3-15 cell layers of
parenchyma with thick and pectic cell walls (Figure 4j-k) and 6-8 cell layers with thin and sinuous cell walls
(Figure 41), which are in contact with the gall chamber. The senescent stage is marked by the absence of the
nutritive tissue. The periderm, cortical parenchyma, pericyclic fibers, vascular cambium, and secondary
vascular tissues remain.

Complexity level of galls
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The three gall morphotypes share all the anatomical traits of simple galls (Figure 5). Comparatively, the
lenticular galls are anatomically simpler than the globoid and the fusiform galls, with the development of a
mechanical zone as the only trait of complexity. Globoid galls have epidermis alterations, and the
development of a mechanical zone and nutritive-like tissue, which are traits of anatomical complexity. The
level of complexity of the globoid and the fusiform galls differs by the type of nutritive tissue, the absence of
mechanical zone, and the activation of a secondary meristem in the fusiform galls (Figure 5).

Discussion

The three gall morphotypes induced by scraping-sucking larvae follow the patterns proposed for the
Cecidomyiidae-induced galls (Rohfritsch 1992). Cecidomyiidae galls usually have specialized tissues
involving the larval chamber, organized in a nutritive zone, surrounded by layers of lignified cells, and a
parenchymatic outer cortex (Rohfritsch 1992), which provide nutrition and protection to the galling herbivore
(Stone and Schonrogge 2003). Despite the histological patterns with similar functions, distinct traits
influence the development and structural complexity of each gall morphotype.

The globoid and the lenticular galls share the same induction site, i.e. the mesophyll, and involve the
reorganization of the three plant tissue systems. Despite the similarity between the induction site and the
origin of the tissues, the globoid and the lenticular galls are occupied by distinct organisms, which influence
the alterations in mesophyll histological patterns. The globoid galls have three associated organisms (host
plant - fungi - Cecidomyiidae), while the lenticular galls have two associated organisms (host plant -
Cecidomyiidae), similarly to the fusiform galls. Taking the between two organisms for granted, a higher
similarity between the lenticular and the fusiform galls should be expected, however the fusiform galls are
induced in leaflet veins. The differences associated with the site of induction, tissue origin and associated
organisms generate distinct anatomical traits.

Induction site, the origin of tissues and the complexity of galls

Along gall development, the dermal system alterations confer a favorable microenvironment to the
galling herbivore (Kraus et al. 2002; Oliveira and Isaias 2010; Formiga et al. 2011; Ferreira et al. 2019). On L
ingoides, the globoid and the fusiform galls have the greatest epidermal variations in relation to the original
pattern of their host organs. In the globoid galls, epidermal cell walls are lignified, while in the fusiform
galls, the epidermis is substituted by a periderm with suberin cell wall deposition. Both the lignification and

suberization of the dermal system improve the physical barrier against the attack of parasitoids (Kraus et al.
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2002), and confer impermeabilization, which protect the galling herbivores against their natural enemies
(Stone and Schonrogge 2003).

Galls induced in the leaf lamina, like the globoid and lenticular galls on I ingoides, with distinct
final shapes have different axes of cell expansion and different patterns of redifferentiation due to the
meristematic potential of the ground system (Lev-Yadun 2013; Ferreira et al. 2019). Parenchymatic cells
redifferentiate into new cell types and tissues, and may originate the common storage tissue, the nutritive-like
tissue, the typical nutritive tissue, and the mechanical zone, common to most of the Cecidomyiidae galls
(Suzuki et al. 2015; Bedetti et al. 2017; Nogueira et al. 2018; Costa et al. 2018), as is true for the globoid and
lenticular galls on I ingoides. The combination between the site of origin of the new tissues and the
possibility of new cell expansion axes set the ground system, especially the parenchyma cells, as a flexible
resource for the formation of the various gall morphotypes observed in nature (Isaias et al. 2013; Ferreira et
al. 2019). The predominance of the periclinal axis of cell expansion is a common pattern observed both in the
globoid galls on Piptadenia gonoacantha (Mart.) J.F.Macbr. (Bedetti et al. 2017) and on I ingoides
(Braganga et al. 2020a). The lenticular galls on I ingoides, on the other hand, exhibit different patterns of cell
expansion in the same tissue compartment (Braganga et al. 2020a). The establishment of different patterns of
cell expansion to the development of the circular halo and the radial expansions, characteristic of this
lenticular morphotype. Concerning the fusiform galls, which are induced in veins, the cells tend to follow the
axis of elongation of the host organ (Ferreira and Isaias 2013, Corré-Molas et al. 2014; Singh et al. 2017).
The vascular cambium activity generated the high of hyperplasia in the gall inner tissue compartment, which
end up in gall increasing in diameter (Braganca et al. 2020a).

In galls, the main alterations in the vascular system are associated with neovascularization (Formiga
et al. 2011; Carneiro et al. 2015) and/or hypertrophy of the vascular bundles (Alvarez et al. 2013; Ferreira et
al. 2019). The new vascular cells and tissues can originate from the procambium, the vascular cambium, or
from the redifferentiation of parenchyma cells (Ferreira and Isaias 2013; Fleury et al. 2015; Costa et al. 2018;
Braganga et al. 2020b). In L ingoides, the vascular bundles originated from the procambium and/or from the
parenchyma are located in the outer tissue compartment of the globoid and the lenticular galls, and can assist
in the transport of water in galled tissues (Braganga et al. 2020b). The fusiform galls are induced in primary
and secondary veins and originate from the activity of the secondary meristems (vascular cambium and
phellogen), which results in a vascular configuration distinct from those of the globoid and the lenticular

galls. The induction of the fusiform galls on major veins may involve constraints of the meristematic
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potential of the vascular cambium and phellogen cells, when compared to the totipotency of the
parenchymatic cells and the primary meristems. Conservatively, both secondary meristems maintain their
predictable fates in galls, the phellogen activity replace the epidermis, while the vascular cambium produces
secondary xylem and phloem (Guedes et al. 2016; Guedes et al. 2018). However, peculiar, and significant
deviations of the common pattern can be observed in gall developmental sites (Ferreira and Isaias 2013;
Corro-Molas et al. 2014; Guedes et al. 2016; Singh et al. 2017; Guedes et al. 2018). The stimuli of the galling
herbivore associated to the fusiform gall on I ingoides redirect the activity of the vascular cambium at the
beginning of gall growth and stimulate the production of a typical nutritive tissue with non-lignified fibers.
The cell walls of these fibers are composed of cellulose, xyloglucans (Braganca et al. 2020a) and pectins,
which, when metabolized, provide free sugars that may work out as an additional nutritional resource for the
Cecidomyiidae (Bronner 1992; Barnes and Anderson 2018). The absence of lignification in fibers is an
intriguing ontogenetic factor, observed in different host plant-galling herbivore systems (Arduin et al. 1991,
1995, 2001; Souza et al. 2000; Sa et al. 2009). In the fusiform galls on I ingoides, the lignin precursors
seems to be redirected to the formation of the lignified walls of the secondary xylem cells, which are
functionally analogous to the sclerenchymatic zone of the globoid and the lenticular galls developed by
parenchyma redifferentiation.

Comparatively, the three gall morphotypes are structurally complex (sensu Ferreira et al. 2019; see
figure 5), and such complexity is related to the induction site and origin of the specialized tissues. In the
globoid and the lenticular galls induced in the mesophyll, parenchyma reorganization lead to the formation of
the mechanical zones, while in the fusiform galls, the secondary xylem originated from the vascular cambium
forms a protective layer analogous to the mechanical zone surrounding the larval chamber. In the fusiform
galls induced in the veins, the structural complexity is defined by the activity of the secondary meristems,
which provides an increase in gall volume. In addition to ontogenetical origins and related peculiar traits of
each gall, we consider the involvement of a third organism associated to the globoid galls as an influencer
toward gall complexity.

The presence of third organims and the structural complexity of ambrosia galls

The globoid gall morphotype on I ingoides is a typical ambrosia gall, characterized by a interaction
involving the host plant, the fungi, and the Cecidomyiidae. The ambrosia galls on I ingoides are considered
complex for the fungi occupy the intercellular spaces forming a nutritive-like tissue, with fungi hyphae

interspersed to plant cells limited outwards by a lignified zone. We consider the formation of the lignified
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zone involving the nutritive-like tissue with fungi hyphae as the main divergence between simple and
complex ambrosia galls. Such variation in complexity may be associated with the feeding site of each gall-
inducing species, and the level of oxidative stress generated over the galled tissues. In complex galls, as in
the globoid morphotype on 1. ingoides, the galling herbivores can feed from the fungi or from the cells of the
nutritive-like tissue, which may be indicative of the induction of a high oxidative stress, a hypothesis to be
investigated. The control of the high levels of oxidative stress lead to tissue zonation, and mechanical zone
establishment (Isaias et al. 2015; Oliveira et al. 2016). Therefore, the intense lignification in complex
ambrosia galls can be a mechanism for the maintenance of redox homeostasis in galled tissues.
Final considerations
Current analyses on gall anatomy lead us to propose that in addition to the feeding habits, the site of
induction, the origin of the galled tissues and the associated organisms determine the anatomical complexity
of galls. The distinct anatomical features of the three gall morphotypes are associated with specific traits
developed due to the cellular potential of the original host plant tissue sites, as well as to the development of
the nutritive-like tissue and of the lignified zone due to the interference of the fungi in ambrosia galls.
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Figure captions

Fig. 1 Anatomy of non-galled leaflets of Inga ingoides (Fabaceae: Caesalpinioideae). a) Non-galled
leaflets. Transverse section of lamina (b) and midrib vein (c). Abbreviations: Ep, epidermis; Fi: Fiber; Cp,
cortical parenchyma; Ph, phloem; Pa: parenchyma; PP, palisade parenchyma; SP, spongy parenchyma; Xy,
xylem

Fig. 2 Anatomy of globoid galls on I ingoides (Fabaceae: Caesalpinioideae). a) Macroscopic aspect in
young stage. b) Diagram of the origin and fates of gall tissues. c¢-f) Young stage. ¢) The outer tissue
compartment (OC) with neoformed vascular tissues (arrow) and accumulation of phenolics. Nutritive tissue
with dense cytoplasm. d-e) Detail of gall peduncle with hypertrophy of vascular cells (arrow). f) Detail of
nutritive tissue with dense-cytoplasm cells and prominent nuclei (arrows). g-1) Mature stage. g) Three regions
of the outer tissue compartment (OC). Parenchyma cells with unevenly thickened secondary walls. The
numbers (1-4) indicate the cells of the correspondent regions in (h-1). h-l) Detail of the 1-4 regions: h)
Region 1 with lignified epidermal cell (arrow) and vascular bundles (dotted circle). i) Region 2 with cells
with unevenly thickened secondary walls. j) Region 3 with lignified cell walls (arrows). k-1) Region 4 with
nutritive-like tissue. k) Presence of fungi in blue between cells of nutritive-like tissue (arrows). I) Anatomical
features of nutritive tissue with fungi (arrows). Staining: c-i, 1: Astra blue and safranin; j: Wisner’s test; k:
cotton blue and safranin

Fig. 3 Anatomy of lenticular galls on Inga ingoides (Fabaceae: Caesalpinioideae). a) Macroscopic aspect.
b) Diagram of the origin and fates of gall tissues. ¢-f) Young stage. ¢) Gall compartments: lower outer tissue
compartment (LOC), typical nutritive tissue (red dotted), upper outer tissue compartment (UOC). d) Detail of
tissue compartment and typical nutritive tissue. e) Detail of hyperplasia and hypertrophy of vascular tissues
(red arrows). f) Extremity of lower outer tissue compartment. g-1) Mature stage. g) Diagram of a transverse
section, showing the tissue organization of gall in mature stage. h-i) The lignification of the LOC. j-k)
Vascular tissues (red arrows) around the nutritive tissue (j) and toward the extremity of the outer tissue
compartment (k). I) Dense cytoplasm and prominent nucleus (arrow) in nutritive cells. m) Lignification of
nutritive tissue in senescent stage. Staining: a-f: toluidine O blue; h: Wisner’s test; i-m: Astra blue and
safranin

Fig. 4 Anatomy of fusiform galls on Inga ingoides (Fabaceae: Caesalpinioideae). a) Macroscopic aspect.
b) Diagram of the origin and fates of gall tissues. c-e) Young stage. ¢) The hyperplasia and hypertrophy of
cortical parenchyma (CP) and atypical activity of the vascular cambium toward the larval chamber (LC). The
number 1 indicates cells of the correspondent region in (d). d-e) Detail of cambium region (arrows) and
nutritive tissue (NT). The number 2 indicates cells of the correspondent region in (e). f-I) Mature stage. f)
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Overview of gall with periderm (pe), cortical parenchyma (CP), fibers (Fi), phloem (Pho), cambium zone
(CZ), xylem (Xy) and nutritive tissue (NT). The red border square and the number 3 indicate cells of the
correspondent region in (j). g) Detail of periderm with suber (Sb), phellogen (Ph) and phelloderm (Phe). h)
Suberin in the periderm. i) Lignins in the xylem and fibers. j-1) Inner tissue compartment. j) Cells with thick
walls. k) Pectins in cell walls. 1) Cells with irregular thickened walls and cells with thin and sinuous walls.
Staining: c-e: Astra blue and safranin; f-g, j,1: toluidine O Blue; h: Sudan red B; i: Wisner’s test, k: ruthenium
red

Fig. 5 Network of complexity levels of galls on 1. ingoides (Fabaceae: Caesalpinioideae). The color
gradient (light to dark) indicates the anatomical traits associated with the complexity level of the galls (sensu
Ferreira et al. 2019). Dashed, uninterrupted and gray lines indicate anatomical traits present in globoid,
lenticular and fusiform galls, respectively. The direction of the arrow indicates the level of complexity of the
three gall morphotypes
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Fig. 1 Anatomy of non-galled leaflets of Inga ingoides (Fabaceae:
Caesalpinioideae). a) Non-galled leaflets. Transverse section of lamina (b) and
midrib vein (¢). Abbreviations: Ep, epidermis; Fi: Fiber; Cp, cortical parenchyma;
Ph, phloem; Pa: parenchyma; PP, palisade parenchyma; SP, spongy parenchyma;
Xy, xylem
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Fig. 2 Anatomy of globoid galls on 1. ingoides (Fabaceae: Caesalpinioideae). a)
Macroscopic aspect in young stage. b) Diagram of the origin and fates of gall
tissues. c¢-f) Young stage. ¢) The outer tissue compartment (OC) with neoformed
vascular tissues (arrow) and accumulation of phenolics. Nutritive tissue with
dense cytoplasm. d-e) Detail of gall peduncle with hypertrophy of vascular cells
(arrow). f) Detail of nutritive tissue with dense-cytoplasm cells and prominent
nuclei (arrows). g-) Mature stage. g) Three regions of the outer tissue
compartment (OC). Parenchyma cells with unevenly thickened secondary walls.
The numbers (1-4) indicate the cells of the correspondent regions in (h-1). h-l)
Detail of the 1-4 regions: h) Region 1 with lignified epidermal cell (arrow) and
vascular bundles (dotted circle). i) Region 2 with cells with unevenly thickened
secondary walls. j) Region 3 with lignified cell walls (arrows). k-1) Region 4 with
nutritive-like tissue. k) Presence of fungi in blue between cells of nutritive-like
tissue (arrows). 1) Anatomical features of nutritive tissue with fungi (arrows).
Staining: c-1, 1: Astra blue and safranin; j: Wisner’s test; k: cotton blue and safranin
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Fig. 3 Anatomy of Ilenticular galls on Inga ingoides (Fabaceae:
Caesalpinioideae). a) Macroscopic aspect. b) Diagram of the origin and fates of
gall tissues. c-f) Young stage. ¢) Gall compartments: lower outer tissue
compartment (LOC), typical nutritive tissue (red dotted), upper outer tissue
compartment (UOC). d) Detail of tissue compartment and typical nutritive
tissue. e) Detail of hyperplasia and hypertrophy of vascular tissues (red arrows).
f) Extremity of lower outer tissue compartment. g-) Mature stage. g) Diagram
of a transverse section, showing the tissue organization of gall in mature stage.
h-i) The lignification of the LOC. j-k) Vascular tissues (red arrows) around the
nutritive tissue (j) and toward the extremity of the outer tissue compartment (k).
I) Dense cytoplasm and prominent nucleus (arrow) in nutritive cells. m)
Lignification of nutritive tissue in senescent stage. Staining: a-f: toluidine O
blue; h: Wisner’s test; i-m: Astra blue and safranin
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Fig. 4 Anatomy of fusiform galls on Inga ingoides (Fabaceae:
Caesalpinioideae). a) Macroscopic aspect. b) Diagram of the origin and fates of
gall tissues. c-e) Young stage. ¢) The hyperplasia and hypertrophy of cortical
parenchyma (CP) and atypical activity of the vascular cambium toward the larval
chamber (LC). The number 1 indicates cells of the correspondent region in (d). d-e)
Detail of cambium region (arrows) and nutritive tissue (NT). The number 2
indicates cells of the correspondent region in (e). f-I) Mature stage. f) Overview of
gall with periderm (pe), cortical parenchyma (CP), fibers (Fi), phloem (Pho),
cambium zone (CZ), xylem (Xy) and nutritive tissue (NT). The red border square
and the number 3 indicate cells of the correspondent region in (j). g) Detail of
periderm with suber (Sb), phellogen (Ph) and phelloderm (Phe). h) Suberin in the
periderm. i) Lignins in the xylem and fibers. j-1) Inner tissue compartment. j) Cells
with thick walls. k) Pectins in cell walls. 1) Cells with irregular thickened walls and
cells with thin and sinuous walls. Staining: c-e: Astra blue and safranin; f-g, j,l:
toluidine O Blue; h: Sudan red B; i: Wisner’s test, k: ruthenium red
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Fig. 5 Network of complexity levels of galls on I ingoides (Fabaceae:
Caesalpinioideae). The color gradient (light to dark) indicates the anatomical traits
associated with the complexity level of the galls (sensu Ferreira et al. 2019). Dashed,
uninterrupted and gray lines indicate anatomical traits present in globoid, lenticular
and fusiform galls, respectively. The direction of the arrow indicates the level of
complexity of the three gall morphotypes
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Abstract

Key message The origin of xylem cells, intracellular variation, and gall position relative to the host plant organ are
related to mechanisms that positively compensate hydraulic conductivity in galls.

Abstract Gall position in its host organ may be determinant for the new patterns of xylem differentiation. Leaf galls may
be attached to the host leaf by a peduncle, as the extralaminar galls, or may develop in a morphological continuum with
their host organ, as the intralaminar galls. Due to these two distinct positions and the related patterns of cell differentiation,
gall vascular cells and tissues may vary in area and size, which were investigated in the structural features of the vessel ele-
ments in galls and in their connections with their host leaflets in three gall morphotypes associated to Inga ingoides. Also,
as phytohormones orchestrate the differentiation of vascular cells, the sites of accumulation of auxins and cytokinins were
detected by histochemical techniques. Besides aspects of cell differentiation, cytometric and histometric xylem features, as
well as the relative water content were evaluated looking for compensatory mechanisms related to hydraulic status of the galls
and the gall constriction hypothesis. The detection of auxins was related with the differentiation of new vascular cells. The
origin of xylem cells, intracellular variation, and gall position relative to the host plant organ are related to mechanisms that
positively compensate the hydraulic conductivity in galls. Extralaminar galls develop as appendages of adventitious origin,
which theoretically imply in rupture with the host leaf ontogenetical pattern. Based on the fact that gall position influences
xylem cell features, the gall-constriction hypothesis was revisited with leaflet galls as models of study, but was corroborated
just for the intralaminar galls.

Keywords Auxins - Compensatory hydraulic mechanism - Cytokinins - Histochemistry - Insect gall - Vessel-constriction
hypothesis

Introduction

The redifferentiation of new vascular cells in gall devel-
opmental sites, and their connection to the pre-existing
vascular cells of the host plant organ are fundamental for
gall development (Dolzblasz et al. 2018). The gall vascu-
lar tissues may have similarities in terms of dimensions
and proportions of cells with the host organs (Aloni et al.
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1995; Arduin and Kraus 2001; Dias et al. 2013; Ferreira
and Isaias 2013), but dissimilarities may occur. Accord-
ingly, gall position relates to peculiar features regarding
the neo-vascular patterns (Carneiro et al. 2014), as well as
the vascular connections of the galls with their host organs.
Vascular connections may demand cytological peculiarities
linked to the origins of the new vascular tissues: the procam-
bium (Kraus et al. 2002), the vascular cambium (Ferreira
and Isaias 2013), or the parenchyma cells (Aranda-Rickert
et al. 2017). The activation of cytological programs toward
the differentiation of the vascular cells demands the inter-
mediation of auxins and cytokinins (Aloni 1987, 2013; Ye
2002; Matsumoto-Kitano et al. 2008; Schuetz et al. 2013).
The neo-vascularization mediated by these hormones (Aloni
et al. 1995; Ulrich and Aloni 2000) connects the vascular
system of the gall with that of the host plant, and supply the
hydraulic conductivity of the new organ.
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We assume that the needs for high rates of cell hypertro-
phy and cell turgidity require adequate water supply, which
may demand alterations for gall vascularization, regarding
xylem cells. The xylem system in regions bellow to the gall
can be more developed, which limits the transport of water
to the aerial portion above the gall, as postulated by the
gall-constriction hypothesis (Aloni et al. 1995; Ulrich and
Aloni 2000). In this case, the development of compensatory
mechanisms may guarantee hydraulic functioning, crucial
for gall development and host organ survivorship. Among
these compensatory mechanisms, the origin and proportion
between gall parenchyma and vascular tissues, as well as
the intracellular variation in the gall vascular system may be
associated. The neo-differentiation of vascular cells seems
more evident in extralaminar galls than in intralaminar galls
(Isaias et al. 2013, 2014), where a “continuum’ of tissues is
clearly established. The implications of gall position to vas-
cularization will be addressed here regarding insect galls on
Inga ingoides (Rich.) Willd. (Fabaceae: Caesalpinioideae).

Current study focuses on mapping xylem area and cell
features in the three gall morphotypes, and the relationship
with the sites of accumulation of auxins and cytokinins.
Additionally, gall vascular patterns are analyzed on the
premise that the vessel elements in the extralaminar leaflet
galls will be longer and wider than in the intralaminar galls,
on the light of the “gall-constriction hypothesis”, firstly pro-
posed for stem galls (Aloni et al. 1995). The following ques-
tions are addressed: (1) do the sites of xylem neoformation
in gall developmental sites relate to the accumulation of aux-
ins and cytokinins? (2) How does the vascular pattern relate
to compensatory hydraulic mechanisms in extralaminar and

Galled leaf

Fig. 1 Schematic representation of a leaf hosting globoid, lenticu-
lar and fusiform galls induced by Cecidomyiidae (Diptera) on Inga
ingoides (Fabaceae). Globoid galls are represented in green, lenticu-
lar galls in red and fusiform galls in brown. The leaflet in the box

@ Springer

intralaminar galls? And (3) does xylem vessel constriction
occurs similarly in extralaminar and intralaminar leaflet
galls?

Materials and methods
Sampling

The study involves the leaflets of the superhost I. ingoides
and the three associated Cecidomyiidae-induced gall mor-
photypes. Two of these morphotypes are extralaminar, but
diverge in shape (globoid and lenticular), and one morpho-
type is intralaminar (fusiform). Mature leaflets with globoid,
lenticular and fusiform galls in the young and mature stages,
induced by three unidentified species of Cecidomyiidae on
I. ingoides, were collected at Parque Estadual Serra Verde
(PESV-MG) (19°47'22.47" S, 43° 57' 32.35" W), Belo Hor-
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