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Abstract

Key Message Neolithus fasciatus gall affected the host's efficiency to absorb and use the available light and func-
tioned as a sink source for photoassimilates, water, and nutrients that would be allocated to plant development and
reproduction of Sapium glandulatum.

Abstract The knowledge on the effects of galls on the redistribution of resources and reproductive performance of the host is
fragmentary. We used a combined approach of physiological and biochemical analyses to investigate the impact of galling on
host ecophysiology and performance to aid in the bridging of this gap. We determined the frequency of galled hosts on 155
individuals of Sapium glandulatum in the field. The following ecophysiological parameters: oxidative stress, gas exchange,
contents of chlorophyll, flavonoids, water, and total carbohydrates were recorded on galled and ungalled individuals. In
addition, the impact of galling was recorded through the number of lateral shoots and fruit production. Approximately 75%
of the studied host population had at least one galled shoot, and galls were most abundant on younger leaves. While galled
and ungalled individuals did not differ in their oxidative stress, galled individuals showed higher stomatal conductance,
internal carbon concentration, and flavonoid production, but lower net photosynthetic rate and effective quantum yield of
PSII. Total carbohydrate and content of water were higher in galled tissues compared to healthy tissues of galled and ungalled
host leaves. Galling induced attacked shoots to produce ca. four lateral shoots while ungalled shoots did not produce any
lateral shoots. Last, while ungalled shoots produced an average of six fruits each, galled shoots did not bear any fruits. The
presence of Neolithus fasciatus galls affected the host's efficiency to absorb and use the available light and functioned as a
sink source for photoassimilates, water, and nutrients that would be allocated to plant development and reproduction. These
data support the hypothesis that galling insects are important herbivores and their negative effects on the hosts can spread
into several organs and functioning systems of the hosts.
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Introduction

Communicated by T. Koike.

Gall-inducing insects are sophisticated herbivores (e.g.,
Shorthouse et al. 2005) primarily because of their ability
to control and drastically modify their host plant’s develop-
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Since the success of the gall-inducing insect depends on the
ability of the larvae to manipulate plant tissues (Fernandes
1990; Fernandes et al. 2003), females preferentially ovi-
posit in tissues of rapid cell division or reactive sites (e.g.,
Rohfritsch 1992; Weis et al. 1988; Abrahamson and Weis
1997; Espirito-Santo et al. 2007). Some of these reactive
sites are meristems, photoassimilates-sink points formed
from partially or undifferentiated stem cells rich in nutrients
and capable of cell division and tissue growth (Weis et al.
1988; Scofield and Murray 2006).

Among the initial changes triggered by the gall-inducing
larva, there is a reduction in cell wall thickness, suppres-
sion of cuticle synthesis, and modification in the cytoplasmic
density of cells inside the galls (e.g., Detoni et al. 2012;
Tooker and Helms 2014). This process generates a cascade
of oxidative reactions and genetic reprogramming (e.g.,
Detoni et al. 2011, 2012; Giron et al. 2016) that influence
the host plant physiology and metabolism. The production
of reactive oxygen species (ROS) is one of the first plant
responses to gall induction (Oliveira et al. 2016; Lemus et al.
2020), which is also part of a redox regulatory network that
allows plants to perceive and respond to fluctuating environ-
mental conditions (Martin and Sies 2017). Reactive oxygen
species (ROS) production above the neutralization capacity
of the antioxidant system can damage the plant’s photosyn-
thetic apparatus (Zhang et al. 2003; Roach and Krieger-Lisz-
kay 2019). For example, a high concentration of hydrogen
peroxide (H ,0,) affects enzyme activity in the Calvin cycle,
particularly those containing Fe?*, D1/D2 proteins, and Mn
clusters in the photosystem II (PSII) (Niyogi 1999; Zhang
et al. 2003). An efficient mechanism of ROS dissipation in
plant tissue is the production of secondary metabolites and
enzymes that eliminate ROS (e.g., Aboul-Enein et al. 2007).
The synthesis of polyphenols, such as flavonoids, is a suc-
cessful strategy to mitigate elevated cell ROS, because they
eliminate free radicals and activate anti-oxidizing enzymes
(Aboul-Enein et al. 2007; Brunetti et al. 2018; Guedes et al.
2022). According to Czarnocka and Karpinski (2018),
whether the production of ROS becomes harmful, protec-
tive, or a signaling factor depends on the balance between
ROS production and its elimination by the host’s antioxidant
system (e.g., Zhang et al. 2003).

The metabolic needs of gall-inducing insects are ensured
by the supply of nutrients accumulated in the innermost
cell layers of the galls or by solutes sucked directly from
the phloem cells (Bronner 1992). Galls induced by Cecid-
omyiidae and Cynipidae are archetypes of insect galls and in
these typical nutritive tissues accumulate proteins, lipids or
sugar reducers (Bronner 1992; Rohfritsch 1992). Contrarily,
phloem-sucking insects rarely develop true nutritive tissue in
their galls, which makes their feeding sites restricted to the
draw of solutes directly from the host’s phloem cells through
their stylets (Bronner 1992). Some of the galls induced by
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these insects developed storage tissues with cells that accu-
mulate starch close to the vascular bundles (e.g., Alvarez
et al. 2009). Otherwise, more recent studies have shown
the formation of nutritive tissues in a few galls induced by
phloem-sucking insects of the neotropics (e.g., Oliveira et al.
2006; Oliveira and Isaias 2010; Carneiro and Isaias 2015).

The process of plant cell differentiation induced by the
feeding behavior of the larva can also affect the contents
of photosynthetic pigments and gas exchange rates of the
host plant (Yang et al. 2003; Florentine et al. 2005; Patankar
et al. 2011). When the gall tissue is unable to perform
photosynthesis (e.g., galls on roots, stems, etc.) or does it
at low intensity, the gall acts as a strong sink source for
resources, draining photoassimilates, mineral nutrients, and
water from the host plant (e.g., Kirst and Rapp 1974; Larson
and Whitham 1991; Motta et al. 2005; Nabity et al. 2009;
Oliveira et al. 2017). This is done by reversing regular car-
bohydrate transport patterns in the host and inducing mature
leaves to import photoassimilates to meet the gall’s energy
demands (e.g., Kirst and Rapp 1974; Wingler and Roitsch
2008; see also Miller and Raman 2019). In other words,
as the gall develops, the host plant's resource distribution
network is affected and, ultimately, precludes the host plant
from simultaneously investing in growth, reproduction, and
defense.

Although there have been good advances in the studies
on gall development and impact on their hosts (e.g. Price
and Louw 1996; Harris and Pitzschke 2020), speciose eco-
systems, particularly those in the Neotropics, remain poorly
investigated (Burckhardt and Queiroz 2021). One important
gap is the lack of studies that evaluate the multiple effects
of galling on the host plant, including that on fruit and/or
seed production. Most studies generally focus solely on the
ecophysiological aspects of galling without measuring the
architectural or reproductive output of the host. We used a
combination of physiological and biochemical analyses to
investigate the effects of the galling insect Neolithus fas-
ciatus (Psyllidae: Homoptera) on the resource allocation of
its host plant Sapium glandulatum (L.) Morong (Euphor-
biaceae), developmental, architectural, and reproductive
output of the attacked host individuals. Although the first
report on the interaction between these species is not new
(see Manganaro 1916), to our knowledge there is no infor-
mation on the impacts generated by the galls of N. fascia-
tus on S. glandulatum. Casual field observations indicated
a high frequency of N. fasciatus galls on S. glandulatum in
the islands of Atlantic rain forest in the summits of the
Espinhaco Mountains in Brazil. This dense population of
N. fasciatus galls in the region provided us with the ideal
scenario to test some hypotheses on the ecophysiological
impact of gall-inducing insects on their host plants. We
tested the fllowing four hypotheses: (i) The "insect gall
impact on host shoot development" hypothesis predicts that
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the development of shoots with galls is impaired or reduced.
In addition, we expected that the more galls a shoot has
the lower its development. (ii) The "insect gall impact on
host ecophysiology" predicts that N. fasciatus galls trigger
oxidative stress in the gall tissues and in the plant tissues
adjacent to the galls, which leads to a decreased efficiency
in the host’s light absorption and use. (iii) The hypothesis
on "gall impact on host chemical defenses" predicts that N.
fasciatus galls influence the production of defense second-
ary compounds such as flavonoids, in areas neighboring
the galls. (iv) The hypothesis that "galls act as sinks" by
accumulating plant resources at a higher concentration than
surrounding plant tissues. Carbon and water-based nutrients
are translocated to the gall in a galling insect effort to pre-
serve the natural development of the larval forms. (v) Last,
the hypothesis that "galls impact the host architecture and
performance". The presence of the N. fasciatus galls induce
the formation of new lateral shoots but with reduced fruit
production, resulting in the prevention of the host plant from
reaching its reproductive potential.

Materials and methods
Study system

Sapium glandulatum is a perennial plant that occurs widely
in the Lesser Antilles, Honduras, northeastern Argentina,
Paraguay, Uruguay, and Brazil (Diaz 2020). It is a highly
recommended species for the recovery of degraded areas due
to its pioneer characteristics of providing initial soil cover,
facilitating the entry and establishment of other plant spe-
cies, among other reasons (Wuethrich 2007; Gagetti et al.
2016). Sapium glandulatum is the host plant of many her-
bivorous insects, among which is the psyllid N. fasciatus.

Study area

This study was carried out in Serra do Cipé (19°12'56.1" S
43°32'02.5" W), in the southern portion of the Espinhaco
Mountains, southeastern Brazil. The region is classified as
Cwb in the Koppen climate system with dry winters and
rainy summers. The average annual precipitation is between
1250 and 1550 mm, and the average temperature ranges
between 18 and 19 °C (Madeira and Fernandes 1999).
Sapium glandulatum is common in sunny and open areas,
being frequently found at the border of islands of tropical
rainforests within a grassland matrix influenced by the rup-
estrian grassland vegetation (savannic campo rupestre: see
Fernandes 2016) and the Atlantic rainforest biome (see Coe-
lho et al. 2018).

Gall impact on shoot development

To test the first hypothesis that insect galls affect host shoot
development, in August 2020, we randomly selected 155
individuals of S. glandulatum that were at least 10 m apart
from each other to determine the frequency of galled indi-
viduals in the field. First, we counted the number of individ-
uals with at least one gall and the number of ungalled indi-
viduals in the study population. Then, we randomly marked
one shoot from each individual and determined the num-
ber of galls, diameter at the shoot’s base, and shoot length.
These shoots were grouped into th following five categories
according to the number of galls: 0 galls (n =38, ungalled
plants), 1-10 galls (n=30), 11-30 galls (n=32), 31-60 galls
(n=31), 61-312 galls (n=24). To evaluate the effect of the
number of galls on shoot’s biomass (weight: mg), we ran-
domly selected 55 individuals among the sampled plants
(galled and ungalled) and collected one shoot from each of
them for measurements. In the laboratory, we recorded the
number of galls and shoot’s weight. In this case, shoots were
again grouped into five categories according to the number
of galls as follows: 0 galls (n=38), 1-10 galls (n="7), 11-30
galls (n=38), 31-60 galls (n=11) and 61-312 galls (n=21).

For identification of the gall-inducing insect and presence
of parasitoids, pieces of galled shoots (n =47 shoots) were
cut at approximately 15 cm from the shoot apex and indi-
vidually kept into glass pots until the emergence of adults
of the gall-inducing insect or parasitoids. Pots were covered
with a piece of tulle fabric and kept at room temperature
(21-23 °C) for up to 5 days or when the shoots started to
dry up. The humidity inside the pots was maintained through
pieces of cotton soaked in potable water. Pots were moni-
tored daily, and adults that emerged were collected and pre-
served in a 70% alcoholic solution. Insects that emerged
were identified as the galling Neolithus fasciatus and its
parasitoid Lochitoencyrtus gahani (Encyrtidade: Hymenop-
tera) (see Fernandes et al. 1988; Santis and Fernandes 1989).
Finally, we determined the relative position of the galled
leaves on the collected shoots of each of the 155 individuals
to evaluate the spatial distribution of the galls on the host's
shoots.

Ecophysiological responses of S. glandulatum

Twenty different S. glandulatum individuals in the popula-
tion that were of similar size (ca. 130-150 cm height) were
randomly selected to evaluate some ecophysiological aspects
correlated with N. fasciatus galls. Firstly, we randomly
selected and marked a galled individual, and then we located
and marked its nearest neighbor ungalled individual for
paired comparison of the ecophysiological measurements.
To test the hypothesis that N. fasciatus galls affect the
host ecophysiology triggering oxidative stress in the gall
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tissues and the plant tissue adjacent to the galls, five galled
leaves were collected from the galled individuals (n=10).
Neolithus fasciatus galls were carefully removed from the
leaf lamina using razor blades. Analyses of oxidative stress
were done for galled tissues, and ungalled leaf tissues of the
galled leaf, separately. Likewise, five expanded leaves with
no signs of herbivory or pathogens were collected from ten
ungalled individuals (n = 10) for equivalent measurement of
oxidative stress. Hence, analyses were made on gall tissue,
leaf tissue from galled leaves, and leaf tissue from non-gall-
bearing leaves. Reactive oxygen species (ROS) production
was evaluated by quantifying H,0,, while the lipid peroxida-
tion of the cell membrane was verified through the produc-
tion of malondialdehyde (MDA). The H,0, concentration
was determined spectrophotometrically according to the
method of Velikova et al. (2000) at a wavelength of 390 nm.
The concentration of MDA reactive to the thiobarbituric acid
was determined according to Hodges et al. (1999) by using
a spectrophotometer (Shimadzu, UV-1800) at wavelengths
of 440 nm, 532 nm and 600 nm.

We also evaluated gas exchange and chlorophyll a fluo-
rescence in these galled and ungalled paired host individu-
als. Measurements were done on one galled leaf and one
ungalled leaf per individual at the shoot apical region of
these individuals (n=10 each). On these leaves, we evalu-
ated the net photosynthetic rate (A, pmol m~2 s™), stoma-
tal conductance (g,, mol m~2 s_l), transpiration rate (E,
mmol m™2 s_l), internal CO, concentration, instantaneous
efficiency of water use (Wt=A/E, pmol CO, mmol H,O
m~2s7h), electron transport rate (ETR), and ¢II from 0700
to 1100 h using an infrared gas analyzer (model 6400XT,
Li-Cor Inc., Lincoln, NE, USA) attached to a fluorescence
chamber (model 6400-40 leaf chamber fluorometer, Li-Cor
Inc., Lincoln, NE, USA). The device was calibrated accord-
ing to local characteristics to maintain the leaf temperature
at 30 °C and the vapor pressure deficit around 1.5 kPa. The
flow rate was maintained at 300 pmol air min~! and the
CO, concentration at 400 pmol mol ™" using a CO, injection
system. The leaf was positioned inside the chamber (2 cm?)
and exposed to light until reaching a steady state for meas-
urements (1500 pmol m2s7h).

To test the third hypothesis that insect galls affect sec-
ondary compounds’ production, we evaluated the con-
tent of flavonoids in the same leaves that we measured
chlorophyll content. The chlorophyll content of galled
(n=10) and ungalled individuals (n = 10) was recorded in
five leaves at the shoot apical region. Leaves of ungalled
individuals had no signs of herbivory or pathogens. These
measurements were performed on the left and right sides
of each leaf and averaged by individual. The chlorophyll
content was measured using specific wavelengths of light
emitted by the Dualex (Dualex® 208 4.5 Scientific).
This method was chosen due to its cost-effectiveness in
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addressing our research questions and practicality under
field conditions (see Pihain et al. 2019; Perea et al. 2021).
We used the proportion of chlorophyll content to flavo-
noids (which is associated with carbon/nitrogen ratio) in
selected leaves to obtain the Nitrogen Balance Index, a
proxy for leaf nitrogen content (Cartelat et al. 2005). These
parameters are well-established indicators to evaluate the
host plants’ ecophysiological conditions (Huang et al.
2014; Martini et al. 2020).

To test the fourth hypothesis that galls act as sinks by
accumulating plant resources at a higher concentration than
surrounding plant tissue, we evaluated the total carbohydrate
and water content in galled individuals. For such analysis,
five galled leaves were collected from the ten S. glandu-
latum individuals, and their galls were carefully removed
with a razor blade. Each galling nymph was removed from
the respective gall before the biochemical assay. Hence,
we separately analyzed the tissue of the gall, and tissue of
the leaf lamina of the galled leaves. Measurements from
ungalled individuals (n=10), were randomly done for five
expanded leaves with no signs of herbivory or pathogens.
The total carbohydrate content was quantified by the method
of phenol sulfuric acid (Dubois et al. 1956). The leaf extract
was prepared using 5 mg of plant biomass lyophilized in
sulfuric acid (1 M). Glucose (Sigma-Aldrich, USA) was
used as the standard, and the total carbohydrate content was
expressed in milligrams of glucose equivalents per gram
of dry weight. The water content was measured using the
difference between the fresh weight (FW) and dry weight
(DW) of the galls and the leaves (galled and ungalled)
[water content (%) = 100 (FW — DW) / DW ].

Lastly, water potential measurements were evaluated in
one shoot per plant, totaling 10 measurements on galled
and 10 measurements on ungalled hosts. The xylem water
potential was assessed using a Scholander pressure chamber
(3005 Series, Soilmoisture Equipment Corp., Santa Barbara,
USA). These measurements were carried out at pre-dawn
field conditions between 500 to 600 h.

Production of lateral shoots and fruits on host

To evaluate the hypothesis that galls impact the host’s lat-
eral shoot growth and lead to lower fruit production, 10
galled and 10 ungalled individuals (same individuals used
in the ecophysiological analysis) were selected in the field in
August 2020. One shoot per S. glandulatum individual was
marked to monitor the production of lateral shoots and fruits.
We returned to these same individuals twice, the first time
in October 2020 (60 days later), and the second in January
2021 (150 days later), for the final record of the number of
lateral shoots and fruits produced on the galled and ungalled
shoots.
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Statistical analyses

We used Analysis of Variance (ANOVA) to evaluate the
effect of gall abundance (categories: 0 galls, 1-10 galls,
11-30 galls, 31-60 galls and 61-312 galls) on the host
plant’s shoot diameter, shoot length and shoot weight. Then,
planned comparisons were performed using the general lin-
ear assumptions for multiple comparisons in the “multcomp”
package in R (Hothorn et al. 2008). We use the generalized
least squares (GLS) models to identify the leaf position on
the shoot with the highest number of galled leaves and the
differences in total contents of H,O, and MDA between the
galls and the leaves (galled and ungalled). We adjusted the
models using maximum likelihood estimation using the
“nlme” package (Bates et al. 2014) in R. Then, planned com-
parisons were performed using the general linear assump-
tions for multiple comparisons in the “multcomp” package
in R (Hothorn et al. 2008). We used one-tailed t-tests to
compare galled and ungalled leaves regarding the follow-
ing parameters: A, g, E, internal concentration of CO, and
chlorophyll, flavonoids, Nitrogen Balance Index, and water
potential. We used the Wilcoxon sign rank tests to com-
pare the Wt, ETR and ¢lII since these parameters were not
normally distributed. The differences in total carbohydrate
and water content between the galls and the leaves (galled
and ungalled) were verified using GLS models through the
“nlme” package (Bates et al. 2014) in R. Subsequently,
planned comparisons based on the study's hypotheses were
performed using the “multcomp” package (Hothorn et al.
2008) in R. To test the effects of N. fasciatus gall on the
production of lateral shoots and fruits, we used the one-
tailed t-tests to compare the number of lateral shoots and
the number of fruits produced on galled and ungalled shoots.
We verified the residual graphs of all evaluated parameters
through visual inspection for deviations of homoscedasticity
or normality. All tests were performed in R (R Core Team
2020) and the graphs were constructed using the GraphPad
Prism 5.0 software.

Results
Galls impact host shoot development

Galls induced by N. fasciatus (Fig. 1a) are glabrous projec-
tions clearly distinguishable from other organs of S. glan-
dulatum (Fig. 1b). When at low numbers and isolated, galls
are typically found as reddish spheroid structures in which
only one larval chamber is found and in which only one
nymph of N. fasciatus develops (Fig. 1c). At higher density,
galls coalesce to form amorphous structures that can contain
dozens of galls. In the study area, N. fasciatus galls were
very abundant and hence mostly coalescent (Fig. 1d). Galls

are associated with the central leaf’s vein or encompassing
several young leaves and the apical meristem to form large
structures with multiple galls of indistinct shape, often fol-
lowing the leaf’s lanceolate shape (Fig. 1e). Gall color varies
from light green to deep red, turning reddish throughout
their development. Adult N. fasciatus emerges from the gall
after its opening from top to bottom (Fig. 1f—g). The gall’s
walls split open to free the adult galling insect while in some
cases we observed the last instar nymph leaving the split-
open gall. After the emergence, galls dry and fall from the
host plant (Fig. 1h—i). The N. fasciatus galls in this study
differ from those reported by Fernandes et al. (1988: pg 21;
Fig. 14) as no depressions were found at the top of the gall
spheres. Besides, N. fasciatus galls are used by an abundant
community of other insects such as parasitoids, thrips, acari,
spiders, and often the adults of N. fasciatus. The parasitoid
Lochitoencyrtus gahani (Encyrtidade) was rare (3 individu-
als) and emerged from small circular holes formed on the
gall walls (see Santis and Fernandes 1989).

Among the S. glandulatum individuals of the studied
population, 75.48% had at least one shoot galled. Shoots
with more than 10 galls showed, on average, a 22.78% reduc-
tion in their diameter (p <0.0001; Fig. 2a) and 29.90% in
their length (p <0.0001; Fig. 2b) in comparison with shoots
with less than 10 galls or 0 galls (see Supplementary Data
Table 1S). Besides, we found that shoots with more than
60 galls showed a weight increase of 44.40% compared to
shoots with less than 60 galls (p <0.0001; Fig. 2¢; Supple-
mentary Data Table 1S).

Regarding the phyllotaxis of galled individuals, we found
that N. fasciatus galls were predominantly abundant on the
three youngest leaves of the sampled shoots (p <0.0001,
F(y5493y=3.119; Supplementary Data Fig. 1S).

Host ecophysiological and chemical responses

Gall’s presence negatively affected gas exchange in S. glan-
dulatum individuals as well as their efficiency in absorbing
and using light. Galled leaves showed higher g, (p =0.042;
Table 1) and internal carbon concentration compared to
ungalled leaves (p <0.0001; Table 1). However, carbon
input was not associated with the A in galled individuals
and was two times lower in the galled leaves than ungalled
leaves (p =0.0001; Table 1). Besides, galled leaves had a
17% reduction in their ETR (p =0.001; Table 1) and 12% in
their ¢pII compared to ungalled leaves (p =0.004; Table 1).
There was no statistically significant change in the E of
galled and ungalled leaves (p =0.135; Table 1). However,
galled leaves presented 52% lower Wt than ungalled leaves
(p=0.0003; Table 1). Also, the chlorophyll content in galled
leaves was reduced by 45.44% compared to ungalled leaves
(»<0.0001; Table 1). Likewise, the nitrogen balance index
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Fig. 1 Neolithus fasciatus galls on Sapium glandulatum. a Newly
emerged adult of N. fasciatus. b Simple N. fasciatus galls on S. glan-
dulatum leaves. ¢ Unilocular gall (one larval chamber) in which only
one nymph develops. d—e Coalescent galls lead to amorphous galling

was 31.92% lower in galled leaves than ungalled leaves
(p=0.004; Table 1).

The presence of N. fasciatus galls affected the produc-
tion total carbohydrate content, and the water balance of
their hosts. The total carbohydrate concentration was 72.75%
higher in the gall than in ungalled leaves (P <0.0001;
Fig. 3a, Supplementary Data Table 2S). However, galled
leaves had 46.8% less total carbohydrate content than
ungalled leaves (P <0.0001; Fig. 3a, Supplementary Data
Table 2S). Also, the content of water in galled tissue was
approximately four times higher than in tissues of galled and
ungalled leaves (p <0.0001; Fig. 3b, Supplementary Data
Table 2S). Galled individuals also showed an increase of
62.7% in water potential (p =0.002; Table 1).

Hydrogen peroxide (H,0,) content was 55.5% higher in
galls than galled and ungalled leaves (p =0.025; Fig. 3c,
Supplementary Data Table 2S). Consequently, the content
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structures covering the host’s leaf blades, petioles, and even shoots.
f—g Recently emerged N. fasciatus galls. (h-i) Dried galls eventually
dehisce due to their weight or persist attached to the host until the
emergence of new shoots. Photos by G.W Fernandes

of MDA was also twice as high in the gall tissue (p <0.0001;
Fig. 3d, Supplementary Data Table 2S). These results may
be related to the increased production of secondary com-
pounds. The production of flavonoids was 16.84% higher
in galled leaves than ungalled leaves (p <0.0001; Table 1).

Production of lateral shoots and fruits on host

The presence of N. fasciatus galls modified S. glandula-
tum production of lateral shoots and fruits. Galled shoots
produced an average of 4 +0.262 new lateral shoots, while
ungalled shoots did not present any new lateral shoots
(Fig. 4a). Many of these lateral shoots grew just below the
galled shoot’s apical region and did not bear any fruit. On
the other hand, shoots of ungalled individuals had an average
of 5.8 £0.611 fruits (Fig. 4b).
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Fig.2 Shoot parameters (x + SE) according to the number of galls per
shoot of Sapium glandulatum: (a) shoot diameter, (b) shoot length,
and (c) shoot weight. Different lowercase letters indicate a statisti-
cally significant difference (p<0.05) between treatments (ANOVA
and planned comparisons)

Discussion

Gall-inducing insects, unlike many of their free-living rela-
tives, evolved the ability to discriminate among and select
specific plants in a complex, natural environment. Physical
and chemical characteristics of the plant (e.g., phyllotaxy
and growth patterns, phenolics) are vital in host selection by
gall-inducing insects (e.g., Fernandes and Price 1992; Fer-
nandes et al. 2000; Miller and Raman 2019). Otherwise, a

fascinating question yet to be answered is how gall-inducing
insects have evolved to live and feed on plants with pecu-
liar chemical characteristics (Miller and Raman 2019). The
leaves of S. glandulatum are rich in defense compounds
such as anthracene derivatives, monoterpenes, tannins and
flavonoids (da Silva et al. 2012) and produces latex rich in
proteolytic proteins (Sobottka et al. 2014). Nevertheless,
even with a sophisticated anti-herbivore defense based on
the production of potentially repellent and toxic substances,
S. glandulatum is not free of herbivores. The frequency
of S. glandulatum individuals with N. fasciatus galls was
extremely high (Fig. 1) and influenced host plant develop-
ment and performance.

Although N. fasciatus galls have been described on plant
stems, inflorescences, and fruits (De Santis and Fernandes
1989), we only found them on the apical shoots and young
leaves of the studied population of S. glandulatum (Fig. 1S).
Apical portions of shoot tissues and young leaves have a
high differentiation capacity, making them easier to manipu-
late during gall formation (Weis et al. 1988; Abrahamson
and Weis 1997; Orcutt and Nilsen 2000). Besides, they pre-
sent a strong sink capacity of photo-assimilated nutrients
(Hodkinson 1984), which supports the formation of larger
and more numerous galls (Price 2005; White et al. 2016).

The hypothesis that predicted that N. fasciatus galls
would impact host development was supported. Galling, oth-
erwise, varied from 1 to 312 galls per shoot (Fig. 2). Galled
shoots were shorter and had a lower diameter compared to
ungalled shoots. On the other hand, we highlight that the
reductions in shoot length and diameter were influenced by
the number of galls per shoot. Shoots bearing more than 11
galls were generally shorter and thinner compared to shoot
categories with a lower number of galls. In terms of shoot
weight, shoot categories with more than 60 galls were sta-
tistically heavier compared to other shoot categories with
a lower number of galls. These results indicate the impact
galls have on host development and architecture, that galls
strongly influence host resource allocation patterns, and are
powerful herbivores.

The influence of N. fasciatus galls on host ecophysiol-
ogy was evaluated at different scales and processes and was
generally supported. The high concentration of H,0, and
MDA in gall tissue corroborate the hypothesis that predicts
that N. fasciatus galls trigger oxidative stress in the gall tis-
sues (Fig. 3). The production of ROS is one of the first steps
in the hypersensitivity response of plants to pathogens (Gill
and Tuteja 2010; Jwa and Hwang 2017) and galling (Fer-
nandes 1990). The production of ROS in the gall tissue is
probably due to stress-induced by N. fasciatus activity on the
inner tissues, along with the increased cellular metabolism
rate that guarantees gall cellular machinery (Kmie¢ et al.
2018). Normally, ROS is generated at the feeding site of her-
bivores and spreads systemically all over the plant through

@ Springer



1200

Trees (2022) 36:1193-1206

Table 1 Ecophysiological parameters of galled and ungalled individuals of Sapium glandulatum

Ecophysiological parameters

Galled leaves (x = SE)

g,mol m2s7!

Internal CO, concentration pmol mol~!

A pmol m™2s7!

ETR pmol m~2 5!
oIL

Emolm2s™!

Wt pmol g, mmoly,o m™ s~
Chlorophyll content pgem™>
Flavonoids content pgcm ™2

Nitrogen balance index

0.345 a+0.062
357.261 a+5.014
5.510a2+0.610
188.029 a+7.978
0.281a+0.013
6.346 a+0.706
0.967 a+0.157
21.099 a+1.264
1.852a+0.214
18.122 a+2.385
—-0.546 a+0.821

Ungalled leaves (x+SE) r-value d.f p-value test
0.242b+0.019 41 - 0.042  Wilcoxon signed rank
301.619 b+5.895 7.027 9 <0.0001 ¢ test
11.417b=+1.13 4542 9 0.0001 test
228.043 b+7.447 2859 9 0.001 rtest
0.318 b+0.02 - 47 - 0.004 Wilcoxon signed rank
5.781 a+0.478 1.133 9 0.135  rtest
2.012b+0.188 4149 9 0.0003 test
38.662 b +2.295 5590 10 <0.0001 1 test
1.492 b +0.078 5009 9 <0.0001 1 test
25.770 b+2.023 2835 10 <0.0049 1 test
—-0.871 b+0.641 3348 10 0.002 rtest

Water potential

Variables with loadings < 0.05 were identified as significant variables and they are in bold

Different lowercase letters indicate a statistically significant difference between treatments

d.f. degrees of freedom, g, stomatal conductance, A:net photosynthetic rate, ETR electron transport rate, ¢pII effective quantum yield of photosys-

tem II, E transpiration rate, Wt water —use efficiency

the vascular bundles, mainly by the phloem (Kerchev et al.
2012). However, the production of ROS was restricted to the
gall site/tissue. Curiously, the oxidative stress generated by
the development of the gall was contained only to the galling
tissue; indicating perhaps a strong capacity of manipulation
of the host by this parasitic insect. The low efficiency of light
absorption and utilization found in the galled leaves may
be related to the translocation of plant nutrients to the galls
(Table 1). Nitrogen participates in the composition of impor-
tant molecules in plant metabolism; in fact, 75% of plant
nitrogen is allocated to the production of chlorophyll and
Rubisco (Evans 1989; Evans and Seemann 1989) (Table 1).
Chlorophyll molecules are responsible for capturing light,
resulting in the formation of reducing power and adenosine
triphosphate (ATP) used in the Calvin-Benson cycle (Allen
2002; Croft et al. 2017). Rubisco catalyzes the combina-
tion of CO, and ribulose 1.5-diphosphate (RuBP) to form 2
molecules of 3-phosphoglycerate, which are later converted
into glucose (Benner 1989). Thus, chlorophyll and Rubisco
contents are closely related to the plants’ photosynthetic
capacity. Here, the low concentration of nitrogen negatively
regulated the leaves’ chlorophyll content, causing the decline
in A and ¢II. Besides, the high levels of g, and internal CO,
concentration also indicate that the reduction in A may be
related to non-stomatal limitations, such as RuBP regenera-
tion (von Caemmerer and Farquhar 1981; Medrano et al.
2002; Thompson et al. 2007). Future experimental studies
on this system shall address photoassimilates’ origin and
movement during gall formation under different host envi-
ronmental conditions.

Galling insects are known to be able to control some
chemical aspects of their host plant, which is not surprising
given the intimate nature of the relationship (e.g., Fernandes
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1990; Nyman and Julkunen-Tiitto 2000; Fernandes et al.
2019). Indeed, flavonoid content was two times higher in
galled S. glandulatum individuals compared to ungalled
individuals. The flavonoids are the main secondary com-
pounds found in galled plants and may be related to defense
against herbivory (Fernandes and Price 1991; Julido et al.
2014; Hall et al. 2017). Besides, chemicals such as tocoph-
erol, carotenoids, and flavonoids also participate in eliminat-
ing ROS (Mittler 2002; Blokhina et al. 2003). Flavonoids
may even be an important host trait in the selection of poten-
tial hosts by ovipositing galling female insects (Fernandes
and Price 1991). Changes in cell redox potential affect
MYB transcription factors (myeloblastosis) and activate
the biosynthesis of flavonoids such as anthocyanins (Dubos
et al. 2010; Agati et al. 2012). Indeed, a high concentra-
tion of ROS was found in the gall tissue induced by N. fas-
ciatus. Agudelo et al. (2017) showed that gall induction by
Neolithus spp. on S. haematospermum drastically increased
the production of anthocyanins, especially in the final stages
of gall maturation. Anthocyanins have been associated with
the protection against light stress in galls (Solovchenko and
Schmitz-Eiberger 2003; Karageorgou and Manetas 2006),
signaling the presence of toxic substances (aposematic
gall hypothesis) (Inbar et al. 2010), and antioxidant activ-
ity (Agati et al. 2012; Wiczkowski et al. 2013). In addition
to advertising some toxicity to natural enemies, flavonoids
could also play an essential role in reducing oxidative stress
in the S. glandulatum galls. Furthermore, higher polyphenol
content is also part of the plant stress hypothesis proposed
by Fernandes and Price (1988, 1991) in which galling is
facilitated by plant stress. Indeed, our host plant is mostly
found at the sunny and warmer borders of the Atlantic rain
forests studied.
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Fig.3 Oxidative stress and nutritional content of galls and leaves
(galled and ungalled) of Sapium gladulatum. a total carbohydrates,
b water content, ¢ Hydrogen peroxide (H,0,), d malondialdehyde
(MDA) (x=SE). Different lowercase letters indicate a statistically
significant difference between treatments (GLS and planned compari-
sons)

Galls induced by sucking insects modify their host plant
distribution of photoassimilates, and water, thus causing a
deficit of these nutrients in galled leaves (Raman 1991; Mani
and Raman 1994). As expected by the sink hypothesis, total
carbohydrate concentration in galled tissue was ca. three-
fold higher than in adjacent ungalled tissue of galled leaves,

and about twice higher when compared to ungalled leaf tis-
sue (Fig. 3). As homopterans mature, the bundle of stilettos
in their oral apparatus becomes longer, enabling them to
pass through the cells of superficial parenchyma and reach
deeper vascular tissues (Raman 2003). Consequently, these
cells become metaplastic and a source of nutrients within the
gall (Raman 2003; Ferreira et al. 2019). However, the high
concentration of total carbohydrates in galls may also be
related to an increase in the cell wall’s pectic matrix (Castro
et al. 2012). On the other hand, with few exceptions, the
formation of nutritive tissues in psyllid galls is rare or not
sufficiently reported (Meyer and Maresquelle 1983; Meyer
1987; Rohfritsch 1992). Future studies on the anatomy and
ontogenesis of these galls as well as studies on the larval
development and feeding mode should be developed to fur-
ther explore this hypothesis.

The increase in the plant cell water content seems to
be a necessary condition for the gall as galled individuals
presented a greater water potential than ungalled individu-
als (Table 1). However, galls’ presence reduced the Wt; in
other words, the assimilation of carbon with E among galled
individuals (see Yoo et al. 2009). Thus, individuals of S.
glandulatum with galls may be maintaining greater water
potential by regulating their E (see Yoo et al. 2009; Li et al.
2017). Fay et al. (1993) argued that another strategy to keep
high water potential is to invest in expanding the host’s root
system, as observed in Silphium integrifolium. In our study,
higher water content was recorded in host individuals with
galls compared to individuals without galls. A similar pat-
tern was also found directly on gall tissues, which had water
content four times higher than in leaf tissue of ungalled plant
individuals. Notably, the intense stress associated with the
osmotic change during gall development attracts more water
to the stressed cells than to the unaffected cells, thus creat-
ing intense hydrostatic pressure in the stressed cells (Zonia
and Munnik 2007). This is certainly a plausible mechanism
by which gall-inducing insects thrive on stressed hosts and
habitats around the globe (e.g., Fernandes and Price 1991;
Julido et al. 2014), albeit further studies are needed.

When apical shoots are damaged, the production of axil-
lary shoots is activated, initiating a secondary axis growth
in the host plant (Maschinski and Whitham 1989; Lortie
and Aarssen 2000). Neolithus fasciatus galls impacted the
host’s shoot production by inducing the formation of new
lateral shoots; hence providing support for the impact of
galls on host development and architecture (Fig. 4). This
demonstrates the host plant’s plasticity to alter its archi-
tecture pattern as a response to an environmental distur-
bance (Bennett and Leyser 2006), as long as resources
are available. As a result, galled plants can harness the
available light and increase their net carbon gain (Aarssen
and Irwin 1991; Fay and Throop 2005). Nevertheless, this
is not a foolproof strategy. For instance, this secondary
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Neolithus fasciatus
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Fig.4 Neolithus fasciatus galls on Sapium glandulatum. a Galled
shoots produced new lateral shoots over time. Many of the new
shoots grew just below the apical region of the previously galled

growth also represents a renewed opportunity for other N.
fasciatus adults to oviposit and produce another generation
or even establish a multivoltism pattern (Price et al. 1996;
Price et al. 2005; Kurzfeld-Zexer et al. 2010). Indeed,
Craig et al. (1986) reported that the galling sawfly Euura
lasiolepis manipulates its host plant to induce new sprouts
and immediately benefit subsequent generations, and
called it the resource manipulation hypothesis. In addi-
tion, the constant production of lateral shoots could attract
other herbivores looking for newly formed shoots/leaves
(see Fernandes and Ribeiro 1990; Nakamura et al. 2003).
In summary, hosts are not only manipulated to reallocate
resources to galls, but also to the primary production of
lateral shoots. On the other hand, no fruits were produced
on these newly formed shoots, at least during the growing
season. Contrarily, many fruits were produced on shoots of
ungalled plant individuals. Therefore, N. fasciatus effects
on S. glandulatum are not limited to the gall formation but
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shoot and did not bear any fruit. b Ungalled shoots did not present
any new lateral shoots but produced fruits

also result in the modification of the shoot architecture
and the reduction of the host’s reproductive performance.

Conclusions

This study demonstrates that insect galls affect shoot devel-
opment and function as a sink source for photoassimilates,
water, and nutrients that would be allocated throughout plant
development and reproduction. The effects of N. fasciatus galls
are felt at several scales and processes within its S. glandula-
tum host. Neolithus fasciatus also manipulates its host plant to
induce new sprouts that benefit subsequent insect generations.
These capillary effects ultimately reduce the host reproductive
performance.
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