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Abstract
Neo-ontogenesis of plant galls involves redifferentiation of host plant tissues to express

new phenotypes, when new cell properties are established via structural-functional remod-

eling. Herein, Psidium cattleianum leaves and Nothotrioza cattleiani galls are analyzed by

developmental anatomy, cytometry and immunocytochemistry of cell walls. We address hy-

pothesis-driven questions concerning the organogenesis of globoid galls in the association

of P. cattleianum - N. cattleianum, and P.myrtoides - N.myrtoidis. These double co-generic

systems represent good models for comparing final gall shapes and cell lineages functional-

ities under the perspective of convergent plant-dependent or divergent insect-induced char-

acteristics. Gall induction, and growth and development are similar in both galls, but

homologous cell lineages exhibit divergent degrees of cell hypertrophy and directions of

elongation. Median cortical cells in P. cattleianum galls hypertrophy the most, while in

P.myrtoides galls there is a centrifugal gradient of cell hypertrophy. Cortical cells in P. cat-
tleianum galls tend to anisotropy, while P.myrtoidis galls have isotropically hypertrophied

cells. Immunocytochemistry evidences the chemical identity and functional traits of cell line-

ages: epidermal cells walls have homogalacturonans (HGAs) and galactans, which confer

rigidity to sites of enhanced cell division; oil gland cell walls have arabinogalactan proteins

(AGPs) that help avoiding cell death; and parenchyma cell walls have HGAs, galactans and

arabinans, which confer porosity. Variations in such chemical identities are related to specif-

ic sites of hypertrophy. Even though the double co-generic models have the same macro-

scopic phenotype, the globoid morphotype, current analyses indicate that the extended

phenotype of N. cattleiani is substantiated by cellular and subcellular specificities.

Introduction
The ontogenesis of plant organs occurs via conservative cellular mechanisms that act synergis-
tically for the determination of the variable forms and functions observed in nature [1]. Plant
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galls represent the neo-ontogenesis [2] of their host organs towards a new phenotype, i. e., the
gall morphotypes [3]. For the generation of these gall morphotypes, plant tissues and cells re-
spond to the stimuli of gall-inducing herbivores by redifferentiating new cell types [4]. In the
context of gall structure, such cells have adaptive significance for the gall inducers as far as
their protection and nourishment are concerned [5, 6].

Neotropical gall morphotypes have been studied on developmental anatomy basis, focus-
ing on the responses of tissue hyperplasia and cell hypertrophy, the degree of isotropy and/or
anisotropy of cell expansion [7], and the structural-functional traits derived from these re-
sponses [8– 12]. More recently, the immunocytochemistry of cell walls in gall tissues have
been studied [13, 14], and this helped in elucidating the functionalities of the cell walls, and
their roles in gall development. Under the perspective of the developmental anatomy and
immunocytochemistry of plant cell walls, Carneiro et al. [2] provided an interesting insight
into the organogenesis of a globoid leaf gall on Psidium myrtoides (Myrtaceae) induced by
Nothotrioza myrtoidis (Triozidae). The composition of cell walls during the development of
this gall influences dynamic properties of cell lineages in terms of rigidity, flexibility, porosity,
and adhesion, as described for plant organs in general [15, 16, 17]. Such properties affected
the mechanisms of cell growth, i. e., division and/or expansion, and determined the establish-
ment of a centrifugal gradient of cell hypertrophy with isotropic growth in the cortex of
N.myrtoidis galls [2].

Current model of study, the interaction between the host plant Psidium cattleianum Sabine
(Myrtaceae) and the gall-inducing herbivore Nothotrioza cattleiani Burckhardt (Triozidae) re-
sults in the morphogenesis of globoid galls, very similar to those of the double co-generic sys-
tem, P.myrtoides-N.myrtoidis [2]. The galls on P. cattleianum and P.myrtoides are both
globoid [3], protrude to the abaxial surface of the leaf lamina, and have univoltine cycles [18,
19]. To the extent of ecological and macro-morphological aspects, the phenotypic expression
of the genes from the two species of Nothotrioza exerts biochemical influence on the cells of
two species of Psidium. Unexpectedly, they generate the same extended phenotype [20], the
globoid gall morphotype. As the gall structure is adaptive for their inducers [21], and varies ac-
cording to the phylogeny of galling insects [22], we hypothesize that Nothotrioza spp. galls on
Psidium spp. are unique entities, i. e., true extended phenotypes with species-specific traits at
the cellular and subcellular levels. The following questions are addressed: (1) Are there diver-
gent patterns on the way Nothotrioza spp. manipulate the standard leaf morphogenesis of Psi-
dium spp. towards the ontogenesis of globoid galls? (2) Should the gradients of cell
transformations be quantitatively divergent on the co-generic systems? (3) Is the distribution
of pectins and cell wall proteins a conservative trait of the cell lineages within and between the
Nothotrioza spp. galls?

Material and Methods

Study area
The studied population of P. cattleianum is located at the Parque Estadual Pico do Marumbi,
municipality of Piraquara, state of Paraná, Brazil. Individuals (n = 5) with galled leaves were
marked and sampled during 2012 and 2013.

Ethics statement
The authors declare that the studied species are not protected and/or threatened. The access to
the protected area of the Parque Estadual Pico do Marumbi, and the permission for field sam-
pling were granted by the Instituto Ambiental do Paraná—IAP (document number 34.14),
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and by the Instituto Chico Mendes de Conservação da Biodiversidade—ICMBio (document
number 33424–4).

Structural analyses
Samples of young and mature leaves, and galls at the stages of induction, growth and develop-
ment, maturation and senescence [19] (n = 5 per developmental stage) were collected from dif-
ferent individuals, and fixed in Karnovsky’s solution in 0.1 M phosphate buffer (pH 7.2) [23].
The material was dehydrated in ethanol series [24], embedded in glycolmethacrylate (Leica,
Wetzlar, Germany), sectioned (6–10 μm) with a rotary microtome Hyrax (Zeiss, Oberkochen,
Germany), stained with 0.05% Toluidine O blue, pH 4.6 [25]. Part of the material was dehy-
drated in n-butyl series [24], embedded in Paraplast [26], sectioned (12–14 μm) with a rotary
microtome (Jung biocut) and stained with 9:1 (v/v) Astra blue and safranin [27] (modified to
0.5%). Histological slides were observed and photographed under light microscope (Leica
DM500) coupled with digital camera (Leica ICC50 HD).

Cytometry and histometry
Digital images were obtained with an optical photomicroscope (Leica DM500), and analyzed
with the AxioVision software, Zeiss Imaging Systems, version 4.7.2 [28]. Cells from the adaxial
and abaxial protoderm, the adaxial, median and abaxial layers of the ground meristem of non-
galled leaves, as well as their redifferentiated gall tissues had their areas measured individually
(n = 50; 5 cells of each tissue per image, 10 images per developmental stage). In addition, the
major axes of these cells—anticlinal and periclinal—were measured in each tissue lineage and
the ratio between them was used as indicator of the degree of isotropy/anisotropy. The thick-
ness of the mesophyll was measured at different developmental stages.

Immunocytochemistry of plant cell wall epitopes
Unstained material (n = 3; from different individuals) fixed in Karnovsky’s solution in 0.1 M
phosphate buffer (pH 7.2) [23], dehydrated in ethanol series [24], and embedded in glycol-
methacrylate (Leica) was incubated with the monoclonal antibodies JIM5, JIM7, LM1, LM2,
LM5, LM6, LM19 and LM20 (Centre for Plant Sciences, University of Leeds, UK). These anti-
bodies specifically bind epitopes of low methylesterified homogalacturonans (HGAs) (JIM5)
[15, 16, 29, 30], medium- high methylesterified HGAs (JIM7) [15, 16, 30], extensins (LM1)
[31–34], arabinogalactan proteins (APGs) (LM2) [35], galactans (LM5) [36], arabinans (LM6)
[37], unesterified HGAs (LM19), and high methylesterified HGAs (LM20) [38]. The sections
were immersed in blocking solution with 3% (w/v) powdered milk in PBS for 30 min to avoid
cross labelling, and incubated with primary antibodies in PBS for 2 h at room temperature. For
the control tests, the primary antibodies were suppressed. Sections were washed in PBS, and in-
cubated in the secondary antibody anti-rat IgG—FITC (Sigma, St. Louis, MO, USA) in PBS for
2 h in the dark. After washing in PBS, the sections were mounted in 50% glycerin and analyzed
using a Confocal Zeiss 510 META microscope, with excitation wavelength of 488 ηm and 505–
530 ηm emission filter.

Statistical analyses
Statistical analyses of the cytometric values were performed using the software Past 3 [39]. Nor-
mal data (Shapiro-Wilk test) were compared by parametric tests of ANOVA followed by t-test
or multiple tests of Tukey. Non-normal data were compared using the non-parametric tests of
Kruskal-Wallis followed by Dunn's multiple tests. All tests used α�0.05.
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Results

Ontogeny of non-galled leaves and galls
Non-galled leaves. The leaves of P. cattleianum are simple, opposite, and emerge in pairs

from the apical meristem. The uniseriate protoderm is derived from the divisions of the mar-
ginal initials, and the multilayered ground meristem is derived from the submarginal initials.
At the early stages of leaf development, the ground meristem is divided into three regions, i.e.
adaxial, median and abaxial layers. The cells of such layers divide anticlinally causing the elon-
gation of the limb, and periclinally, increasing mesophyll thickness. Initially, the ground meri-
stem has two adaxial layers, two median layers and two abaxial layers. Procambial strands
differentiate from the median layers (Fig 1a). As the leaves develop, periclinal divisions add
one cell layer both to the adaxial and abaxial layers, which end up with three layers each, and
have phenolic inclusions. The median layers, whose cells have hyaline protoplasts, divide peri-
clinally, reaching six cell layers (Fig 1b). Mature leaves have uniseriate epidermis, 12-layered
mesophyll with one-layered hypodermis derived from the uppermost cell layer of the ground
meristem. The palisade parenchyma is derived from the adaxial and the uppermost cell layers
of the median ground meristem. The spongy parenchyma is 8 to 9-layered and is derived from
both the median and abaxial layers of the ground meristem (Fig 1c). Vascular bundles are col-
lateral and often surrounded by a sclerenchymatic bundle sheath.

Galls. N. cattleiani induces galls on young leaves of P. cattleianum, which maintain its tis-
sue zonation (Fig 2a). The inner and the outer gall epidermises are derived from the adaxial
and abaxial leaf epidermises, respectively. Oil glands differentiate exclusively from the gall
outer epidermal cells and are localized among the outermost cortical cell layers. The cortex has
three zones: inner, median and outer layers, which redifferentiate from the adaxial, median and
abaxial layers of the ground meristem of the young leaves, respectively.

Gall induction occurs via the stimuli of the first instar nymphs, which establish on the adax-
ial leaf surface, and start feeding preferably on the vascular bundles. Projections on the adaxial
leaf surface grow around the insect body, and constitute the first set of anatomical alterations

Fig 1. Developmental anatomy of Psidium cattleianum leaves. (a) Early developmental stage of the leaf, with uniseriate epidermis derived frommarginal
initial (white asterisk), ground meristem derived from submarginal initial (black asterisk) divided into two adaxial layers (AdL), two median layers (ML), and
two abaxial layers (AbL). Procambium (arrow head) differentiates from the median layers of the ground meristem. (b) Young leaf with uniseriate epidermis,
three-layered AdL, six-layered ML, three-layered AbL, and collateral vascular bundles (arrow head). Developing oil glands (OG) differentiate both from the
adaxial and abaxial epidermal surfaces. (c) Mature leaves with uniseriate epidermis, one-layered hypodermis (H), three-layered palisade parenchyma (PP)
and eight-layered spongy parenchyma (SP). Mature vascular bundles (arrow head) and oil glands (OG) are observed. Bars: (a) 50 μm; (b, c) 100 μm.

doi:10.1371/journal.pone.0129331.g001
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towards the development of the galls (Fig 2a and 2b). The epidermal cells divide anticlinally
and elongate periclinally, while the cells of the adaxial layers divide both periclinally and anti-
clinally for the morphogenesis of the projections (Fig 2b). Such projections grow over the in-
sect, towards one another to form an occluded ostiole; they enclose the insect within a
nymphal chamber, determining the endophytic habitus of N. cattleiani. Right below the
nymphal chamber, the gall cortex has slightly hypertrophied cells that divide anticlinally (Fig
2c and 2d; arrows). The median cortical layers have hyaline protoplasts, large nuclei and con-
spicuous nucleoli (Fig 2c). The inner and outer layers have inconspicuous nuclei and phenolic
inclusions in the vacuoles (Fig 2c and 2d). The outer gall epidermis remains uniseriate, as its
cells divide anticlinally (Fig 2d).

During the stage of growth and development, when the second, third and fourth instar
nymphs are inside the galls, the second set of anatomical alterations takes place. At this stage,
the gall cortex enlarges together with the nymphal chamber for the determination of the gall

Fig 2. Developmental anatomy of Nothotrioza cattleiani galls at the stage of induction. (a) General view, showing the growth of projections (arrows)
over the first instar nymph (N) to form the nymphal chamber (NC). Gall cortex has three-layered inner cortex (IC), six-layered median cortex (MC) and three-
layered outer cortex (OC), and redifferentiated procambium strands (arrow heads). (b) Detail of the projections with sites of tissue hyperplasia (arrow heads)
in the hypodermis (H) and palisade parenchyma (PP). (c) Detail of median cortical cells with hyaline protoplasts and conspicuous nuclei and nucleoli. (d)
Detail of outer cortical cells with slightly hypertrophied cells, anticlinal cell divisions (arrow head) and phenolic inclusions in the protoplast (asterisk). Bars: (a)
100 μm; (b-d) 50 μm.

doi:10.1371/journal.pone.0129331.g002
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globoid shape (Fig 3a). The inner cortical layers divide mainly anticlinally, so the number of
cell layers does not increase. The median and outer cortical layers, on the other hand, divide
both anticlinally and periclinally, and are responsible for increasing the number of gall cortical
cell layers. Vascular bundles redifferentiate from the middle layers of the gall cortex, close to
the nymphal chamber (Fig 3b). The inner and the outer epidermal layers remain uniseriate,
and divide anticlinally to accompany the growth of the developing gall. The inner epidermal
cells divide sparsely and elongate periclinally, while the outer epidermal cells divide intensely,
and do not elongate (Fig 3c and 3e). Cells of the inner and the outer cortical layers remain with
phenolic inclusions (Fig 3c and 3e), while the cells of the median cortical layers have hyaline
protoplasts (Fig 3c and 3d). Vascular bundles are collateral, with few tracheal elements, and
abundant phloem and parenchyma (Fig 3c). The galls increase in size until the stage of matura-
tion, which begins when the nymphs reach the fifth instar, and lasts until they molt into adults,
and are ready to leave the galls. The structural organization in the cortex of mature galls is simi-
lar to that of the previous developmental stage, with hypertrophied cells throughout the cortex

Fig 3. Developmental anatomy of Nothotrioza cattleiani galls at the stage of growth and development. (a) General view of three galls, with thin walls
(W) and ample nymphal chamber (NC). (b) Detail of gall cortex with reduced inner cortex (IC), and hyperplasic median (MC) and outer (OC) cortices.
Vascular bundles (arrow heads) are distributed closest to the nymphal chamber in the MC, and the oil glands (OG) differentiate exclusively from to outer
epidermis in the OC. (c) Detail of the uniseriate inner epidermis, inner cortical cells with phenolic inclusions (asterisk), and vascular bundles with few tracheal
elements, and abundant phloem and parenchyma (arrow head). (d) Detail of the median cortical cells with hyaline protoplasts and conspicuous nuclei
(asterisks). (e) Detail of outer cortical cells with phenolic inclusions (asterisk). Oil glands are fully developed. Bars: (a) 2 mm; (b) 200 μm; (c-e) 50 μm.

doi:10.1371/journal.pone.0129331.g003
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(Fig 4a–4d). The inner epidermis remains uniseriate; the inner cortical cells have phenolic in-
clusions, and the vascular bundles develop into a collateral arrangement, with equal portions of
xylem and phloem (Fig 4a). In the transition between the median cortical cells, which have hya-
line protoplasts, and the outer cortical cells with phenolic inclusions, it is possible to observe
anticlinally elongated cells (Fig 4b). Sclereids (5–6 layers) differentiate from the median layers
of the outer cortical cells, and constitute the most remarkable anatomical feature of mature
galls (Fig 4c). The outermost cortical cells located between the sclerenchyma layers and the
outer epidermis are vacuolated and periclinally elongated (Fig 4d).

At their final developmental stage, senescent galls present anatomical alterations, which
lead to a dehiscence mechanism by which the galls open. Median cortical cells lignify, but

Fig 4. Developmental anatomy of Nothotrioza cattleiani galls. (a-d) Stage of maturation. (e-h) Stage of senescence. (a) Detail of hypertrophied inner
epidermal cells lining the nymphal chamber (arrow head), inner cortical cells with phenolic inclusions (asterisk) and collateral vascular bundles with equal
portions of xylem (X) and phloem (Ph). (b) Detail of hypertrophied and anticlinally elongated median cortical cells with hyaline protoplasts (asterisks), and the
outer cortical cells with phenolic inclusions. (c) Detail of live sclereids at the middle of the outer cortex, with phenolic inclusions and thick secondary walls
(SW). (d) Detail of the periclinally elongated outermost cortical cell layers adjacent to the outer epidermis (asterisk) in contact with the external environment
(EE). (e) Detail of inner epidermal (asterisk) lining the nymphal chamber (NC), and inner cortical cells (arrow head); median cortical cells with secondary
lignified cell walls (SW) and phenolic inclusions. (f) Detail of phenolic substances accumulated in the anticlinally elongated median cortical cells (asterisk). (g)
Detail of the outer cortical cells and outer epidermis with secondary walls (SW) and vacuolated non-lignified cells. (h) Detail of necrotic sites in the gall apex
that lead to gall dehiscence. Bars: 50 μm.

doi:10.1371/journal.pone.0129331.g004
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remain live with phenolic inclusions within their protoplasts (Fig 4e). Phenolic substances ac-
cumulate gradually in the median cortical cells, which are elongated (Fig 4f). The outer cortical
cells and outer epidermis remain similar to the previous developmental stage, with sclereids
and vacuolated non-lignified cells (Fig 4g). Ultimately, necrotic sites develop from the apex to-
wards gall base, and from the innermost towards the outermost cortical cell layers (Fig 4h).
The necrotic tissues crack due to the tension exerted by the adjacent live and turgid cells, thus
rupturing the gall wall, and allowing the scape of the adult insect.

Dynamics of cell sizes and shapes
During the maturation of the non-galled leaves of P. cattleianum, cells from all tissues grew.
Epidermal cells on the adaxial and abaxial surfaces of mature leaves increase in area approxi-
mately 100% and 90% in relation to the young leaves, respectively. Chlorophyllous parenchyma
cells from the adaxial, median and abaxial layers of the young leaves grew approximately 130%
towards the stage of leaf maturation (Table 1). As the galls are induced on young leaves, the tis-
sues undergo different dynamics of cell size and shape. The inner epidermal cells derived from
the adaxial epidermis of the leaves grew 25% towards the stage of gall induction, 120% towards
the stage of growth and development, 72% towards the stage of maturation, and 20% towards
the stage of senescence. Parenchyma cells of the inner cortical layers derived from the adaxial
cell layers of leaves grew 17% towards the stage of gall induction, 180% towards the stage of
growth and development, 60% towards the stage of maturation, and 80% towards the stage of
senescence. The median cortical layers derived from the median layers of the leaves grew 24%
towards the stage of gall induction, 395% towards the stage of growth and development, 44%
towards the stage of maturation, and 23% towards the stage of senescence. The outer cortical
cells derived from the abaxial cell layers of the leaves grew 69% towards the stage of gall induc-
tion, 148% towards the stage of growth and development, 138% towards the stage of matura-
tion, and decrease their size in about 12% towards the stage of senescence. The outer epidermal
cells derived from the abaxial epidermis of the leaves grew 36% towards the stage of gall induc-
tion, 100% towards the stage of growth and development, 6% towards the stage of maturation,
and decrease their size in about 22% towards the stage of senescence (Table 1). The thickness
of the mesophyll of young leaves (345.06 ± 12.55 μm) increases towards mature leaves
(447.64 ± 5.77 μm). The mesophyll is slightly thinner in the galls at the induction stage

Table 1. Dynamics of cell hypertrophy during the ontogenesis of Psidium cattleianum leaves andNothotrioza cattleiani galls (mean cell area- μm²
± standard deviation).

Cell lineages

Developmental
stages

Adaxial/inner
epidermis

Adaxial meristem/
inner cortex

Median meristem/
median cortex

Abaxial meristem/
outer cortex

Abaxial/outer
epidermis

Young non-galled leaf 254.96 ± 10.18f 324.57 ± 12.94d 336.53 ± 13.32e 236.95 ± 8.70d 149.22 ± 6.45d

Mature non-galled
leaf

510.63 ± 15.64ed 768.37 ± 26.97c 764.61 ± 28.49d 549.10 ± 25.07d 288.57 ± 10.42c

Gall induction 319.01 ± 20.37d 381.00 ± 27.56d 417.99 ± 24.38de 399.03 ± 31.09d 203.51 ± 12.45cd

Gall growth and
development

705.05 ± 46.88ce 1077.00 ± 65.12c 2066.94 ± 122.63c 993.39 ± 78.59c 406.62 ± 34.59b

Gall maturation 1216.55 ± 67.23b 1735.63 ± 84.40b 2993.51 ± 119.72b 2372.67 ± 152.36a 434.92 ± 22.46a

Gall senescence 1469.29 ± 115.32a 3135.36 ± 159.55a 3695.63 ± 161.63a 2091.96 ± 98.98b 340.91 ± 19.52bc

Values followed by different italic letters in the columns indicate significant difference between the cell areas from the different lineages at different

developmental stages. (ANOVA followed by t-test or multiple tests of Tukey; Kruskal-Wallis followed by Dunn's multiple tests. α = 0.05).

doi:10.1371/journal.pone.0129331.t001
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(334.19 ± 12.22 μm) when compared to young leaves. As the galls developed, mesophyll thick-
ness increased massively at the stages of growth and development (873.14 ± 82.50 μm), matu-
ration (1086.42 ± 31.75 μm) and senescence (1170.59 ± 43.92 μm).

The adaxial epidermal cells are anticlinally elongated in the young leaves, and elongate peri-
clinally in mature leaves. During gall development on young leaves, the adaxial epidermal cells
originate the anticlinally elongated inner epidermal cells at gall induction. Such cells elongate
periclinally at the stages of growth and development, and maturation, and tend to grow isotro-
pically at gall senescence (Table 2). The cells of the adaxial meristem in the young leaves are
slightly anticlinally elongated. During the differentiation of palisade parenchyma, this pattern
is maintained during leaf maturation. The inner cortical cells derived from the adaxial meri-
stem are anticlinally elongated, tending to grow isotropically in the galls at growth and devel-
opmental stage. During gall maturation and senescence, these cells elongated anticlinally
(Table 2). The median and abaxial meristem cells in the young leaves are slightly periclinally
elongated, and originate the cells of the spongy parenchyma in the mature leaves, which tend
to grow isotropically. In the galls, the median cortical cells elongated anticlinally at induction,
while the outer cortical cells tend to isotropy. At the stage of growth and development, both
cell lineages tend to grow isotropically, but at the stages of gall maturation and senescence, the
median cortical cells elongated anticlinally, while the outer cortical cells elongated periclinally

Table 2. Directions of cell expansion and degree of isotropy/anisotropy during the ontogenesis of Psidium cattleianum leaves andNothotrioza
cattleiani galls (μm ± standard deviation).

Cell lineages

Developmental stages Adaxial/inner
epidermis

Adaxial meristem/
inner cortex

Median meristem/
median cortex

Abaxial meristem/
outer cortex

Abaxial/outer
epidermis

Young non-galled leaf A 20.86 ± 0.39d 21.26 ± 0.33f 22.67 ± 0.77d 19.21 ± 0.36d 14.30 ± 0.40c

P 14.00 ± 0.44d 17.85 ± 0.69d 18.24 ± 0.43e 15.42 ± 0.53d 13.10 ± 0.55d

R 1.49 1.19 1.24 1.24 1.09

Mature non-galled leaf A 21.63 ± 0.37dc 45.30 ± 0.92d 30.09 ± 0.83d 24.83 ± 0.59c 14.30 ± 0.25c

P 28.06 ± 0.70e 20.06 ± 0.76d 32.30 ± 1.02d 27.47 ± 1.01c 24.77 ± 0.78ab

R 0.77 2.25 0.93 0.90 0.57

Gall induction A 20.91 ± 0.66d 25.72 ± 1.19ef 25.64 ± 1.10d 22.67 ± 0.68cd 14.62 ± 0.47c

P 17.74 ± 0.79d 17.08 ± 0.70d 19.78 ± 0.87e 21.17 ± 1.16cd 16.10 ± 0.73d

R 1.17 1.50 1.29 1.07 0.90

Gall growth and development A 25.16 ± 1.10c 36.19 ± 1.30c 51.86 ± 1.92c 35.38 ± 1.39b 21.52 ± 0.81b

P 33.77 ± 1.29c 35.46 ± 1.21c 47.06 ± 1.91c 32.59 ± 1.75b 20.97 ± 1.14c

R 0.74 1.02 1.10 1.08 1.02

Gall maturation A 35.16 ± 1.10b 52.36 ± 2.35bd 71.52 ± 2.51b 48.23 ± 2.03a 21.93 ± 0.59b

P 42.16 ± 1.60b 41.54 ± 1.44b 53.03 ± 1.37b 61.25 ± 2.83a 24.95 ± 0.84a

R 0.83 1.26 1.34 0.78 0.87

Gall senescence A 41.70 ± 1.79a 84.48 ± 4.56a 80.75 ± 2.79a 48.30 ± 1.61a 19.09 ± 0.69a

P 43.82 ± 2.03a 50.07 ± 1.63a 59.47 ± 1.59a 55.10 ± 1.75a 21.70 ± 0.74bc

R 0.95 1.68 1.35 0.87 0.87

Lines labelled “A” and “P” respectively correspond to anticlinal and periclinal axes of the cells from different cell lineages at different developmental

stages. Lines labelled “R” correspond to the A/P ratio from the same cell lineage at different developmental stages. Values lower than 0.9 indicate

tendency to anisotropic growth with periclinal elongation; values between 0.9 and 1.1 indicate tendency to isotropic growth, and values higher than 1.1

indicate tendency to anisotropic growth with anticlinal elongation. Values followed by different italic and boldface letters in the columns indicate significant

difference between anticlinal and periclinal axes of cells, respectively (ANOVA followed by t-test or multiple tests of Tukey; Kruskal-Wallis followed by

Dunn's multiple tests. α = 0.05).

doi:10.1371/journal.pone.0129331.t002
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(Table 2). The abaxial epidermal cells grew isotropically in the young leaves, but as they ma-
ture, these cells elongated periclinally. In the galls at the stages of induction, and growth and
development, the outer epidermal cells grew isotropically, but during gall maturation and se-
nescence, the growth is anisotropic with periclinal elongation (Table 2).

Immunocytochemistry of plant cell walls
Non-galled leaves. In the adaxial epidermis of young leaves, epitopes of medium-high

methylesterified homogalacturonans (HGAs), extensins, arabinogalactan proteins (AGPs) and
galactans are bound by the antibodies JIM7, LM1, LM2 and LM5, respectively (Fig 5a). In the
abaxial surface of the epidermis, the same epitopes, except for the extensins, are bound. The
cells of the oil glands have epitopes of medium-high methylesterified HGAs bound by JIM7,
unesterified and high methylesterified HGAs bound by LM19 and LM20, and AGPs, galactans
and arabinans bound by LM2, LM5 and LM6, respectively. In all cell layers of the chlorophyl-
lous parenchyma, the walls have epitopes of low methylesterified HGAs bound by JIM5, high
methylesterified HGAs bound both by JIM7 and LM20, and galactans and arabinans bound by

Fig 5. Development-dependent immunolabelling of plant cell wall pectins and proteins during the development of Psidium cattleianum leaves and
Nothotrioza myrtoidis galls.Gray scale labels indicate different ontogenetic tissues and the filling in the perpendicular bars indicates positive binding of low
methylesterified homogalacturonans by the JIM5 antibody, medium-high methylesterified homogalacturonans by the JIM 7 antibody, extensins by the LM1
antibody, arabinogalactan proteins by the LM2 antibody, galactans and arabinans by the LM5 and LM6 antibodies, and unesterified HGAs and high
methylesterified HGAs by the LM19 and LM20 antibodies. (a) Young leaves, (b) Mature leaves, (c-f) Galls, (c) Induction, (d) Growth and development, (e)
Maturation, (f) Senescence.

doi:10.1371/journal.pone.0129331.g005
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LM5 and LM6, respectively. AGPs bound by LM2 are labeled strictly in the abaxial layers of the
chlorophyllous parenchyma. Cells of the vascular tissues have epitopes of medium-high methy-
lesterified HGAs, extensins, AGPs and galactans, respectively bound by JIM7, LM1, LM2 and
LM5 (Fig 5a). At this developmental stage, low methylesterified HGAs (Fig 6a) widespread in
the leaf tissues, extensins and AGPs in the cells of the vascular tissues are detected in microdo-
mains of the cell walls, generating discontinuous signals. High methylesterified HGAs, AGPs,

Fig 6. Immunocytochemistry of plant cell wall pectins and proteins during the development of non-galled leaves of Psidium cattleianum and galls
induced byNothotrioza myrtoidis. (a, b) Young leaves, (c, d) Mature leaves, (e-p) Galls, (e, f) Induction, (g, h) Growth and development, (i-n) Maturation,
(o, p) Senescence. (a, c, f, h-n, p) Continuous signal of the labelling of ubiquitous epitopes, (b, d, e, g, o) Discontinuous signal of the labelling of
microdomains of epitopes, (a, g, o) Lowmethylesterified homogalacturonans (HGAs), (b, i-k) Galactans, (c) Medium-high HGAs, (d) Unesterified HGAs, (e)
Extensins, (f, l-n) Arabinans, (h) Arabinogalactan proteins, (p) High methylesterified HGAs. E: epidermis; GM: ground meristem; IC: inner cortex; IE: inner
epidermis; MC: median cortex; NCh: nymphal chamber; OC: outer cortex; OE: Outer epidermis; OG: oil gland; VB: vascular bundle. Bars: 50 μm.

doi:10.1371/journal.pone.0129331.g006
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galactans (Fig 6b), arabinans, and extensins had more ubiquitous epitopes, and generated con-
tinuous signal in epidermal cells.

In mature leaves, the epidermis in the adaxial surface have epitopes of unesterified and
medium-high methylesterified HGAs bound by LM19 and JIM7, and epitopes of AGPs and
galactans bound by LM2 and LM5, respectively (Fig 5b). In the abaxial surface, epitopes of
AGPs, galactans and unesterified HGAs were bound by LM2, LM5 and LM19, respectively. In
the cells of the oil glands, only the epitopes of AGPs were bound by LM2. Cells of the chloro-
phyllous parenchyma have epitopes of low methylesterified HGAs, galactans and arabinans
bound by JIM5, LM5 and LM6, respectively. Epitopes of unesterified and medium-high methy-
lesterified HGAs bound by LM19 and JIM7 are strictly labeled in the palisade parenchyma. In
the vascular tissues, phloem and parenchyma cells have epitopes of galactans and arabinans
bound by LM5 and LM6, and unesterified HGAs bound by LM19 (Fig 5b). Cells of mature
leaves have ubiquitous epitopes of low and high methylesterified HGAs (Fig 6c), galactans, and
arabinans in the parenchyma and vascular tissues, which generated continuous signals. On the
other hand, epitopes of AGPs, unesterified HGAs (Fig 6d), and galactans in the epidermis are
more scarce and generated discontinuous signals.

Galls. In the galls at the stage of induction, epidermal cells of the inner and outer surfaces
have epitopes of unesterified and medium-high methylesterified HGAs bound by LM19 and
JIM7, extensins bound by LM1, and AGPs and galactans bound respectively by LM2 and LM5
(Fig 5c). Cells of the oil glands have the same epitopes as the epidermis, except for the absence
of galactans. Epitopes of medium-high methylesterified HGAs bound by JIM7, galactans and
arabinans bound respectively by LM5 and LM6, and high methylesterified HGAs bound by
LM20 are detected in all gall cortical layers. Low methylesterified HGAs bound by JIM5, and
extensins bound by LM1 are detected specifically in the outer cortical cell layers. Cells of the
vascular bundles have epitopes of medium-high methylesterified HGAs bound by JIM7, exten-
sins bound by LM1, and galactans bound by LM5 (Fig 5c). Cells in the galls at the stage of in-
duction have epitopes of low methylesterified HGAs, extensins (Fig 6e), and AGPs distributed
in microdomains, which generated discontinuous signals. Epitopes of high methylesterified
HGAs, extensins, galactans and arabinans, and AGPs in the oil glands (Fig 6f) are more abun-
dant and generate continuous signals.

During the stage of growth and development, the inner epidermal cells have epitopes of me-
dium-high methylesterified HGAs bound by JIM7, and galactans bound by LM5 (Fig 5d). The
outer epidermal cells have epitopes of low and medium-high methylesterified HGAs bound re-
spectively by JIM5 and JIM7. In the cells of the oil glands, epitopes of AGPs and arabinans are
bound by LM2 and LM6, respectively. All cortical cells have epitopes of low and medium-high
methylesterified HGAs bound respectively by JIM5 and JIM7, and galactans bound by LM5.
The epitopes bound in the cells of vascular tissues and cortices are similar, except for the ab-
sence of the epitopes of high methylesterified HGAs in the latter (Fig 5d). At this developmen-
tal stage, epitopes of low methylesterified HGAs are distributed in microdomains, which
generated discontinuous signals (Fig 6g). The epitopes of medium-high methylesterified
HGAs, AGPs (Fig 6h), galactans and arabinans are more abundant and generated
continuous signals.

The gall inner and outer epidermal cells at the phase of maturation have epitopes of unester-
ified, low and high methylesterified HGAs bound by LM19, JIM5 and LM20, medium-high
methylesterified HGAs bound by JIM7, and galactans bound by LM5 (Fig 5e). Cells of the oil
glands have epitopes of medium-high methylesterified HGAs bound by JIM7, and epitopes of
extensins, AGPs and arabinans are respectively bound by LM1, LM2 and LM6. Cells from all
cortical layers have epitopes of unesterified, low, medium-high and high methylesterified
HGAs bound by LM19, JIM5, JIM7 and LM20, and galactans and arabinans bound respectively
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by LM5 and LM6. Epitopes of extensins are labeled only in the cells from the outer cortical lay-
ers. In the cells of the vascular tissues, epitopes of medium-high methylesterified HGAs bound
by JIM7, and epitopes of extensins, galactans and arabinans are respectively bound by LM1,
LM5 and LM6 (Fig 5e). At the phase of maturation, the observed epitopes of unesterified
HGAs and extensins were distributed in microdomains, which generated discontinuous sig-
nals. The epitopes of low and medium-high methylesterified HGAs, AGPs, galactans, and ara-
binans are more ubiquitous, and generated continuous signals. The galactans and arabinans
are distributed in centripetal (Fig 6i–6k) and centrifugal (Fig 6l–6n) gradients in the cortical
cells, respectively.

During the stage of senescence, inner epidermal cells have epitopes of low methylesterified
HGAs bound by JIM5, and galactans bound by LM5 (Fig 5f). The outer epidermal cells have
epitopes of unesterified, low, medium-high and high methylesterified HGAs bound by LM19,
JIM5, JIM7 and LM20, and galactans bound by LM5. Epitopes of low methylesterified HGAs
bound by JIM5 and galactans bound by LM5 are detected in all layers of the gall cortex. Epi-
topes of unesterified and medium-high methylesterified HGAs bound by LM19 and JIM7 are
detected strictly in the outermost layers of the gall cortex. Epitopes of arabinans are detected by
LM6 in the cells of the median and outer layers of the gall cortex. In the vascular tissues, phlo-
em and parenchyma cells have epitopes of low methylesterified HGAs bound by JIM5, and
galactans and arabinans bound respectively by LM5 and LM6 (Fig 5f). At the final stage of gall
development, the epitopes of low and medium-high methylesterified HGAs are distributed in
microdomains, which generate discontinuous signals (Fig 6o). Extensins, AGPs, galactans, ara-
binans, and unesterified HGAs (Fig 6p) are more abundant, which generate
continuous signals.

Discussion

Ontogenetic changes in leaves lead to new cell fates in galls
The development of the simple leaves of Psidium cattleianum follows a common pattern de-
scribed by Hara [40] for dicotyledons, in which the ground meristem precociously exhibit dif-
ferentiated tissue layers, and the procambium differentiates from the median layers. This
pattern has been reported for Neotropical host plants, which interact with different gall induc-
ers [2, 10, 41, 42]. Even though such similarity is conserved across the non-galled leaves, differ-
ent gall morphotypes develop, namely, the pocket gall induced by Aceria lantanae on Lantana
camara [41], the bivalve-shaped gall induced by Euphalerus ostreoides on Lonchocarpus muehl-
bergianus [10], and the globoid galls induced by Calophya duvauae on Schinus polygamus [42]
and by Nothotrioza myrtoidis on Psidium myrtoides [2].

The globoid morphotype is the most common gall shape found in the Neotropics [3], and
anatomical studies on the development of such structures can elucidate the processes that lead
to their morphogenesis. In fact, it has been widely reported that different taxa of insects induce
morphologically distinct galls on the same host plants [10, 19, 41, 43–48], which reinforce the
hypothesis that galls are the extended phenotypes of the insects [20]. From this perspective, the
association of Nothotrioza spp. with Psidium spp. recently described in the Neotropics [19]
represents a good model to compare if the final shapes of the galls are determined by conver-
gent plant-dependent or divergent insect-induced characteristics. The galls induced by N.myr-
toidis on P.myrtoides previously studied by Carneiro et al. [2] are globoid and extremely
similar to the ones induced by N. cattleiani on P. cattleianum studied herein. Galls of P. cattle-
ianum are induced on young leaves [18], which have reactive tissues that respond to gall induc-
tion by cell hypertrophy and determined sites of hyperplasia, leading to the formation of
emergencies growing over the insect body. A similar mechanism was described for the
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induction of the leaf galls on P.myrtoides [2], Piptadenia gonoacantha [49], and Schinus poly-
gamus [42], which indicates a conservative trait of galls induced on leaf surface. Cell hypertro-
phy and tissue hyperplasia in the median and outer cortical layers were also observed during
the stage of gall growth and development. Together, such characteristics have constituted the
most widespread features of insect-induced galls [50]. The stage of gall growth and develop-
ment is characterized by the great increase in biomass [51], which in the case of the galls of
N. cattleiani on P. cattleianum occurs via pronounced hyperplasia of the median and outer cor-
tical cell layers, as observed for the galls of N.myrtoidis on P.myrtoides [2].

By the end of the stage of growth and development and at the beginning of maturation, the
galls on P. cattleianum assume a structure commonly observed in many galls, i. e., neo-formed
vascular bundles interspaced in parenchyma cells, and sclerenchyma in the outer cortical cell
layers. This pattern of gall organization has been reported in the Neotropical region for the
midrib galls on Copaifera langsdorffii [9], the bivalve-shaped gall on Lanchocarpus muehlber-
gianus [10], the intralaminar globoid galls on Aspidosperma spruceanum [52], and the extrala-
minar globoid galls on Psidium myrtoides [2]. Nevertheless, the discontinuous groups of
sclereids found in the outer cortical layers of mature galls on P. cattleianum differ from the ar-
rangement of a sclerenchymatic ring described by Rohfritsch [51] as pattern. The role of ligni-
fied tissues in galls is widely regarded as a defensive strategy for the gall inducers [53], which
increase the adaptive value of the gall [5]. Recent studies have related developmental processes,
such as lignification, to the balance of reactive oxygen species (ROS) in gall tissues [9, 10, 13,
14, 54–56]. Such subcellular signals are known to take part in plant responses to the attack by
parasites and/or herbivores [57], and the oxidative stress triggered by their accumulation may
affect the deposition of lignins at specific sites, as proposed by Carneiro et al. [2, 55]. The ligni-
fication of gall cortical cells by the end of the maturation stage implies the occurrence of an oxi-
dative burst [56], which besides affecting gall structure, may constitute a signal for the
beginning of senescence in galls induced by certain groups of insects.

At senescence, N. cattleiani galls exhibit spontaneous dehiscence for the escape of adults,
with great similarities to the mechanism described for N.myrtoidis galls [2]. As far as we are
concerned, these are the only anatomical descriptions of spontaneous mechanisms of dehis-
cence for insect galls. Generally, gall-inducing insects have different strategies for leaving the
galls, which include actively digging a scape tunnel by the feeding larva [49, 51], when the gall
tissues are completely fused. In other cases, the galls are permanently open and the inducers
simply leave their galls through the pre-existing aperture, as it is observed in the leaf galls of
Pseudotectococcus rollinae on Rollinia laurifolia [58], and Callophya duvauae on Schinus poly-
gamus [42]. In the galls induced by N. cattleiani on P. cattleianum, the massive hypertrophy of
the inner cortical cells during the transition from gall maturation towards senescence exerts
tension on peripheral necrotic cells, which end up rupturing, setting the adult insects free. Even
though the expressed phenotype is the same, i. e., the gall wall rupturing, the underlying ana-
tomical dynamics involve peculiar and distinct cell responses in P. cattleianum galls when com-
pared to those of P.myrtoides [2]. The growth of targeted cell lineages at very specific moments
is most likely to be driven by hormones, like indol-acetic acid (IAA). Such hormone was histo-
chemically localized in the cortical cells of the galls on Piptadenia gonoacantha, where phenolic
substances were also accumulated [59]. This co-localization suggest that phenolics may influ-
ence cell growth due to the inhibition of the IAA oxidases [60], thus increasing the bioavailabil-
ity of active IAA in the cells. The observation of phenolic inclusions in specific cell types,
which grow differently, both in the galls of P.myrtoides [2, 55] and P. cattleianum corroborate
this hypothesis. From the anatomical point of view, the double co-generic systems Psidium—

Nothotrioza have conservative morphogenetical traits, but specific cell dynamics for the neo-
ontogenesis [2] of flat leaves towards globoid galls.

The Extended Phenotype at Cellular Level in Galls

PLOS ONE | DOI:10.1371/journal.pone.0129331 June 8, 2015 14 / 20



Dynamics of cell elongation for the neo-ontogenesis of the globoid
shape
The dynamics of tissue hyperplasia and cell hypertrophy, as well as the occurrence of isotropic
and/or anisotropic types of cell expansion [7] depend on the structure and functionality of cell
walls [17]. Neotropical galls have been increasingly analyzed by the quantitative perspective of
cell hypertrophy, with special attention to the directions of cell elongation [2, 9–12]. The ten-
dency of shifting from isotropic to anisotropic cell elongation on P. cattleianum galls is similar
to that of Baccharis dracunculifolia [12]. Some other galls have opposite dynamics, with cells
changing from anisotropic to isotropic type of cell growth along the development, as reported
for C. langsdorffii [9], L.muehlbergianus [10], and P.myrtoides galls [2]. These results suggest
that the types of cell elongation in different galls are not strictly dependent on their final
shapes.

The cell transformations described for the cortical parenchyma of N.myrtoidis galls ulti-
mately generate the globoid gall morphotype by the establishment of a centrifugal gradient of
cell hypertrophy [2]. Despite the macro-morphological similarity with N.myrtoidis galls, the
galls induced by N. cattleiani on P. cattleianum do not have such gradient, as the median layers
of the cortex are the most hypertrophic, followed by the inner and outer cortical layers. Similar
patterns of cell hypertrophy were reported for the midrib galls on C. langsdorffii [9], and in the
fusiform stem galls onMarcetia taxifolia [11]. The hypothesis of the similarity in the anatomi-
cal development of Nothotrioza spp. galls in Psidium spp. leaves is partially corroborated, as
both galls exhibit time-based occurrence of tissue hyperplasia and cell hypertrophy along gall
developmental stages. Nevertheless, both the sites of cell hypertrophy and the dynamics of cell
elongation in the different tissue layers constitute divergent patterns between such co-
generic systems.

Immunocytochemical identity of cell lineages and cell wall functionalities
The dynamic properties of cell walls and tissue lineages regulate developmental processes in
plants [17]. In the case of the galls induced by Nothotrioza spp. on Psidium spp., which are
both globoid but somewhat anatomically different, the pectin and protein composition of the
cell walls vary according to the cell lineages. Epidermal cells of P. cattleianum leaves and N. cat-
tleiani galls remain uniseriate during their ontogenesis, and exhibit conservative cell wall com-
position. The association of HGAs and galactans seems to be especially important for the
identity of epidermal cells in this gall, since their epitopes are constant throughout leaf and gall
development. The detection of galactans, alone or associated to HGAs, is an indicative of cell
wall rigidity [61, 62], and has been associated to sites of hyperplasia [63]. In fact, galactans and
HGAs detection in epidermal cell walls of leaves and galls confer them stability and rigidity.
These two properties are reinforced by the detection of extensins [64, 65] in the epidermal cells
of young non-galled leaves and galls of P. cattleianum at the induction stage. The reinforce-
ment of young epidermal cells by the extensins reflects the expected pattern of epidermal cells
differentiation, which divide anticlinally to accompany the growth of either leaves or galls,
without hypertrophying or losing the uniseriate organization. Current results corroborate the
functional roles of HGAs and galactans in fast-dividing cells as observed by Xu et al. [63] in
Musa tissues.

Oil glands, which are specialized epidermal cells, have different chemical composition in
their cell walls along the development of leaves and galls. In addition to HGAs, arabinans,
galactans, and extensins, oil glands have AGPs, which are believed to play a role in the preven-
tion of programmed cell death [66, 67]. Also, they modulate cell division and expansion in all
developmental stages, as previously reported by Carneiro et al. [2] in the galls induced by N.
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myrtoidis on P.myrtoides. The AGPs seem to be markers of the secretory cells identity, as they
were also detected in the mucilage cells of Araucaria angustifolia [68], in the secretory ducts of
galls on B. reticularia [13]. The modulation of oil gland cell properties relies on the balance
among flexibility, rigidity and porosity. The flexibility is conferred by arabinans to expanding
cells [63], while the rigidity is the result of the stabilization by the cross bonds established by
extensins among cell wall polymers [33, 64, 65]. Porosity is conferred by the association of ara-
binans and HGAs due to the depletion of calcium-mediated cross links [38]. The chemical
composition in the walls of ordinary epidermal cells and oil gland cells are maintained for the
effective mediation of the gall—environment interface, as far as protection of gall tissues and
gall inducer is concerned. Both the chemical composition of the cell walls and the localization
of the oil glands reveal a similar defensive phenotype of galls [2] in the double co-generic sys-
tems Psidium—Nothotrioza.

The chemical identity of almost all cortical parenchyma cell walls retains some similarity to
that of epidermal cells in terms of the presence of HGAs and galactans. Nevertheless, the asso-
ciation of these epitopes with arabinans enhances the flexibility and porosity of their cell walls
[38] due to the alignment of HGAs, as previously proposed by Foster et al. [69]. These func-
tional aspects of parenchyma cell walls guarantee the establishment of metabolic gradients in
the cortex, as histochemically detected for other galls [9, 54, 55]. Porosity seems to be a key
property of the host plant cell walls, which is conservative for galls. In current model, it is espe-
cially useful for parenchyma cells, which demand higher cell to cell flux of molecules. This
property was reported by Oliveira et al. [56] in Baccharis dracunculifolia galls and by Carneiro
et al. [2] in Psidium myrtoides galls, where the porosity is related to the reallocation of mole-
cules drained from the senescent galls towards the leaves. Besides porosity, the co-occurrence
of a centripetal gradient of galactans and a centrifugal gradient of arabinans in mature galls
should maintain the inner cortical cells more rigid [61, 62] and the outer cortical cells more
flexible [63]. Nevertheless, the enhanced rigidity of the outer cortex is guaranteed by lignin de-
position in the thick secondary cell walls, instead of by the presence of galactans. In fact, histo-
metry (cf. Table 1) validates that the flexible arabinan-rich cells of the outer cortex, prior to
lignifying, hypertrophy more than the rigid galactan-rich cells of the inner cortex, corroborat-
ing the functionality of such epitopes.

Changes on the cellular identities of epidermal and parenchyma lineages are ultimately re-
lated to variations on the degree of methylesterification of the HGAs, the major pectins of the
cell walls. Demethylesterified HGAs cross link to calcium [70], a well-known cellular signaler
that integrates the symplast and apoplast for many cell responses [71], and rigidify cell walls.
Current analyses reveal that cycles of high methylesterified HGAs production are interposed
by cycles of demethylesterification by pectin methylesterases (PMEs) to create a balance be-
tween such forms. Up to gall maturation, the degree of HGAs methylesterification does not
corroborate the gradient of rigidity assumed for the gall cortical layers. At gall senescence, how-
ever there is a tendency of increased rigidity due to lower degree of pectin methylesterification,
more pronouncedly in the outer cortex. In fact, the action of PMEs during the morphogenesis
of galls has been assumed to occur at the late stages of gall development, when the tissues are
more rigid and the degree of cell hypertrophy is the highest [2, 14]. In N. cattleiani galls, cell
hypertrophy continues to occur until senescence in the median and inner cortices. This is in ac-
cordance with the balance on the degree of pectin methylesterification, and plays crucial role in
the cellular mechanism of gall dehiscence.

Similar fluctuations on the epitopes related to cell wall rigidity were observed in the vascular
system, and in its less plastic tissues. Structural integrity was maintained in the vascular bun-
dles for the effective nutrition of the gall inducer, which is a phloem feeder [72]. Furthermore,
the vascular tissues of senescent galls have cell wall epitopes similar to that of mature leaves,
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which is the standard morphogenetical pattern. For all other cell lineages, the comparison of
cell wall epitopes in mature leaves and mature galls corroborate that galls represent the neo-
ontogenesis of leaf tissues [2], i. e., divergent cell fates. The neo-ontogenesis is most evident in
the cells of the ground system, which undergo hypertrophy and hyperplasia, the core processes
by which galls are anatomically defined. The fine regulation of such processes, either related to
convergent or divergent final forms of the galls, are peculiarities of each system. Herein, the
immunocytochemical analyses in the galls of the double co-generic systems Psidium—

Nothotrioza reveal completely different set of cell wall epitopes. These differences reveal fine
regulation of cell processes towards unique functional-structural aspects required for gall de-
velopment. Current comparative approach corroborates the hypothesis that the extended phe-
notype concept [20] can be validated at the cellular and subcellular levels, which are true
insect-induced unique characteristics.

Acknowledgments
The authors thank Paschoal C. Grossi, Rodolfo S. Bertoli, Sandra M. A. Gomes, and the Centro
de Educação Ambiental Mananciais da Serra (CEAM—SANEPAR) for logistical and technical
support during field work. We also thank the Laboratório de Botânica Estrutural of the Univer-
sidade Federal do Paraná for laboratory support in Curitiba, Paraná, Brazil.

Author Contributions
Conceived and designed the experiments: RGSC RMSI. Performed the experiments: RGSC PP.
Analyzed the data: RGSC PP RMSI. Wrote the paper: RGSC PP RMSI.

References
1. Buvat R. Ontogeny, cell differentiation and structure of vascular plants. Berlin: Springer; 1989.

2. Carneiro RGS, Oliveira DC, Isaias RMS. Developmental anatomy and immunocytochemistry reveal the
neo-ontogenesis of the leaf tissues of Psidiummyrtoides (Myrtaceae) towards the globoid galls of
Nothotrioza myrtoidis (Triozidae). Plant Cell Reports. 2014; 33: 2093–2106. doi: 10.1007/s00299-014-
1683-7 PMID: 25228569

3. Isaias RMS, Carneiro RGS, Oliveira DC, Santos JC. Illustrated and annotated checklist of Brazilian gall
morphotypes. Neotropical Entomology. 2013; 42: 230–239. doi: 10.1007/s13744-013-0115-7 PMID:
23949804

4. Lev-Yadun S. Stem cell plants are differentiated too. Current Topics in Plant Biology. 2003; 4: 93–100.

5. Weis AE, AbrahamsonWG. Evolution of host-plant manipulation by gall makers: ecological and genetic
factors in the Solidago—Eurosta system. American Naturalist. 1986; 127: 681–695.

6. Price PW, Fernandes GW,Waring GL. Adaptive nature of insect gall. Environmental Entomology.
1987; 16: 15–24.

7. Baskin TI. Anisotropic expansion of the plant cell wall. Annual Reviews in Cell Developmental Biology.
2005; 21: 203–222.

8. Moura MZD, Soares GLG, Alves TMA, Isaias RMS. Intra-specific phenotypic variations in Lantana
camara leaves affect host selection by the gall maker Aceria lantanae. Biochemical Systematics and
Ecology. 2009; 37: 541–548.

9. Oliveira DC, Isaias RMS. Redifferentiation of leaflet tissues during midrib gall development inCopaifera
langsdorffii (Fabaceae). South African Journal of Botany. 2010; 76: 239–248.

10. Isaias RMS, Oliveira DC, Carneiro RGS. Role of Euphalerus ostreoides (Hemiptera: Psylloidea) in ma-
nipulating leaflet ontogenesis of Lonchocarpus muehlbergianus (Fabaceae). Botany. 2011; 89:
581–592.

11. Ferreira BG, Isaias RMS. Developmental stem anatomy and tissue redifferentiation induced by a gall-
ing Lepidoptera onMarcetia taxifolia (Melastomataceae). Botany. 2013; 91: 752–760.

12. Magalhães TA, Oliveira DC, Suzuki AYM, Isaias RMS. Patterns of cell elongation in the determination
of the final shape of Baccharopelma dracunculifoliae DC (Psyllidae). Protoplasma. 2014; 251:
747–753. doi: 10.1007/s00709-013-0574-z PMID: 24213017

The Extended Phenotype at Cellular Level in Galls

PLOS ONE | DOI:10.1371/journal.pone.0129331 June 8, 2015 17 / 20

http://dx.doi.org/10.1007/s00299-014-1683-7
http://dx.doi.org/10.1007/s00299-014-1683-7
http://www.ncbi.nlm.nih.gov/pubmed/25228569
http://dx.doi.org/10.1007/s13744-013-0115-7
http://www.ncbi.nlm.nih.gov/pubmed/23949804
http://dx.doi.org/10.1007/s00709-013-0574-z
http://www.ncbi.nlm.nih.gov/pubmed/24213017


13. Formiga AT, Oliveira DC, Ferreira BG, Magalhães TA, Castro AC, Fernandes GW, et al. The role of
pectic composition of cell walls in the determination of the new shape-functional design in galls of Bac-
charis reticularia (Asteraceae). Protoplasma. 2013; 250: 899–908. doi: 10.1007/s00709-012-0473-8
PMID: 23255001

14. Oliveira DC, Magalhães TA, Ferreira BG, Teixeira CT, Formiga AT, Fernandes GW, et al. Variation in
the degree of pectin methylesterification during the development of Baccharis dracunculifolia kidney-
shaped gall. PLoS One. 2014; 9: e94588. doi: 10.1371/journal.pone.0094588 PMID: 24747777

15. Knox JP, Linstead PJ, King J, Cooper C, Roberts K. Pectin esterification is spatially regulated both with-
in cell walls and between developing tissues of roots apices. Planta. 1990; 181: 512–521. doi: 10.
1007/BF00193004 PMID: 24196931

16. Willats WGA, Limberg G, Buchholt HC, Vanalebeeck GJ, Benen J, Christensen TMIE, et al. Analysis of
pectic epitopes recognised by hybridoma and phage display monoclonal antibodies using defines oli-
gossaccharides, polysaccharides, and enzymatic degradation. Carbohydrate Research. 2000; 327:
309–320. PMID: 10945679

17. Albersheim P, Darvill A, Roberts K, Sederoff R, Staehelin A. Plant cell walls. New York: Garland Sci-
ence, Taylor and Francis; 2010.

18. Butignol CA, Pedrosa-Macedo JH. Biologia deNeotrioza tavaresi Crawford, 1925 (Hemiptera, Psylli-
dae), galhador da folha do araçazeiro (Psidium cattleianum). Revista Brasileira de Entomologia. 2003;
47: 1–7.

19. Carneiro RGS, Burckhardt D, Isaias RMS. Biology and systematics of gall-inducing triozids (Hemiptera:
Psylloidea) associated with Psidium spp. (Myrtaceae). Zootaxa. 2013; 3620: 129–146.

20. Dawkins R. The extended phenotype: the gene as the unit of selection. Oxfeord: Oxford University
Press; 1982.

21. Stone GN, Schönrogge K. The adaptive significance of insect gall morphology. Trends Ecol Evol. 2003;
18: 512–522.

22. Stern DL. Phylogenetic evidence that aphid, rather than plants, determine gall morphology. Proceed-
ings of the Royal Society of London. 1995; 260: 85–89.

23. O’Brien TP, McCully ME. The study of plant structure principles and selected methods. Melbourne:
Termarcarphi Pty—Ltd; 1981.

24. Johansen DA. Plant microtechnique. New York: McGraw-Hill Book; 1940.

25. O’Brien TP, Feder N, McCully ME. Polychromatic staining of plant cell walls by toluidine blue O. Proto-
plasma. 1964; 59: 368–373.

26. Kraus JE, Arduin M. Manual básico de métodos emmorfologia vegetal. Seropédica: Editora da Uni-
versidade Federal Rural do Rio de Janeiro; 1997. PMID: 242913

27. Bukatsch F. Bermerkungen zur Doppelfärbung Astrablau-Safranin. Mikrokosmos. 1972; 61: 255.

28. Zeiss C. Carl Zeiss Imaging Systems—32 Software Release 4.7.2. USA: Carl Zeiss Microimaging
Inc.; 2008.

29. VanderBosch KA, Bradley DJ, Knox JP, Perotto S, Butcher GW, Brewin N. Common components of
the infection thread matrix and intercellular space identified by immunocytochemical analysis of pea
nodules and uninfected roots. EMBO Journal. 1989; 8: 335–342. PMID: 16453870

30. Clausen MH, Ralet MC, Willats WGT, McCartney L, Marcus SE, Thibault JF, et al. A monoclonal anti-
body to feruloylated-(1!4)-β-D-galactan. Planta. 2004; 219: 1036–1041. PMID: 15221383

31. Smallwood M, Martin H, Knox JP. An epitope of rice threonine and hydroxyproline-rich glycoprotein is
common to cell wall and hydrophobic plasmamembrane glycoproteins. Planta. 1995; 196: 510–522.
PMID: 7544182

32. Cassab GI. Plant cell wall proteins. Annual Reviews in Plant Physiology and Plant Molecular Biology.
1998; 49: 281–309. PMID: 15012236

33. Sabba RP, Lullai EC. Immunocytological analysis of potato tuber periderm and changes in pectin and
extensin epitopes associated with peridermmaturation. Journal of the American Society of Horticultural
Sciences. 2005; 130: 936–942.

34. Leroux O, Knox JP, Masschaele B, Bagniewska-Zadworna A, Marcus SE, Claeys M, et al. An extensin-
rich matrix lines the carinal canals in Equisetum ramosissimum, which may function as water-conducting
channels. Annals of Botany. 2011; 108: 307–319. doi: 10.1093/aob/mcr161 PMID: 21752793

35. Smallwood M, Yates EA, Willats WGA, Martin H, Knox JP. Immunochemical comparison of membrane
associated and secreted arabinogalactan-proteins in rice and carrot. Planta. 1996; 198: 452–459.

36. Jones L, Seymour GB, Knox JP. Localization of pectic galactan in tomato cell walls using a monoclonal
antibody specific to (1!4) β-D-galactan. Plant Physiology. 1997; 113: 1405–1412. PMID: 12223681

The Extended Phenotype at Cellular Level in Galls

PLOS ONE | DOI:10.1371/journal.pone.0129331 June 8, 2015 18 / 20

http://dx.doi.org/10.1007/s00709-012-0473-8
http://www.ncbi.nlm.nih.gov/pubmed/23255001
http://dx.doi.org/10.1371/journal.pone.0094588
http://www.ncbi.nlm.nih.gov/pubmed/24747777
http://dx.doi.org/10.1007/BF00193004
http://dx.doi.org/10.1007/BF00193004
http://www.ncbi.nlm.nih.gov/pubmed/24196931
http://www.ncbi.nlm.nih.gov/pubmed/10945679
http://www.ncbi.nlm.nih.gov/pubmed/242913
http://www.ncbi.nlm.nih.gov/pubmed/16453870
http://www.ncbi.nlm.nih.gov/pubmed/15221383
http://www.ncbi.nlm.nih.gov/pubmed/7544182
http://www.ncbi.nlm.nih.gov/pubmed/15012236
http://dx.doi.org/10.1093/aob/mcr161
http://www.ncbi.nlm.nih.gov/pubmed/21752793
http://www.ncbi.nlm.nih.gov/pubmed/12223681


37. Willats WGA, Marcus SE, Knox JP. Generation of monoclonal antibody specific to (1–5)-α-L-arabinan.
Carbohydrate Research. 1998; 308: 149–152. PMID: 9675359

38. Verhertbruggen Y, Marcus SE, Haeger A, Ordaz-Ortiz JJ, Knox JP. An extended set of monoclonal an-
tibodies to pectic homogalacturonan. Carbohydrate Research. 2009; 344: 1858–1862. doi: 10.1016/j.
carres.2008.11.010 PMID: 19144326

39. HammerØ, Harper DAT, Ryan PD. PAST: Paleontological statistics software package for education
and data analysis. Palaeontologia Electronica. 2001; 4: 9pp.

40. Hara N. On the types of the marginal growth in dicotyledonous foliage leaves. The Botanical Magazine
—Tokyo. 1957; 70: 108–114. doi: 10.1007/s00709-014-0673-5 PMID: 25104143

41. Moura MZD, Soares GLG, Isaias RMS. Species-specific changes in tissue morphogenesis induced by
two arthropod leaf gallers in Lantana camara L. (Verbenaceae). Australian Journal of Botany. 2008; 56:
153–160.

42. Dias GG, Moreira GRP, Ferreira BG, Isaias RMS. Developmental pathway from leaves to galls induced
by a sap-feeding insect on Schinus polygamus (Cav.) Cabrera (Anacardiaceae). Anais da Academia
Brasileira de Ciências. 2013; 85: 187–200.

43. Meyer J, Maresquelle HJ. Anatomie des galles. Berlin: Gebrüder Borntraeger; 1983.

44. Meyer J. Plant galls and gall inducers. Berlin: Gebrüder Borntraeger; 1987.

45. Krishnan HB, Franceschi VR. Anatomy of some leaf galls of Rosa woodsii (Rosaceae). American Jour-
nal of Botany. 1988; 75: 369–376.

46. Arduin M, Kraus JE, Otto PA. Caracterização morfológica e biométrica de galhas foliares em
Struthanthus vulgarisMart. (Loranthaceae). Revista Brasileira de Biologia. 1989; 49: 817–823.

47. Arduin M, Kraus JE, Venturelli M. Estudo morfológico de galha achatada em folha de Struthanthus vul-
garisMart. (Loranthaceae). Revista Brasileira de Botânica. 1991; 14: 147–156.

48. Oliveira DC, Drummond MM, Moreira ASFP, Soares GLG, Isaias RMS. Potencialidades morfogênicas
de Copaifera langsdorffii Desf. (Fabaceae): super-hospedeira de herbívoros galhadores. Revista de
Biología Neotropical. 2008; 5: 31–39.

49. Arduin M, Kraus JE. Anatomia de galhas foliares de Piptadenia gonoacantha (Fabales, Mimosaceae).
Boletim de Botânica—Universidade de São Paulo. 1995; 14: 109–130.

50. Isaias RMS, Oliveira DC, Carneiro RGS, Kraus JE. Developmental anatomy of galls in the Neotropics:
arthropods stimuli versus host plant constraints. In: Fernandes GW, Santos JC, editors. Neotropical in-
sect galls. Derodrecht: Springer Science+Business Media Dordrecht; 2014. pp. 15–34.

51. Rohfritsch O. Patterns in gall development. In: Shorthouse JD, Rohfritsch O, editors. Biology of Insect-
Induced Galls. Oxford: Oxford University Press; 1992. pp. 60–86.

52. Formiga AT, Soares GLG, Isaias RMS. Responses of the host tissues to gall induction in Aspidosperma
spruceanumMüell. Arg. (Apocynaceae). American Journal of Plant Sciences. 2011; 2: 823–834.

53. Bailey R, Schönrogge K, Cook JM, Melika G, Csóka G, Thuróczy C, et al. Host niches and defensive
extended phenotypes structure parasitoid wasp communities. PLoS Biology. 2009; 7: e1000179. doi:
10.1371/journal.pbio.1000179 PMID: 19707266

54. Oliveira DC, Magalhães TA, Carneiro RGS, Alvim MN, Isaias RMS. Do Cecidomyiidae galls of Aspi-
dosperma spruceanum (Apocynaceae) fit the pre-established cytological and histochemical patterns?.
Protoplasma. 2010; 242: 81–93. doi: 10.1007/s00709-010-0128-6 PMID: 20306094

55. Carneiro RGS, Castro AC, Isaias RMS. Unique histochemical in a photosynthesis-deficient plant gall.
South African Journal of Botany, 2014; 92: 97–104.

56. Oliveira DC, Moreira ASFP, Isaias RMS. Functional gradients in insect gall tissues: studies on Neotrop-
ical host plants. In: Fernandes GW, Santos JC, editors. Neotropical insect galls. Dordrecht: Springer
Science+Business Media Dordrecht; 2014. pp. 35–49.

57. Zebelo SA, Maffei ME. Role of early signalling events in plant-insect interactions. Journal of Experimen-
tal Botany. 2014; doi: 10.1093/jxb/eru480

58. Gonçalves SJMR, Isaias RMS, Vale FHA, Fernandes GW. Sexual dimorphism of Pseudotectococcus
rolliniae Hodgson & Gonçalves (Hemiptera: Coccoidea: Eriococcidae) influences gall morphology on
Rollinia laurifolia Schltdl. (Annonaceae). Tropical Zoology. 2005; 18: 161–169.

59. Bedetti CS, Modolo LV, Isaias RMS. The role of phenolics in the control of auxin in galls of Piptadenia
gonoacantha (Mart.) MacBr (Fabaceae: Mimosoideae). Biochemical Systematics and Ecology. 2014;
55: 53–59.

60. Hori K. Insect secretions and their effect on plant growth, with special reference to hemipterans. In:
Shorthouse JD, Rohfritsch O, editors. Biology of insect-induced galls. Oxford: Oxford University
Press; 1992. pp. 157–170.

The Extended Phenotype at Cellular Level in Galls

PLOS ONE | DOI:10.1371/journal.pone.0129331 June 8, 2015 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/9675359
http://dx.doi.org/10.1016/j.carres.2008.11.010
http://dx.doi.org/10.1016/j.carres.2008.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19144326
http://dx.doi.org/10.1007/s00709-014-0673-5
http://www.ncbi.nlm.nih.gov/pubmed/25104143
http://dx.doi.org/10.1371/journal.pbio.1000179
http://www.ncbi.nlm.nih.gov/pubmed/19707266
http://dx.doi.org/10.1007/s00709-010-0128-6
http://www.ncbi.nlm.nih.gov/pubmed/20306094
http://dx.doi.org/10.1093/jxb/eru480


61. McCartney L, Ormerod AP, Gidley MJ, Knox JP. Temporal and spatial regulation of pectic (1–4)-D-
galactan in cell walls of developing pea cotyledons: implications for mechanical properties. The Plant
Journal. 2000; 22: 105–113. PMID: 10792826

62. McCartney L, Knox JP. Regulation of pectic polysaccharide domains in relation to cell development
and cell properties in the pea testa. Journal of Experimental Botany. 2002; 53: 707–713. PMID:
11886891

63. Xu C, Zhao L, Pan X, Samaj J. Developmental localization and methylesterification of pectin epitopes
during somatic embryogenesis of banana (Musa spp. AAA). PLoS One. 2011; 6: e22992. doi: 10.1371/
journal.pone.0022992 PMID: 21826225

64. Swords KMM, Staehelin LA. Complementary immunolocalization patterns of cell wall hydroxyproline-
rich glycoproteins studied with the use of antibodies directed against different carbohydrate epitopes.
Plant Physiology. 1993; 102: 891–901. PMID: 7506427

65. Qi X, Behrens BX, West PR, Mort AJ. Solubilization and partial characterization of extensin fragments
from cell walls of cotton suspension cultures: evidence for a covalent cross-link between extensin and
pectin. Plant Physiology. 1995; 108: 1691–1701. PMID: 7659756

66. Chaves I, Regalado AP, Chen M, Ricardo CP, Showalter AM. Programmed cell death induced by (b-D-
galactosyl)3 Yariv reagent in Nicotiana tabacum BY-2 suspension-cultured cells. Physiologia Plan-
tarum. 2002; 116: 548–553.

67. Guan Y, Nothnagel A. Binding of arabinogalactan proteins by yariv phenylglycoside triggers wound-like
responses in Arabidopsis cell cultures. Plant Physiology. 2004; 135: 1346–1366. PMID: 15235117

68. Mastroberti AA, Mariath JEA. Imunocitochemistry of the mucilage cells of Araucaria angustifolia (Ber-
tol.) Kuntze (Araucariaceae). Revista Brasileira de Botânica. 2008; 31: 1–13.

69. Foster TJ, Ablett S, McCann MC, Gidley MJ. Mobility-resolved13 CNMR spectroscopy of primary plant
cell walls. Biopolymers. 1996; 39: 51–66.

70. Willats WGA, McCartney L, Mackie L, Knox P. Pectin: cell biology and prospects for functional analysis.
Plant Molecular Biology. 2001; 47: 9–27. PMID: 11554482

71. Tuteja N, Mahajan S. Calcium signaling network in plants: an overview. Plant Signalling & Behavior.
2007; 2: 79–85.

72. Burckhardt D. Biology, ecology and evolution of gall-inducing psyllids (Hemiptera: Psylloidea). In:
Raman A, Schaefer CW,Withers TM, editors. Biology, Ecology, and Evolution of Gall-inducing Arthro-
pods. Plymouth: Science Publishers; 2005.

The Extended Phenotype at Cellular Level in Galls

PLOS ONE | DOI:10.1371/journal.pone.0129331 June 8, 2015 20 / 20

http://www.ncbi.nlm.nih.gov/pubmed/10792826
http://www.ncbi.nlm.nih.gov/pubmed/11886891
http://dx.doi.org/10.1371/journal.pone.0022992
http://dx.doi.org/10.1371/journal.pone.0022992
http://www.ncbi.nlm.nih.gov/pubmed/21826225
http://www.ncbi.nlm.nih.gov/pubmed/7506427
http://www.ncbi.nlm.nih.gov/pubmed/7659756
http://www.ncbi.nlm.nih.gov/pubmed/15235117
http://www.ncbi.nlm.nih.gov/pubmed/11554482

