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Super-host plants are elegant models to evaluate the peculiarities of gall structural
and nutritional profiles due to the stimuli of distinct gall inducers in temporal and
spatial perspectives. Galls induced by congeneric insects, Lopesia spp. (Diptera,
Cecidomyiidae) on the same host plant, Mimosa gemmulata Barneby (Fabaceae)
were analyzed to estimate if variations of 1 or 2 months in gall lifespans may
result in differences over the accumulation of nutritional resources, and their
compartmentalization both in cell walls and protoplasm. Mimosa gemmulata hosts four
Lopesia-induced galls: the lenticular bivalve-shaped gall (LG) with a 2-month life cycle,
the brown lanceolate bivalve-shaped gall (BLG) and the green lanceolate bivalve-shaped
gall (GLG) with 3 month-life cycles, and the globoid bivalve-shaped gall (GG) with a
4 month-life cycle. The comparisons among the four Lopesia galls, using anatomical,
histometric, histochemical, and immunocytochemical tools, have demonstrated that the
longest lifespan of the GG related to its highest increment in structural and nutritional
traits compared with the LG, GLG, and BLG. The differences among the tissue
stratification and cell wall thickness of the galls with the 2-month and the 3-month
lifespans were subtle. However, the GG had thicker cell walls and higher stratification
of the common storage tissue, schlerenchymatic layers and typical nutritive tissue than
the other three gall morphospecies. The higher tissue thickness of the GG was followed
by the formation of a bidirectional gradient of carbohydrates in the protoplasm, and the
detection of xyloglucans in cell walls. Current data supported the presumption that the
longest the lifespan, the highest the impact over the structural and nutritional metabolism
of the Lopesia galls associated to M. gemmulata.

Keywords: cell walls, gall anatomy, hemicelluloses, histochemistry, immunocytochemistry, Lopesia galls

INTRODUCTION

The gall lifespans depend on structural, cytological, and chemical traits on the host plant cells
stimulated by the associated galling organisms (Mani, 1964; Oliveira et al., 2010, 2016; Jorge et al.,
2018; Ferreira et al, 2019; Chen et al,, 2020). Any changes in the galling organism behavior
may lead to the disruption of the gall life cycle (Rezende et al, 2019) and compromise gall
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developmental stages. In mature galls, the specialized tissues are
established and organized in specific compartments (Braganca
et al., 2017), which store energy-rich molecules that support the
galling organism nutritional requirements (Mani, 1964; Ferreira
etal,, 2017). Cecidomyiidae galls, for instance, can have two types
of storage tissues: the common storage tissue and the typical
nutritive tissue, which are commonly spatially separated by
schlerenchymatic layers (Meyer and Maresquelle, 1983; Bronner,
1992; Rohfritsch, 1992). The common storage tissue is located
in the gall outer tissue compartment, while the typical nutritive
tissue is located in the gall inner tissue compartment, which is in
contact with the larval chamber (Braganca et al., 2017).

The cells of the common storage tissue have inconspicuous
nuclei, large vacuoles, thin cytoplasm, and accumulate energetic
metabolites related to gall growth and metabolism. The
storage tissue also supports the nutritive tissue by cell-to-cell
translocation of solutes (Moura et al., 2008; Oliveira et al,
2010; Ferreira and Isaias, 2014). The cells of the typical
nutritive tissue have conspicuous nuclei, fragmented vacuoles,
and dense protoplasm, which accumulate energetic metabolites
related to the nutrition of the gall inducer (Bronner, 1992;
Oliveira et al., 2010, 2011a; Ferreira et al., 2015). The additional
accumulation of carbohydrates in cell walls have been recently
evaluated in nematode-induced galls (Ferreira et al., 2020)
and in insect-galls (Braganca et al., 2020a), with peculiarities
regarding the type and distribution of hemicellulose epitopes.
The hemicelluloses, xyloglucans and heteromannans, integrate
the primary or secondary cell walls, may regulate cell expansion
(Cosgrove, 2016, 2018), and have also been related to the
galling organism maintenance (Braganga et al., 2020a; Ferreira
et al., 2020). In an overall analysis, the storage and nutritive
tissues accumulate different metabolites in Cecidomyiidae galls
(Bronner, 1992; Moura et al., 2008; Oliveira et al., 2010) but can
perform specific functions in the diverse host plant-galling insect
systems (Amorim et al., 2017; Braganca et al., 2017). Accordingly,
the longer the galling insect stay inside the gall, the higher the gall
demand is (Carneiro et al., 2017), therefore, the long-life cycle of
the galling insect may determine more complex gall structural
profiles (Gongalves et al., 2005). Such presumption may be
analyzed in the nutritional perspective, and the accumulation of
energetic resources in gall storage tissues can be higher, the longer
the gall lifespan is, which may be elegantly evaluated in super-
host plants with several associated galling-insects (Formiga et al.,
2014; Amorim et al., 2017; Braganca et al., 2020a; Costa et al,,
submitted).

Currently, we use anatomical, histometric, histochemical,
and immunocytochemical tools to evaluate the structural and
nutritional profiles of four bivalve-shaped galls induced by
four undescribed new species of Lopesia (Riibsaamen, 1908)
(Diptera-Cecidomyiidae; Maia and Carvalho-Fernandes personal
communication) in temporal and spatial perspectives on the
super-host Mimosa gemmulata Barneby (Fabaceae). These galls
have distinct lifespans and their gall-inducing Lopesia species
have multivoltine life cycles whose durations vary in 2-,
3-, or 4-months (Costa et al, submitted). We expect that
variations of 1 or 2 months in gall lifespans may result in
differences over the accumulation of nutritional resources, and

their compartmentalization both in cell walls and protoplasm.
The following questions are addressed: (1) are there distinct
peculiarities in the structural profiles among the four Lopesia
galls regarding tissue compartments? And (2) may the nutritional
profiles of the four Lopesia galls vary in response to the 1-2-
month-temporal distinction?

MATERIALS AND METHODS

The Lifespans of Lopesia Galls on
M. gemmulata

The four Lopesia galls induced on M. gemmulata pinna-rachis
are the lenticular bivalve-shaped gall (LG), the green lanceolate
bivalve-shaped gall (GLG), the brown lanceolate bivalve-shaped
gall (BLG), and the globoid bivalve-shaped gall (GG). The four
Lopesia spp. have multivoltine life cycles and each bivalve-shaped
gall have distinct developmental times, with the maturation as the
longest stage of development. The LG has six life cycles a year, the
BLG and GLG have four life cycles a year, and the GG has three
cycles a year (Costa et al., submitted). The LG has a 2-month
life cycle, with the maturation stage lasting = 30-45 days. The
BLG and GLG have 3 month-life cycles, with the maturation stage
lasting = 45-60 days. The GG has a 4 month-life cycle, with the
maturation stage lasting = 60-75 days.

Structural Analysis

Samples of the non-galled pinna-rachis (control) and of the LG,
GLG, BLG, and GG (mature galls with live larvae) were collected
(n =5 for each gall system) from individuals of M. gemmulata
(n = 5) in a Cerrado area located at Serra Geral, municipality
of Caetité, state of Bahia, Brazil (14°04/36.8”S, 42°29'59”W)
on March 2019. For anatomical and immunocytochemical
analyses, a set of fragments of the pinna-rachis, LG, GLG, BLG,
and GG (n = 8 for each gall morphospecies) were fixed in
2.5% glutaraldehyde and 4.5% formaldehyde in 0.1 mol.L™!
(Karnovsky, 1965, modified to pH 7.2 phosphate buffer), for 48 h
at room temperature. The fixed fragments were dehydrated in an
ethanol series and embedded in Paraplast® (Kraus and Arduin,
1997). The sections (12 jum) were obtained in a rotary microtome
(Leica® BIOCUT 2035), deparaffinized in butyl acetate, and
hydrated in an ethanol series (Kraus and Arduin, 1997). The
sections (n = 5 for each category) were stained in Astra blue and
safranin (9:1, v/v) (Bukatsch, 1972, modified to 0.5%) dehydrated
in an ethanol-butyl acetate series (Kraus and Arduin, 1997), and
mounted using colorless varnish Acrilex® (Paiva et al., 2006).
A second set of fragments of the pinna-rachis and of the four
mature Lopesia galls (n = 17 for each gall morphospecies) was
used for histochemical analysis. The histological slides were
analyzed and photographed under a light microscope (Leica®
DM500) with a coupled digital camera (Leica® ICC50 HD).

Histometric Analysis

The thickness of the common storage tissue, schlerenchymatic
layers, and typical nutritive tissue, as well as the respective cell
walls, were measured in the LG, BLG, GLG, and GG (n = 5 galls,
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one section per gall, 5 measurement fields per section, totalizing
25 measurements by tissue for each gall morphospecies). The data
were compared using one-way ANOVA followed by Tukey’s test,
using a = 0.05. The tests were performed with SigmaStat® (Systat
Software, Inc., Chicago, Illinois) and the graphics were done with
GraphPad prism 5.0°.

Histochemical Analysis

Free-handmade sections from fresh samples of the pinna-rachis,
LG, GLG, BLG, and GG (n = 7 for each gall morphospecies) and
Paraplast® embedded sections obtained in a rotary microtome
were submitted to histochemical analyses. Starch grains were
detected with Lugol’s reagent (1% potassium iodine-iodide
solution) for 5 min (Johansen, 1940). Reducing sugars were
detected by Fehling’s reagent (Solution A: 7.9% copper sulfate,
and solution B: 34.6% sodium potassium tartrate and 1%
sodium hydroxide) heated to pre-boiling temperature (Sass,
1951). Proteins were detected by 0.1% bromophenol blue in a
saturated solution of 10% magnesium chloride in ethanol during
15 min, washed in 0.5% acetic acid in water during 20 min,
and water for 3 min (Mazia et al., 1953). Lipids were detected
with a saturated solution of Sudan Red B in 70 GL ethanol
during 5 min (Brundett et al., 1991). Black sections were used
as controls. The sections were analyzed and photographed under
a light microscope (Leica® DM500) coupled to a digital camera
(Leica® ICC50 HD).

Immunocytochemical Analysis

The detection of hemicelluloses was performed in the sections
of the pinna-rachis, LG, GLG, BLG, and GG (n = 3 for each
category) obtained in a rotary microtome. The sections were
pre-incubated in pectate lyase at 10 pg/mL, diluted in 50 mM
N-cyclohexyl-3-aminopropane sulfonic acid (CAPS) and 2 mM
CaCl; buffer, pH 10, for 2 h at room temperature (Marcus et al.,
2008). Afterward, the sections were incubated in the primary
monoclonal antibodies (MAbs), LM15 and LM21, diluted in
block solution [5% powder milk in phosphate-buffered saline-
PBS) 0.1 mol L!, pH 7.2 (1:5, w/v)] for the labeling of the
epitopes of xyloglucans (Marcus et al., 2008) and heteromannans
(Marcus et al., 2010), respectively, for 90 min in the darkness.
The sections were washed in PBS and incubated in the secondary
antibody anti-rat IgG linked to FITC, diluted in 5% powder
milk/PBS (1:100, w/v), for 90 min in darkness. The slides
were mounted in 50% glycerin, analyzed and photographed
under a fluorescence microscope (Leica® DM 2500 LED), with
blue excitation light (450-490 nm) and green emission light
(515 nm), coupled to a digital camera (Leica® DFC 7000T).
The immunocytochemical images were submitted to intensity
measurement using Image] version 1.51k'. The fluorescence
intensities of the epitopes of hemicelluloses were evaluated
by grayscale methodology (Gy = Gray value) with triplicate
analysis for each tissue. After the measurements, we proposed the
following categories: (—) negative (= 0 Gy values); (4) weak (10-
20 Gy values); (++) moderate (21-39.99 Gy values); and (+++)
intense (>40 Gy values).

Thttp://rsb.info.nih.gov/ij

RESULTS

Non-galled Pinna-Rachis Profile
(Control)

The pinna-rachis of M. gemmulata (Figure 1A) has uniseriated
epidermis with glandular and non-glandular trichomes
(Figure 1B). The adaxial cortical parenchyma is homogeneous
with 3-4 cell layers. The vascular tissues have bicollateral
arrangement and are surrounded by two layers of pericyclic fibers
(Figure 1B). Starch (Figure 1C), reducing sugars (Figure 1D),
proteins (Figure 1E), and lipidic droplets (Figure 1F) accumulate
in the protoplasm of parenchyma cells. In the pinna-rachis, the
epitopes of xyloglucans recognized by LM15 (24 Gy; Figure 1G)
and the epitopes of heretomannans recognized by LM21 (30.4 Gy;
Figure 1H) are moderately labeled in the parenchyma cell walls.

Profiles of Lopesia Galls

Structural Profiles

The Lopesia galls are green (LG, GLG, and GG) or brown
(BLG), isolated, pubescent (Figures 2A-D), and developed by
pinna-rachis cell redifferentiation and tissue reorganization. In
the four Lopesia galls, the epidermis, common storage tissue,
vascular tissues, and schlerenchymatic layers form the gall outer
compartment and the typical nutritive tissue forms the gall inner
compartment (Figures 2E-H). In the LG, the common storage
tissue has 4-5 cell layers (Figure 2I), the schlerenchyma has
1-2 layers, and the typical nutritive tissue has 1-2 cell layers
(Figure 2J). In the GLG, the common storage tissue has 10-
11 cell layers (Figure 2K), the schlerenchyma has 1-2 layers,
and the typical nutritive tissue has 1-2 cell layers (Figure 2L).
In the BLG, the common storage tissue has 8-9 cell layers
(Figure 2M), the schlerenchyma has 4-5 layers, and the typical
nutritive tissue has 1-2 cell layers (Figure 2N). In the GG, the
common storage tissue has 10-11 cell layers (Figure 20), the
schlerenchyma has 7-8 layers, and the typical nutritive tissue has
5-6 cell layers (Figure 2P).

Histometric Profiles

In accordance with structural description, GG tissues are thicker
than the tissues of the other three Lopesia galls (Figure 3).
The GG common storage tissue is 177% thicker than that of
the LG (p < 0.001), and 249% thicker than that of the BLG
(p < 0.001), but there is no significant difference between the
GG and the GLG regarding the thickness of the common storage
tissue (Figure 3A). The GLG common storage tissue is 249%
thicker than that of the BLG (p < 0.001). The GG schlerenchyma
is 2,009% thicker than that of the LG (p < 0.001), and 2,495%
thicker than that of the GLG (p < 0.001), but there is no
significant difference between the GG and the BLG regarding
the thickness of the schlerenchyma (Figure 3B). The BLG
schlerenchyma is 348% thicker than that of the GLG (p < 0.001).
There is no significant difference among the schlerenchyma
thickness of the GL, the GLG and the BLG (Figure 3B). The
GG typical nutritive tissue is 772% thicker than that of the LG
(p < 0.001), and 813% thicker than that of the GLG (p < 0.001),
but there is no significant difference between the GG and the BLG
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Pa
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FIGURE 1 | Non-galled pinna-rachis of Mimosa gemmulata Barneby (Fabaceae). (A) General aspect of non-galled leaves. (B-H) Transverse sections. (B) Anatomical
profile. (C,D) Immunocytochemical profile. (C~F) Histochemical profile. (C) Starch grains stained in black (white arrowhead). (D) Reducing sugars stained in brown
(white arrowhead). (E) Proteins stained in blue (white arrowhead). (F) Lipidic droplets stained in red (white arrowhead). (G,H) Xyloglucans detected by LM15 in cell
walls of parenchyma (white arrowhead). (H) Heteromannans detected by LM21 in cell walls of parenchyma (white arrowheads). Ep, Epidermis; Fi, fibers; GT,
glandular trichomes; NGT, non-glandular trichomes; Pa, parenchyma; Ph, Phloem; Xy, Xylem.
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FIGURE 2 | Structural profiles of the four Lopesia galls on Mimosa gemmulata Barneby (Fabaceae) pinna-rachis in transverse sections. (A-D) Macroscopic aspect
of the galls. (A,E) Lenticular bivalve-shaped gall. (B,F) Green lanceolate bivalve-shaped gall. (C,G) Brown lanceolate bivalve-shaped gall. (D,H) Globoid
bivalve-shaped gall. (E-H) Diagram of the Lopesia galls, evidencing common storage tissues (blue), schlerenchymatic layers (pink) in the outer tissue compartments,
and typical nutritive tissues (purple-black arrowheads) in the inner tissue compartments. (l,J) Lenticular bivalve-shaped gall, evidencing common storage tissue,
schlerenchymatic layer and typical nutritive cells with evident nuclei (black arrowhead). (K,L) Green lanceolate bivalve-shaped gall, evidencing common storage
tissue, schlerenchymatic layer and typical nutritive cells with evident nuclei (black arrowhead). (M,N) Brown lanceolate bivalve-shaped gall, evidencing common
storage tissue, schlerenchymatic layer and typical nutritive cells with evident nuclei (black arrowhead). (O,P) Globoid bivalve-shaped gall, evidencing common
storage tissue, schlerenchymatic layer and typical nutritive cells with evident nuclei (black arrowhead). BLG, brown lanceolate bivalve-shaped gall; CST, common
storage tissue; GG, globoid bivalve-shaped gall; GLG, green lanceolate bivalve-shaped gall; LC, larval chamber; LG, lenticular bivalve-shaped gall; SL,
schlerenchymatic layer; TNT typical nutritive tissue.
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FIGURE 3 | Histometry of the tissues and cell walls of the four Lopesia galls on Mimosa gemmulata Barneby (Fabaceae) pinna-rachis (A-C) Tissue thickness. (D-F)
Cell wall thickness. BLG, brown lanceolate bivalve-shaped gall, GG, globoid bivalve-shaped gall, GLG, green lanceolate bivalve-shaped gall, LG, lenticular
bivalve-shaped gall. n = 5 per gall systems (5 regions per section from 1 sections); p < 0.05. Same letters on bars indicate statistically equal values for the same
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regarding the thickness of the typical nutritive tissue (Figure 3C).
There is no significant difference of the typical nutritive tissue
thickness among the LG, GLG, and BLG.

The cell walls of the schlerenchyma are thicker than the cell
walls of the common storage and typical nutritive tissues on
the four Lopesia galls (Figures 3D-F). The cell walls of the GG
schlerenchyma are 141% thicker than the cell walls of the LG,
160% thicker than the cell walls of the GLG, and 76% thicker
than the cell walls of the BLG (p < 0.001). The cell walls of the

BLG schlerenchyma are 48% thicker than the cell walls of the
GLG, and 37% thicker than the cell walls of the LG (p < 0.001).
There is no significant statistical difference between the cell wall
thickness of the schlerenchyma of the LG and GLG (p = 0.958).
The cell walls of the GG storage and typical nutritive tissues are
thicker than the cell walls of the GL and GLG (p < 0.001). There
is no significant difference among in the cell wall thickness of the
common storage tissues (Figure 3D) and typical nutritive tissues
(Figure 3F) among the GL, GLG, and GBG.
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TABLE 1 | Histochemical profiles of the four Lopesia galls on Mimosa gemmulata (Fabaceae).

Outer compartment
Common storage tissue

Schlerenchymatic layer

Inner compartment
Typical nutritive tissue

LG GLG BLG GG LG GLG BLG GG LG GLG BLG GG
Histochemistry
Starch + + + + - — — + _ _ +
Reducing sugars + + + + - - - + + + + +
Proteins + + + + - - + —+ + + + +
Lipids + + + + + + - + + + + +

BLG, brown lanceolate bivalve-shaped gall; LG, lenticular bivalve-shaped gall; GG, globoid bivalve-shaped gall; GLG, green lanceolate bivalve-shaped gall.

The symbols indicate (—) absence and (+) presence.

Histochemical Profiles

Starch, reducing sugars, proteins, and lipids are detected both in
the non-galled pinna-rachis and in the Lopesia galls (Table 1).
Starch grains are detected only in the protoplasm of the common
storage tissue of the LG (Figure 4A), GLG (Figure 4B), and
BLG (Figure 4C). Starch grains (Figure 4D) are detected in the
protoplasm of the GG common storage tissue, schlerenchyma
and typical nutritive tissue. Reducing sugars are detected in the
protoplasm of the common storage tissue and typical nutritive
tissue of the LG (Figure 4E), GLG (Figure 4F), BLG (Figure 4G),
and GG (Figure 4H). There is a centripetal gradient of reducing
sugars in the LG, GLG, and BLG. In the GG, the reducing sugars
accumulate in a bidirectional gradient. Proteins are detected in
the protoplasm of the common storage tissue, schlerenchyma and
typical nutritive tissue of the LG (Figure 4I), GLG (Figure 4J),
BLG (Figure 4K), and GG (Figure 4L), forming a centripetal
gradient toward the nutritive cells. Lipidic droplets are detected
in the protoplasm of the common storage tissue and typical
nutritive tissue of the LG (Figure 4M), GLG (Figure 4N), BLG
(Figure 40), and GG (Figure 4P).

Immunocytochemical Profiles

The epitopes of xyloglucans recognized by LM15 are moderately
labeled in the cell walls of the BLG (34 Gy) and GG (36.7 Gy)
common storage tissue; intensely labeled in the cell walls of the
LG schlerenchyma (63 Gy), and typical nutritive tissue (47.6 Gy)
(Figure 5A); and moderately labeled in the cell walls of the
GLG schlerenchyma (39.8 Gy), and weakly labeled in the cell
walls of the typical nutritive tissue (17.26 Gy) (Figure 5B). The
xyloglucans are moderately detected in the cell walls of the
BLG typical nutritive tissue (38.6 Gy; Figure 5C), and intensely
detected in the GG typical nutritive tissues (47.1 Gy; Figure 5D).
The epitopes of heteromannans recognized by LM21 are weakly
labeled in the cell walls of the typical nutritive tissue of the LG
(20.6 Gy; Figure 5E), GLG (19.7 Gy; Figure 5F), BLG (12 Gy;
Figure 5G), and moderately labeled in the cell walls of the GG
typical nutritive tissue (31.6 Gy; Figure 5H and Table 2).

DISCUSSION

The four Lopesia galls on Mimosa gemmulata have peculiarities
regarding the investment in cell walls, tissue stratification, and

accumulation of metabolites. The Lopesia species associated
to the GG has the longest lifespan and distinct structural
and nutritional profiles compared with the other three Lopesia
galls (Figure 6). The GG has peculiar bidirectional gradients
of starch and reducing sugars, which indicate additional
substrates to the synthesis of xyloglucans and heteromannans
in cell walls. In the typical nutritive tissues, the cell wall
xyloglucans and heteromannans together with the protoplasm
accumulated reducing sugars, proteins and lipids constitute
the pool of energetic resources for the four galling Lopesia.
Peculiarly, the GG with its 4 month-life cycle has the highest
structural and nutritional investment in the storage and the
nutritive tissues, and schlerenchymatic layers, which relates
to the highest demand for gall development and galling
insect establishment.

Structural Peculiarities in the Lopesia
Galls

Gall development and tissue compartmentalization depend on
the galling insect behavior and how long the galling insect
stimulus lasts (Bronner, 1992; Braganca et al., 2017; Oliveira et al.,
2016). The duration of the gall cycle can determine the rate of cell
divisions, elongation, and tissue complexity (Carneiro et al., 2017;
Costa et al,, 2018), and determine the structural profile of the
storage tissues (Rohfritsch, 1992), which are distinct among the
Lopesia galls. The GG with the 4-month life cycle has the highest
stratification of the common storage tissue, when compared
with the other gall morphospecies with the 2-month life cycle
(LG) and 3-month life cycles (GLG and BLG) due both to
higher hyperplasia and cell hypertrophy. In addition, the thicker
cell walls of the GG common storage tissue indicate a distinct
metabolic investment for the synthesis of cell wall components
as cellulose, hemicellulose and pectins than observed in the other
three Lopesia galls. This investment in cell wall thickness is
important to control the turgor pressure during cell hypertrophy
(Chanliaud et al., 2002), and confers an additional support for
the GG. The structural and physiological traits of the common
storage tissue have been related to the sink and storage of
water and energetic resources (Castro et al., 2012; Oliveira et al.,
2017; Braganca et al., 2020b). Water and energetic molecules
accumulation increase gall succulence (tissue thickness) (Oliveira
et al,, 2017), and can also be consequence of the longest lifespan,
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FIGURE 4 | Histochemical profiles of the four Lopesia galls on Mimosa gemmulata Barneby (Fabaceae) pinna-rachis in transverse sections. (A-D) Starch grains
stained in black. (E-H) Reducing sugars stained in brown. (I-L) Proteins stained in blue (M—-P) Lipidic droplets stained in red. BLG, brown lanceolate bivalve-shaped
gall; CST, common storage tissue; GG, globoid bivalve-shaped gall; GLG, green lanceolate bivalve-shaped gall; LG, lenticular bivalve-shaped gall; TNT, typical

nutritive tissue.
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as evidenced in the GG on M. gemmulata with the thickest cell
walls as well as higher stratification of the common storage tissue.

The differentiation of the schlerenchymatic cell layers is
associated with life cycle of the Lopesia galls on M. gemmulata.
Secondary walls are mainly composed of cellulose, hemicelluloses
(xylans and glucomannans), and lignins, whose biosynthesis is
involved in the scavenging of free radicals (Liu et al., 2018; Zhong

etal., 2019). The lignification process confers mechanical support
and may also protect gall tissues against the high oxidative
stress originated from the galling organism respiration and cell
metabolism (Oliveira et al., 2010, 2011b, 2017; Isaias et al., 2015).
The higher thickness of the GG cell walls indicates that the
biosynthesis and deposition of the secondary wall components
can be more expressive in galls with longer lifespans. The longest
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FIGURE 5 | Immunocytochemical profiles of the four Lopesia galls on Mimosa gemmulata Barneby (Fabaceae) pinna-rachis in transverse sections. (A-D)
Xyloglucans labeled by LM15. (E=H) Heteromannans labeled by LM20. BLG, brown lanceolate bivalve-shaped gall; CST, common storage tissue; GG, globoid
bivalve-shaped gall; GLG, green lanceolate bivalve-shaped gall; LC, larval chamber; LG, lenticular bivalve-shaped gall; TNT, typical nutritive tissue; SL,
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TABLE 2 | Average of gray value and intensity of reaction of the epitopes for hemicelluloses in the tissues of the four Lopesia galls on Mimosa gemmulata (Fabaceae).

Outer compartment

Common storage tissue

Schlerenchymatic layer

Inner compartment
Typical nutritive tissue

LG GLG BLG GG LG GLG BLG GG LG GLG BLG GG
Immunocytochemistry
Xyloglucans 0 0 34.0 36.7 63 39.8 0 0 47.6 17.2 38.6 471
Intensity - - ++ ++ +++ ++ - - +++ + ++ +++
Heteromannans 0 0 19.7 0 0 0 0 0 20.6 19.7 12 31.6
Intensity - - + - - - - - + + + ++

BLG, brown lanceolate bivalve-shaped gall; LG, lenticular bivalve-shaped gall; GG, globoid bivalve-shaped gall; GLG, green lanceolate bivalve-shaped gall.
Intensity of reaction: (—) negative (=0 Gy value); (+) weak (10-20 Gy value); (++) moderate (21-39.99 Gy value); (+++) intense (=40 Gy value).

time the galling Lopesia associated to the GG remains inside
the gall, and the higher impact of its breathing and feeding
seem to result in the thick schlerenchymatic layers, which may
favor the dissipation of oxidative stress and gall maintenance.
Controversly, the LG and the GLG also have conspicuous
schlerenchymatic layers, but with the thinnest cell walls amongst
the Lopesia galls, while the BLG has an intermediate condition
in cell wall and schlerenchymatic layer thickness among the four
Lopesia galls on M. gemmulata. The differences in the duration of
the life cycles even in 1-2 months relate to the thickness of the

cell walls and the stratification of the schlerenchymatic layers on
the Lopesia galls associated to M. gemmulata, which support the
premise that the lignification process is triggered and supported
by the galling insect activity and is more intense the longer the
galling insect lifespan is.

The cells of the typical nutritive tissue develop due to the
galling insect stimuli over the host plant tissues, as they are
directly impacted by the nutrition of the inducers (Bronner,
1992). The cell walls and stratification of the typical nutritive
tissues of the galls with 2- and the 3-month-life cycles (LG,
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FIGURE 6 | Diagrams of the structural and nutritional profiles of the four Lopesia galls on Mimosa gemmulata with their respective lifespans. The color gradients in
the purple, pink and blue arrows, and the symbols (- and +) indicate tissue thickness investment. The diagrams of the transverse sections illustrate the gradients of
the nutritive molecules in gall tissues. BLG, brown lanceolate bivalve-shaped gall; GG, globoid bivalve-shaped gall; GLG, green lanceolate bivalve-shaped gall; LG,
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BLG, and GLG) have similar thickness, which can indicate the
low and constant nutritional demand of the three gall-inducing
Lopesia. Differently, the primary cell walls and stratification of
the typical nutritive tissue of the GG are thicker, which seems
to be consequence of the greater feeding stimulus and high
nutritional demand of the Lopesia larvae with the longest lifespan
(4 month-life cycle).

Nutritional Profiles in the Protoplasm of

the Lopesia Galls

The life cycles did not alter the evaluated compounds linked to
the nutritional profiles of the four Lopesia galls on M. gemmulata.
However, the histochemical gradients of carbohydrates are
bidirectional in the GG. The common storage tissues of
four Lopesia galls are starch-rich, and, unexpectedly, starch
grains also accumulate in the GG nutritive tissue. Starch
is an insoluble polysaccharide that must be broken down
in monosaccharides or disaccharides by invertases, such as
D-glucose, activity (Morris and Arthur, 1984) in gall storage
tissues (Oliveira et al., 2010, 2011a; Braganca et al, 2017).
The inverse gradients of accumulation of starch and reducing
sugars in the four Lopesia galls implies in the activity
of enzymes and may result in adequate substrate for the
biosynthesis of new cell wall components (Taylor, 2008; Polko
and Joseph, 2019), such as xyloglucans (Pauly and Keegstra,
2016) and heteromannans (Voiniciuc et al,, 2019) in Lopesia
galls. These hemicelluloses are synthesized by Golgi-localized
glycosyltransferases (GTs), and the resulting polysaccharides are
secreted to the plant cell wall via exocytosis (Driouich et al.,
2012; Voiniciuc et al, 2019). Accordingly, the bidirectional
gradients of starch and reducing sugars in the common storage
and typical nutritive tissues of the GG may be associated
with additional substrates to biosynthesis of xyloglucans and
heteromannans, and the composition of the primary cell walls
(Pauly and Keegstra, 2016).

The proteins and lipids are energetic molecules that support
the four gall-inducing Lopesia nutrition and gall structural
maintenance. The proteins can act in the scavenging of free
radicals and the maintenance of redox-potential homeostasis in
tissues of plants (Meyer et al.,, 2019; Foyer et al., 2020) and of
galls induced by different galling organisms (Schonrogge et al.,
2000; Oliveira et al., 2010; Isaias et al., 2015; Silva et al., 2019).
The protein accumulation in the nutritive cells of the Lopesia galls
can have antioxidant function due to highest cellular metabolism
in this tissue compartment. The accumulation of lipids in the
storage, and/or typical nutritive tissue of Cecidomyiidae galls on
different host plants are linked to the intrinsic metabolism of
the host plants (Moura et al., 2008; Oliveira et al., 2010; Ferreira
and Isaias, 2014; Amorim et al, 2017; Nogueira et al., 2018),
as is true for M. gemmulata. The lipid droplets accumulated in
the common storage tissue are related to the maintenance of
the cellular machinery, while in the nutritive cells, they are food
resources for the Lopesia galls. In the typical nutritive tissue,
the lipids may become available by the activity of a lipase-
like protein expressed in the salivary glands of Cecidomyiidae
larvae during feeding, which can be involved in extra-oral

digestion (Hatchett et al., 1990; Shukle et al., 2009; Al-Jbory et al.,
2018).

Nutritional Profiles in Cell Walls of

Lopesia Galls

Xyloglucans and heteromannans are hemicelluloses involved in
cell expansion and rigidity (Park and Cosgrove, 2015; Cosgrove,
2016, 2018; Voiniciuc et al., 2019), which also work out as
reserve of carbohydrates accumulated in plant cell walls of some
cotyledons, mainly in seeds of Fabaceae species (Buckeridge
et al., 2000; Santos et al., 2004). Recently, the xyloglucans were
reported as reserve carbohydrates in cell walls of nematode-
induced galls on Miconia spp. (Melastomaceae) (Ferreira et al.,
2020), and cell walls of the common storage and of the typical
nutritive tissues of Cecidomyiidae-induced galls on Inga ingoides
(Fabaceae) (Braganca et al, 2020a). Herein, the epitopes of
xyloglucans labeled by LM15 in the common storage tissue of
the BLG and the GG, and in the schlerenchymatic layers of the
LG and GLG can influence the dynamics of cell wall expansion
and rigidity. Both the xyloglucans and the heteromannans are
detected in the primary cell walls of the typical nutritive tissue
of the four Lopesia galls on M. gemmulata. While the overall
labeling of heteromannans in the four Lopesia galls relates to
structural function, the labeling of the xyloglucans in the typical
nutritive tissues relates not only to the structural, but also to the
nutritional function.

We demonstrated that the primary walls of the GG are
thicker, and therefore a greater investment in the synthesis
of xyloglucans as reserve carbohydrates occurs, which indicate
the support for the galling Lopesia with the longest life cycle
high nutritional demands. The xyloglucan monosaccharides
can become available for the galling Lopesia nutrition by the
activity of B-D-galactosidase and B-D-glucosidase, which may be
found in salivary glands and/or midgut of Cecidomyiidae larvae
(Grover et al., 1988). Even though the heteromannans and the
xyloglucans are labeled in primary cell walls of the four Lopesia
galls independently of their lifespans, the GG thickest cell walls
and typical nutritive tissue indicate a higher support for the
4-month life cycle.

CONCLUSION

The 1-2-month variation of Lopesia gall lifespans did not impact
the type of energetic molecules, but the investment in cell
walls and tissue stratification, especially regarding the common
storage tissue. Moreover, cell walls have configured as sites of
additional carbohydrate accumulation not only for structural, but
for nutritional purposes. The bivalve-shaped globoid galls with
the 4-month lifespan associated to M. gemmulata demanded the
highest structural and nutritional support, as expected.
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