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ABSTRACT

The ripening physiology of Jatropha curcas fruits involves the production of
photoassimilates in its formation and development, until the oil body becomes present in
its seeds. The anatomy of fruits and seeds aids in understanding the main structures and
compounds produced during ontogeny of this species. Thus, the purpose of this chapter is
to describe the evolution of the development and main structures formed by J. curcas
seeds and fruits four days after anthesis (DAA) to the completely ripe fruit at 58 DAA and
to provide evidence that the seeds of this species are not waterproof and therefore
dormant, as has widely described in the literature.
In in this chapter, we describe that J. curcas fruits reach their maximum volume
approximately 47 DAA and then reduce this volume from 55 DAA when they become
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dried and darkened. There is a major presence of lactiferous ducts over the fruit
mesocarp, which may be or not branched or articulated. The seeds become fully ripe at
13 DAA, and the presence of malformation or abortion at one or even two ovules is
relatively common, leading to a reduction of seeds in the fully ripened J. curcas fruit. At
18 DAA, the endosperm begins to be consumed as a consequence of increased embryo
size, which is fully developed after 40 DAA with evidence of a hypocotyl-radicle axis, in
addition to the cotyledons, primordial stem and root. The seed integument is composed of
testa and tegmen, and each is clearly subdivided. The outer layer of testa has
macrosclereids, fibers and lignified cells. However, the existence of some cells without
lignification was observed along the entire seed surface. The macrosclereids and fibers
present in the seminal integument are responsible for the high rigidity found in J. curcas
seeds; however it seems that these characteristics do not affect the processes of seed
imbibition and germination.. Thus, from a reproductive point of view, these aspects along
with those found in the literature, are essential to the adaptive and competitive success of
this species in the different environmental conditions in which J. curcas is native and
widely cultivated.
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In the last few decades, Jatropha curcas L. has become popular thanks to its broad
capabilities and plethora of uses, especially in biodiesel production (Fairless, 2007). The seed
oil is composed of approximately 73% unsaturated fatty acids (Pramanik, 2003) and is of
commercial importance in J. curcas. The amount of oil in the seeds varies widely ranging
al , 2013), resulting in a biodiesel yield up
from 17.5 to 41.6% (Pompelli et al.,, 2010, Sunil et al.,
to 86% and is preferred by biodiesel industries. This oil can be easily extracted and used both
for biodiesel production and as cooking/lighting fuel, medicine, a bio-pesticide, and for soap
production. Additionally, the seed cake, a by-product of oil extraction by-product, can be
2014)
used as organic fertilizer, as combustible fuel, or for biogas production (Arroyo et al., 2014).
Along with these multiple uses, the expectations surrounding J. curcas are derived from the
amazing adaptability of this succulent perennial tree, which is a drought avoidant that can
2010)
thrive even on low-nutrient soils and under arid and semiarid conditions (Achten et al., 2010).
The capability to grow on poor quality soils allows J. curcas not directly compete against
food crops (Pompelli et al., 2011). Furthermore, this plant itself offers an ecological
advantage of mitigating soil degradation and reclaiming marginal land or abandoned
farmland; it can also be used as live-fencing as it acts like a livestock/fire barrier to protect
fields (Kumar and Sharma, 2008).
Because seeds are the main commercial product of J. curcas, the formation of this
structure should be studied from a botanical, biochemical and anatomical point of view. The
heterogeneity of the Euphorbiaceae species makes it highly diversified, mainly due to the
great variability in their vegetative and floral characteristics. As a result, the taxonomy of the
family should not be based only on morphological characteristics, they often change in
response to environmental stresses.
It is known that the fruit and its quality are strongly
stress
influenced by photosynthetic activity, and these structures, along with the developing seeds,
have a great ability to influence the production of assimilates during photosynthesis (Jones
and Miller, 1992). In this sense, anatomical and embryological studies are very important
tools for systematic ecophysiological studies of the Euphorbiaceae species.
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Generally, the characterization of fruit and seeds are based on several morphological and
anatomical characteristics, such as the consistency and the number of integuments; the
location of the mechanical layer; the chemical composition; the classification of endosperm;
the presence of appendices and other structures; and the size, color, shape and curvature of
the embryo. Because most of these features cannot be easily observed in fruits and seeds
when ripe, ontogenetic studies are necessary to complete the morphoanatomical description of
the fruit and seeds. Ontogenetic and histochemical studies are commonly used to study
morphological and anatomical patterns among taxa, to indicate organs specialization, and to
provide a secure foundation for the understanding of important structures and compounds
involved in species evolution. Furthermore, anatomical studies can provide information about
chemical composition and can define integument characteristics involved in seed dormancy.
Because the seed imbibition is the first and most critical step to successful reproduction of the
species, the knowledge about the above mentioned characteristic can guide phytotechnical
practices for J.curcas handling.
In this context, our aim in this chapter was to describe the main structures formed on J.
curcas fruit and seeds during ontogeny, to define the major events that occur in each
development step, and to identify the main chemical composition of the mature seeds.
Moreover, we attempted to discuss the widespread misconception in the literature that
describes J. curcas as waterproof, a phenomena that prevents seed germination and is
characterized as a tegumentar dormancy.

FLOWER CHARACTERIZATION
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The purging nut (J. curcas) presents unisexual and pentamerous flowers (Figure 1) that
are arranged in terminal and monoic-type inflorescences, which are greenish-yellow when
completely formed. The female flowers (Figure 1A and 1C) have long and isolated stems
with the superior ovary containing the nectary in its base. The female flowers present three
carpels, each containing one forked stigmas and locule, with a fertile ovule in each locule.
The male flowers (Figure 1B and 1D) are diplostemonous with 10 homodinamous staminal
filaments, united only by the base. The anthers are isolated from each other, with longitudinal
dehiscence.

In general, information about the anatomy of the reproductive organs of Euphorbiaceae is
rare in the literature. This shortage is mainly due to the difficulty of obtaining plant material
for analysis, in addition to the large presence of latex, a characteristics of this family, making
it difficult to process. For this reason, many studies are based on external morphological
characteristics, which can cause inaccurate or even erroneous information about the species.
species
In this sense, we describe herein the full development of fruits of J. curcas during its
ontogeny and maturation and highlighting its major events.
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Figure 1. External and internal view of Jatropha curcas flowers. A and C – female flower; B and D –
male flower. an = anther; sg = stigma; st = style; fi = filament; ne = nectary; ol = ovule; ov = ovary; pe
= petal; se = sepal; re = receptacle. Bars 2 mm.
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The fruits become easily identifiable from 4 days after anthesis (DAA) when they reach a
ar and equatorial diameter of approximately 2.9 mm and 1.9 mm, respectively. The
polar
maturation process is completed at 47 DAA when the polar diameter is 33.9 ± 1.3 mm and the
equatorial diameter is 27.6 ± 0.9 mm. These measurements show slight reductions
accompanying the dehydration of fruits from 54 DAA when the fruit becomes completely dry
and withered. Regardless of the stage of development, the fruits have an oval shape (Figure
2), with epicarp that is light green (4 to 27 DAA), citrus (40 to 47 DAA) or dark brown (from
54 DAA). The fruits of J. curcas present a tricarpellate and trilocular ovary, with one ovule in
each locule (Figure 3; Figure 4A and 4B.). However, abortion and malformation of one
(Figure 3D; Figure 4C and 4D) or even two (Figure 3E) ovules is commonly reported because
at least 32% of the fruit has just two seeds and at least 8% show only one seed in each mature
fruit. According to Mayhew (2006), abortion is usually reported in plants that have genetic
incompatibility between the ovule and pollen tubes. In this sense, Bressan et al. (2013)
described that pollination with pollen grains with low genetic variability in relation to the
female flower increases the chances of miscarriage. This phenomenon can explain the loss of
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productivity in this type of seeds. It is worth noting that J. curcas presents a mixed system of
reproduction by combining self-pollination, apomixis, and asexual reproduction (Bressan et
al., 2013). These kind of combinations could lead to abortion.

Sc
i

Figure 2. External view of Jatropha curcas fruit in different development stages. The fruit 13 (A), 18
(B), 22 (C), 27 (D), 40 (E), 47 (F), 54 (G) and 58 (H) days after anthesis (DAA). Bars: 2 mm (A, B) and
10 mm (C-H).

The central portion of the fruit has three vascular bundles (Figure 4C). Based on the
dehiscence type and the persistent carpophore (Barroso et al., 1999), the J. curcas fruit should
be classified as a schizocarp. The J. curcas fruits presents two dehiscent regions: a dorsal
region and another region along the carpel sutures (Figure 4A, 4B, 4C and 5A). When mature,
the dried fruit presents a dehiscence mechanism in which the structure and arrangement of the
pericarp tissues are altered, as evidenced by a tissue suture from exocarp to endocarp.
In the early pericarp development stages, the exocarp (outer fruit layer) has a single layer
of cells (Figure 5B), a thin cuticle, and stomata on the same level as the other epidermal cells.
From 13 DAA, it is possible to observe mitotic divisions parallel to the surface (periclinal)
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with the formation of a new layer in the epicarp (inner layer), which then becomes bistratified (Figure 5B).
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i

Figure 3. Internal view of Jatropha curcas fruit in different development stages. The fruit have 13 (A),
18 (B), 22 (C), 27 (D), 40 (E), 47 (F), 54 (G) and 58 (H) days after anthesis (DAA). en = endocarp; ex
= exocarp; es = endosperm; lo = locule; me = mesocarp; ao = aborted ovule; in = integument. Bars: 1
mm (A, B) and 5 mm (C-H).
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A multi-layered mesocarp (Figure 5A-F) is the result of cell divisions in multiple planes,
consisting of parenchymal and isodiametric cells containing idioblasts in which druses
(Figure 5C) and a large amount of latex are observed. Moreover, we observed the presence of
collateral vascular bundles (Figure 5E-F). The laticiferous are dispersed throughout the
mesocarp and may or may not be branched (Figure 5D) or articulated. Apparently, younger
fruits present more laticiferous than mature fruits, probably due to the mesocarp having a
larger area in more developed fruit.
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Figure 4. Cross-sections of Jatropha curcas fruits. A – overview of 4 DAA fruit showing the three
locules; B – fruit at 7 DAA, highlighting the region that separates each mericarp (arrow); C – fruit at 13
DAA, highlighting the vascular bundle in the central portion (arrow); D – detail of aborted ovule. ao =
aborted ovule. Bars = 100 µm (D) and 200 µm (A, B and C).

Figure 5. (Continued)
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Figure 5. Cross-sections of the pericarp of Jatropha curcas fruit. A – Fruit and seed at 4 DAA, showing
the region that separates each mericarp (arrow); B – 7 DAA fruit highlighting the laticiferous; C – 13
DAA fruit, highlighting the presence of druses (arrow); D –18 DAA fruit highlighting the branched
laticiferous (arrow); E – 22 DAA fruit showing separation tissue (arrow) placed among two mericarps;
F – mesocarp of the 27 DAA fruit showing vascular bundle. Bars = 20 µm (B and C), 100 µm (A and
D) and 200 µm (E and F).
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Approximately 27 days after anthesis (DAA) it is possible to observe collateral vascular
bundles
es located in the border (outer and inner region) of the mesocarp, which form arcs (Ushape) (Figure 6A, fruit with 40 DAA). It is also possible to observe that from in 54 DAA, the
mesocarp becomes thinner than fruit at earlier stages due to the collapse of some cells (Figure
6C and 6D) caused by fruit wilting when fully ripe. It is possible that fibers and
macrosclereids are arranged in the mesocarp so that the cells of one layer cross the cells of
another layer. It is probable that this crossed arrangement of cells is related to the movement
of water lost during the dehiscence mechanism, which leads to an increase in the internal
pressure of the pericarp resulting in fruit opening. It is possible that the dehydration that
occurs in the ripening process leaves the brown-ripened fruit smaller than the green fruit, as
was described in another Euphorbiaceae species (Gagliardi et al., 2012).
Generally, two dehiscence mechanisms are observed in fruits: hygroscopic and turgor.
The hygroscopic-type is associated with shrinkage or distention of the dead cell walls,
whereas the turgor-type mechanism depends on living cells. We described that the dehiscence
of J. curcas fruit is hygroscopic-type, termed xerochasy. This observation has been reported
in another species of the Euphorbiaceae family (Gagliardi et al., 2012).
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Figure 6. Cross-sections of Jatropha curcas pericarp. A – mesocarp and endocarp of the 40 DAA
J. curcas fruit, highlighting vascular bundle forming arcs (arrow) in the inner region; B – detail of the
vascular bundle located in the mesocarp in the nearest endocarp portion of the 47 DAA fruit; C –
epicarp and mesocarp of the 54 DAA J. curcas fruits showing fully dehydrated fruit in the outer layers;
D – pericarp presenting cell lysis at 58 DAA fully ripened J. curcas fruit. Bars = 100 µm (B and C) and
200 µm (A and D).
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The endocarp of the J. curcas fruit is characterized by the presence of three to five layers
of cells. However, with ripening, this layer shows a noticeable reduction to two cell layers, an
outer layer, whose cells become elongated tangentially and obliquely, and an inner layer,
whose cells assume an isodiametric form (Figure 6B). In both layers, the cells become
completely thickened from 27 DAA (Figure 6A, 6B and 6D). The endocarp lignification,
which occurs in late-stages of the development, contributes to the protection and growth of
the seeds inside the fruit and helps in fruit dehiscence. This processes is promoted by the
presence of a separation tissue in the mesocarp that facilitates fruit opening, which remains
connected only by the carpophorus, a common structure in schizocarps fruits (Gagliardi et al.,
2012)
2012). Even after complete dehydration, the J. curcas fruits keep their seeds inside, a
mechanism described as serotiny, which is very common in regions with extreme seasonal
climates, where water shortage is very frequent (Lamont et al., 1991) as well as in naturally
fire-affected environments (e.g., Brazilian savanna-like areas in the South America and the
chaparral biome in the Western region of the United States), where plants are frequently
affected by fire (Simon and Pennington, 2012).
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Figure 7. Jatropha curcas fruit in different developmental stages. A – longitudinal section of the 4
DAA J. curcas fruit showing the caruncle in the seed (arrow); B – longitudinal section of the 7 DAA
fruit and seed, highlighting two locules; C – longitudinal section of the 13 DAA fruit and seed, showing
anatropous fruit; D – cross-section of 18 DAA fruit and seed showing a vascular bundle in the raphe
region (arrow); E – longitudinal section of the 22 DAA seed highlighting the cotyledon and its axiscotyledon (arrow); F – embryo body in detail showing the cordiform embryo in 27 DAA fruit and seed.
te = testa; tg = tegmen. Bars = 100 µm (F) and 200 µm (A, B, C, D and E).
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Seed development, including the endosperm and embryo at various stages, is outlined by
Figures 7 to 10. Generally, seeds of Euphorbiaceae species have a very similar conformation.
They all have a fleshy well-developed rich endosperm where oil bodies are very common as a
storage compound (Barroso et al., 1999). The ovule of the J. curcas fruit are anatropous-type
(Figure 7C); the micropyle and hilum are near each other as a result of unilateral growth.
Moreover, the ovule is pendulous and crassinucellate; the archesporial cell cuts off a parietal
cell and its derivatives make the megaspore, a deep-seated mother cell. The seeds have a
whitish and well-developed caruncle covering the micropyle region formed by isodiametric
parenchyma cells that accumulate oil or protein compounds (Figure 6A). J. curcas seeds have
a well pronounced raphe and caruncle (i.e., a fleshy and edible seed region that attracts ants
for seed dispersal, also known as myrmecochory). This description is very common in many
Euphorbiaceae species such as Ricinus communis (Singh, 1954), Croton bonplandianum
(Singh and Chopra, 1970), Manihot caerulescens and Manihot tripartite (Oliveira and
Oliveira 2009) or Dalechampia stipulacea (Silva and Souza, 2009).
In Euphorbiaceae species, the caruncle can induce dormancy and can aid the seeds in soil
water uptake (Lisci et al., 1996). The presence of a well-developed caruncle rich in oil
compounds is a characteristic of J. curcas seeds. The presence of a caruncle was previously
reported in other Euphorbiaceae species such as Manihot caerulescens and M. tripartite
(Oliveira and Oliveira, 2009). However, for these Manihot species, the caruncle is cutinized.
The form of the caruncle in J. curcas is devoid of cutine. In Riccinus communis seeds, the
caruncle appears to be involved in the process of dehydration, rehydration and seed
germination (Bianchini and Pacini, 1996). Here, we described that J. curcas seeds remains
attached to the fruit by the funicle (Figure 7C and 7D) up to 7 days after anthesis, and this
structure completely disappears by 13 DAA when the seed has fully ripened.
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The J. curcas seeds are bitegmented and show well-defined testa and tegmen (Figure
8B). The testa is multi-layered and has approximately 8 to 10 cell-thick layers with a distinct
division between the exotesta, mesotesta and endotesta (Figure 8B and Figure 8D). The
exotesta is unilayered and is characterized by the presence of epidermal cells, which are
polyhedral until to 22 DAA, when they become elongated and sclerified by 27 DAA.
However, some exotesta cells are not lignified throughout the seed (Figure 8B and 8D). We
described here the macrosclereids-type in the exotesta (Figure 9A) as well as fibers that can
be viewed as isolated (Figure 9B), arranged in a star pattern (Figure 9C) or arranged
longitudinally (Figure 9D).
At first glance, testa is the integument that shows more changes over the course of
development, mainly due to the collapse of cells and the thinning of the mesotesta layers,
which incorporates a mechanism that promotes embryo communication with the external
environment after the seeds are fully ripe. Some authors have suggested that this structure can
facilitate the water, minerals and oxygen acquisition during the germination (Miranda et al.,
2011). The mesotesta is multi-layered with isodiametric and non-lignified cells, where
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laticiferous and druses are very common. The endotesta is unilayered with short and columnar
cells that exhibit thin walls (Figure 8B and 8D). The tegmen is multi-layered and thicker than
the testa, either in the number of layers or in thickness and can reach up to 20 to 30 cell
layers. In the same manner as described in the testa, the tegmen can be clearly divided into
the exotegmen, mesotegmen and endotegmen (Figure 8B and 8D). The exotegmen is
unilayered and has cell walls that are initially columnar and short and present as nonthickened; however, from 22 DAA, the cells become anticlinal elongated with thickened cell
walls. The mesotegmen consists of large and non-lignified parenchymatous cells showing
high mitotic activity during seed development, where we found collateral vascular bundles
forming a ring surrounding the embryo. These vascular bundles are arranged tangentially to
the mesotegmen and reach the chalaza region, which collapses during seed development. The
endotegmen (i.e.,, inner portion of the tegmen) is unilayered and is formed by short and nonthickened cells. From 27 DAA, it is possible to identify the presence of lipid bodies and
phenolic
ic compounds in the seed coat, as well as the presence of sclereids in the mesotegmen.
From 40 DAA, the exotegmen, which was formed by a single layer of cells in previous stages
(before 27 DAA), presents with a multi-layered arrangement (8B and 8D).

Figure 8. Jatropha curcas seeds in different development stages. A – 40 DAA embryo highlighting the
radicular meristem; B – 40 DAA seed showing the testa surface without lignification (arrow); C – detail
of the cotyledons in a 54 DAA embryo; D – seed integument in full ripened fruit stained with Sudan III,
showing the reduction of the mesotesta. ext = exotesta; mst = mesotesta; ent = endotesta; etg =
exotegmen; mtg = mesotegmen. Bars = 100 µm (B, C and D) and 200 µm (A).
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Figure 9. Structure presented in J. curcas seed integument stained with safranin. A – macrosclereids; B
– isolated fibers; C – fibers arranged in a star conformation; D – fibers arranged longitudinally. Bars =
20 µm (A) and 100 µm (B, C e D).
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The inner portion of the J. curcas seed coat houses numerous macrosclereids which are
closely related to the seed rigidity and waterproofing (Gopinathan and Babu, 1985) and are
the cause of seed dormancy (Islam et al., 2009). These authors assumed that the presence of
sclerified cells as well as the macrosclereids present in the exotesta can prevent the passage of
water and gases to the embryo during development (Oguchi, 2005), resulting in seed
dormancy. Although macrosclereids can impose seed tegumentar dormancy in many species,
we hypothesized that in J. curcas, the macrosclereids present in the exotesta do not impose
this physical barrier to the passage of water and gases because J. curcas are orthodox (i.e.,
seeds will survive drying and/or freezing during ex situ conservation) and have a high water
content (15 to 20%) when freshly harvested (Pompelli et al., 2010). This allows rapid and
continuous water imbibition as a consequence of the matric potential of the dry seed tissues.
Dried J. curcas seeds present a water potential of -63.1 ± 0.5 MPa, which quickly increases to
-0.7 ± 0.2 MPa in the first 12 hours of water imbibition. In this lag phase, the seed water
content is increased up to 600% compared to that of dried J. curcas seeds. Moreover, in
recent tests, we found that the hardness of the seed coat is significantly reduced with
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increasing imbibition time. It is likely that the differential permeability shown here in J.
curcas seeds is promoted by the spacing between the exotesta cells (Figure 8B and 8D),
which are similar to the fissure line (pleurograma) of legume seeds, or even as a hilar channel,
as found in in many another species. These structures are described as regions at the seed
surface with greater weakness (Kursar and Coley, 1999, Lima, 1985, Margarido, 1977, MeloPinna et al., 1999). This highlights the importance of the spacing between the exotesta cells
(i.e., pores) as it causes remarkable thinning and collapse in exotesta cells, which facilitates
the water and gas uptake by the embryo during development and promotes the resumption of
embryonic metabolism and emission of the primary root,, a characteristic event of seed
germination.. These pores are distributed over the entire seed coat surface (Figure 10A and
10B) and range from 20 mm to 120 mm
m (Figure 10C and 10D). The mesotesta remains
exposed, thus reducing the barrier formed by the exotesta to water and gas uptake (Figure
10D, 10E and 10F). Taken together, these results indicate that the seeds of J. curcas have a
hard seed coat, but not waterproof. Thus J. curcas seeds does not require pre-germination
treatments, as previously reported by Pompelli et al. (2010) and Moncaleano
Moncaleano-Escandon
Escandon et al.
(2013).
The J. curcas fruit and seeds showed a high concentration of idioblasts containing
phenolic compounds. These phenolic compounds,, when present in the seed coat, can prevent
the passage of gases leading to seed dormancy (Murugesan et al
al., 2009). Moreover, these
compounds can act as plant
nt defenses against pathogens and herbivores (War et al., 2012),
which is a fundamental trait in the arid and semiarid regions where J. curcas is native (Rao et
al., 2008). In these areas, J. curcas is well-adapted
adapted to herbivores, water shortage, poor quality
soils and other abiotic and biotic stressors. It is worth nothing that such phenolic compounds
are soluble in water and may be leached out of J. curcas seeds during the imbibition process
before seed germination.
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In the inner portion of the J. curcas seed coat, we found that the endosperm was merged
in this structure and layered in the embryo, which up to 22 DAA was formed by a simple and
undifferentiated cells that exhibited radial symmetry, which characterizes the globular stage.
From 27 DAA, this embryo become differentiated, with rapid cell division in the two regions
on either side of the future shoot apical meristem to form the cotyledon primordia, giving the
embryo bilateral symmetry and characterizing the heart stage (Figure 7F). The embryo is
developed at the same time as the endosperm, which is composed of large parenchymal cells,
used for the storage of the oil body and protein compounds. From 18 DAA, the endosperm
begins to be consumed by the embryo; however the J. curcas endosperm is too large to be
exhausted by the embryo and remains in ripe seeds; thus, J. curcas seeds are classified as
endospermic seeds. From 40 DAA, the embryo presented a well-developed hypocotyl-radicle
axis (Figure 8A), a plumule, which will become the future shoot and two large, thin, flat and
sessile cotyledons (Figure 7E and 8C).
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Figure 10. Electron scanning micrograph of Jatropha curcas seeds showing external integument and
pores on the surface. A – general image of the external integument showing innumerous pore on the
surface (B); C – oblique and transverse (D) vision of the the pore through which water penetrates into
the integument measuring approximately 55 mm; E – Zoom of the pore showing mesotesta in the inner
portion. Bars. 200 mm in A, B and D and 50 mm in C, E and F.

CONCLUSION
Taken together, these results indicate that ontogeny aids in the study of plant
morphoanatomy. Here, we outlined Jatropha curcas fruit and seed ontogeny. The laticiferous
is very common in J. curcas fruit. The seeds have a prominent caruncle and a well-developed
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