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a b s t r a c t

The generation of ROS (reactive oxygen species) in plant galls may induce the degradation of the mem-
brane systems of a plant cell and increase the number of plastoglobules. This numerical increase has
been related to the prevention of damage to the thylakoid systems, and to the maintenance of photosyn-
thesis rates. To investigate this hypothesis in gall systems, a comparative study of the ultrastructure of
chloroplasts in non-galled leaves and in leaf galls of A. australe and A. spruceanum was conducted. Also,
the pigment composition and the photosynthetic performance as estimated by chlorophyll fluorescence
measurements were evaluated. The ultrastructural analyses revealed an increase in the number and size
of plastoglobules in galls of both species studied. The levels of total chlorophylls and carotenoids were
lower in galls than in non-galled tissues. The chlorophyll a/b ratio did not differ between the non-galled
tissues and both kinds of galls. The values of maximum electron transport rate (ETRMAX) were similar
for all the samples. The occurrence of numerous large plastoglobules in the galled tissues seemed to be
related to oxidative stress and to the recovery of the thylakoid membrane systems. The maintenance
of the ETRMAX values indicated the existence of an efficient strategy to maintain similar photosynthetic
rates in galled and non-galled tissues.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Plant galls induced by insects have typical tissues [1–3] that are
formed by cell redifferentiation in their host organ. Consequently,
the neoformed tissues alter the host organ and the functions of the
gall structure itself. The attack of gall inducers may cause either
negative [4–7] or positive effects on the photosynthesis of the host
organs [8,9]. In the case of galls caused by aphids, these effects may
be neutral [6]. In most previous studies, the levels of photosynthetic
rates in galls were estimated by measuring gas exchange. However,
more recent studies have found significant alterations in photosyn-
thetic quantum yield in galls, with damage to the PSII in addition
to alterations in gas exchange and reduction in pigment contents
[7–13].

The induction and development of galls expose plant tissues
to high oxidative stress [14–17]. From the cytological point of
view, the oxidative stress can stimulate the degradation of the thy-
lakoid system and the formation of plastoglobules [18–20]. The
plastoglobules are subcompartments of the chloroplasts, and can
contain several kinds of lipids and proteins. Their functions are
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associated with the storage of molecular components, with the
recovery of the thylakoid membrane systems [21–25], and with
the scavenging of reactive oxygen species in chloroplasts [26,27].
The involvement of oxidative stress with the synthesis and stor-
age of plastoglobulines and other molecules, such as tocopherol,
has been correlated with the protection of the membranes from
photooxidation and the PSII from photoinactivation [28,29]. Thus,
because of the high oxidative stress, it is probable that the dif-
ferentiation of plastoglobules occurs in gall tissues as a strategy
to maintain photosynthesis in this neoformed organ. This differ-
entiation has not been investigated previously. The presence of
ROS (reactive oxygen species) in galls of Aspidosperma australe
and A. spruceanum was detected in previous studies [16,17], and
inspired an approach to check if there were more plastoglobules in
the cells where the ROS were detected. This may indicate a strat-
egy to prevent damage to the thylakoid systems. In addition, the
feeding activity of Pseudophacopteron sp. in A. australe differs from
that of the Cecidomyiidae in A. spruceanum. Pseudophacopteron is a
phloem-sucking insect while the Cecidomyiidae possesses scraper
feeding habit, which provokes greater damage to plant cells. Thus,
the feeding habit of the gall inducing herbivore can influence the
photosynthetic activity of the gall. To investigate these hypothe-
ses, a comparative study of the ultrastructure of the chloroplasts in
non-galled leaves and in leaf galls of A. australe and A. spruceanum
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Fig. 1. Morphological and anatomical aspects of the galls of Aspidosperma. (a) Gall of A. spruceanum, detail of gall projection on the adaxial leaf surface (arrow). (b) Gall of
A. australe, detail of gall projection on the adaxial leaf surface (arrow). (c) Cross sections of non-galled tissues (leaf) of A. spruceanum with chlorophyll tissue on the adaxial
surface (arrows). (d) Cross sections of non-galled tissues (leaf) of A. australe with chlorophyll tissue on the adaxial surface (arrows). (e) Cross sections of gall tissues of A.
spruceanum with chlorophyll tissue on the adaxial surface (arrows). (f) Cross sections of gall tissues of A. australe with chlorophyll tissue on the adaxial surface (arrows).
oc = outer cortex, ic = inner cortex.

was conducted. The results were related to their pigment com-
position, and to the photosynthetic performance as estimated by
measurements of chlorophyll fluorescence.

2. Materials and methods

2.1. Plant material collection

Trees of A. australe Müell. Arg. (n = 10) and A. spruceanum Benth.
ex Müell. Arg. (n = 10), remnants of a semi-deciduous forest, were
marked on the campus of the Universidade Federal de Minas Gerais
(43◦57′51′ ′W and 19◦52′11′ ′S). Non-galled leaves and mature galls
of A. australe induced by Pseudophacopteron sp. (Hemiptera), and
of Aspidosperma spruceanum induced by an unidentified species of
Diptera: Cecidomyiidae were collected for cytological and pigment
studies, and analyzed in situ for chlorophyll fluorescence measure-
ments.

2.2. Histometric analysis of chlorophyll parenchyma

The areas of chlorophyll parenchyma were measured in cross-
sections of non-galled leaves (n = 40) and galls (n = 40) with the
Axio-Vision 4.7® software. The data were expressed as the percent-
age of chlorophyll tissue within the total tissue, per unit surface
area. Numerical data were submitted to an ANOVA, followed by
Tukey’s test (P ≤ 0.05) using Graphpad Prism® software.

2.3. Cytological analyses

The samples were fixed in 4% Karnovsky for 24 h [30], modified
by the addition of 0.1 M phosphate buffer (pH 7.2), post-fixed in 1%
osmium tetroxide in 0.1 M phosphate buffer (pH 7.2), dehydrated in
an ethanol series [31], and embedded in Araldite® [32]. The material
was cross-sectioned in a Reichert-Jung Ultracut ultramicrotome,
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contrasted in uranyl acetate and lead citrate [33], and analyzed in
a ZEISS EM 109 Transmission Electron Microscope.

2.4. Pigment content and chlorophyll fluorescence

Pigments of non-galled leaves non-galled tissues of galled leaves
(disks of 1 cm2), and mature galls (n = 10) were extracted in 80%
acetone (v/v) after maceration and centrifugation All samples were
weighted, the galls were scanned, and the area of their tissues were
calculated by the Axio-vision software. The contents of chloro-
phylls a and b, and carotenoids were obtained using the equations
proposed by Lichtenthaler and Wellburn [34], and the pigment
contents were calculated on area and fresh weight basis.

The photosynthetic performances of non-galled leaves, non-
galled tissues of galled leaves, and galls (n = 5) were evaluated by
fluorescence measurements using a modulated chlorophyll fluo-
rometer (MINI-PAM, Walz, Effeltrich, Germany). The values of the
potential quantum yield of PSII (FV/FM) were determined in the
leaves of four individuals of each species at pre-dawn and at mid-
day, after adaptation in the dark for 30 min. The photosynthetic
performance under increasing levels of light was determined using
the light curve program of the instrument, with increasing levels of
photosynthetically active radiation (PAR) for 4 min, in 8 steps of 30 s
each. At the end of each light level, a saturation pulse was applied
and the chlorophyll fluorescence parameters were recorded. The
effective quantum yield of PSII (�F/Fm

′) was determined by the
formula �F/Fm

′ = (Fm
′ − F)/Fm

′, where F is the steady-state chloro-
phyll fluorescence yield of light-adapted samples and Fm

′ is the
maximum chlorophyll fluorescence caused by the saturation pulse
[35]. The apparent electron transport rate was estimated consid-
ering the ETR = 0.5 (�F/Fm

′) × PPF × 0.84, where 0.5 is the fraction
of excitation energy distributed to PII, PPF is the incident photo-
synthetic photon flux, and 0.84 is the fractional light absorbance
[36,37]. By the instantaneous light curves, the maximum apparent
electron transport (ETRMAX), saturating photosynthetically active
radiation (PARSAT), and PAR in 1/2 of ETRMAX was obtained [38].

3. Results

3.1. General features of galls

The leaf galls induced by Cecidomyiidae in A. spruceanum, and
those induced by Pseudophacopteron sp. in A. australe form a slight
projection of the adaxial surface (Fig. 1a and b), and a prominent
projection of the abaxial surface of their host leaves. The larval
chamber is central, and shelters one individual insect in both cases.

3.2. Histometric analysis of chlorophyll tissue

The chlorophyll tissue in the leaves of both Aspidosperma spp. is
differentiated into palisade and spongy parenchymas (Fig. 1c and
d). This tissue is restricted to the outer cortex of the galls of Aspi-
dosperma spp. located at the adaxial side of the leaf lamina (Fig. 1e
and f). The percentage of chlorophyll tissue decreases during the
development of the two gall morphotypes (Fig. 2a and b).

3.3. Cytological analyses

The cells of the mesophyll, mainly those of the palisade
parenchyma, of the non-galled tissues of A. australe have many
chloroplasts with primary starch grains (Fig. 3a). The membrane
systems of these chloroplasts have normal grana and thylakoid
(Fig. 3b). In the mature galls of this species, the chloroplasts are
concentrated in the outer cortex. These plastids have conspicuous
lamellation, even though disorganization of the thylakoid system
is apparent, and therefore the stacking of the membranes is less

Fig. 2. Histometric analysis of the chlorophyll tissue of Aspidosperma. (a) Percentage
of non-galled and galled chlorophyll tissues of Aspidosperma australe. (b) Percent-
age of non-galled and galled chlorophyll tissue of Aspidosperma spruceanum. Bars
followed by the same letter do not differ significantly at P < 0.05 level by the Tukey’s
test.

evident, altering the structure of the grana (Fig. 3c and d). Plas-
toglobules (Fig. 3c) associated with the thylakoid systems (Fig. 3d
and e), and a few starch grains are observed at the periphery of the
chloroplasts.

The cytological features of A. spruceanum are similar to those
of A. australe. The non-galled tissues have chloroplasts with strong
lamellation associated with primary starch grains (Fig. 4a and b).
The galls also have starch grains, plastoglobules mainly at the
periphery of the chloroplasts (Fig. 4c and d). The disorganization
of the thylakoid membrane system, and the loss of the integrity of
the grana are also apparent (Fig. 4c and d).

3.4. Photosynthetic pigments and chlorophyll a fluorescence

The photosynthetic pigment contents (total chlorophylls
and carotenoids), and the ratios of chlorophyll a/b and total
carotenoids/chlorophyll were similar in both the non-galled leaves
and in the non-galled portion of the galled leaves of both species,
either on area or weight basis (Table 1). However, the total con-
tents of chlorophylls and carotenoid in the galls were lower than
those in the non-galled leaves of A. spruceanum, and A. aus-
trale. The carotenoid/chlorophyll ratio was lower in the galls of
A. spruceanum. The chlorophyll a/b ratio did not differ among the
samples of both species.

The values of FV/FM at midday were higher than 0.8
(data not presented), and photoinhibition was not detected
either in non-galled or in galled leaves (in non-galled por-
tions and in the galls) of both species. The values of ETR
were similar for all the samples of both host plant species
(Table 1). The galls of A. australe had values of ETRMAX of
64.0 ± 11.9 �mol m−2 s−1, while the non-galled leaves, and the
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Fig. 3. Transmission electron micrographs of the cells of the mesophyll in non-galled leaves and galls of Aspidosperma australe. (a and b) Detail of a chloroplast in non-
galled leaf. Intense lamellation and associated starch grains. (c) Cells of the outer gall cortex with plastids and plastoglobules. (d) A chloroplast with disaggregation of the
membrane system and plastoglobules grouped at its periphery. (e) Detail of a plastoglobule in a chloroplast. ch – chloroplast, cw – cell wall, gra – grana, m – mitochondria,
p – plastoglobule, s – starch, v – vacuole.

non-galled tissues of galled leaves had values of 74.6 ± 29.7 and
73.6 ± 30.6 �mol m−2 s−1, respectively. The galls of A. spruceanum
showed values of ETRMAX of 62.1 ± 30.1 �mol m−2 s−1, while in
non-galled leaves and in non-galled tissues of galled leaves,
these values were about 50.3 ± 16.3 and 42.7 ± 16.6 �mol m−2 s−1,
respectively. The light curves showed no statistical differences
between PARSAT and PAR in 1/2ETRMAX. A. australe showed a satu-
rating PAR between 606.3 ± 22.1 and 676.8 ± 181.8 �mol m−2 s−1,
while A. spruceanum PAR ranged between 452.7 ± 128.7 and
524.2 ± 128.7 �mol m−2 s−1.

4. Discussion

4.1. Histometric analysis of chlorophyll tissue and pigment
contents

The galls of Aspidosperma spp. contained smaller amounts of
photosynthetic pigments, as previously observed by Yang et al. [10]
in galls of Marchilus thunbergii induced by a cecidomyiid. Also, the
chlorophyll tissues were limited to the outer cortex, in both A. aus-
trale and in A. spruceanum. This position is several cell layers away
from the feeding site of the galling larvae, which is the area of the
gall with the highest level of oxidative stress [16,17]. Thus, it is

plausible that the alterations in the pigment contents were not due
to a reduction in the synthesis or degradation of pigments, but to
an increase of non-chlorophyll tissues, as observed in the galls of A.
australe and A. spruceanum. Also, there is no indication that the galls
alter the phenology of their host plants [39], which proves that the
reduction in pigment contents is not associated to leaf senescence.

4.2. Chlorophyll a fluorescence and chloroplast ultrastructure

The increase in number and size of plastoglobules at the periph-
ery of the chloroplasts is cytological evidence of the increase of
oxidative stress in gall tissues. The plastoglobules contain, among
other proteins, tocopherol cyclase, an enzyme whose activity
increases with oxidative stress. Tocopherol cyclase protects the
thylakoid membranes and the proteins related to photosynthe-
sis from damage caused by the ROS [40,41]. Also, this enzyme is
proposed as a molecule that protects the membrane lipids from
photooxidation, and photosystem II from photoinactivation [28].
The plastoglobules are functionally coupled, and structurally linked
to each other and to the membranes of the thylakoids. This cou-
pling allows the free exchange of lipophilic molecules such as
plastoquinones, carotenoids, and tocopherol (VTE1) between the
thylakoids and the plastoglobules, which is the site of synthesis
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Fig. 4. Transmission electron micrographs of mesophyll cells in non-galled leaves and galls of Aspidosperma spruceanum. (a and b) Detail of a chloroplast in non-galled leaf.
Intense lamellation and associated starch grains. (c) Cells of the outer cortex of the gall with plastoglobules in a chloroplast. (d) Detail of a chloroplast with disaggregation
of the membrane system and grouped plastoglobules at its periphery. ch – chloroplast, cw – cell wall, gra – grana, m – mitochondria, p – plastoglobule, v – vacuole.

and storage of these substances. These molecules serve as electron
corridors, protecting the photosynthetic apparatus from damage
caused by the free radicals [19]. Also, tocopherol cyclase catalyzes
the penultimate stage in the process of tocopherol synthesis (vita-
min E) [19,41]. The production of carotenes and tocopherol is the
mechanism of scavenging of the ROS in chloroplasts [26,27]. In the
galls of A. australe and A. spruceanum, there was no variation in
the ratio of carotenoids/total chlorophyll, which may suggest that

the increase in number and size of plastoglobules did not result in
changes in the pool of carotenoids. Nevertheless, the functioning of
the PSII was not affected by gall induction.

By the larger number and size of the plastoglobules in the galls
of Aspidosperma spp, there should be an increase in tocopherol
and plastoglobulins synthesis [19,29]. In Arabidopsis and tobacco
leaves, the increase in plastoglobulines increased the tolerance to
light stress, while plants with reduced levels of this protein were

Table 1
Pigment contents (chlorophylls a and b, and carotenoids) in non-galled leaves, non-galled tissues of galled leaves and galls of Aspidosperma australe and A. spruceanum. Values
followed by the same letters in the same line do not differ significantly at P ≤ 0.05 level by the Tukey’s test (n = 10 ± SD for pigment contents, and n = 5 ± SD for ETR dates).

Total chlorophylls Carotenoids Chl a/b Carot/chl ETRMAX

(�mol m−2 s−1)
PAR sat
(�mol m−2 s−1)

PAR 1/2ETRMAX

(�mol m−2 s−1)

(�g cm−2 FM) (mg g−1 FM) (�g cm−2 FM) (mg g−1 FM)

A. australe
Non-galled leaves 76.8 ± 24.9a 3.7 ± 1.2a 16.6 ± 4.1a 0.8 ± 0.2a 3.0 ± 0.1a 0.22 ± 0.02a 74.6 ± 29.7a 621.1 ± 229.6a 186.9 ± 69.3a

Non-galled tissues 51,6 ± 17.1ab 3.0 ± 1.0a 12.0 ± 3.4ab 0.7 ± 0.2a 3.7 ± 0.8a 0.23 ± 0.1a 73.7 ± 30.6a 606.3 ± 222.1a 182.7 ± 67.0a

Galls 35.5 ± 19.7b 0.9 ± 0.5b 7.9 ± 3.9b 0.2 ± 0.1b 3.4 ± 1.4a 0.22 ± 0.07a 64.0 ± 12.0a 676.8 ± 181.8a 203.9 ± 54.7a

P 0.0008 0.0006 0.042 0.030 0.536 0.969 0.722 0.808 0.807

A. spruceanum
Non-galled leaves 51.5 ± 13.6a 1.9 ± 0.5a 13.6 ± 2.7a 0.5 ± 0.1a 4.04 ± 1.7a 0.23 ± 0.03a 50.4 ± 16.3a 473.6 ± 117.6a 142.7 ± 53.4a

Non-galled tissues 48.8 ± 10.8a 1.8 ± 0.4a 8.4 ± 2.7a 0.31 ± 0.1a 3.92 ± 1.0a 0.18 ± 0.07a 42.7 ± 16.6a 452.7 ± 128.7a 136.4 ± 38.7a

Galls 10.5 ± 3.5b 0.6 ± 0.2b 1.7 ± 0.8b 0.1 ± 0.05b 3.55 ± 0.7a 0.15 ± 0.05b 62.1 ± 30.1a 524.2 ± 128.7a 159.5 ± 57.6a

P <0.0001 <0.0001 0.0001 0.0001 0.774 0.050 0.300 0.557 0.618
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strongly photoinhibited [29,42,43]. This would constitute an alter-
native strategy to protect the photosynthetic apparatus against the
damage caused by oxidative stress during gall formation. This sup-
position was corroborated by the similarity between ETR values in
the non-galled and galled tissues.

4.3. Feeding habit × photosynthesis

In A. australe, the galls induced by Pseudophacopteron sp, a suck-
ing insect, did not present a nutritive tissue [16]. However, its
feeding activity. could increase the sinking of photoassimilates
towards the gall site. In A. spruceanum, a typical nutritive tissue,
spatially separated from the chlorophyllian tissue by layers of lig-
nified cells, was differentiated [17]. The development of this specific
site for the feeding of the galling herbivore should explain the
low damage caused to the photosynthetic cells and, consequently,
the maintenance of the photosynthetic rates. According to Craw-
ley [44], the photosynthetic rates may be increased in the host
plants in function of additional sinks induced by sucking insects.
Similarly, insect galls that do not cause mechanical damages to
the photosynthetic cells can increase the photosynthetic rates in
their host plant [45,46], or simply do not to alter these rates as
was observed in A. australe. Although the symptoms detected dur-
ing the development of the galls of A. australe and A. spruceanum
indicated an increase in the oxidative stress, and damages to the
membrane system of the chloroplasts, the photosynthetic perfor-
mance assessed by chlorophyll a fluorescence remained unaffected.
Also, plant cells may respond to galling stimuli by differentiating
plastoglobules, which additionally can explain the maintenance of
the photosynthetic performance in its host plant tissues.

4.4. Conclusions

Even though structural changes and sites of oxidative stress
were detected during the development of the galls of A. australe and
A. spruceanum [16,17], the damage to the chloroplast membrane
system was not accompanied by a reduction in photosynthetic per-
formance. Our results indicate that the two systems have distinct
plant anatomical responses to the feeding activity of their asso-
ciated galling herbivores. Nevertheless, the plastoglobules as ROS
scavengers may generate an equilibrium in the physiology of the
galls converging to the maintenance of the photosynthetic perfor-
mance. This is the first evidence of a similar cytological strategy
in response to two distinct galling herbivores attack in galls of
Neotropical plants.

Acknowledgments

The authors thank FAPEMIG (CBB 782/06) and CNPq for financial
support; the CEME of the Universidade Federal de Minas Gerais;
the Electron Microscopy Laboratory of the Universidade Federal de
Lavras; and Prof. Dr. Eduardo Alves and M.Sc. Eloisa A. das Graças
Leite for helping with the MET analysis, and Janet Reid for language
revision of the final version.

References

[1] M.S. Mani, Ecology of Plant Galls, Dr. W. Junk Publishers, The Hague, 1964.
[2] A. Raman, Insect-induced plant galls of India: unresolved questions, Curr. Sci.

92 (2007) 748–757.
[3] D.C. Oliveira, R.M.S. Isaias, Redifferentiation of leaflet tissues during gall midrib

gall development in Copaifera langsdorffii (Fabaceae), South Afr. J. Bot. 76
(2010) 239–248.

[4] G. Rilling, H. Steffan, Experiments on the carbon dioxide fixation and the assim-
ilate import by leaf galls of phylloxera, Dactylosphaera vitifolli, on grapevine,
Vitis rupestris, Angew. Bot. 52 (1978) 343–354.

[5] P.C. Andersen, R.F. Mizell, Phylloxera notabilis (Homoptera: Phylloxeridae) on
pecan foliage, Environ. Entomol. 16 (1987) 264–268.

[6] K.C. Larson, The impact of two gall-forming arthropods on the photosynthesis
rates of their host, Oecologia 115 (1998) 161–166.

[7] S.K. Florentine, A. Raman, K. Dhileepan, Effects of gall induction by Epiblema
strenuana on gas exchange, nutrients, and energetics in Parthenium hysteropho-
rus, BioControl 50 (2005) 787–801.

[8] G. Bogatto, L.C. Paquete, J.D. Shorthouse, Influence of galls of Phanacis taraxaci
on carbon partitioning within common dandelion, Taraxacum officinale, Ento-
mol. Exp. Appl. 79 (1996) 111–117.

[9] P.A. Fay, D.C. Hartnett, A.K. Knapp, Increased photosynthesis and water poten-
tials in Silphium integrifolium galled by cynipid wasps, Oecologia 93 (1993)
114–120.

[10] C.M. Yang, M.M. Yang, M.Y. Huang, J.M. Hsu, W.N. Jane, Herbivorous
insect causes deficiency of pigment–protein complexes in an oval-pointed
cecidomyiid gall of Machilus thunbergii leaves, Bot. Bull. Acad. Sinica 44 (2003)
314–321.

[11] C.M. Yang, M.M. Yang, M.Y. Huang, J.M. Hsu, W.N. Jane, Life time deficiency
of photosynthetic pigment-protein complexes CP1, A1 AB1, and AB2 in two
cecidomyiid galls derived from Machilus thunbergii leaves, Photosynthetica 45
(2007) 589–593.

[12] P.D. Nabity, J.A. Zavala, E.H. DeLucia, Indirect suppression of photosynthesis on
individual leaves by arthropod herbivory, Ann. Bot. 103 (2009) 655–663.

[13] G.W. Fernandes, M.S. Coelho, U. Lüttge, Photosynthetic efficiency of Clusia
arrudae leaf tissue with and without Cecidomyiidae galls, Bras. L. Biol (2010)
723–728.

[14] S.E. Hartley, The chemical composition of plant galls: are levels of nutrients
and secondary compounds controlled by the gall-former? Oecologia 113 (1998)
492–501.

[15] K. Schönrogge, L.J. Harper, C.P. Lichtenstein, The protein content of tissue in
cynipid galls (Hymenoptera: Cynipidae): similarities between cynipid galls and
seeds, Plant Cell Environ. 23 (2000) 215–222.

[16] D.C. Oliveira, R.M.S. Isaias, Cytological and histochemical gradients induced by
a sucking insect in galls of Aspidosperma australe Arg. Muell (Apocynaceae),
Plant Sci. 178 (2010) 350–358.

[17] D.C. Oliveira, T.A. Magalhães, R.G.S. Carneiro, M.N. Alvim, R.M.S. Isaias, Do
Cecidomyiidae galls of Aspidosperma spruceanum (Apocynaceae) fit the pre-
established cytological and histochemical patterns? Protoplasma 242 (2010)
81–93.

[18] C.M. Smart, Gene expression during leaf senescence, New Phytol. 126 (1994)
419–448.

[19] J.R. Austin, E. Frost, P. Vidi, F. Kessler, A. Staehlin, Plastoglobules are lipopro-
tein subcompartments of the chloroplast that are permanently coupled to
thylakoid membranes and contain biosynthetic enzymes, Plant Cell 18 (2006)
1693–1703.

[20] U. Zentgraf, Oxidative stress and leaf senescence, in: S. Gan (Ed.), Senescence
Processes in Plants, Blackwell Publishing Ltd./CRC Press, Oxford, 2007, pp.
69–86.

[21] H.K. Lichtenthaler, Plastoglobuli and fine structure of plastids, Endeavour 27
(1968) 82–88.

[22] F. Kessler, D. Schnell, G. Blobel, Identification of proteins associated with plas-
toglobules isolated from pea (Pisum sativum L.) chloroplasts, Planta 208 (1999)
107–113.

[23] P.A. Vidi, M. Kanwischer, S. Baginsky, J.R. Austin, G. Csucs, P. Dormann, F. Kessler,
C. Brehelin, Tocopherol cyclase (VTE1) localization and vitamin E accumula-
tion in chloroplast plastoglobule lipoprotein particles, J. Biol. Chem. 281 (2006)
11225–11234.

[24] A.J. Ytterberg, J.B. Peltier, K.J. van Wijk, Protein profiling of plastoglobules in
chloroplasts and chromoplasts. A surprising site for differential accumulation
of metabolic enzymes, Plant Physiol. 140 (2006) 984–997.

[25] M. Hopkins, L. McNamara, C. Taylor, T. Wang, J. Thompson, Membrane dynam-
ics and regulation of subcellular changes during senescence, in: S. Gan (Ed.),
Senescence Processes in Plants, Blackwell Publishing Ltd., CRC Press, Oxford,
2007, pp. 36–68.

[26] K. Asada, Production and scavenging of reactive oxygen species in chloroplasts
and their functions, Plant Physiol. 141 (2006) 391–396.

[27] I.M. Moller, P.E. Jensen, A. Hanson, Oxidative modifications to cellular compo-
nents in plants, Ann. Rev. Plant Biol. 58 (2007) 459–481.

[28] M. Havaux, F. Eymery, S. Porfirova, P. Rey, P. Dörmann, Vitamin E protects
against photoinhibition and photooxidative stress in Arabidopsis thaliana, Plant
Cell 17 (2005) 3451–3469.

[29] C. Bréhélin, F. Kessler, K.J. van Wijk, Plastoglobules: versatile lipoprotein parti-
cles in plastids, Trends Plant Sci. 12 (2007) 260–266.

[30] M.J. Karnovsky, A formaldehyde-glutaraldehyde fixative of high osmolarity for
use in electron microscopy, J. Cell Biol. 27 (1965) 137–138.

[31] D.A. Johansen, Plant Microtechnique, McGraw-Hill Books, New York, 1940.
[32] J.H. Luft, Improvements in epoxy resin embedding methods, J. Biophys.

Biochem. Cytol. 9 (1961) 404–414.
[33] E.S. Reynolds, The use of lead citrate at high pH as an electron-opaque stain in

electron microscopy, J. Cell Biol. 17 (1963) 208–212.
[34] H.K. Lichtenthaler, A.R. Wallburn, Determinations of total carotenoids and

chlorophylls a and b of leaf extracts in different solvents, Biochem. Soc. Trans.
11 (1983) 591–592.

[35] B. Genty, J.M. Briantas, N. Baker, The relationship between quantum yield of
photosynthetic electron transport and quenching of chlorophyll fluorescence,
Biochim. Biophys. Acta 990 (1989) 87–92.

[36] J. Krall, G.E. Edwards, Relationship between photosystem II activity and CO2

fixation in leaves, Physiol. Plant. 86 (1992) 180–187.



Author's personal copy

D.C. Oliveira et al. / Plant Science 180 (2011) 489–495 495

[37] U. Schreiber, W. Bilger, C. Neubauer, Chlorophyll fluorescence as a nonintrusive
indicator for rapid assessment in vivo photosynthesis, in: E.D. Schulze, C.W.
Caldwell (Eds.), Ecophysiology of Photosynthesis, Berlin, Springer, 1995, pp.
49–70.

[38] Ü. Rascher, M. Liebig, Ü. Lüttge, Evaluation of instant light-response curves
of chlorophyll fluorescence parameters obtained with a portable chlorophyll
fluorometer on site in the field, Plant Cell Environ. 23 (2000) 1397–1405.

[39] P.T. Campos, M.C.D. Costa, R.M.S. Isaias, A.S.F.P. Moreira, D.C. Oliveira, J.P.
Lemos-Filho, Phenological relatioships between two insect galls and their host
plants: Aspidosperma australe and A. spruceanum (Apocynaceae), Acta Bot. Bras.
24 (2010) 727–733.

[40] S. Porfirova, E. Bergmüller, S. Tropf, R. Lemke, P. Dörmann, Isolation of an Ara-
bidopsis mutant lacking vitamin E and identification of a cyclase essential for all
tocopherol biosynthesis, Proc. Natl. Acad. Sci. U.S.A. 99 (2002) 12495–12500.

[41] M. Kanwischer, S. Porfirova, E. Bergmüller, P. Dörmann, Alterations in toco-
pherol cyclase activity in transgenic and mutant plants of Arabidopsis affect
tocopherol content, tocopherol composition, and oxidative stress, Plant Phys-
iol. 137 (2005) 713–723.

[42] P. Rey, B. Gillet, S. Römer, F. Eymery, J. Massimino, G. Peltier, M. Kuntz, Over-
expression of a pepper plastid lipid-associated protein in tobacco leads to
changes in plastid ultrastructure and plant development upon stress, Plant J.
21 (2000) 483–494.

[43] Y. Yang, R. Sulpice, A. Himmelbach, M. Menihard, A. Christmann, E. Grill, Fibrillin
expression is regulated by abscisic acid response regulators and is involved in
abscisic acid-mediated photoprotection, Proc. Natl. Acad. Sci. U.S.A. 103 (2006)
6061–6066.

[44] M.J. Crawley, Herbivory, in: M.C. Press, J.D. Scholes, M.G. Baker (Eds.),
Physiological Plant Ecology, Blackwell Science, Oxford, 1999, pp. 199–
217.

[45] P.A. Fay, D.C. Hartnett, Constraints on growth and allocation patterns of Sil-
phium integrifolium (Asteraceae) caused by a cynipid gall wasp, Oecologia 88
(1991) 243–250.

[46] P.A. Fay, D.C. Hartnett, A.K. Knapp, Increase photosynthesis and water poten-
tials in Silphium integrifolium galled by cynipid wasps, Oecologia 93 (1993)
114–120.


