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Abstract

The establishment of the galling insect generates a biotic stress that leads to tissue transformation. However, galls can
maintain chlorophyll (Chl) and consequently photosynthesize. Herein, we evaluated the consequences of the biotic stress
generated by the galling insect Pseudophacopteron longicaudatum on photosynthetic rate during the leaf galls development
on Aspidosperma tomentosum. In addition, we quantified polysaccharides and water content in order to evaluate the
capacity of gall tissues to drain photoassimilates. The non-galled leaves contained more Chl and carotenoids per gram of
fresh mass. Galls had lower values of maximum PSII quantum yield, fluorescence decline ratio, and nonphotochemical
quenching compared to non-galled tissue. These results showed a significant reduction of photosynthesis photochemistry in
galled tissues although total soluble sugar did not differ between gall and non-galled leaves. Water-soluble polysaccharides,
relative water content, and leaf specific mass were significantly higher in galls and increased through their development,
suggesting a sink relationship.

Additional key words: gall photosynthesis; green island; herbivory; Kautsky effect; oxidative stress.

Introduction

The induction and establishment of galling insects gene-
rate a biotic oxidative stress leading to imbalance of redox
homeostasis in the host plant tissues (Isaias et al. 2015)
and triggering the developmental processes of galls
(Oliveira et al. 2014). Gall development on host plant
organs has shown convergent morphogenetic steps such
as cell hypertrophy and tissue hyperplasia, which create a
coordinated gradient of cell expansion and tissue growth
(Oliveira and Isaias 2010, Isaias et al. 2011, Carneiro ef al.
2014a, Ferreira and Isaias 2014, Oliveira et al. 2016). Thus,
galls can be considered to be new plant organs induced by
galling organisms, especially by insects (Shorthouse ef al.
2005). The metabolism of these neoformed plant organs is
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deeply changed, especially in terms of Chl and carotenoid
content, enzymatic activity, nutrient composition, carbon
and water allocation, as well as photosynthetic perfor-
mance (El-Akkad 2004, Oliveira and Isaias 2010, Castro
et al. 2012, Huang et al. 2014, Oliveira et al. 2017,
Rezende et al. 2018).

Photosynthetic activity is a basic metabolic process in
plants which, in addition to performing carbon fixation,
helps with the control of redox homeostasis in both non-
galled tissues (Foyer and Noctor 2005) and galls (Isaias
et al. 2015). In addition, the maintenance of photosynthetic
activity in gall tissues can increase O, production and
CO, consumption, which reduce tissue hypoxia and
hypercarbia (Pincebourde and Casas 2016, Oliveira et al.
2017). However, the galling insects can also damage the

Abbreviations: Chl — chlorophyll; DM — dry mass; F' — measurement of the light-adapted fluorescence signal; Fy — minimal fluorescence
yield of the dark-adapted state; F,, — maximal fluorescence yield of the dark-adapted state; FM — fresh mass; F,,' — fluorescent signal
when all PSII centers are closed in the light-adapted state; F, — variable fluorescence; F,/F,, — maximum PSII quantum yield in dark-
adapted state; (F.,' — F')/F.,' — PSII operating efficiency in light-adapted steady state; LSM — leaf specific mass; NPQ — steady-state
nonphotochemical quenching in the light; Ry — fluorescence decline ratio in steady state; RWC — relative water content; TM — turgid
mass.
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photosynthetic apparatus of both non-galled and gall
tissues (Oliveira et al. 2011, 2017; Huang et al. 2014,
Kmie¢ et al. 2018), thus reducing the efficiency of the
photosystems and consequently the photosynthesis. The
photosynthetic performance of gall tissues depends on
many factors, including the content of photosynthetic
pigments (Nabity et al. 2008) and the level of oxidative
stress generated by the insect's activity in gall tissues. In
this context, the Chl a fluorescence parameters may reveal
a photochemistry pattern which may be used to assess
stress in host plants (Nabity et al. 2008, Kalaji ef al. 2016)
and in green gall systems (Oliveira et al. 2011, 2017). For
instance, the high values of Fo (minimum fluorescence
of PSII in dark-adapted state) indicate that the primary
electron acceptor is impaired, and the reaction center of
the PSII is damaged (Bolhar-Nordenkampf et al. 1989),
a fact that can be used as an indicator of biotic stress
(Kmie¢ et al. 2018). In contrast, a decrease of F./F,, values
(maximum PSII quantum yield in dark-adapted state) can
be interpreted as a result of stress factors since the decrease
of this parameter implies PSII damage that reduces the
photochemical capacity (Rohacek 2002, Baczek-Kwinta
et al. 2011). Ry (fluorescence decline ratio in steady state)
may also be used as a diagnostic parameter of stress in
plants (Lichtenthaler and Miehé 1997), with low values
representing the loss of tissue vitality.

Galls induced by chewing and scraping-sucking insects
can develop a typical nutritive tissue around the larval
chambers that accumulate primary metabolites (i.e.,
proteins, carbohydrates, and lipids). On the other hand,
galls induced by phloem-sucking insects usually do not
develop a true nutritive tissue (Bronner 1992). These
phloem-sucking insects impose a strong physiological
demand on host plant tissues, acting as a true sink of
photoassimilates (Mani 1964, Castro et al. 2013, Huang
et al. 2014). These changes in source—sink relationships
induced by galling insects can impact the photosynthetic
rate of both non-galled and galled tissues (Zangerl et al.
2002, Nabity et al. 2008, Oliveira et al. 2017). However,
despite the increase of sink demand for gall tissues, some
species of galling insects do not cause significant effects
on the photosynthetic performance of tissue surrounding
the gall or of the gall tissues themselves, as reported for
galls induced by aphids on RhAus glabra L. and by psyllids
on Aspidosperma australe Miill. Arg. leaves (Larson 1998,
Oliveira et al. 2011).

The objective of the present study was to assess the
cascade of photochemical apparatus responses caused
by the induction of galls on Aspidosperma tomentosum
Mart. (Apocynaceac) leaves by Pseudophacopteron longi-
caudatum (Malenovsky, Burckhardt, Queiroz, Isaias &
Oliveira) (Hemiptera: Psyllidae), a phloem-sucking galling
insect (Malenovsky et al. 2015, Oliveira et al. 2016).
The P. longicaudatum galling insect can induce galls on
two host plants, Aspidosperma tomentosum Mart. and
Aspidosperma macrocarpon Mart. (Malenovsky et al.
2015). In both host plants, the first-instar nymph of the
galling insect induces galls on the abaxial leaf surface and
develops an intralaminar globoid morphotype (Isaias et
al. 2013). For the current study, we analyzed the photo-
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chemical efficiency of gall tissues in three stages of gall
development (i.e., young, mature, and senescent). We
also assessed the photosynthetic pigments, carbohydrate
content, leaf specific mass, tissue water storage, and relative
water content in order to understand the photosynthetic
and source—sink relationships occurring during the leaf
gall development on A. tomentosum.

Materials and methods

Study area and plant sampling: The samples of non-
galled leaves and galls on A. fomentosum (Fig. 14) were
collected in the Cerrado stricto sensu in Minas Gerais,
Brazilian southeast (18°58'57"S, 48°17'45"W). The climate
is megathermic Cwa with well-defined dry and wet seasons
(Alvares et al. 2013). This host species is deciduous,
losing its leaves mainly in October. During leaf sprouting,
the P. longicaudatum galling insect induces the gall on the
abaxial leaf surface in a highly synchronized and adjusted
behavior with its host plant phenology (Malenovsky et al.
2015). The galls and non-galled leaves were sampled in
young (November to December), mature (February to
April), and senescent stages (June to September). The gall
stages were defined based on the gall size and color: young
galls (first white green callus induced on young leaves),
mature galls (larger and dark green protuberance, sampled
on mature leaves), and senescent galls (opened galls).
For the senescent stage we considered green and opened
galls without the galling insects. In order to evaluate the
physiological parameters, all samples were collected
between 6 and 8 h during the first hours of daylight, stored
in ice, and analyzed within 1 h after harvesting to avoid
pigment deterioration and metabolic changes.

General features of the gall system: The P. longicaudatum
galls induced on leaves of 4. tomentosum are green and
intralaminar (Fig. 1B-D). The mature galls occur on
mature leaves (Fig. 1B), while the senescent galls usually
occur when the leaf starts losing Chl during its own
senescence; however, the galls continue being green with
Chl in tissues in a process denominated as ‘green islands’
(Fig. 1C). The gall has a single larval chamber in the center
of its structure, surrounded by a parenchymatous cortex
and Chl tissue on both gall surfaces (Fig. 1D).

Photosynthetic pigment content and Chl a fluorescence:
For the extraction of photosynthetic pigments (Chl and
carotenoids), samples from fresh non-galled leaves and
galled tissues of 15 individuals were collected in the three
developmental stages (young, mature, and senescent) with
a 0.9-cm? disk cutter, weighed and stored in 5 ml of 80%
acetone (v/v) for 48 h. During this period, the samples
were stored in amber containers protected from light.
Subsequently, they were ground and suspended in a 10 ml
of 80% acetone, followed by centrifugation at 3,000 rpm
for 3 min. The supernatant was analyzed with a UV-Vis
spectrophotometer (Digital spectrophotometer Biospectro,
200-1,000 nm, Brazil) at wavelengths of 470, 646, and
663 nm. The Chl a, Chl b, and carotenoid concentrations
were obtained by the method of Lichtenthaler and Wellburn
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(1983) and the results are reported as pg(pigment) per
gram of fresh mass.

The transitory fluorescence of Chl a between light and
dark adaptation was obtained using the Handy FluorCam
(Photon Systems Instruments, Czech Republic) with the
FluorCam 7 software (quenching protocol). The measure-
ments were made on 15 non-galled leaves and galls in
the three developmental stages, with gall and non-galled
measurements taken on the same leaf. The fluorescence
tests were performed in the field, and the leaves were
removed from the plant with subsequent and immediate
analysis. The Kautsky effect (Stirbet 2011) was calculated
in order to determine the Chl relaxation to excitation
cycle. The following photosynthetic parameters associated
with the Kautsky effect were calculated and used in the
current study: Fo — minimum fluorescence of PSII in dark-
adapted state; F,, — maximum fluorescence of PSII in
dark-adapted state; F./F,, —-maximum PSII quantum yield
in dark-adapted state, where F, = F,, — Fo; (F»' — F")/Fy' —
PSII operating efficiency in light-adapted steady-state,
where F,,' is the fluorescent signal when all PSII centers are
closed in the light-adapted state and F' is the measurement
of the light-adapted fluorescence signal; NPQ — steady-
state nonphotochemical quenching in light; and Ry —
fluorescence decline ratio in steady state (Genty ef al
1989, Oxborough 2004).

Carbohydrate content: The content of water-soluble poly-
saccharides, total soluble sugars, and starch was analyzed
in leaves (n = 10) and galls (n = 10) in all developmental
stages using the phenol-sulfuric acid colorimetric method
with 20 mg of dry sample (Chow and Landhédusser 2004).
For extraction of the total soluble sugars (TSS), a mixture
of methanol:chloroform: water (12:5:3, v/v) was used
(Bielski and Turner 1966), followed by resuspension of
the residue in 10% ethanol to extract the content of water-
soluble polysaccharides (WSP) (Shannon 1968). The last
extraction for measurement of the starch content was done
with the resuspension of the pellet in a solution of 30%
perchloric acid (McCready ef al. 1950). The same protocol
was used on glucose as control. The experiments were
performed in triplicate for each sample and the results are
reported as mg carbohydrate per gram of dry mass.

Leaf specific mass (LSM), succulence, and relative
water content (RWC): All measurements were made
with a 0.64-cm? discs cut from three non-galled leaves
and galls in all developmental stages from five individuals
(n = 15). Fresh samples were weighed (fresh mass, FM)
after soaking for 24 h in distilled water (turgid mass, TM),
and after drying in an oven at 50°C for 24 h (dry mass,
DM) (Turner 1981). LSM was calculated dividing DM
by disc area (Witkowski and Lamont 1991). Succulence
was determined using the (TM — DM)/(DM) formula
from Ogburn and Edwards (2012), and the (FM — DM)/
(TM — DM) equation in order to obtain RWC.

Statistical analyses: Factorial analysis of variance
(ANOVA) followed by the Tukey's test was used to analyze
differences between non-galled leaves and galls in all

stages of development. The following parameters were
tested: Chl a, Chl b, total Chl, Chl a/b ratio, carotenoids
(Car), total Chl/Car, carbohydrate content (total soluble
sugars, water-soluble polysaccharides, and starch), as well
as each of the Chl « fluorescence parameters. The Chl a
fluorescence values obtained for each plant sample were
treated as random effects to determine the dependence
between galls and non-galled leaf tissues. All tests were
carried out using the R Stats (R Core Team 2017) and
R Studio. All models were corrected when needed to
improve residual distribution, with the level of significance
set at 5%.

Results

Photosynthetic pigments and Chl a fluorescence: The
Chl-containing tissues occurred especially on the outer
regions of the gall, on both adaxial and abaxial surfaces
(Fig. 1D). There was a clear difference in the content of
photosynthetic pigments between non-galled leaves and
galls in all developmental stages (Table 1). In general, non-
galled leaf tissues contained more Chl and Car per gram
of sample (F; s = 70.5, p<0.001; F, 54 = 153.4, p<0.001,
respectively) (Table 1). Total Chl was reduced in both gall
tissues and non-galled tissues during development (F, s =
123.9, p<0.001). The Car content increased from young
to mature galls and decreased from mature to senescent
galls (Fo54 = 25.7, p<0.001). In non-galled tissues, Car
increased from the young to the mature stage, but the
content remained the same through senescence. The
Chl a/b ratios of young and mature stages were similar in
gall and leaf; however, in senescence, the gall Chl ratio
was higher (F,5; = 29.9, p<0.001). The ratio between Chl
and Car was equal in mature galls and leaf tissues, but
during senescence it became higher in galls then in leaves
(Fz,g] = 228,p<0001)

The Chl a fluorescence transient experiment during
light excitement and dark relaxation (Kautsky effect)
showed similar patterns in young and mature non-galled
and galled tissues (Fig. 2). However, when senescent non-
galled and galled tissues were compared, fluorescence
was maintained in the galls through the Kautsky effect,
while it was drastically reduced in the leaves (Fig. 2C).
The minimum fluorescence in the dark-adapted state (F,)
increased in mature and senescent galls (z = 6.4; p<0.001
and z = 10.6; p<0.001, respectively), while it remained
stable at low values in non-galled tissues (Table 2). The
maximum fluorescence in the dark-adapted state (F,,) was
lower in young galls than in non-galled tissues (z = 6;
»<0.001), but similar in mature tissues and higher in
senescent gall tissues (z = 5; p<0.001). The maximum
PSII quantum yield (F.,/F.) was significantly higher in
non-galled leaves (t = 66.8; p<0.001) and was reduced
in both non-galled leaves and galls during senescence.
The PSII operating efficiency in light-adapted steady
state [(F.' — F')/F.'] was higher in young and mature non-
galled tissues than that in galls. However, (Fn' — F')/Fu'
was higher in senescent galls than that in senescent non-
galled leaves. The fluorescence decline ratio in steady state
(Rsu), used to measure plant vitality, was lower in young
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Fig. 1. Galls induced on Aspidosperma tomentosum
(Apocynaceae) leaves by the galling insect Pseudo-
phacopteron longicaudatum. (4) General view of
A. tomentosum; (B) mature leaf with mature galls;
(C) senescent leaf with green galls, showing the ‘green
island’ effect; (D) transversal section of a mature gall,
showing chlorophyllous tissues near to epidermis.
CT — chlorophyllous tissues; PC — parenchymatous

~ N
"J® cortex; LC — larval chamber.

Table 1. Photosynthetic pigment contents in non-galled leaves of Aspidosperma tomentosum and galls induced by Pseudophacopteron
longicaudatum. The leaves and galls (n = 15) were analyzed considering three different stages of maturation: young, mature, and
senescent. The data compared together non-galled and galled tissues, and their developmental stages, using factorial ANOVA with
posterior Tukey's HSD test considering differences below 5%. FM — fresh mass.

Developmental —Total Chl [pug g'(FM)] Carotenoids [pg g '(FM)]  Chl a/b Total Chl/carotenoids

stages Non-galled  Galls Non-galled  Galls Non-galled  Galls Non-galled  Galls
leaves leaves leaves leaves

Young 1.82+0.43* 1.01+£0.39° 0.21 +0.06"° 0.13+0.05¢ 2434023 242+037° 828+1.06° 7.36+0.90°

Mature 1.28+£0.22° 0.51+£0.12° 0.36+0.05* 0.20+0.03> 7.30+0.29° 5.60+2.08" 3.51+029 2.65+0.68"

Senescent 0.40+0.29° 0.18+0.11¢ 0.32+0.09° 0.10+0.02° 1.91+0.90° 4.11+0.69° 1.05+0.75¢ 1.74+0.87°

and mature galls than that in non-galled tissues (z = 6.3;
2<0.001 and z = 5.6; p<0.001, respectively), except during
senescence when the values were similar. The steady-state
nonphotochemical quenching (NPQ) was similar in young
galls and non-galled tissues, while in mature galls it was
lower than that in leaves (z = 5.6; p<0.001). No difference
in NPQ (z = 2; p>0.05) was observed in senescent galls
and leaves.

Carbohydrate content: The total soluble sugars increased
throughout the developmental stages in both non-galled
tissues and galls (Foss = 149.1; p<0.001), with no
difference between them (Table 3). The water-soluble
polysaccharides were higher in young galls than that in
young leaves and increased throughout development
(F25=71.5; p<0.001). The starch content differed between
gall and non-galled leaf tissues (F»s5; = 32.2; p<0.001); no
difference of starch content was in mature galls and non-
galled leaves, but senescent galls showed higher starch
accumulation compared to all other tissues.

Relative water content, leaf specific mass, and succu-
lence: The relative water content differed between non-
galled and gall tissues (F»7 = 10.2; p<0.001) (Table 4).
Galls and non-galled leaves had similar values during
the young and senescent stages, but a faster increase in
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the water content occurred in galls than that in non-
galled leaves throughout the developmental stages, with
the content remaining high at the senescent stage. The
leaf specific mass was significantly higher in gall tissues
(Fo» = 39.0; p<0.001), increasing throughout their
development. The specific mass of non-galled leaf tissues
increased to maturity, but decreased during senescence.
Galls had also higher succulence than non-galled leaf
tissues (F»73 = 27.4; p<0.001) (Table 4). In both, galls and
non-galled tissues, the mature stage exhibited the lowest
succulence.

Discussion

The P longicaudatum feeding activity changes the 4.
tomentosum leaf cell and functions during gall development
(Martini et al. 2020, in press), leading to a loss of primary
functions in host leaves. The Chl concentrations decreased
in gall tissues, promoting a photochemical imbalance. As
expected, the low photosynthetic efficiency of galls did
not reduce the carbohydrate resources. On the other hand,
there was a significant increase in carbohydrates along
gall development, especially starch. We also detected
an increase of starch even in the senescent galls. This
result may reflect the formation of the ‘green island’,
described here for the first time in P. longicaudatum galls.
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Fig. 2. Chlorophyll a fluorescence transient experiment during
light excitement and dark relaxation (Kautsky effect) in Pseudo-
phacopteron longicaudatum galls (solid circle) and Aspido-
sperma tomentosum non-galled leaves (open circle). (4) Young
phase; (B) mature phase; (C) senescent phase. Far-red light
pulses (black arrow). Fy — minimal fluorescence yield of the
dark-adapted state; F,, — maximal fluorescence yield of the dark-
adapted state.

The ‘green island’ effect seems to break the pattern of
resource mobilization usually reported for the process of
senescence, maintaining carbohydrates and succulence in
the galls until the galling insect comes out.

The galling insects create functional compartments in
galls, changing the normal structure, chemistry, and physio-
logical features of the host plant for their own benefit
(Oliveira et al. 2014, Braganga et al. 2016). In this
context, the maintenance of photosynthesis in galls
seems to be an adaptive advantage for the galling insect.
Photosynthesis provides tissue oxygenation and carbon
dioxide consumption in gall tissues, preventing hypoxia
and hypercarbia (Castro et al. 2012, Pincebourde and
Casas 2016). The occurrence of green and photosynthetic

galls has been reported in the neotropical region, as shown
for intralaminar leaf galls on Aspidosperma spruceanum
Benth. and Aspidosperma australe Miill. Arg (Oliveira
et al. 2011), intralaminar leaf galls on Matayba guianensis
Aubl. (Oliveira et al. 2017), and horn-shaped galls on
leaflets of Copaifera langsdorffii Desf. (Castro et al.
2012). In the current study, the non-galled leaves had a
higher concentration of Chl (i.e., total Chls and Car) than
that of P. longicaudatum galls. The reduction of Chl is
a usual phenomenon in galls (Oliveira et al. 2011, Dias
et al. 2013, Kmie¢ et al. 2018, Rezende et al. 2018) and
has been associated with cellular volume extension of
galls and consequently pigment dilution (Oliveira et al.
2011, Dias et al. 2013). Chl dilution in galls was supported
by the increase of relative water content and succulence
compared to non-galled leaves at mature and senescent
stages, causing a reduction in pigment concentration. As
a special case, P. longicaudatum galls did not lose all
Chl and Car contents during senescence, showing it as so
called ‘green island’. The ‘green island’ effect promotes a
delay in senescence by the parasite stimulus (Kaiser ef al.
2010) and may maintain the insect and gall tissues alive
until the complete nymph development and adult comes
out, despite the death of the surrounding leaf tissue.

In general, the reduction of Chl pigments can be asso-
ciated with changes and/or damage to the photosynthetic
apparatus (Baker and Oxborough 2004), supporting the
photochemical imbalance found in P. longicaudatum galls.
The minimum fluorescence in dark-adapted state (Fo) is
a stress indicator in plants since it reflects the status of
the PSII reaction center. In non-galled tissue, the reaction
centers are open, and fluorescence is low, as shown in
different developmental stages of non-galled tissues of
A. tomentosum. However, in mature and senescent gall
phases, higher F, values indicate that most of the PSII
reaction center remains closed and the electron transporter
chain oxidized (Bolhar-Nordenkampf er al 1989).
Thus, using the F,, we can propose that higher values in
galls, compared with non-galled leaves, may represent
an oxidative stress in gall tissues. The higher values of
maximum fluorescence in the dark-adapted state (F.,) of
young and mature non-galled leaves suggests that gall
induction leads to a reduction of PSII numbers, which can
be recovered after the mature gall stage. The reduction of
F.. values after gall induction has been described in many
other gall systems (Oliveiraezal. 2011,2017; Carneiro et al.
2014b) and seems to be another good indicator of changes
in gall tissues. As a result of the senescence processes,
we can note a reduction of maximum PSII quantum yield
(F\/Fs) and PSII operating efficiency [(F.' — F')/Fi'] both
in A. tomentosum non-galled tissue and P. longicaudatum
galls. Similar results have been reported in the literature,
e.g., for Eugeniamyia dispar Maia. on the leaves of
Eugenia uniflora L. (Rezende et al. 2018), Bystracoccus
mataybae Hodsgon. on leaflets of M. guianensis (Oliveira
etal. 2017), and many others (e.g., Larson 1998, Florentine
et al. 2005), indicating that this is a usual response.

Car are related to energy dissipation during photo-
synthesis, protecting the photosynthetic apparatus against
photodamage (Niyogi 2000). Moreover, the high concen-
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Table 2. Chlorophyll a fluorescence analysis in Aspidosperma tomentosum leaves and Pseudophacopteron longicaudatum galls. Leaves
and galls (n = 15) were analyzed under paired experiment which measured galls and non-galled tissue in the same leaf, considering
the three different stages of maturation: young, mature, and senescent. Fy — minimal fluorescence yield of the dark-adapted state;
F,, — maximal fluorescence yield of the dark-adapted state; F, — variable fluorescence; F./F,, — maximum PSII quantum yield in dark-
adapted state; F' — measurement of the light-adapted fluorescence signal; F', — fluorescent signal when all PSII centers are closed in
the light-adapted state; (F.' — F')/F.' — PSII operating efficiency in light-adapted steady state; NPQ — steady-state nonphotochemical
quenching in light; Ry — fluorescence decline ratio in steady state. The data compared together non-galled and galled tissues (in the row),
and their developmental stages, using a factorial nested ANOVA with posterior Tukey's HSD test considering differences below 5%.

Parameter Non-galled leaves Galls

Young Mature Senescent Young Mature Senescent
Fo 4531 +2.86°  50.55+4.30° 49.00+4.22° 5344+451° 7520+8.50° 89.20+17.90°
Fin 225.28 £ 14.47* 256.60 +21.70° 179.40 + 17.20" 147.54 + 15.05* 249.80 +29.90* 222.10 + 41.60°
(Fu'-F)/F.'  0.63+0.01° 0.59+0.01* 0.40 +0.01° 0.50 £ 0.05° 0.48 +£0.02° 0.50 +0.05°
Fu/Fn 0.79 £ 0.08* 0.80 +£0.01* 0.72 +£0.01° 0.69 +0.02° 0.69 +0.03" 0.59 +£0.07°
NPQ 1.70 £0.12% 222+0.16 0.69 +0.18° 1.69 +0.26° 1.33+0.20° 0.92 +0.33¢
R 2.55+0.10° 2.01 +0.40° 1.22+0.11¢ 1.93 £ 0.35° 1.57 £ 0.24¢ 1.20 +0.35¢

Table 3. Carbohydrate contents in Aspidosperma tomentosum leaves and Pseudophacopteron longicaudatum galls. The leaves and galls
(n = 10) were analyzed considering three different stages of maturation: young, mature, and senescent. The data compared together
non-galled leaves and galls, and their developmental stages, using factorial ANOVA with posterior Tukey's HSD test considering

differences below 5%. DM — dry mass.

Developmental  Total soluble sugars Water-soluble polysaccharides Starch
stages [mg g'(DM)] [mg g (DM)] [mg g(DM)]

Non-galled leaves Galls Non-galled leaves Galls Non-galled leaves Galls
Young 94.4 £ 38.5° 84.4 +28.6° 11.4+9.1¢ 302+ 14.7¢  235.7+67.1¢ 294.9 +102.5¢
Mature 333.9+£96.7° 258.7+96.6*  65.1 +£26.4° 51.3+£12.1° 183.4+37.29 162.2 £55.29
Senescent 444.6 + 112.6 507.6 +116.0* 146.8 + 63.4° 114.0+£36.7° 360.9 + 72.5° 410.7 £ 35.3¢

Table 4. Relative water content (RWC), leaf specific mass (LSM), and succulence (SU) in Aspidosperma tomentosum leaves and
Pseudophacopteron longicaudatum galls in all development stages. The data compared together non-galled leaves and galled tissues,
and their developmental stages, using factorial ANOVA with posterior Tukey's HSD test considering differences below 5%. DM — dry

mass.

Developmental RWC [%] LSM [mg(DM) cm ] SU [mg(H-0) g*(DM)]

stages Non-galled leaves Galls Non-galled leaves Galls Non-galled leaves Galls
Young 62.51 +10.00° 63.56+8.20°  9.20+1.10° 13.46+1.70° 2.52+0.57° 3.11+£0.76
Mature 64.29 +5.29° 76.94+4.15*  14.60 +0.72° 22.75+2.71*  0.90 +0.09¢ 2.10+£0.28°
Senescent 71.22 £4.25¢ 75.39+£4.78*  10.99 + 1.28¢ 28.07+6.14*  1.55+0.18° 3.23+£0.26*

tration of Car in plants can lead to increased energy
dissipation by heat (including NPQ values) from xantho-
phyll cycle (Demmig-Adams ef al. 1996), something
expected for P. longicaudatum galls. However, the steady-
state NPQ values in all gall phases showed the same pattern
for non-galled tissue. At first sight, these results seem to
represent no change in nonphotochemical dissipation due
to the low Car concentrations in the P. longicaudatum
galls. But the low concentration of Car in galls is similar to
the Chl dilution effect observed due the hyperplasia of gall
tissues, and the total Chl/Car ratio showed that there were
no changes in the proportional occurrence of Car. During
senescence (when the ‘green island’ effect was observed),
the Car even proportionally increased in galls.

Reactive oxygen species (mainly 'O, and H,0,) are
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responsible for damage to D1 protein at PSII reaction
centers, and F./F,, values lower in gall tissue compared
to non-galled tissue, as shown for P. longicaudatum galls,
indicate photoinhibition (Lichtenthaler and Miehé 1997,
Liittge e al. 1998, Oliveira ef al. 2017). Then, the decrease
in F,/F,, as reported here for P. longicaudatum galls,
implies PSII damage and reduced photochemical capacity
(Maxwell and Johnson 2000, Baczek-Kwinta et al. 2011).
The F,/F, ratio, as well as NPQ, help reduce 3Chl* (triplet
chlorophyll), which otherwise can transfer energy to O,
to generate the singlet oxygen (Pavlovi¢ 2012), and then
convert it into H,O, (Bhattacharjee 2010). Ry can also
assess stress status from gall induction until its complete
development. This is an empirical parameter used to
determine plant vitality in which values higher than 1 can
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indicate photosynthesis efficiency despite of any damage.
(Lichtenthaler and Miehé 1997). In non-galled leaves of
A. tomentosum and in P. longicaudatum galls, the young
stages were diagnosed as having better vitality, which
became worse closer to senescence. In addition, there was
a clear reduction of plant tissue vitality after gall induction
and development. Ry reduction after gall establishment
has been reported for E. dispar on the leaves of E. uniflora
(Rezende et al. 2018) and for B. mataybae on leaflets of
M. guianensis (Oliveira et al. 2017).

Despite the loss of tissue vitality in galls, RWC, succu-
lence, and LSM values were high. The term senescence in
plants is used for deteriorative and degenerative physio-
logical changes occurring during mitotic or replicative
senescence and postmitotic senescence (Woo et al. 2019).
In leaf senescence, there is a breakdown of chloroplasts
and reallocation of nutrients and resources (Buchanan-
Wollaston et al. 2003), in agreement with the lower
total Chl content and reduced photochemical capacity of
P longicaudatum senescent galls. The increase of water
content and succulence in P. longicaudatum galls is related
to cell hypertrophy and tissue hyperplasia (Oliveira and
Isaias 2010, Isaias et al. 2011, Ferreira and Isaias 2014,
Oliveira et al. 2016) mediated by turgor pressure from
vacuoles (Cosgrove 1986). The higher water content in
galls may also be related to the absence or low number
of stomata (Moura et al. 2008, Campos et al. 2010,
Oliveira et al. 2017) or to the occurrence of nonfunctional
stomata (Oliveira et al. 2006, Isaias et al. 2011). The
maintenance of relative water content and succulence
in P. longicaudatum senescent galls may be associated
with the ‘green island’ effect (Kaiser et al. 2010), which
maintains photosynthetic and watered tissues even during
senescence. In addition, the higher LSM values in galls
are a response to tissue growth and tissue density (Moreira
et al. 2014) as a consequence of cell division and extension
during gall formation.

P. longicaudatum is a phloem-sucking insect obtaining
resources directly from phloem (Malenovsky et al. 2015,
Oliveira et al. 2016). Phloem-sucking insects do not
develop a true nutritive tissue with proteins, lipids or
carbohydrate accumulation (Bronner 1992), which led us to
believe in a low carbohydrate reserve for P. longicaudatum
galls. However, the P. longicaudatum young galls showed
the content of water-soluble polysaccharides, total soluble
sugar, and starch closely similar to that of young non-galled
leaves, with all values increasing until gall senescence.
These results demonstrate changes in the pattern of
mobilization of carbohydrate resources described during
senescence processes, probably as a result of the ‘green
island’ effect. Since the insect is a phloem-sucking one,
our data show the metabolic energy cost of maintaining
the gall structure at the cellular level (Castro et al. 2012)
and indicate that the ‘green island’ effect probably also
requires a large allocation of energy to be maintained.
Therefore, although the decrease of photosynthetic rate
could weaken the sink demand (Retuerto ez al. 2004), this
is not true for galls induced by P. longicaudatum, which
stored more resources compared to non-galled leaves,
especially in the senescent stages.

Conclusion: The photosynthetic parameters showed that
P. longicaudatum galls maintained photosynthesis through-
out their development; however, the efficiency was lost
compared to non-galled tissue of A. tomentosum. The
pigment contents also decreased in galls (as a result of an
increasing cell water status), reducing the performance of
maximum quantum yield (F,/F.) and light-adapted [(F.' —
F')/F..'] states. Moreover, the high values of carbohydrate
resources in phloem-sucking P. longicaudatum galls
were not expected, possibly related to the formation of
the ‘green island’ effect, where gall needs resources to
maintain tissue functions after leaf senescence.
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