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ABSTRACT
The physical, physiological and biochemical changes during the development until the dispersal of rubber 
tree seeds were evaluated with the purpose of estimating the point at physiological maturity. A total of 30 
plants were selected at different points in a commercial planting area and had their flowers marked during 
the anthesis and every 15 days after marking. Fruits and seeds were collected for analysis of moisture 
content, dry matter, diameter and length. Details of the anatomy ultra-structure of the seeds were evaluated. 
The seed emergence, emergency speed index, heat resistant proteins and oxidative stress enzymes were 
examined. It was observed that fruits reached maximum size at 120 days after anthesis and seeds at 150 
days. The seeds acquired germination capacity after 150 days. At 175 days, they presented the highest 
percentage of dry matter and lowest moisture, in addition to a higher percentage of germination and vigor. 
Therefore, it was possible to conclude that the physiological maturity of the rubber tree seeds occurs at 
175 days after anthesis, and coincides with its maximum physiological quality. At 175 and 180 days post-
anthesis, there is a greater expression of heat resistant proteins as well as low molecular weight and greater 
oxidative stress enzyme activity. 
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INTRODUCTION

The recalcitrant characteristic of the seeds 
implies a rapid loss of their viability, especially 
when dehydrated to a water content of less than 
30% (Bonome et al. 2011). This behavior makes 
it difficult to store the seeds in the medium and 

long term, causing drawbacks to the production of 
seedlings. This production is performed by grafting 
a productive clone in the shoot with the seed being 
used as a scion graft.

Low longevity makes it difficult to install 
nursery plants, because seeds lose their viability 
quickly. This is because the recalcitrance of 
the rubber tree seeds generates restriction of its 
supply in suitable periods of sowing. In addition 
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to augmenting the production costs, the rapid 
loss of seed viability during the interval between 
harvesting and sowing requires seeds at figures 
that reach, commonly, four times higher than the 
necessary amount for conventional crops in order 
to support the demand for seedling production.

Seed harvest takes place during the dehiscence 
of the fruit, when they are dispersed and little 
is known about the process of development and 
maturation of these seeds, especially after the 
period when they reach physiological maturity. 
At this moment, the plant ceases the translocation 
of assimilation to the seed and, in general, the 
physiological quality reaches its maximum, 
providing a high percentage of germination and 
vigor (Mata et al. 2013).  This information can 
contribute to enable reaching greater periods of 
seed storage.

During seed formation, physical and 
physiological changes occur that characterize the 
development phases in which they are, such as the 
following: color change, seed coat opacity, water 
and dry matter content, germination capacity, 
ability to produce normal seedlings (Borges et 
al. 2006) and chemical composition (Mata et al. 
2013). These changes can be used to estimate the 
Seed Physiological Maturity Point (SPMP) that is 
associated with the condition of greater germination 
and vigor (Matheus et al. 2011, Borges et al. 2006).

The maturation process can be predicted by 
estimating the SPMP of a given seed. However, 
it is necessary to evaluate the physiological and 
biochemical changes that occur during development 
in association to climatic conditions in which the 
seeds were formed. In addition to the previously 
mentioned characteristics, changes in water content, 
reserve compound content and increase in the 
expression of heat resistant proteins are evaluated 
(Walters at al. 2013, Kalemba and Pukacka 2012). 
In relation to rubber tree seeds, information about 
SPMP will be relevant to obtain seeds of high 
physiological quality and to guarantee the seedling 

production system, since the seeds are available 
shortly before the beginning of winter, which may 
compromise the seedlings development. 

The kinetics of moisture contents, dry 
matter, starch content, proteins, lipids, electrical 
conductivity, among other characteristics can 
provide information related to a seed’s maturation 
(Bonome et al. 2011) in addition to cytological and 
anatomical changes, such as changes in the number 
and size of vacuoles (Pavithra et al. 2014). Along 
with that, the cell division commonly observed in 
the embryo axis is associated with the germination 
of recalcitrant seeds soon after dispersion is 
observed (Caccere et al. 2013), which in this 
context would suggest that a longer germination 
time would lead to seed decease. 

Therefore, the objective of this study was to 
describe the kinetics of dry matter and moisture 
contents, the reserves content and the morphological, 
physiological and anatomical characteristics of the 
seed to delimit and define safe indications of the 
physiological maturity point of rubber tree seeds.

MATERIALS AND METHODS

The study was carried out at the experimental 
farm of Agricultural Research Company of Minas 
Gerais - EPAMIG - municipality of Oratórios, MG, 
Brazil, in a commercial plantation of rubber tree 
Hevea brasiliensis, with an altitude of 530 m. The 
inflorescences were marked and identified with 
tape-like markers, impermeable during flower 
opening in order to monitor the number of days 
after anthesis (DAA). During the period between 
the flower opening and fruit dispersion, samples 
were collected every 15 days, (except between 90 
and 120 DAA). Flowers were picked in different 
positions of the canopy in a total of 30 plants, 
taken at random in the planting area. For each 
of the evaluated periods, the following tests and 
determinations were performed: 
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for catalase (CAT), peroxidase (POX), ascorbate 
peroxidase (APX) and superoxide dismutase 
(SOD). For this purpose, 0.3 g seeds or fruits were 
macerated, adding 2 mL of a homogenization 
medium, consisting of a potassium phosphate 
buffer 0.1 M, pH 6.8, ethylenediaminetetraacetic 
acid (EDTA) 0.1 mM, phenylmethylsulfonic 
fluoride (PMSF) 1 mM and polyvinylpyrrolidone 
(PVPP) 1% (w/v) (Peixoto et al. 1999), followed 
by centrifugation at 12.000 xg for 15 min at 4 °C.  
Determination of superoxide dismutase activity 
(SOD): 30 μL of crude enzyme extract was used 
in 2.97 mL of the reaction medium consisting of 
sodium phosphate buffer 50 mM, pH 7.8, containing 
methionine 13 mM, P-nitro blue tetrazolium (NBT) 
75 μM, EDTA 0.1 mM and riboflavin 2 μM (Del 
Longo et al. 1993). The reaction was conducted at 
25 °C in a reaction chamber under illumination of a 
fluorescence lamp at 15 W, kept inside a box covered 
with aluminum foil.  After 5 min of exposure to 
light, illumination was interrupted and the blue 
formazan, produced by the photoreduction of the 
NBT, was determined by measuring the absorbance 
at 560 nm. The control was measured under the same 
conditions, though without the presence of light, 
before measuring the absorbance (Giannopolitis 
and Riens 1977). A unit of SOD was defined as the 
amount of enzyme required to inhibit in 50% of the 
NBT photoreduction (Beauchamp and Fridovich 
1971). Determination of catalase activity (CAT): 
100 μL of crude enzyme extract was added to 2.9 
mL of the reaction medium, consisting of potassium 
phosphate buffer 50 mM, pH 7.0 and H2O2 12.5 mM 
(Havir and McHale 1987). During the first minute 
of the reaction, maintained at 25 °C, the decrease 
in absorbance at 240 nm was measured. The 
enzymatic activity was calculated using the molar 
extinction coefficient of 36 M-1 cm-1 (Anderson et 
al. 1995) and expressed in µmol.min-1mg-1 protein. 
Peroxidase activity (POX): was determined by the 
addition of 100 μL of crude enzyme extract to 2.9 
mL of the reaction medium consisting of potassium 

MORPHOPHYSIOLOGICAL EVALUATIONS

Length (L) and diameter (D) of fruits and seeds: 
determined every 15 days until 175 DAA, starting 
from 15 DAA (fruits), and 45 DAA (seeds). 
Measurements were performed on 30 fruits (not 
removed from the plant) and 90 seeds extracted 
from the fruits, with a digital caliper. Moisture 
content of seeds and fruits (M): determined by 
the oven method at 105 ºC, for 24 h (Brasil 2009), 
using four replications composed of 10 seeds and 
three fruits, broken open to facilitate drying. The 
results were expressed as a percentage. Dry seed 
mass (DM):  determined using four replications of 
10 seeds that were kept in an oven at 70 ºC until 
obtaining a constant weight. Electrical conductivity 
(EC): obtained with four replications of 10 seeds for 
each period. Seeds of each repetition were weighed 
to an accurate of 0.001 g and placed in plastic cups 
containing 200 ml of distilled water, remaining 
for a period of 24 h at a constant temperature of 
25 °C. The EC of solution containing the seeds 
was measured with a mass conductivity meter, 
obtained by dividing the conductivity value (μS 
cm-1), deducted from the conductivity value of the 
distilled water, by the mass (g) of the 10 seeds. Its 
value expressed in µS cm-1 g-1, the final result was 
obtained by the average of the values determined in 
each repetition. Emergency or Germination test (G): 
performed in a greenhouse with four replications 
of 50 seeds, sown at 1.0 cm depth in trays 
containing moistened sand, replacement of water 
when necessary. Emergency speed index (ESI): 
performed in conjunction with the emergency test. 
Daily counts of emerging seedlings (shoots with 1 
cm or more) were made until stabilization and the 
ESI was calculated according to Maguire (1962). 

BIOCHEMICAL EVALUATIONS

Oxidative stress enzymes (fruits and seeds) analysis: 
in order to do this analysis, crude enzymatic 
extracts were used to determine the activity for the 
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phosphate buffer 25 mM, pH 6.8, pyrogallol 20 
mM and hydrogen peroxide 20 mM (Kare and 
Mishra 1976). The increase in absorbance during 
the first minute of reaction at 420 nm at 25 °C 
determined the production of purpurogalin. The 
enzymatic activity was calculated using the molar 
extinction coefficient of 2.47 mM L-1 cm-1 (Chance 
and Maehley 1955) and expressed in the µmol.
min-1.mg-1 protein. Ascorbate peroxidase activity 
(APX): determined by the addition of 100 μL of 
crude enzyme extract to 2.9 mL of the reaction 
medium consisting of ascorbic acid 0.8 mM and 
H2O2 1.0 mM in potassium phosphate buffer 50 
mM, pH 6.0. The decrease in absorbance at 290 nm 
at 25 °C during the first minute of reaction (Nakano 
and Asada 1981, Koshiba 1993) was observed. The 
enzymatic activity was calculated using the molar 
extinction coefficient of  2.8 mM-1cm-1 (Nakano and 
Asada 1981) and expressed in the µmol min-1mg-1 
protein. Heat-resistant proteins: the electrophoresis 
profile method was used, wherein 0.3 g of embryos 
extracted from the seeds harvested at 135, 150, 165, 
175, 180 DAA were macerated and added to 2 mL of 
the homogenization medium, potassium phosphate 
buffer 0.1 mM, pH 6.8, ethylenediaminetetraacetic 
acid (EDTA) 0.1 mM, phenylmethylsulfonic 
fluoride (PMSF) 1 mM and polyvinylpyrrolidone 
(PVPP) 1% (w/v) (Peixoto et al. 1999), followed 
by centrifugation at 12.000 xg for 15 min at 4 °C. 
Subsequently, this was incubated at 85 °C and 
centrifuged again. The supernatant was collected 
and used to perform the electrophoresis. 16 μL of 
the sample (extract + sample buffer) was applied 
by a channel in the polyacrylamide gel SDS-PAGE 
12.5% (separator gel). The electrophoretic run 
was performed at 100 V for 4 h and the gels were 
stained during 12 h in Coomassie Blue Brilliant 
at 0.05% and then bleached in 10% acetic acid 
solution. Lipids quantification: the extraction and 
quantification of the lipid content were carried out 
in a Soxhlet type apparatus, by the method of cold 

extraction with petroleum ether for 24 h, according 
to Silva (1990).

ANATOMICAL AND HISTOCHEMICAL 
EVALUATIONS

Light microscopy: seed were placed in FAA in 
50% ethanol for 48 h under a vacuum and after 
that, stored in 70% ethanol (Johansen 1940). 
Subsequently, they were dehydrated with an ethanol 
series and embedded in methacrylate (Historesin, 
Leica Instruments, Heidelberg, Germany). Sections 
were made with an automatic advanced rotary 
microtome (model RM2155, Leica Microsystems 
Inc., Deerfield, USA), at 5 μm thickness and 
mounted onto glass slides. Sections were stained 
with toluidine blue pH 4.0 for 8 min for structural 
characterization (O’Brien and Mccully 1981), with 
xylidine ponceau (XP) for total proteins (O’Brien 
and McCully 1981) and Lugol for starch detection 
(Johansen 1940). For lipids detection, the seeds 
placed in FAA50 were sectioned transversely 
to 40 μm with a cryomicrotome. Sections of the 
different stages of development were stained 
with Sudan black B (Pearse 1972). The controls 
for histochemistry consisted of mounted sample 
sections without staining. The images were 
taken with a photomicroscope (model AX70 
TRF, Olympus Optical, Tokyo, Japan) with 
the U-PHOTO system, coupled with a digital 
camera (model AxionCan, Carl Zeiss, Gena, 
Germany) and a microcomputer. Ten samples were 
evaluated for each maturation period, represented 
respectively with 2 slides per sample and 10 slices 
per slide. Scanning Electron Microscopy (SEM): 
endosperm and embryo samples were immersed 
in a Karnovsky modification (paraformaldehyde 
2%, glutaraldehyde 2.5%, CaCb 25 mg/ml) for a 
minimum period of 24 h. Subsequently, they were 
washed in a cacodylate buffer three times and post-
placed in aqueous solution of 1% osmium tetroxide 
for 4 h at room temperature. After this time, they 
were washed three times in distilled water and then, 
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dehydrated using the critical-point drying method 
in acetone (25, 50, 75, 90 and 100% three times). 
After that, they were taken to the critical point 
apparatus for drying, coated with gold and then 
mounted on stubs for metallization. The specimens 
were observed in the Scanning Electron Microscope 
LEO Evo 40, located in the Laboratory of Electron 
Microscopy and Ultra-Structural Analysis at the 
Phytopathology Department - UFLA. Transmission 
electron microscopy (TEM): after dehydration in 
acetone, samples were infiltrated with Spurr resin, 
initially at 30% resin for 8 h and then at 70% 
resin. After 12 h, the samples were passed twice  
through 100% resin for 24 h each time, the material 
placed in suitable molds and polymerized in a 
70 °C  oven for 48 h. After ultramicrotomy, the 
ultrafine sections were placed on copper grids and 
then stained with uranyl acetate and lead citrate. 
Specimen observation was performed with a 
Zeiss EM 109 transmission electronic microscope 
in the Laboratory of Electronic Microscopy and 
Ultra-Structural Analysis at the Phytopathology 
Department - UFLA.

Descriptive statistics were used for the 
characteristics related to fruit and seed development. 
The data obtained for germination and ESI tests 
were submitted to variance analysis and Tukey’s 
test at a 5% probability level.

RESULTS

MORPHOPHYSIOLOGICAL AND BIOCHEMICAL 
EVALUATIONS

Length (L) and diameter (D) of the fruits increased 
from 15 days after anthesis (DAA) until 120 days, 
when the maximum values were reached (Fig. 
1a). There was a gradual increase in D and L of  
the seeds, from the beginning of the evaluation at 
45 DAA to 150 DAA, with a greater increase in 
length (Fig. 1b). Dry matter (DM) content of fruits 
and seeds remained stable until about 90 DAA, 
increasing sharply after 150 DAA, with a maximum 

at 175 DAA. The moisture content (M), initially 
high in seeds (73%) and fruits (80%), remained 
high until 90 DAA, with significant reduction from 
this point, reaching the lowest values at 175 DAA, 
i.e., 46% (seeds) and 25% (fruits). It was also 
possible to verify that the period of reduction in the 
seeds’ water content coincided with the period of 
greatest dry mass accumulation at 150, 165 and 175 
DAA (Fig. 1c, d). The seeds acquired considerable 
germination capacity from 150 DAA onward (Fig. 
1e, f). In this period, there was an increase in 
germination and ESI with maximum values at 175 
DAA, values similar to those obtained for seeds 
already dispersed (from 180 DAA). In periods 
prior to 150 DAA, germination was negligible or 
less than 20%.

The increase in seed size was accompanied 
by changes in the color, brightness and opacity 
of the seed coat. Initially, the tegument presented 
color in white/cream shades (60 and 90 DAA) 
(Fig. 2b), followed by a yellowish color (Fig. 2c) 
and the beginning of surface color variation (120 
DAA) (Fig. 2d) and then incomplete color surface 
variation around 75% of the seed surface (Fig. 2e). 
From 150 DAA onwards, the entire surface became 
a color range of brown and beige shades (Fig. 2e, 
f). The embryo became visible to the naked eye at 
120 DAA. The observed morphology at 150 DAA 
shows that the embryos were in the cotyledonary 
stage, wherein a smaller increase of the hypocotyl-
radicle axis was verified in comparison to the 
expansion of cotyledons, which practically doubled 
in area until the 175 DAA (Fig. 2i, j). In this way, it 
was verified that in this species the embryo develops 
after the establishment of endosperm development 
(Fig. 2). The fruit growth  was gradual, and the 
coloration changed from an intense green to a 
slightly yellowish green until 120 DAA (Fig. 2a). 
After that, the fruit lost its green tones and changed 
to shades of gray and brown.

Electrical conductivity (EC) is a vigor test that 
can be associated with seed physiological quality. 
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Figure 1 -  Growth curve for fruits (a) and seeds (b), of Hevea brasiliensis L., seeds harvested at 150, 165, 175 and 
collected at 180 DAA. For fruits n = 30, seeds n = 90 ± standard error. Dry matter and moisture content of fruits (c) 
and seeds (d), n = 5 ± standard error; Germination/emergence (e) and emergency speed index (ESI) (f), n = 5. Means 
followed by the same letter do not differ by Tukey’s test at a 5% probability.

It was observed that during the period in which 
germination occurred, there was a continuous 
reduction in EC, from approximately 6.6 to 2.3 
µs-1 cm-1g in the last period evaluated, 180 DAA, 
in seeds already dispersed.  In addition to the EC 
reduction, there was accumulation of heat resistant 
proteins (HRP) at the end of maturation in the 
rubber tree seeds. It was possible to observe an 

increase in the intensity of  bands from the 165 
DAA in comparison to the previous periods. At 
175 DAA the pattern was similar to the 180 DAA, 
mainly in the proteins with a molecular weight 
between 21 and 45 KDa and 66 KDa (Fig. 3).

Another parameter widely used to give 
information about the seed’s physiological quality 
is the activity of oxidative stress enzymes, such 
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as SOD, CAT, POX and APX. Higher enzymatic 
activity was observed at the beginning and at the 
end of seed development. On the other hand, for 
the fruit, the activity of these enzymes was lower at 
the end of maturation (Fig. 4). The APX values are 
initially higher in the seeds, decreasing over time. 
There was higher CAT, POX and APX activity in 
the seeds than in the fruits, which suggests higher 

metabolic activity in the seeds, whereas the SOD 
activity was similar. An increase in SOD activity 
in the seeds was observed at 135 DAA. Regarding 
total proteins, in the rubber tree fruit there was slight 
variation during development. In the seeds, increase 
was observed starting after 120 DAA. SOD activity 
ranges in mg amount, from approximately 6.31 mg 
g -1 FM, at this 120 DAA to 21.59 mg g -1 FM at 175 

Figure 2 - Hevea brasiliensis L. fruit, during the development at 15, 30, 60, 75, 90 and 120 DAA (a) 
and seeds at 60 DAA (b), 90 DAA (c), 120 DAA (d), 150 DAA (e), 165 DAA (f), 175 DAA (g) and 
after dispersion (h). Embryo at 150, 165 and 175 DAA (i) and embryo after the dispersion (j). Bars 
= 1cm.
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DAA (Fig. 4e). The same pattern was observed for 
starch deposition, which for seeds generally increased 
throughout development. However, after 135 DAA 
there was a large increase in storage content of seeds 
(Fig. 4f). This accumulation begins in the endosperm 
and discretely in the embryo and, at the end of the 
development of the seed, intense accumulation in 
both structures was observed. 

Anatomical and histochemical changes during 
seed development

With light microscopy, it was observed that rubber 
tree endosperm is abundant, whitish and oily, 
wherein the presence of lipids was confirmed by 
Sudan test (Fig. 5g-i). Protein bodies are stained 

positively by Xylidine Ponceau, which dyed 
the protein bodies red (Fig. 5m-o). Endosperm 
cells have a small number of vacuoles which, 
nevertheless, occupy a large part of the intracellular 
space, mainly at 175 DAA (Fig. 5e), primarily in the 
endosperm and in cotyledons. Was also observed an 
increase in the size of the cells during development, 
which was more evident in the endosperm (Fig. 5a-
e). Furthermore, there was a large increase in the 
cell number in the initial phase, evident by the cell 
division (Fig. 5a, b, e, f).

In SEM images, we observed deposition of 
reserve compounds (Fig. 5g-o). After the initial 
period, it is observed that in addition to the reserve 
deposition, there was an increase in size of the 
storage bodies, seen throughout the development, 
starting from 15 DAA, where the storage bodies 
were previously discrete, but from 150 DAA until 
175 DAA an increase in the size of  the storage 
compounds was observed in SEM and TEM images 
(Figs. 5j-l, 6b, d, f).

This increase in number and size for starch can 
be confirmed by light microscopy images at 150, 
165 and 175 DAA (Fig. 5j-l), proteins (Fig. 5m, 
n) and lipids (Fig. 5g, h). In the final development 
stages, it was possible to observe coalescence of 
the protein bodies at 150 and 175 DAA (Fig. 5o) 
and lipid consumption, inferred by the smaller 
number of lipid bodies (Fig. 5i). Reduction in lipid 
concentration was also verified in the biochemical 
analyzes. At 15 DAA the seed had about 5% of 
lipids, with an expressive increase up to 150 DAA, 
reaching about 33.5% and at 165 DAA 44.5%, with 
a slight drop to 41.5% at 180 DAA. Another nuance 
that can be related to recalcitrance is the reduction 
in the vacuoles number at 175 DAA, in relation to 
previous periods (Fig. 5c-e). Cell division is also 
observed in the embryonic axis, which shows that 
the recalcitrant seed can be germinated immediately 
after dispersion at 175 DAA (Fig. 5f). It too can be 
seen from TEM images that cells, in addition to 
accumulation of reserve compounds  (Fig. 6d-f), 
exhibit c ell wall integrity and organization (Fig. 
6a-c).

Figure 3 - Electrophoretic profile of low molecular weight 
heat shock proteins (smHRPs) in embryonic axes of rubber 
tree seeds harvested at 135, 150, 165, 175 and 180 days after 
anthesis. M - molecular marker. The arrows indicate the 
similarity among the seeds immediately before the dispersion 
and recently dispersed.
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Figure 4 - Oxidative stress enzyme activity of Hevea brasiliensis L., seed, CAT (a), SOD (b), POX (c) and APX (d) in seeds and 
rubber tree fruit during development, n = 5 ± standard error and Protein (e), starch content  (f), n = 5 ± standard error.

DISCUSSION

In many species, seed size reaches its maximum at 
the beginning of maturation, remaining relatively 
unchanged until the end of the process (Barbedo 
et al. 2013). However, in this study, the maximum 

size was obtained at later stages (150 DAA) (Fig. 
1). In Inga striata (Fabaceae), higher values for 
seed size were found from about 140 up to 155 
DAA, in addition to higher increments in dry 
matter obtained after this period (Mata et al. 2013). 
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Figure 5 - Transversal section of Hevea brasiliensis L. seeds during development. Seed with 60 DAA (a), with 90 DAA (b); endosperm 
with 150 DAA (c), 175 DAA (d), 175 DAA (e); Embryonic axis with 175 DAA (f); for lipids content: endosperm with 150 DAA (g), 
with 165 DAA (h) and with 175 DAA (i); for starch content: endosperm with 150 DAA (j), 165 DAA (k) and 1750 DAA (l) and for 
protein content: 150 DAA (m), 165 DAA (n) and 175 DAA (o). en, endosperm; xtg, exotegmen, ts, testa

 ͙ 
Presence of vacuoles. Arrows 

= evidence of cell division. Bars = 50 μm. 
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Figure 6 - Section of Hevea brasiliensis L., seeds during 
development. Transmission electronic microscopy (TEM): a, 
b and c; Scanning electronic microscopy (SEM): d, e and f.  
Arrows = evidence of cell division. Bars: a = 5 μm, b = 2 μm, c 
= 1 μm and  d, e, f  = 25 μm. 

The maximum values of growth are associated with 
cell elongation that constitutes the seed structure 
and comprises the reserves deposition increase, in 
addition to accommodating the embryo growth, 
which in the case of rubber tree seeds develops 
later than the endosperm (Fig. 1).

The reduction in seed and fruit moisture 
at the end of maturation is related to the end of 
development. Similar behavior was observed 
by Moreira (2009) in rubber tree seeds during 
development, wherein this author found high 
moisture values, approximately 85% in the seeds 
up to 95 days after pollination (DAP), and after this 
period, a decline until the moisture value reaches 
about 45 to 50% at 195 DAP. It is noteworthy that 
these studies were carried out in different locations, 

with different climatic variations. In addition, 
in recalcitrant seeds there is a drop in moisture 
content, but not as discernable as in orthodox seeds. 
According to Barbedo et al. (2013), recalcitrant 
seeds are orthodox seeds that did not complete 
their ripening and could be dispersed before the 
end of this process, which could explain the high 
moisture content with which the rubber tree seeds 
are dispersed. 

Water content (Barbedo et al. 2013) and 
dry matter percentage (Caccere et al. 2013) are 
considered good indexes for estimating the seed 
physiological maturity point (SPMP), even though 
water content, age or place of origin vary widely 
among species. Physiological maturity can be 
characterized by the maximum content of dry mass, 
which indicates cessation of assimilate translocation 
to the seed. However, the use of only one or two 
parameters does not provide sufficient reliability 
to define the maturity stage of a seed, requiring the 
use of other factors, such as germination and ESI, 
amongst others, to give greater reliability.

The acquisition of the germination capacity 
of some species may occur at the beginning of 
seed development (Lamarca et al. 2013, Borges et 
al. 2006), which did not occur in this study. The 
germination at 175 DAA (before dispersal) and 
at 180 DAA (after dispersal) was significantly 
higher than the other evaluated periods (P<0.05). 
It is worth mentioning that before 150 DAA, no 
germination was observed in the seeds collected, 
even if the reserve substances had already been 
deposited in large part. Germination occurred only 
starting at 150 DAA, although at a low rate, (only 
28% of germination). The embryos were not fully 
formed until that date (150 DAA). Embryos were 
probably in the transition phase from cordate form 
to torpedo stages with apices and meristematic 
tissues forming. After 150 DAA, the embryo was 
in a cotyledonary phase (enlarged cotyledons) 
that already allowed the germination (Fig. 2). The 
highest values of emergence and ESI coincided 
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with the lowest moisture contents and a higher dry 
matter percentage (Fig. 1).

This suggests that the seed physiological 
maturity point (SPMP) of the rubber tree coincides 
with the highest DM content and the lowest M of 
the seeds. Therefore, such parameters can help to 
identify the SPMP of this species. These data are 
similar to those found in another study with rubber 
tree seeds, wherein SPMP was reached at 195 DAP 
(Bonome et al. 2011), while in this study, it was 
175 DAA. The difference in the SPMP estimate 
among these studies can be attributed to variations 
in the seed development environment and in 
genetic variations of the seed itself. Similar results 
were obtained with Erythrina variegata L. seeds by 
Matheus et al. (2011) and in Inga striata seeds by 
Mata et al. (2013).

The efficiency of the DM content and the 
reduction in MC as SPMP markers is related to 
biochemical and physiological change, such as 
accumulation of reserve compounds. Additionally, 
the reduction in moisture content in the seed 
favors subsequent expression of genes that control 
the content of gibberellin (GA) and abscisic acid 
(ABA), wherein ABA is related to the expression 
of maturation compounds (Yan and Chen 2017, 
Vornam et al. 2011). It may also be associated with 
other changes where the expression of more intense 
bands is related to the HRPs expression. This 
relationship was observed from the 150 DAA (Fig. 
3), in addition to the signaling for the accumulation 
of reserve compounds such as starch, proteins and 
lipids that occurred intensively from 135 DAA 
(Figs. 4 and 5). 

HRPs are related to desiccation tolerance 
in orthodox species. Nonetheless, they are 
also found in recalcitrant seeds, wherein they 
have molecular weights of 46, 35, and 23 kDa 
(Kalemba and Pukacka 2012, Vornam et al. 2011). 
Protein expression regulation takes into account 
environmental factors, the accumulation of heat 
hours during the development, water loss and 

rainfall (Kalemba and Pukacka 2012). The higher 
radiation and lower rainfall observed coincided 
with the end of maturation (data not shown) and 
may have influenced the expression of these 
proteins. Low molecular weight HRPs found in 
this study (21 to 45 KDa and 60KDa) can function 
as antioxidants and membrane stabilizers, so as 
to stabilize other proteins during periods of water 
stress, or as molecular chaperones (Tunnacliffe and 
Wise 2007). Soares et al. (2015) found consistent 
bands of 66 KDa protein when studying mature 
orthodox seeds. This is similar to what we found 
here in rubber tree seeds, mainly for 175 and 180 
DAA. 

GAs are associated with a greater synthesis of 
enzymes such as expansins, favoring the loosening 
of the endosperm and the tegument, thus, reducing 
the counterforce exerted by these structures on 
the embryo and facilitating radicle protrusion 
(Nonogaki et al. 2010), which enables the seed to 
acquire germination capacity (Fig. 1).

The EC test provides indirect information about 
the integrity of cell membranes. Higher EC values 
in the early stages of development are related to the 
low integrity of cell membranes, whereas a decrease 
in these values indicates greater organization and a 
deposit of reserve material (Pavithra et al. 2014). 
In this study, an EC reduction was observed in the 
seed imbibition solution from 150 DAA, wherein 
the seeds already showed germination, stabilizing 
at the end of maturation (175 DAA). Similar 
results were obtained by Pavithra et al. (2014) 
when evaluating the development of Pongamia 
pinnata (L.) seeds that exhibited lower EC values 
coincident with SPMP. 

EC reduction, in this case, can be attributed 
to a higher structuring of the seed tegument with 
greater lignin and wax deposition (Fig. 1). The 
larger tegument structure in many cases may be 
related to color, in general, where the greater the 
number of  layers, the darker is the tegument. 
Rubber tree seeds at 175 and 180 DAA have a 
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darker and stiffer tegument (Fig. 1), probably 
providing a stronger barrier for water to enter and 
consequently affecting the EC. 

In relation to the high activity of oxidative stress 
enzymes at the beginning of seed development, this 
may be related to the high water content (Gomes 
and Garcia 2013) and the many metabolic reactions 
associated with histodifferentiation. At the end 
of maturation, there was again a higher enzyme 
activity, in this case, related to preparatory events 
for germination. The observed increase in SOD 
activity at 135 DAA may reflect higher metabolic 
activity from that date, and maybe a reflection of 
the activities of POX, CAT and APX at 120 DAA. 
The most evident increase of CAT suggests that 
eventual production of ROS is along the route 
of hydrogen peroxide formation. Considering 
the POX activity in auxin catabolism and in the 
formation of wall components and the demand for 
hydrogen peroxide as a substrate, it can be inferred 
that the activity variation of this enzyme occurs at 
moments in which the seeds’ components present a 
greater synthesis of the wall (Zheng et al. 2015) or 
differentiation of cell types related to the end of the 
embryo maturation process or reserves deposition. 
This is due to an apparent role in processes related 
to wall formation during seed development wherein 
POX is involved, since hydrogen peroxide loosens 
the bonds between plant cell wall components to 
allow easy access by polysaccharide enzymes and 
allow their rapid digestion (Zheng et al. 2015), 
providing cell growth.

Seed development of many recalcitrant species 
proceeds directly from maturation to germination, 
missing the dehydration phase. The ROS’s can also 
act as agents favoring germination, acting on the 
weakening of the endosperm and tegument, and/or 
also, as protection for the radicle against pathogenic 
soil microorganisms (Schopfer et al. 2001). 

This behavior is easily explained since 
recalcitrant seeds are apt to germinate soon 
after their formation. The preparatory events 

for germination may possibly begin even before 
dispersal. One such mechanism may be the ROS’s 
production that influences the activity of oxidative 
stress enzymes. These enzymes showed an increase 
in activity from 135 DAA, indicating a higher ROS 
production from this date (Fig. 4).

In studies to evaluate oxidative stress enzymes 
in fruits and pea seeds, Matamoros et al. (2010) 
observed an increase in SOD activity and stability 
in APX activity at the end of maturation. These 
authors associated APX behavior with stabilization 
of ROS production by this species and decline in 
water content. In the present study, we observed 
higher activity of all enzymes evaluated (SOD, 
APX, POX, CAT) at the end of seed development 
of the rubber tree. This increase in enzymatic 
activity was most likely due to the high moisture 
content and thus to the accelerated metabolism 
with which the rubber tree seeds are dispersed, and 
to environmental stress as the high incidence of 
solar radiation at the end of development. Contrary 
to what happened in the seeds, we observed a 
reduced activity of these enzymes in the fruit at the 
end of maturation, suggesting a reduction in fruit 
metabolism.

The accumulation of reserve compounds during 
the development of some seeds occurs mainly in the 
cotyledons (Borek et al. 2013, Borek and Nuc 2011). 
This behavior can also be observed for rubber tree 
seeds mainly in relation to proteins (Figs. 4 and 5h, 
l). According to Pavithra et al. (2014), the proteins 
can be related to the lipid bodies preventing their 
coalescence by the action of hydrolytic enzymes. 
It is noted that the pattern of protein accumulation 
was similar to that of starch and lipids (Figs. 4 and 
5) in all embryo, cotyledon, embryonic axis and 
endosperm structures (data not shown).

In addition to this possible protective role, 
protein accumulation in seeds is associated with 
maturation by its relation to the synthesis of genetic 
material and the enzymatic reactions essential to 
cellular metabolism. These data coincide with those 
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reported by Wang et al. (2001), for Olea europaea 
seeds, and Kesari and Rangan (2010) for Pongamia 
pinnata seeds, wherein there was an increase in the 
protein concentration in the last periods of seed 
development.

Lipids are considered the main reserve of 
oilseeds such as rubber tree. An increase in lipid 
content was also reported by Rubio et al. (2013) 
in Jatropha curcas L. seeds and by Bonome et 
al. (2011), in rubber tree seeds. In this case, large 
increases in lipids deposition were observed in the 
last maturation periods, mainly in the embryonic 
axis.

The importance of lipids is due to their 
participation in the cell membrane composition. 
These compounds are directly related to seed 
quality because they are a source of energy reserves 
during germination. Rubber tree seeds are rich in 
lipids, but their use only occurs after the depletion 
of reserves that provide energy (sugars) more 
immediately, such as starch. The lipid use requires 
greater energy demand, since many metabolic steps 
are involved. In the glyoxylate cycle, insoluble seed 
lipids are converted to soluble sugars (sucrose), 
which are displaced to the points where there is 
energy demand and cleaved by saccharolytic 
enzymes and made available for Krebs Cycle (Taiz 
and Zeiger 2015). 

Cellulose and, to a lesser degree, starch are 
the most abundant compounds in plants, being the 
main sites of carbon sequestration. There is a great 
accumulation of starch during rubber tree seed 
development (Figs. 4f  and 5j- l), according to results 
in the present work. Little change was observed 
in the fruit, with slight reduction at the end of the 
development, probably due to the mobilization of 
the starch favoring seed development (Fig. 4f).

In general, embryos have an initial phase 
of starch accumulation, which occurs before 
accumulation of other reserves such as lipids 
and proteins, followed by reduction in levels of 
this compound during embryonic development 

(Andriotis et al. 2010). However, according to 
these same authors, a higher starch amount was 
found in embryos during germination, since in most 
cases, starch is the main source of carbon during 
germination and seedling establishment (Krunic et 
al. 2017, Shaik et al. 2016). In rubber tree seeds, the 
opposite behavior was observed, with increasing 
starch accumulation throughout development in 
both the endosperm and the embryo. This behavior 
may be related to the recalcitrant character of this 
species, which initiates the germination process 
immediately after dispersion. Thus, it is possible 
that events in preparation for this process begin 
even before dispersal, as can be observed by the 
large incidence of dense nuclei and cell division 
in the embryonic axis of these seeds  (Fig. 5c, f), 
thus affecting the starch concentration at the end of 
maturation.

Differences in starch accumulation have 
also been reported in embryos of Brachypodium 
distachyon (Wolny et al. 2014). According to these 
authors, differences in starch concentration and 
accumulation vary with the physiological state of 
the embryos and the developmental stage. In the 
present study, there is a great accumulation of this 
reserve, with no apparent reduction during the end 
of development, as already mentioned. Associated 
to this behavior, we observed coalescence of 
proteins in the final phases (Fig. 5o), favoring, 
thus, greater protein degradation. A fast decline in 
protein content along with slow starch degradation 
in barley grains indicates that the protein may 
act as an alternative substrate of the respiration 
(Macgregor and Matsuo 2016). Possibly, at the 
end of the development, during germination 
preparative events, starch availability is limited by 
its slow degradation, and the embryo uses protein 
breakdown to initiate the germination process, 
which may be an inherent characteristic of this 
species under the conditions evaluated.

In association with the accumulation of 
reserve compounds, some studies have reported 
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a series of anatomical adaptations at the end of 
maturation, mainly in orthodox seeds, in cell 
membranes and organelles (Moura et al. 2010). 
Alterations that cause changes in metabolism also 
occur in recalcitrant seeds, aiming to increase the 
metabolic efficiency (Caccere et al. 2013, Barbedo 
et al. 2013).  So, in addition to changes in reserve 
compounds in rubber tree seeds, as mentioned 
previously (Fig. 5g-o), there was an increase in size 
vacuoles at 150 and 165 DAA (Fig. 5c, d), which 
began to occupy a large part of the cellular volume, 
mainly in the endosperm. This could be considered 
an adaptation of recalcitrant seeds to maintain 
high metabolic rates at the end of maturation. Cell 
division was also observed in the embryonic axis 
(Fig. 5f), indicating that there is preparation to 
germination immediately after dispersal. Caccere 
et al. (2013) also observed an increase in number 
and size of vacuole, in the cotyledons and embryo 
axis in Inga seeds.

By SEM scanning analyzes, we also observed 
cell division in seed development in the endosperm 
(Fig. 6d), which causes the increase of seeds size 
(Fig. 5a, b). 

Analyzing the initial development pattern and 
the accumulation of reserve compounds from 135 
DAA (Fig. 4) to 175 DAA (Fig. 5), we recognize 
rubber tree seeds development as three major 
phases: histodifferentiation (until 75 DAA), cell 
elongation and expansion (75 to 120 DAA) and 
maturation (135 to 175 DAA). The definition of 
these phases facilitates the understanding of the 
biochemical and anatomical changes during rubber 
tree seed development. As in SEM images, in TEM 
we can also verify such changes: cell membrane 
and cell wall integrity, cell wall and mainly the 
accumulation of reserve compounds (Fig. 6a-c). 

Associating all evaluated factors, it is 
concluded that SPMP of rubber tree seeds evaluated 
in this study was reached at 175 DAA. As there was 
no significant difference in germination and ESI of 
seeds between the periods of 175 and 180 DAA, 

collection of seeds before fruit dehiscence could be 
an alternative to avoid loss of seed viability. Seeds 
that enter into contact with the soil are exposed to 
contamination by pathogenic microorganisms (data 
not shown) and they are exposed to environmental 
conditions which could increase the activity of 
antioxidant enzymes activity, indicating an increase 
in the ROS production, which over time can lead 
the seed to deterioration.

In this way, it is possible to conclude that there 
is a great accumulation of reserve compounds in 
the rubber tree seeds at the end of maturation. 

CONCLUSIONS

Physiological maturity of rubber tree seeds occurs 
at 175 DAA, and coincides with its maximum vigor.

Higher percentages and germination speed are 
obtained with seeds harvested at 175 DAA and with 
dispersed seeds at 180 DAA compared to earlier 
stages.

At 175 DAA and 180 DAA, there is a greater 
expression of heat resistant proteins for low 
molecular weight (smHRP) and greater oxidative 
stress enzyme activity.

Rubber seeds show evidence of recent 
cell division at the embryonic axis at the end of 
maturation, which may be associated with the 
recalcitrant character of this species.

The accumulation of reserve compounds in 
rubber tree seeds occurs more intensely in the final 
stages of maturation.
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