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Changes in the concentration of sugars and sucrose metabolism enzymes
can characterize the developmental stages of a seed. In recalcitrant species
such as Hevea brasiliensis L., little is known about these changes. We
aimed to evaluate the three main stages of development of rubber tree
seeds – histodifferentiation, cell elongation and accumulation of reserves. The
activities of acid and neutral invertases (E.C. 3.2.1.26) and sucrose synthase
(EC 2.4.1.13), and the concentrations of reducing sugars (RS), total soluble
sugars (TSS) and sucrose (Suc) were determined concomitantly with the his-
tochemical and anatomical evaluation of seed structure. Histodifferentiation
in rubber tree seeds occurs up to 75 days after anthesis (DAA). The concen-
tration of RS is high and of Suc is low during seed histodifferentiation, which
occurs along with a visible increase in the number of cell divisions. After that
period, there is an increase in the concentration of Suc (mg g−1) and in the
number and size of starch granules, and a decrease in the concentration of
RS (mg g−1). At that point, cell elongation occurs. At 135 DAA, there is an
inversion in the concentration of these two sugars and an increase in reserve
accumulation. Thus, in seeds of the evaluated clone, the period up to 75 DAA
is characterized as the histodifferentiation stage, while from that time up to
120 DAA the cell elongation stage takes place. The final stage of seed matu-
ration and reserve accumulation begins at 135 DAA, and the seed, including
the embryo, is completely formed at 175 DAA.

Introduction

Several steps are involved in seed development, such
as cell division, histodifferentiation, maturation and des-
iccation. Proper occurrence of these steps is essen-
tial to ensure seed quality and survival (Pavithra et al.
2014). Anatomical and biochemical modifications occur

Abbreviations – DAA, days after anthesis; DAP, days after pollination; RS, reducing sugars; Suc, sucrose; SuSy, sucrose
synthase; TSS, total soluble sugars.

orderly according to events inherent to the stage of devel-
opment in which the seeds are.

Among these anatomical changes, structural alter-
ations that facilitate dehydration are particularly relevant,
such as the reduction in size and number of vacuoles
and changes in the cell wall (Vicré et al. 2004). Such
modifications are associated with seed maturation and
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are closely related to orthodox seeds (Bryant et al. 2001,
Barbedo et al. 2013). On the other hand, a lower propor-
tion of polysaccharides and an increased number and
size of vacuoles are observed in recalcitrant seeds like
those of Inga vera, which indicates the occurrence of
high metabolic activity in the embryo (Caccere et al.
2013).

Although orthodox seeds may alternate between
stages of tolerance and sensitivity to desiccation, at early
stages of development, when water content is high,
seeds are sensitive to desiccation (Parcy et al. 1994).
At the maturation stage, when water content is low,
desiccation tolerance is induced in seeds. Through-
out germination, desiccation tolerance is progressively
lost (Nedeva and Nikolova 1997). Thus, during both
development and germination, orthodox seeds have a
recalcitrant behavior (Pereira et al. 2017).

Biochemical changes, such as variations in the
contents of sugars and enzymes involved in seed
metabolism, provide important information that allows
for the understanding of seed development. Some
authors associate the accumulation of oligosaccharides
and sucrose (Suc) during seed development with the
late maturation stage, in which seeds may or may not
acquire desiccation tolerance (Leprince et al. 1993).
Suc and the sugars of the raffinose series are consid-
ered efficient substances in stabilizing macromolecules
and the membrane structure during seed desiccation
(Leprince et al. 1993). In contrast, reducing sugars (RS)
(glucose, fructose, galactose and maltose) are char-
acteristic of tissues from desiccation-intolerant seeds
(Horbowicz and Obendorf 1994). In addition, sug-
ars can act as signaling molecules in gene regulation
(Hartig and Beck 2006, Wang and Ruan 2013). Low
Suc concentration stimulates basic processes, such as
photosynthesis and nutrient transport, and inhibits devel-
opment of the endosperm and embryo (Koch 2004). At
high concentrations, Suc also inhibits basic functions,
like photosynthesis, in source organs and stimulates
growth and storage in sink organs and structures, like
developing seeds (Wang and Ruan 2013).

Suc is the main sugar used for long-distance transport
in plant tissues. In sink tissues, Suc may be either broken
down into glucose (Glc) and fructose (Fru) by invertase
or converted to UDP glucose (UDPG) and Fru by sucrose
synthase (SuSy) (Wang and Ruan 2013). Suc hydrolysis is
vital to plants, not only for carbon allocation, but also for
triggering developmental signals in importing structures
(Koch 2004). An example of the latter case is the trigger-
ing of cell division in the seed for endosperm and embryo
formation. A large number of loci responding to sugar
levels have been identified and shown to participate in
various hormonal signals, like abscisic acid, ethylene,

and cytokinins (Hartig and Beck 2006). This signaling
role of sugars is even more prominent in light of its close
relationship with different stages of plant development
(Smeekens et al. 2010, Eveland and Jackson 2012).

In seeds, the role of sugars in molecular signaling
is related to endosperm formation. The endosperm is
formed earlier than the embryo due to a spatial con-
centration gradient of Glc, which is higher in the for-
mer (Nowack et al. 2007). Such difference in Glc con-
centration favors cell division in the endosperm during
early seed development (Wang and Ruan 2012). After
that, increased activity of enzymes like SuSy, followed by
decreased activity of invertases, characterizes a change
in metabolism that will further lead to the accumulation
of reserves, to the detriment of the cell divisions that are
necessary during early stages of seed development (Koch
2004).

In the present work, we studied the kinetics of sugar
consumption and enzyme activity during development
of the recalcitrant rubber tree seed. We chose this
approach due to the lack of such information and to
the commercial importance of the selected plant species.
The study was performed concomitantly with the evalu-
ation of seed histodifferentiation, in order to contribute
to comprehending the development of recalcitrant seed.
We aimed to address the following question: can sugar
metabolism be used to define and characterize the seed
developmental stages in Hevea brasiliensis, a recalcitrant
species?

Materials and methods

Plant material

Plant material (fruits and seeds) was obtained from 50
plants of the RRIM 600 clone of H. brasiliensis L., rubber
tree. Ovaries of flowers at anthesis and fruits at differ-
ent stages were collected. Fruit development was moni-
tored from anthesis to opening by date-labeling inflores-
cences. Samples were collected every 15 days starting
from anthesis, except at 105 days after anthesis (DAA),
due to unfavorable weather conditions. For growth anal-
ysis, we measured 50 seeds from 10 different plants
and for moisture content 5 replications with 10 seeds.
Samples for biochemical analyses were kept frozen at
−80∘C until processing. Samples for microscopic anal-
yses were fixed in an appropriate solution as described
further below.

Determination of starch and sugar concentration

Crude extracts for determination of contents of starch,
total soluble sugars (TSS) and RS were obtained from 1 g
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plant material ground in a mortar with liquid nitrogen
(repeated 5 times). Extracts were obtained from 10 ml
of heated (60–70∘C) 80% ethanol after centrifuging at
2000 g for 10 min, thrice. The supernatant was removed
for quantification of TSS and RS. The pellet was dried for
later quantification of starch by the method proposed by
McCready et al. (1950). The reserved crude extract was
used for determination of RS content by the method of
Somogyi (Nelson 1944). Concentration of RS was deter-
mined in whole seeds and, whenever possible, sepa-
rately in the embryo and in the endosperm. TSS content
was determined by the phenol–sulfuric acid method pro-
posed by Dubois et al. (1956), in a manner similar to
the one adopted in starch quantification. Suc concentra-
tion was determined following Bonome et al. (2011), by
obtaining the difference between the whole-seed con-
tents of TSS and RS and multiplying it by the factor
0.95 (sucrose conversion factor). Sugar quantification in
embryos separately from the endosperm was possible
only from 120 DAA.

Quantification of enzyme activity

Extraction and evaluation of SuSy (EC 2.4.1.13) and
invertase (E.C. 3.2.1.26), acid (AI) and neutral (NI) activ-
ities were carried out in five replications. For quantifi-
cation of SuSy activity, plant material was ground in
a mortar with liquid nitrogen, followed by addition of
0.1 g of sample and 200 μl of extraction buffer solu-
tion (1 M HEPES-KOH, pH 6.0; 100 μl of 0.1 M MgCl2),
100 μl of 0.1 M UDP, and 400 μl of 1.0 M Suc, fol-
lowed by completion with water to a final volume of
2000 μl. The assay was incubated in water bath at 25∘C
for 60 min, after which it was transferred to ice to stop
the reaction.

The activity of invertases was determined by the RS
concentration (Miller 1959). For AI extraction, 0.2 g of
material was added to 200 μl of 1 M sodium acetate
buffer with pH 4.7, 100 ml of 0.1 M MgCl2 and 400 μl of
1 M Suc, followed by completion with water to 2000 μl.
After that, samples were incubated in water bath at 37∘C
for 60 min, after which the reaction was stopped by
transferring the assay to ice. The same procedure was
used for NI extraction, replacing the sodium acetate
buffer solution with 0.1 M phosphate buffer solution,
pH 7.0. Moisture content was determined in an oven
at 105± 3∘C for 24 h (Brasil 2009) with 5 seeds per
evaluation time, and seed growth was monitored using
a digital caliper with 50 seeds per time.

Light microscopy

Seeds collected every 15 days starting from anthesis were
fixed in FAA (formaldehyde, glacial acetic acid, 50%

ethanol, 1:1:18, volume–volume) for 48 h, stored in 70%
ethanol, dehydrated in an ethanol series and embedded
in 2-hydroxyethyl methacrylate (Historesin, Leica Instru-
ments, Nußloch/Heidelberg, Germany). Cross sections
5-μm thick were obtained with a rotary microtome
(model RM2155, Leica Microsystems, Deerfield, IL) and
stained with 0.05% toluidine blue, pH 6.5 (O’Brien
et al. 1964). Glass slides were mounted with synthetic
resin (Permount, Fisher Scientific, Waltham, MA). Lugol
reagent (Johansen 1940) was used for starch detection
on sections of samples collected at 120, 135, 150 and
180 DAA. Five samples from each phase were evaluated
with a total of 20 cuts per sample. For each cut, five fields
were photographed and analyzed.

Image capture, documentation and analysis were
performed using a light microscope (model AX70TRF,
Olympus Optical, Tokyo, Japan) equipped with a
U-photo system and a digital camera (model AxioCam
HRc, Carl Zeiss, Jena, Germany). Samples from each col-
lected period were then associated with the respective
seed developmental stage.

Results

Carbohydrate metabolism, enzymes of sucrose
metabolism, and growth variables during
seed development

Rubber tree seeds had high initial water content during
early development. Early growth, from 45 to 75 DAA,
was intense. From 75 to 135 DAA, growth was slower,
yet another stage of intense growth took place from 135
to 150 DAA (Fig. 1A). Moisture content decreased to
45–50% until the seeds dispersal, at 180 DAA (Fig. 1A).
Concentrations of RS, TSS, and Suc changed along
seed development. Concentration of RS increased up
to 40.82± 3.25 mg g−1 FW at 75 DAA. In contrast,
Suc concentration remained as low as 4.64± 1.33 mg
g−1 FW at that period. After 75 DAA, Suc concen-
tration increased, reaching 62.62± 5.8 mg g−1 FW at
175 DAA (Fig. 1C). At early stages of seed develop-
ment, AI activity increased until 75 DAA, along with
NI, whose activity only slightly increased until then. At
75 DAA, AI activity decreased, and at 120 DAA such
decrease was even more pronounced. On the other
hand, SuSy activity remained constant up until 60 DAA;
from that period, a substantial increase was observed in
the activity of that enzyme, extending until the end of
the seed developmental period. In fruits, a decline in
the activity of all evaluated enzymes was observed after
75 DAA (Fig. 1D).

An increase in starch concentration was also observed
along seed development (Fig. 1D). From 120 to 175
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Fig. 1. Seed development in the rubber tree. (A) increase in growth, means ± SD, n=50, and moisture content, means± SD, n=5. (B) starch
concentration, means± SD, n=5. (C) changes in contents of RS, TSS, and Suc, means± SD, n=5. (D) sucrose metabolism enzymes AI, SuSy, and NI,
means± SD, n=5. (E) enzymatic activity patterns of invertases and sucrose synthases throughout seed development.

DAA, the increase in starch content is related to
the increase in Suc concentration, since Suc can
be stored temporarily in the form of starch, whose
content showed no significant change in seeds until
120 DAA (14.5± 1.6 mg g−1 FW). At that point, an
increase in starch concentration was observed up
until the end of seed maturation, at 175 DAA, when
values of up to 31.4± 1.6 mg g−1 FW were detected
(Figs 1B and 3).

Seed development

Embryo formation can be observed with the naked eye
at 120 DAA. At that period, higher RS concentration was
observed in the endosperm (18.46 mg g−1 FW) than in
the embryo (10.40 mg g−1 FW). This difference decreased
as seed development approached maturation. Prior to
dispersal, RS concentration was approximately 10.97 mg
g−1 FW in the endosperm and 14.97 mg g−1 FW in
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the embryo (data not shown). Before 120 DAA, when
the embryo would then develop, a space filled with
an aqueous mass could be seen with the naked eye
(Fig. 2). The biochemical constitution of that mass was
not evaluated.

Anatomical characterization of seed development

The ovules of H. brasiliensis are bitegmic and crass-
inucellate. The outer integument is composed of four
to five cell layers, while the inner integument consists
of seven to nine layers. Both integuments have small
cells with dense cytoplasm and a conspicuous nucleus.
The multi-stratified nucellus is composed of volumi-
nous, vacuolated cells (Fig. 3A). Few structural mod-
ifications occur in the integuments during early seed
development. At 15 DAA, there is a slight increase in
the number of tegmen cell layers. Nucellus and tegmen
cells have small vacuoles, dense cytoplasm and evident
nucleus, indicating mitotic activity (Fig. 3B). At 30 DAA,
an increase in number of cells is observed in the tegmen
and endosperm (Fig. 3C), which continues throughout
seed development until 75 DAA, when mitotic activ-
ity is tightly reduced. At 45 DAA, tegmen (Fig. 3D) and
endosperm (Fig. 3E) thicknesses are approximately twice
as higher than at the previous stage. The increase in num-
ber of endosperm cells occurs mainly through division
of cells from the outermost layers (Fig. 3F), while cell
division in the tegmen occurs randomly. Mitotic activity
ceases at 90 DAA, when no region with cells undergoing
division can any longer be identified in the endosperm
(Fig. 3J).

From 60 to 90 DAA, the exotegmen, a layer related to
mechanical resistance in H. brasiliensis seeds, develops.
At 60 DAA, exotegmic cells are small, slightly elon-
gated radially, and have dense cytoplasm and evident
nucleus (Fig. 3A, B, G). Exotegmic cells undergo radial
elongation at 75 DAA (Fig. 3H) and reach their final size
at 90 DAA (Fig. 3I), when they then form a palisade.
After 90 DAA, a secondary wall with lignin deposition
is formed in exotegmic cells. From 90 DAA, seed devel-
opment is characterized by expansion of integument
and endosperm cells as well as by embryo growth.
At 180 DAA, which corresponds to the mature-seed
stage, endosperm cells are voluminous and have a
single vacuole occupying the central cell region and
a conspicuous nucleus (Fig. 3K). Cotyledon cells are
also voluminous but their nuclei are not evident, yet
they have several smaller-sized vacuoles (Fig. 3L).
Embryonic-axis cells also have several small vacuoles,
but unlike cotyledon cells they are characterized by the
presence of a conspicuous nucleus and dense cytoplasm

(Fig. 3M), indicating the beginning of cell division in
that region.

Accumulation of starch

Starch accumulation in storage tissues started
at 120 DAA and ended at 175 DAA, when the
endosperm and embryo were already fully developed
(Figs 1B and 3). Starch reserves were observed in the
endosperm, cotyledons, and embryonic axis. From 135
DAA, starch accumulation significantly increased until
the end of seed maturation, at 150 and 175 DAA. At 150
DAA, higher starch grain concentration was observed
in the endosperm than in the embryo (Fig. 4A–C).
An increased number and size of starch grains were
observed at 175 DAA in all storage tissues (Fig. 4D–F).

Discussion

The higher RS concentration observed at the beginning of
seed development may have resulted from Suc cleavage
(Bonome et al. 2011). Several studies have shown higher
concentrations of hexoses during early stages of seed
development, correlating this with the promotion of cell
division (Baud et al. 2002, Borisjuk et al. 2003) (Fig. 1C,
D). This hypothesis is supported by the higher increase
in cell number and more evident cell nuclei observed
in such stages (Fig. 3A, B, F, H). Changes in the con-
centration of sugars contribute to our understanding of
the developmental stage in which the seed is. In a study
carried out with an unknown rubber tree clone from
seed development to maturation, the authors observed a
reduction in RS content in the endosperm (Bonome et al.
2011). Such reduction was more intense at 120 days
after pollination (DAP), whereas the reduction in RS
content observed in our study occurred at 90 DAA. This
difference can be attributed to variations in the environ-
mental conditions among experimental sites and to seed
moisture content at each evaluated time (Fig. 1A).
Moisture content was highest at the early periods and
decreased throughout development. Water content
(Barbedo et al. 2013) and the percentage of dry matter
(Caccere et al. 2013) are considered good indexes for
estimating physiological maturity of seeds. In addition to
the variation in moisture content, variability in genetic
features among the studied plants should also be taken
into account. In the embryo, a significant increase in
RS content was observed at 90 days in both studies
(Fig. 1C).

Moisture content was used as a basis for comparison
of the evaluated seed developmental stages, namely
histodifferentiation, cell elongation, and accumulation
of reserves. As previously mentioned, anatomical and
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Fig. 2. Cross section of the rubber tree fruit (A), showing the space where the embryo is formed (B), which is initially occupied by a mass of gelatinous
cells. sc, seed coat; en, endosperm; ep, epicarp; mc, mesocarp; ec, endocarp; s, developing seed; and cm, cell mass. Bar=1 cm.

biochemical modifications, like cell expansion and
alteration in enzyme activity, were detected, and they
may well depend on and be influenced by such moisture
content.

The RS activity observed in the endosperm and
embryo may be related to the role those sugars play in
molecular signaling. This signaling commands earlier
and faster formation of the endosperm by increasing
glucose concentration in its formation region (Nowack
et al. 2007). The increase in RS content in the embryo
at the final stages of development may be attributed to
the recalcitrant features of the studied species, since
metabolism remains high during late maturation. Due to
the presence of high moisture content even at late devel-
opment, recalcitrant seeds sustain a high metabolism
(Sershen et al. 2012b).

Such high metabolic activity is observed by the
resumption of cell division in the embryonic axis of the
analyzed seeds (Fig. 3M). This is in agreement with the
report made by Farrant et al. (1992), who observed a
high concentration of RS during late development of
Avicennia marine seeds in addition to no reduction in
moisture content. The authors associated this behavior
with the rapid germination of recalcitrant seeds. The
absence of preparatory events for desiccation – and
consequently for cryptobiosis – may be related to the
lack of modifications that are commonly observed in
orthodox seeds. A higher number of smaller vacuoles
occupying the cytoplasm (Pavithra et al. 2014) and
higher accumulation of sugars with high molecular
weight (Farrant et al. 1992) are both related to a higher
desiccation tolerance. In H. brasiliensis seeds, we
observed few vacuoles occupying a large cell volume
(Fig. 3K), similarly to what was reported by Pavithra
et al. (2014). It should be emphasized that before 90
DAA no analysis was conducted in the embryo, as its

small size hampered its separation with the naked eye;
also, such separation was unpractical, as we needed
to gather a sufficient sample amount to perform the
analyses.

The relationship between the processes of histodif-
ferentiation and sugar consumption is also worth com-
menting on. Contents of available Suc were low dur-
ing seed histodifferentiation, which is in agreement with
the expected mobilization and use of carbon back-
bones to supply the energy and redox power demanded
by the processes involved. As Suc is the preferential
carbon backbone used in photosynthate transport, we
observed the presence of this sugar in differentiating tis-
sues, whereas the observed contents of RS were low,
probably due to the use of the hexose pool in cell
metabolism.

In general, high levels of monosaccharides and low
levels of oligosaccharides are found during early stages
of seed development. In the final stages, monosaccharide
content is reduced (Pavithra et al. 2014), characterizing
metabolic changes that take place in preparation to a
period of cryptobiosis. This phenomenon, however, is
attributed to orthodox seeds; rubber tree seeds, on the
other hand, do not undergo cryptobiosis, as they are
recalcitrant. Possibly, changes in the contents of RS,
TSS and Suc, as well as in the pattern of cell division,
which is resumed at late seed development, occur with
the purpose of ensuring fast germination after dispersal.
Similar results in regard to the concentrations of these
sugars have been reported to seeds of H. brasiliensis
(Bonome et al. 2011), Inga vera (Caccere et al. 2013),
and Pongamia pinnata (Pavithra et al. 2014), all of which
are recalcitrant species.

Germination in recalcitrant seeds begins immediately
after dispersal, which in the case of our study could
be observed by the aforementioned resumption of cell
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Fig. 3. Photomicrographs of cross sections of the ovule (A) and seeds of Hevea brasiliensis at 15 (B), 30 (C), 45 (D, E), 60 (F, G), 75 (H), 90 (I,
J), and 180 (K–M) DAA. A–F, development of the integuments and endosperm. F, detail of the endosperm at 60 DAA, showing the region with
intense cell division (arrow). G–I, cell differentiation in the exotegmen. J, detail of the endosperm at 90 DAA; no cell undergoing division was
observed. K–M, storage tissues in mature seeds. K, endosperm. L, cotyledon. M, embryonic axis, with cells having evident nucleus and dense cytoplasm
(arrow). en, endosperm; nu, nucellus; ts, testa; tg, tegmen; va, vacuole; xtg, exotegmen. Bars=100 μm (A, B, G, H, I), 500 μm (C-E), 200 μm (F, J),
50 μm (K-M).

division. In addition, we observed a small number of
vacuoles occupying a large portion of the intracellu-
lar space (Fig. 3K). In Inga vera seeds, not only a slight
reduction in the concentration of RS but also high
metabolic rates were observed throughout the seed mat-
uration stage and at the end of seed development. This

denotes an absence of the reduction in metabolism that
usually precedes seed dispersal, which is characteristic
of recalcitrant species (Caccere et al. 2013).

Increased Suc concentration has a positive effect
on seed formation and maturation (Koch 2004, Wang
and Ruan 2013). The more expressive increase in
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Fig. 4. Photomicrographs of cross sections of Hevea brasiliensis seeds at 135 (A–C), 150 (D–F), and 175 DAA. Sections were treated with the Lugol
reagent. The arrows indicate the starch bodies, showing an increase in the amount and intensity of the staining. Bars=150 μm.

concentrations of Suc and TSS at 120 DAA was possibly
due to a higher energy demand by the seed, which
resulted in the accumulation of reserve compounds such
as starch. Suc is widely associated with seed maturation
and may be stored temporarily in the form of starch (Koch
2004). The enzyme SuSy plays a role in directing carbon
flow to cell wall biosynthesis during late developmental
stages. A major role attributed to this enzyme is convert-
ing the imported Suc into UDP-glucose (UDPG), which
is then transformed to hexose-phosphates and ADPG,
the latter of which is necessary for starch biosynthesis.
In addition, SuSy has been suggested to be involved,
at least in part, in the direct conversion of sucrose into
starch biosynthesis-related ADPG in both autotrophic
and heterotrophic cells (Figs 1B, C and 4). Sugars,
besides providing carbon for cell growth, may also act
as signaling molecules and play a role as expression
regulators of different genes (Smeekens et al. 2010,
Eveland and Jackson 2012, Wang and Ruan 2013).

During embryo development in legume crops, glucose
was related to increased mitosis (Borisjuk et al. 2003),
suggesting the existence of a relationship between hex-
oses and the cell cycle. Similar results were observed in
our study, in which higher RS contents coincided with
higher increase in cell number until 75 DAA (Figs 1C
and 3A–F). After that period, the rate of cell division
decreased (Fig. 3J), increasing again in later periods near
dispersal, also along with an increase in cell division in
the embryonic axis and cotyledons (Fig. 3L and M).

The relationship between sugars and cell division con-
trol is reported to function in the modulation of gene
expression of D-cyclin, a protein involved in the reg-
ulation of cell cycle (Gaudin et al. 2000). Thus, with
the higher RS concentration observed during early rub-
ber tree seed development, increased histodifferentia-
tion and mitotic activity were also to be expected. This
was confirmed by the observed dense cytoplasm and
evident nuclei, as well as by the increase in cell number
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in the tegmen and endosperm (Fig. 3B and C). Higher
Suc concentration at 120 DAA is related to late matura-
tion, cell elongation, and accumulation of reserves (Koch
2004,Rolland et al. 2006 , Bonome et al. 2011). Sugars,
when acting as molecular signals of the synthesis of seed
structures, promote differential tissue formation, leading
to earlier and faster formation of the endosperm than of
the embryo (Nowack et al. 2007) due to a spatial gradi-
ent of Glc concentration in the former toward the latter.
Such difference in Glc concentration favors cell division
in the endosperm during early seed development (Wang
and Ruan 2012). Higher RS concentration in the embryo
than in the endosperm was also observed in rubber tree
seeds at 135 DAA (data not shown). Before that period,
separation of embryo and endosperm samples was not
possible, as then only a gelatinous mass was observed
in the site where the embryo would further develop. This
gelatinous mass became increasingly viscous up until the
embryo was formed (Figs 2A–C, E and 3).

Inversion in the contents of RS, TSS and Suc has
also been observed by Bonome et al. (2011). Change
in the concentrations of these sugars along the different
stages of seed development is attributed to the activity
of sucrose metabolism enzymes (i.e. AI, NI and SuSy)
(Rolland et al. 2006, Bonome et al. 2011). Inversion in
the activity of AI and SuSy at 75 DAA is the landmark
for the end of the histodifferentiation stage and the
beginning of the maturation (cell elongation) stage. This
hypothesis is reinforced by the fact that the increase in
number of cells in the tegmen and endosperm occurred
up to that time point (Fig. 3A–F), while at 90 DAA no
such increase was observed (Fig. 3J). In addition, at the
end of seed development, accumulation of reserves was
detected (Fig. 4).

Several studies have shown that the shift from the his-
todifferentiation stage to the stage of accumulation of
storage material and seed maturation is affected by sugar
signaling in cells, as mentioned above. The transition
between stages occurs due to a decrease in the expres-
sion and activity of invertases and an increase in SuSy
activity, which affects the Suc/Glc balance, favoring Suc
concentration (Wang and Ruan 2013). There is also evi-
dence of a relationship between high activity of inver-
tases and high hexose/sucrose concentration during early
stages of seed development in rice (Hirose et al. 2002).
This relationship may be associated with higher mitotic
activity at early development due to the participation of
invertases and to the balance of sugars that signal cell
division.

In contrast, subsequent to the increase in SuSy activ-
ity, the aforementioned signaling changes favored the
increase in contents of Suc and other reserve compounds
(Fig. 1D). Similar results were reported by Bonome et al.

(2011) for rubber tree seeds, yet with increasing AI
activity up until 95 DAP followed by a marked decline
at 120 DAP. Furthermore, the authors also detected an
increase in SuSy activity at 95 DAP and also reported an
inversion in the activity of these enzymes at 100 DAP.
In the case of our study, such inversion occurred at 75
DAA (Fig. 1D), which explains the observed changes in
mitotic activity of tissues (Fig. 3) and in concentration of
sugars (Fig. 1C).

The relationship between the decline in concentra-
tion of RS such as Glc and decreased mitotic activ-
ity in legume embryos was observed by Borisjuk et al.
(1998) through the high-resolution histographical map-
ping technique. According to the authors, such relation-
ship should be largely attributed to the decrease in gene
expression of invertases. The activity of NI observed until
150 DAA was always lower than that of AI. This only
changed at 165 and 175 DAA, when the activity of these
enzymes inverted, although no reduction in RS con-
tents was then observed. These data corroborate those
reported by Bonome et al. (2011), also to rubber tree
seeds. These authors also observed an increase in the
amount of reserve material in the endosperm at a similar
period. This was associated with the previously reported
role of sugars as signals during seed development (Eve-
land and Jackson 2012, Wang and Ruan 2013).

We suggest that, in the case of the clone stud-
ied herein, the reserve accumulation stage begins at
135 DAA, with accumulation increasing after 150 DAA
(Figs 1B and 4), when the embryo may still be at late
stages of formation. Thus, the inversion in the rates of
NI and AI activity that occurred at 75 DAA is associated
with a reduction in RS concentration and an increase in
concentrations of TSS and sucrose, such decrease can
be associated with starch accumulation at that period
(Weschke et al. 2000). These metabolic changes are
strongly related to the developmental stage in which the
seed is and are regulated by the sugars present at each
stage (Koch 2004). The increase in starch content may
also be associated with a possible preparation for germi-
nation. Seeds need rapid energy availability; however,
lipid breakdown is slower and demands higher energy
resources. Structural changes were also observed, such
as the increase in size of vacuoles from cotyledon cells,
after which such organelles occupied a large portion of
the cell volume. These changes may be an adaptation
to accommodate the increased amount of reserve mate-
rial, as represented by the increase in number and size of
starch granules. This increase was evidenced in the com-
parison among histochemical images of starch granules
in samples from 135, 150 and 175 DAA (Fig. 4).

Increased starch concentration is related to enzymatic
activity of SuSy, from the Suc metabolism, which leads
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to a change in the use of carbon for starch synthesis in
plastids. High gene expression for SuSy synthesis also
coincides with rapid starch filling in rice grains (Wang
and Ruan 2013). Similar results were also observed by
Pavithra et al. (2014) and Sangwan et al. (2010) in P.
pinnata seeds. Caccere et al. (2013) also detected the
same in I. vera seeds, as evidenced by the observed
increase in size and number of starch grains in the
embryonic axis and cotyledons, similarly to what we
observed in our study.

Although starch is not the main reserve of rubber tree
seeds, the observed accumulation of reserve material
indicates seed maturation. In that case, the Suc produced
can be temporarily stored in the form of starch and be
later used as a source of carbon for the synthesis of other
reserve compounds such as proteins and lipids (Andriotis
et al. 2010), or even as a source of energy in the cell
metabolism or during germination.

Thus, the formation cycle of the rubber tree seeds
used in this study is complete at 175 DAA. Rubber
tree seeds are governed by changes in the activities of
enzymes from the Suc metabolism, which directly influ-
ence the proportion of sugars present at each develop-
mental stage. These sugars regulate cell metabolism, sig-
naling the triggers that regulate morphogenetic differen-
tiation during seed development. In addition, there is a
close relationship between the balance of sugars, sucrose
metabolism enzymes, and the developmental stage in
which the seeds are. The interactions among these vari-
ables are associated with the signaling of the end of the
histodifferentiation stage and the beginning of the stage
of reserve accumulation and seed maturation.

Conclusions

Seed developmental stages in the rubber tree are related
to the concentration and type of sugar present in the
seeds. The stages of histodifferentiation, cell elongation
and reserve accumulation can be defined based on the
metabolism of sugars and related enzymes.

The histodifferentiation stage generally takes place
from 75 to 90 DAA, followed by the cell elongation
stage, which lasts until 120 DAA, and the largest reserve
accumulation stage, which begins at 135 DAA. The seed
is completely formed at 175 DAA.
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