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Abstract
Golden trumpet, Tabebuia chrysotricha, is a native tree from the Brazilian Atlantic rain forest, with a broad latitudinal 
distribution. In this study, we investigated the potential effects of short-term changes in micro-weather conditions 
on structural features, and total protein and carbohydrate content of golden trumpet leaves, using structural and 
histochemical approaches. Leaves were harvested in four different micro-weather conditions: 1. Afternoon, after a 
hot, sunny day; 2. at dawn, after a previously hot, sunny day; 3. at noon, of a hot, sunny day; and 4. at noon, of a cold, 
cloudy day. Leaflets exposed to low light irradiance showed flattened chloroplasts, uniformly distributed within the 
cells, throughout the palisade parenchyma. Conversely, leaflets exposed to high light irradiance presented flattened and 
rounded chloroplasts, in the upper and lower palisade parenchyma cells, respectively. The strongest protein staining was 
found for leaves harvested at the coldest period, whereas the weakest protein staining was found for leaves harvested 
after a hot, sunny day. The largest and most numerous starch grains were found for leaves harvested in the afternoon, 
after a hot, sunny day. Conversely, the smallest and less numerous starch grains were found for leaves harvested at 
dawn. Analysis of the data reported herein suggests that the leaflet responses to transient changes in micro-weather 
conditions are likely to contribute to the golden trumpet successful establishment in the broad latitudinal distribution 
in which the species is found.
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Efeito de alterações nas condições micro-climáticas sobre características 
estruturais, e proteína e carboidratos histoquimicamente marcados, de folhas 

da árvore da floresta Atlântica ipê amarelo

Resumo
Ipê amarelo é uma árvore nativa da floresta Atlântica brasileira, encontrada em uma ampla distribuição latitudinal. 
Neste estudo, nós investigamos os efeitos potenciais de alterações de curto prazo nas condições micro-climáticas sobre 
características estruturais, proteína e carboidratos histoquimicamente marcados, de folhas de ipê amarelo, usando 
estratégias de análise estrutural e histoquímicas. As folhas foram marcadas em quatro condições microclimáticas 
distintas: 1. Tarde, após um dia quente e ensolarado; 2. Amanhecer, após um dia quente e ensolarado; 3. Ao meio-dia, de 
um dia quente e ensolarado; e 4. Ao meio-dia, de um dia frio e nublado. Folíolos expostos à baixa irradiância luminosa 
apresentaram cloroplastos achatados, uniformemente distribuídos no interior das células, por todo o parênquima 
paliçádico, enquanto que folíolos expostos à alta irradiância apresentaram cloroplastos achatados e arredondados, nas 
células superiores e inferiores do parênquima paliçádico, respectivamente. A marcação mais intensa para proteína foi 
observada para folhas coletadas no momento mais frio de coleta, enquanto que a marcação mais fraca foi observada 
para folhas coletadas após um dia quente e ensolarado. Os grãos de amido maiores e mais numerosos foram observados 
em folhas coletadas durante a tarde de dia quente e ensolarado, enquanto que os menores e menos numerosos grãos 
de amido foram observados em folhas coletadas ao amanhecer.

Palavras-chave: cloroplasto, grão de amido, Tabebuia chrysotricha.
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1. Introduction

The South American Atlantic forest is one of the 
35 world hotspots (http://www.cepf.net/resources/hotspots/
South-America/Pages/Atlantic-Forest.aspx, accessed on 
October 29th, 2014). Tabebuia chrysotricha (Mart. ex 
DC.) Standl is a native tree from the Brazilian Atlantic 
rain forest, commonly known as golden trumpet tree. 
This species has a broad latitudinal distribution which 
exposes golden trumpet to a wide range of micro-weather 
conditions. Located in Southern Brazil, Curitiba city is 
known to present significantly broad daily changes in 
both cloudy skies and temperature, which provide an 
excellent opportunity to study the effects of transient 
changes in micro-weather conditions on structural features 
of importance for the environmental adaptability of golden 
trumpet. Here, we describe the effects of transient changes 
in the micro-weather conditions on the total protein and 
starch content, and chloroplast structure and positioning, 
using a combination of classical structural analysis and 
histochemical techniques.

2. Material and Methods

Three golden trumpet (Tabebuia chrysotricha (Mart. 
ex DC.) Standl individuals were used in this study. These 
individuals were grown within the urban perimeter of Curitiba 

city (Figure 1A-C), on the side of a road access to the BR 
277 highway. The specific geographic coordinates for these 
individuals were -25° 44’9005 S” and” W -49 ° 22’9697 
(individual 1); -25° 45’0388 S” and” W -49° 22’9711 
(individual 2); -25° 44’9928 S” and” W -49° 22’9936 
(individual 3) (Figure 1B).

Samples from three leaves of each individual of golden 
trumpet were harvested in four distinct micro-weather 
conditions (A, B, C and D), between November 9th and 
November 12th, 2013, as follow: Sample A (Nov. 9th): 
6 p.m., after a previously hot, sunny day (air temperature 
and solar irradiance at the harvest time were 25.0 °C and 
461 kJ/m2, respectively); Sample B (Nov. 10th): 6 a.m., at 
dawn, after a previously hot and sunny day (air temperature 
and solar irradiance at the harvest time were 17.1 °C and 
51 kJ/m2, respectively); Sample C (Nov. 10th): 12 p.m., 
of a hot, sunny day (air temperature and solar irradiance 
at the harvest time were 27.8 °C and 3759 kJ/m2) and 
Sample D (Nov. 12th): 12 p.m., of a cold, cloudy day 
(air temperature and solar irradiance at the harvest time 
were 22.9 °C and 3023 kJ/m2) (Figure 2). Micro-weather 
data were recorded at a weather station (National Institute 
of Meteorology, Inmet), located approximately 50 m away 
from the individuals used in this study (Figure 1B).

For the structural and histochemical analysis, square 
samples (1 cm2), obtained as shown in Figure 1D, E, were 

Figure 1. (A) Localization of Curitiba city. The insert shows a map of Brazil, highlighting the Paraná State (in gray) and 
Curitiba city; (B) Sampling sites (○) near BR277 highway; (C) Golden trumpet tree at the sampling location; (D) Detail of 
the leaf, with the arrow pointing to the sampled leaflet; (E) Sampled leaflet showing the sampled area (square). Source of 
figures (A) and (B): Google Maps (2013).
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cut with a razor blade, and immediately fixed in 2.5% (v/v) 
glutaraldehyde, buffered at pH 7.0 with 0.067 M Soerensen 
phosphate buffer. Then, the samples were vacuum infiltrated 
(65 kPa), for 30 min. The observations were performed 
on five 2 μm semi-thin cuttings, of each sample, obtained 
after samples were embedded in hidroxyethyl methacrylate 
(Leica Microsystems, Wetzlar, Germany). The cutting 
was carried out using an ultramicrotome LEICA EM UC6 
(Leica Microsystems, Wetzlar, Germany). The samples 
were stained using staining procedures specific for the 
desired attributes, as follows: Toluidin Blue (Feder and 
O’Brien, 1968) for the structural analysis; Coomassie Blue 
(Wetzel et al., 1989) for total protein content; and Periodic 
Acid Schiff (PAS, Gahan, 1984) for polyssacharides, acidic 
carbohydrates and neutral mucoproteins. Thereafter, the 
slides were mounted in DePex medium (Sigma‑Aldrich, 
United Kingdom). For the structural analysis and generation 
of digital images, an Olympus compound microscope 
(BX41TF, Tokyo, Japan) equipped with an analySIS getIT 
software (Olympus Soft Imaging Solution, Australia) 
was used.

3. Results

Structural analysis of leaflets exposed to low light 
irradiance (samples A, B and D) showed flattened 
chloroplasts, uniformly distributed within the cells, 
throughout the palisade parenchyma (Figure 3A, B, D). 
Moreover, the vacuoles volume seemed to be similar in 
cells located in both the upper and lower layers of the 
palisade parenchyma. However, leaflets exposed to high 

light irradiance (sample C) showed that the upper palisade 
parenchyma cells presented flattened chloroplasts, while 
the lower palisade parenchyma cells presented rounded 
chloroplasts (Figure 3C). Differently from what was found 
for the leaflet exposed to low light irradiance, in leaflets 
exposed to high light irradiance, the chloroplast, regardless 
if they were rounded or flattened, were not uniformly 
distributed within the palisade parenchyma cells; instead, 
chloroplast were preferentially located in the bottom of the 
cells. These rounded chloroplasts presented a larger number 
and size of starch grains, especially near the paravenal 
parenchyma, when compared to the flattened chloroplasts. 
Also, in leaflets exposed to high light irradiance, the upper 
cells of the palisade parenchyma presented larger vacuoles, 
occupying a larger amount of the symplast, when compared 
to the lower cells of the palisade parenchyma (Figure 3C).

Samples harvested at 6 p.m., after a hot, sunny day 
(sample A, Figure 3E) presented the weakest protein staining, 
when compared to the other three samples. Conversely, 
staining for protein was more intense in samples harvested 
at 6 a.m., at dawn, after a high temperature night (average of 
20.4 °C, ranging from 17.1 to 27.1 °C) and a previously hot 
and sunny day (sample B, Figure 3F). Samples harvested at 
12 p.m. of a hot, sunny day (sample C, Figure 3G) presented 
less intense protein staining, not uniformly distributed, 
i.e., protein staining was less intense near the paravenal 
parenchyma and more intense near the adaxial epidermis, 
when compared to the samples harvested at 12 p.m. of 
a cold, cloudy day (sample D, Figure  3H). Sample D 
presented weaker protein staining, with no evident gradient, 

Figure 2. Daily changes in air temperature (black line) and light intensity (global solar radiation, dotted line) recorded at a 
weather station located approximately 50 m away from the harvest site, during the sampling period. Black circles and open 
circles indicate air temperature and light intensity, respectively, at the sampling time. Sample A – Nov. 9th at 6 p.m. Sample 
B – Nov. 10th at 6 a.m. Sample C – Nov. 10th at 12 p.m. Sample D – Nov. 12th at 12 p.m. Source: INMET (2013).
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Figure 3. Cross section of Golden trumpet leaflets, (A-D) samples stained with Toluidine Blue, highlighting chloroplast 
(arrow heads) vacuoles (v) and nucleus (n). (A) Sample A; (B) Sample B; (C) Sample C; (D) Sample D. Arrow heads indicate 
chloroplasts homogenously distributed throughout the palisade parenchyma in figures (A), (B) and (D) and preferentially 
distributed closer to the paravenal parenchyma in figure (C); (E-H) samples stained with Coomassie blue highlighting 
palisade parenchyma (pp), spongy parenchyma (sp) and paravenal parenchyma (pv). (E) Sample A, with weak protein stain; 
(F) Sample B, with strong protein stain; (G) Sample C, with protein gradient stain within the palisade parenchyma tissue; 
(H) Sample D, without protein gradient stain; (I-P) samples stained with PARS, highlighting palisade parenchyma (pp), 
spongy parenchyma (sp) and paravenal parenchyma (pv), substomatal chamber (stc) and starch graisn (arrow heads) (I and 
M) Sample A. (I) Large starch grains in sp near pv (elipse) and (M) detail of large starch grains inside the cells; (J and N) 
Sample B. (J) Small starch grains near the upper pp layers and stc and (N) detail of small starch grains inside the cells; 
(K and O) Sample C. (K) Starch grains distributed near pv (elipse) and (O) detail of large starch grains inside the cells; 
(L and P) Sample D. (L) Small starch grains homogeneously distributes through the mesophyll and (P) detail of smaller 
starch inside the cell. A-D, G, H, M-P, bars =20µm; E, F, M-P, bars = 50µm.
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i.e., the protein staining was homogeneously distributed 
throughout the mesophyll.

The periodic acid schiff reagent (PAS) labels for 
polyssacharides, acidic carbohydrates and neutral 
mucoproteins. Since starch is the major non-structural 
polyssacharide in health plant cells, we assumed that 
PAS staining outside cell walls was due to the presence of 
starch. The largest number and size of starch grains were 
found for samples harvested at 6 p.m., after a hot, sunny 
day (sample A), in the spongy parenchyma, especially near 
the paravenal parenchyma (Figure 3I, M). Conversely, the 
smallest number and size of starch grains, were observed 
for samples harvested at 6 a.m. (sample B), especially 
in the upper palisade parenchyma, and cells near the 
substomatal chamber (Figure 3J, N). Among the samples 
harvested at noon, leaves harvested in a sunny, hot day 
(sample C), presented larger starch grains (Figure 3K, O), 
when compared to leaves harvested at noon, in a cloudy, 
cold day (sample D, Figure 3L, P). In addition, starch grains 
in sample C were found to be preferentially distributed 
closer to the paravenal parenchyma (Figure 3K), while 
starch grains in sample D were homogeneously distributed 
throughout the mesophyll (Figure 3L).

4. Discussion

4.1. Structural analysis
Frequent light irradiance fluctuations are known to 

induce plants to create strategies for adaptation to optimize 
the photosynthetic efficiency and resource acquisition 
(Anderson et al., 1973, 1988; Anderson, 1999). The irregular 
distribution of chloroplasts previously reported for leaves 
exposed to high light irradiance is thought to be part of a 
defense mechanism against the excessive light irradiance 
that triggers the photosynthetic photoinhibition process. 
Golden trumpet is considered to be able to adapt to 
environments with broad shifts in solar radiation levels 
(Soares, 2012) and data in this report indicate that this 
adaptability might be, at least partially, due to the changes 
in chloroplast distribution found in this study for leaves 
exposed to different light irradiance levels.

The vacuoles play various roles in plant cells, such as 
generation of cell turgor (reviewed in Newell et al., 1998). 
However, relatively little is known about the formation 
and growth of vacuoles in higher plants. In this study, the 
upper cells of the palisade parenchyma of leaflets exposed 
to high light irradiance presented larger vacuoles, compared 
to the lower cells. However, the importance of that for the 
adaptability of golden trumpet to different environments 
remain unclear.

4.2. Protein content
The rate of photosynthesis depends largely on the 

amount and activity of Ribulose bisphosphate carboxylase/
oxygenase (Rubisco) (Lorimer, 1981). Rubisco, the first and 
key enzyme in the Calvin cycle, catalyzes the incorporation 
of carbon dioxide to ribulose-1,5-bisphosphate. Large 
amounts of Rubisco are required to catalyze carbon fixation 

at high rates (reviwed in Spreitzer and Salvucci, 2002). 
Since Rubisco is responsible for up to half of the soluble 
protein in leaves of C3 plants (Ellis, 1979), the presumption 
that Rubisco is significantly accountable for the protein 
staining found in this study is reasonable.

In this study, protein staining was more intense in leaves 
harvested in a cold, low light irradiance day (day 12th), 
when compared to leaves harvested in a warm (≈28 °C, 
at the harvest time), high light irradiance day (10th). Low 
daytime temperature may inhibit photosynthesis (Pyl et al., 
2012), once it can significantly affect Rubisco content, 
whereas, changes in light irradiance have been shown 
not to significantly affect it (Yang et al., 2011). Although 
exposure of plants such as rice to cold temperatures 
has been shown to reduce Rubisco synthesis (Hahn and 
Walbot, 1989), in plant shrub as Aucuba japonica, Rubisco 
content is increased from summer to the highest values 
in winter and/or early spring (Muller et al., 2011). Thus, 
since predawn temperature on day 10th (sample C) was 
lower, compared to predawn temperature on day 12th 
(sample D), therefore, the potentially reduced Rubisco 
synthesis during the first hours of day 10th might be, at 
least in part, responsible for the weaker protein staining 
found for day 10th, compared to day 12 th.

4.3. Polysaccharides content
The largest and most numerous starch grains were found 

in this study for samples harvested at 6 p.m. after a hot, 
sunny day, likely reflecting the stimulatory effect of the 
combination of high temperature and high light irradiance 
on the leaf photosynthetic capacity. Conversely, the smallest 
and less numerous starch grains were found for samples 
harvested at 6 a.m., likely reflecting starch degradation 
during the night. Starch, the major storage carbohydrate 
found in higher plants (Wang et al., 2013), accumulates 
during the light period and is remobilized during the night 
in leaves of C3 and C4 plants, the so called transitory starch 
degradation, for example to support respiration in the dark 
(Geiger and Servaites, 1994; Wang et al., 2013). The amount 
of starch accumulated during the day and degraded during 
the night is coordinated by an internal circadian clock 
(Scialdone  et  al., 2013). Since AGPase play a major 
regulatory role in starch biosynthesis (Geigenberger, 2011), 
not surprisingly, much of the research on the regulation of 
starch metabolism has focused on the regulation of AGPase. 
The expression of AGPase is enhanced by sugars, which 
may allow starch accumulation to respond to changes in 
environmental constraints (reviewed in Geigenberger, 
2011). Two different mechanisms act on AGPase in order 
to turn on starch synthesis during the light period and off 
during the dark. First, light incidence on the chloroplasts 
leads to fast redox activation of AGPase, which is fully 
reversed in the dark (Hendriks et al., 2003). This redox 
regulation likely helps to coordinate starch synthesis and 
breakdown during the light/dark cycle (Stitt et al., 2010). 
Second, allosteric regulation of AGPase provides an 
additional mechanism for light/dark modulation of starch 
biosynthesis. Allosteric regulation combined with redox 
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regulation act synergistically on AGPase to stimulate starch 
synthesis during the light and full inactivation during the 
dark (Geigenberger, 2011). Starch accumulation pattern 
found in this work indicate that effective light-induced 
allosteric regulation combined with redox regulation of 
golden trumpet AGPase might contribute significantly 
for the adaptability of this Atlantic rain forest tree to 
latitudinal gradient.

In leaves, starch degradation begins with the 
phosphorylation of glucose residues of amylopectin by 
glucan-water dikinase (GWD) (Grennan, 2006). Even 
though a considerable amount of information on the 
regulation of enzymes involved in starch synthesis is 
available, much less is known about the regulation of 
starch degradation. For example, transcript levels of many 
enzymes involved in starch degradation were shown to fall 
progressively throughout the dark period and increased 
during the latter part of the light period (Grennan, 2006). 
A reduction in number and size of starch grains, an indicator 
of degradation of the transitory starch, was evident in this 
study in samples harvested at 6 a.m. This reduction in 
transitory starch occurred mostly in the upper layers of the 
palisade parenchyma and also inside the cells surrounding 
the substomatal chamber. The reason(s) why the reduction 
in transitory starch occurred mostly in the upper layers 
of the palisade parenchyma is(are) not clear. However, 
the reduction in transitory starch occurred in the cells 
surrounding the substomatal chamber might be due to an 
eventually higher respiration rate found in these cells, as a 
consequence of a presumed higher inward flux of oxygen 
and a higher outward flux of CO2, due to the location of 
these cells at the vicinity of the stomata pore

Larger starch grains and a larger number of starch 
grains were found for samples harvested at 12 a.m. of a hot, 
sunny day (sample C), compared to samples harvested at 
12 a.m. of a cold and cloudy day (sample D). Conversely, 
protein staining was weaker on sample C, when compared 
to sample D. In fact, regardless the harvest time, an inverse 
relationship between protein content and starch content was 
observed throughout this study. This inverse relationship, 
however, is not a complete surprise once starch metabolized 
to glucose in the dark period, is considered to be able to 
play a role in sugar signaling decreasing the expression 
photosynthetic genes (Cheng et al., 1998). In addition, 
Rubisco activity during photosynthesis is regulated by 
the Rubisco activase (Bayramov and Guliyev, 2014), 
and Rubisco activase is thought to be a key regulation 
point for the biochemical reactions of photosynthesis 
(Portis Junior, 2003). Rubisco activase is regulated by 
the ferredoxin/thioredoxin system and ferredoxin then 
can donate electrons to ferredoxin:thioredoxin reductase 
which then reduces the thioredoxins. Thioredoxins then 
reduce and thereby activate or inactivate Rubisco activase 
(reviewed in Zhang et  al., 2001). Furthermore, Rubiso 
activase activity is enhanced by increased temperature, up to 
42 °C in tobacco recombinant protein (Crafts-Brandner and 
Salvucci, 2000). Thus, the presence of larger starch grains 
in sample D might be due to a high light irradiance/high 

temperature-induced enhancement of Rubisco activase 
activity and consequently higher Rubisco activity, on 
day 12th (sample C), compared to day 10th (sample D).

Data presented in this study demonstrate that transient 
changes in micro-weather conditions significantly change 
the chloroplast position and shape, amount of protein, and 
pattern of starch accumulation/degradation in leaves of 
golden trumpet. Light irradiance and temperature-driven 
changes in the pattern of protein and starch accumulation/
degradation found in this study indicate that adaptability 
of golden trumpet to different environmental light and 
temperature conditions might be dependent on efficient 
adaptability of the photosynthetic apparatus to changes in 
light and thermal environment. This adaptability is likely to 
contributes, at least partially, for its vast latitudinal distribution 
throughout the Atlantic rain forest, as an important species 
to be used in disturbed ecosystem restoration (Baylão 
Junior et al., 2013) and in the successful establishment of 
this species in urban arborization (Jochner et al., 2013) 
in South America.
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