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Considerable advances in our understanding of coffee seed physiology have been made in recent years. However, despite intense
research efforts, there are many aspects that remain unclear. This paper gives an overview of the current understanding of the
more important features concerning coffee seed physiology, and provides information on recent findings on seed development,
germination, storage and longevity.
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Fisiologia da semente do cafeeiro: Avangos consideraveis no entendimento da fisiologia de sementes do cafeeiro foram
obtidos nos ultimos anos. No entanto, apesar da extensa literatura, muitos aspectos permanecem obscuros. Este trabalho
descreve o estado atual do conhecimento sobre as principais caracteristicas da fisiologia de sementes de cafeeiro, assim como

os recentes trabalhos sobre o desenvolvimento, germinagdo, armazenamento ¢ longevidade das sementes.
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INTRODUCTION

Coffee is amember of the Rubiaceae family and the genus
Coffea. There are more than 70 species of coffee but only two
are economically important: Coffea arabica L. and Coffea
canephora Pierre; 70 % of the coffee traded in the world is
arabica and 30 % is robusta (C. canephora). Other species
such as C. congensis, C. dewevrei and C. racemosa have
some interesting genetic characteristics, including resistance
to pests and diseases and are used in breeding programs. To
satisfy the demand for coffee within Brazil and around the
world, intensive breeding programs have been undertaken
to create new cultivars which are resistant to diseases and
insects, and to incorporate new traits of value. In addition,
new production and processing technologies are introduced
every year, which have led to an enormous improvement in
coffee production. Although progress has been made, not
many studies have been devoted to the improvement of
coffee seed quality for propagation.

The purpose of this paper is to review our understanding
of coffee seed physiology. Most of the work published in the
literature and reported in this paper is on C. arabica seeds,
although some aspects of C. canephora seed physiology are
also included. Knowledge of seed physiology of other Coffea
species is poor, with the exception of storage physiology,
which is mostly related to germplasm conservation. Although
this review will discuss some aspects of seed development
and morphology, germination and storage physiology, the
focus will be on germinability, and desiccation tolerance,
with emphasis on the conservation of genetic resources.

THE COFFEE SEED

The coffee seed is elliptical or egg-shaped, plane-
convex, possessing a longitudinal furrow on the plane surface
(Dedecca, 1957). The outer cover of the seed is formed by a
hard pale brown endocarp that becomes the “parchment” after
drying. The endocarp contains an enclosed seed, which has
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a thin, green testa known as the spermoderm or “silver skin”
(figure 1), which is a remnant of the perisperm (Mendes,
1941). In C. canephora seeds the spermoderm is adherent
and brown (Fazuoli, 1986). Measurements made with a large
number of seeds of Coffea arabica indicate that the seeds are
10 to 18 mm long and 6.5 to 9.5 mm wide (Dedecca, 1957).
Other species such as C. racemosa have smaller seeds (5-7
mm long and 3-3.5 mm wide; Guerreiro Filho, 1992), while
in C. liberica seeds are larger (figure 2).

Embryo Endosperm

IPergamin

Endosperm

Silver skin

Lateral

' endosperm Cotyledons

Micropylar
endosperm
or

endosperm
cap Suspensor

Axis

Figure 1. Cross section of a coffee seed showing the folding
of the endosperm and embryo localization. Coffee seed
with the pergamin. Imbibed coffee seed (Coffea arabica
cv. Rubi) with endocarp removed, showing the endosperm
cap and lateral endosperm. Observe the appearance of a
protuberance in the endosperm cap and remnants of the
spermoderm or “silver skin” on the surface at the basal end
of the seed. Imbibed coffee embryo isolated after 7 days of
imbibition in water, showing the cotyledons, the embryonic
axis and remnants of the suspensor at the radicle tip.

Figure 2. Coffea seeds of different sizes. A- C. racemosa,
B- C. canephora; C- C. arabica; D- C. liberica. The bar
corresponds to lcm.
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The endosperm, which is a living tissue, contains a hard
external region and soft internal region, which surround
the embryo (Krug and Carvalho, 1939; Mendes, 1941;
Dedecca, 1957; De Castro and Marraccini, 2005). The part
of the endosperm in front of the radicle tip is referred to as
endosperm cap or micropylar endosperm and around the
rest of the embryo is the lateral endosperm (da Silva et al.,
2004) (figure 1). The endosperm tissue has a high content of
polysaccharides (Wolfrom et al., 1961). The cell walls are
composed of cellulose and hemicelluloses, mainly insoluble
mannans (Huxley, 1964; Wolfrom and Patin, 1964). The
lateral endosperm is extremely hard because the mannan is
deposited there as very thick cell walls; in the micropylar
region, however, the walls are much thinner (Gong et al.,
2004).
side chain to the mannan backbone (Bewley and Black,

Coffee mannans contain 2 % of galactose, as a

1994); mobilization of the endosperm cell walls following
germination likely provides for a source of carbohydrate for
the growing seedling. Protein, lipids and minerals are present
in the cytoplasm of the endosperm cells and are probably
another source of reserves (Dentan, 1985).

The embryo is very small, 3 to 4 mm long and is
composed of an axis and two adherent cordiform cotyledons
(figure 1); it is localized close to the convex surface of the
seed (Dedecca, 1957; Huxley, 1964; Rena et al., 1986).
The embryo contains few storage reserves, and depends
upon the endosperm for nutrients until the seedling become
autotrophic (Giorgini and Campos, 1992). Polyembryony
and empty seeds have been observed in coffee at a frequency
of 1.2 % (Mendes, 1941).

SEED DEVELOPMENT

In coffee, seed production is typically characterized by
asynchronous flowering and fruit development. Anthesis in
arabica coffee can occur on a single day or during a few days,
with one or more flowerings within a single reproductive pe-
riod (Wormer, 1964; Alvim, 1973). Each flowering period
lasts only 2 or 3 days and is followed by intense vegetative
development.

Fruits may not initiate growth immediately after
flowering, but may remain in a latent state of up to 60
days after pollination or anthesis (DAA); C. arabica is
characterized by cleistogamic self-pollination (Wormer,
1964; Ramaiah and Vasudeva, 1969; De Castro et al., 2004).
This latent state may persist until all flowering and favorable
environmental conditions for growth are completed, i.e. a
minimum availability of water, which is generally attained
during subsequent rainy months of the summer season in the
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tropics, such as in Peru, Brazil, Kenya and India (Wormer,
1964; Ramaiah and Vasudeva, 1969; Alvim, 1973; Maestri
and Barros, 1977; Estanislau, 2002; De Castro et al., 2004).

The initial expansion of the fruit is due to the growth of
the transient perisperm that is originated from the maternal
nucellus tissue (Wormer, 1964; Ramaiah and Vasudeva,
1969). For a general morphological and anatomical analysis
of coffee fruit and seed during development, see Marraccini
et al. (2001), Estanislau (2002), De Castro et al. (2004) and
De Castro and Marraccini (2005).

The fully differentiated coffee embryo (225 to 255
DAA) is enveloped by the soft endosperm tissue (Krug and
Carvalho, 1939; Mendes, 1941; De Castro and Marraccini,
2005). During embryo development hypocotyl formation
was once thought to be preceded by that of the cotyledons,
with embryo development occurring after endosperm
development (Arcila-Pulgarin and Orozco-Castafia, 1987).
However, recent observations suggest that hypocotyl
formation precedes that of the cotyledons and that embryo
development occurs after a lag, but in synchrony with
endosperm development (Estanislau 2002; De Castro and
Marraccini, 2005).

Observations made at the Coffee Genebank of the Instituto
Agrondmico de Campinas, in Brazil, have shown that the
length of the seed maturation process is different depending on
the species. C. arabica seeds are mature after 210-250 DAA,
while C. canephora seeds take 300-350 days, C. dewevrei and
C. liberica around 360 days, and C. racemosa only 90 days
(Medina Filho et al., 1984; Carvalho et al., 1991).

Water Content and Dry Weight: During the initial stages of
coffee fruit development water content is relatively high
at around 80 % (fresh weight basis), but decreases during
further development, concomitant with an increase in dry
weight. There are distinct patterns of dry weight changes in
the whole fruit, the seed and the embryo (figure 3), as cell
division and differentiation are completed and the maturation
phase is initiated (Wormer, 1964; Ramaiah and Vasudeva,
1969; Estanislau, 2002; De Castro et al., 2004). The variation
in water content between whole fruit and its component
parts appears to be related to the coffee species, cultivar
and climatic conditions during development (Wormer, 1964;
Ramaiah and Vasudeva, 1969; Guimaraes, 1999). Despite
this variation, the embryo and seed water contents both reach
around 50 % by the end of maturation, whereas the fruit water
content is maintained at around 70 %, apparently as a result
of the mucilaginous mesocarp, which is also a characteristic

of the ripe cherry fruits (Wormer, 1964; Ramaiah and
Vasudeva, 1969; Estanislau, 2002). The increase in fruit
dry weight is mainly due to an increase in seed dry weight,
which is mostly endosperm, and shows a steeper percentage
of dry matter or reserves accumulation during maturation
as compared to the whole fruit (Wormer, 1964; Ramaiah
and Vasudeva, 1969) or to the isolated embryo (Estanislau,
2002; De Castro et al., 2004) (figure 3). The seed may lose
dry weight once maturity is achieved, whereas the whole
fruits may still accumulate dry weight if attached longer to
the parent plant. Slight decreases in seed dry weight once
maturity is attained can be explained by an interruption of the
translocation of photoassimilates from the fruit to the seed,
as well as by substrate consumption necessary for respiration
during the fully mature stages (Carvalho and Nakagawa,
1980). The loss of seed dry weight could also be due to
deterioration, commonly noted in the seeds that remain
in the field after physiological maturity. Alternatively, the
continuous accumulation of dry weight in whole fruits could
result from the translocation or exchange of photoassimilates
between the fruit (pulp) and the seed with a net efflux from
the seed to the fruit, at a stage when the pericarp (mesocarp)
is accumulating sugars.

% Water Content

% of Embryo, Seed or Fruit
maximum Dry Weights

135 150 165 180 185 210 225 255

DAA

Figure 3. Water content (fresh weight basis) during development
of whole coffee fruits, isolated seeds and isolated embryos.
Due to their small size at the early stages of development,
isolation of seeds and embryos was only possible from 120
DAA onwards. Accumulation of dry weight in coffee fruits,
seeds and embryos during development.
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Acquisition of germinability: Although not yet fully
differentiated and developed, cotyledonary embryos isolated
from seeds of C. arabica between 120 and 150 DAA are
able to germinate and develop into seedlings when directly
incubated on Murashige and Skoog (MS) culture medium,
demonstrating that embryos acquire the ability to germinate
when immature (table 1; Estanislau, 2002). The change of
the developmental program into a germination program in
coffee embryos seems not to depend on previous desiccation,
which is the case for castor bean seeds (Bewley et al., 1989),
neither does it depend on the complete differentiation of the
embryo as in other species, such as tomato and maize (Berry
and Bewley, 1991; 1992; Bochicchio et al., 1996; De Castro
and Hilhorst, 2000). On the other hand, whole seeds are able
to germinate on water only when isolated from yellowish-
green fruits at around 225 DAA (table 2; Estanislau, 2002),
corroborating the observations of Carvalho and Alvarenga
(1979). This demonstrates a repression of the germination
of immature embryos when enclosed in the developing
coffee seeds, indicating the existence of a mechanism that
maintains the embryo and the seed in a developmental mode
while on the parent plant. In fact, the osmotic condition of
the milky endosperm may contribute to keeping the embryo
in the developmental mode. Precocious germination, prior to

Table 1. In vitro germination percentage on MS medium of
isolated embryos of C. arabica before and after drying.

DAA FRESH FD SD
150 97 0 0
165 91 5 8
180 94 5 0
195 97 2 38
210 94 13 77

225-YG 97 83 97
225 —-Ch 100 58 94

Scott-Knott test (p < 0,05). CV = 18,7.
FD — Fast Drying; SD — Slow Drying; YG — Yellowish Green; Ch — Cherry.

Table 2. Germination percentage of seeds of C. arabica on
water before and after drying.

DAA FRESH FD SD
150 0 0 0
165 0 0 0
180 0 0 0
195 0 0 0
210 0 3 21

225-YG 97 92 89
225 —-Ch 96 92 90

Scott-Knott test (p <0,05). CV =10,5.
FD — Fast Drying; SD — Slow Drying; YG — Yellowish Green; Ch — Cherry.
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physiological maturity, is observed in many seeds, including
cotton, wheat, soybean, bean and tomato, when they are
isolated and incubated on a wet substrate (Carvalho and
Yanai, 1976; Jacinto and Carvalho, 1974; Silva, 1974; Berry
and Bewley, 1991; De Castro and Hilhorst, 2000).

GERMINATION PHYSIOLOGY

Mature (dried) coffee seeds show slow and asynchronous
germination, which makes it difficult to obtain seedlings
that are ideal for establishment of coffee crops and coffee
production. Little work has been done to understand coffee
seed germination and its regulation. Such studies are
essential for the improvement of agricultural practices and
further development of coffee production.

Germination Characteristics: Coffee seeds germinate slowly
in the field (Rena et al., 1986). C. arabica seedling emer-
gence from the soil starts 50 to 60 days after sowing in the
warmer periods of the year (Maestri and Vieira, 1961). When
temperatures are lower the emergence period may increase
to 90 days (Went, 1957). Following germination, the coffee
cotyledons grow by absorbing the endosperm and turn green
(Wellman, 1961; Giorgini and Campos, 1992). The first seed
parts to emerge from the soil are the cotyledons, character-
izing epigeal seedling growth, and 3 to 4 weeks are required
for the cotyledons to completely deplete the endosperm and
be free from any residuum of it (Huxley, 1964).

The presence of the endocarp drastically inhibits the
germination of coffee seeds (Valio, 1980) and it is generally
removed before any germination tests. Radicle protrusion in
C. arabica seeds under optimal (e.g. laboratory) conditions
(30°C, in the dark) starts around day 5 or 6 of imbibition
and 50 % of the seed population displays radicle protrusion
by day 10. At day 15 of imbibition most of the seeds have
completed germination (Valio, 1980; da Silva et al., 2004).
Obviously, germination is faster under optimal conditions
when environmental effects such as variations in day-
night temperatures and soil water potential are absent. In
addition, germination under field conditions is defined as
seedling emergence from the soil; radicle protrusion has
already been completed some time before emergence,
whereas germination sensu stricto is completed with radicle
emergence. The morphology of a C. arabica seed during
or immediately following germination is shown in figure
4. Seed germination of other Coffea species is similar,
although in some species that have smaller seeds, such as
C. racemosa, germination is faster, occurring in 10 days or
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less (Carelli and Monaco, 1977; Medina Filho et al., 1984,
Carvalho et al., 1991).

The events that take place during germination of the cof-
fee seeds are schematically shown in figure 5. These events
coincide to a large extent and are interdependent. Radicle pro-
trusion from coffee seeds is the net result of embryo growth
and endosperm weakening prior to radicle protrusion.

In the embryo, a growth and a build-up of turgor poten-
tial is observed at the beginning of germination, showing that
the cells in the embryonic axis are preparing for expansion
growth: the increase in turgor indicates that water is taken up
by the cells but that relaxation of the walls is largely absent.
This may be caused by a limitation of the cell wall extensibil-
ity at that time or by the fact that expansion is hindered by an
opposing mechanical restraint of the surrounding endosperm
(da Silva et al., 2004). The endosperm may enable radicle
expansion by hydrolytic degradation of its cell walls; this
includes increased activities of endo-B-mannanase and cel-
lulase and results in a decrease of the required puncture force
to penetrate the endosperm. In this stage also porosity in the
cell walls closest to the embryo is observed. Endosperm cell
wall degradation may create space for the embryo to expand,
or it may increase the plasticity of the endosperm cell walls.
The occurrence of the latter is supported by the appearance
of a protuberance in which the growing radicle is surrounded
by a still intact endosperm cap (figure 4). The transition from
4 to 6 days is marked by a decrease in turgor potential of the
embryo and the occurrence of plateau phases in endo-f3-man-
nanase and cellulase activities as well as the required punc-
ture force. From day 6 onwards embryo continues to growth
and the protuberance becomes more prominent.

In the endosperm cap both endo-f-mannanase and
cellulase activities increase again, the required puncture force
displays a second decrease, and the porosity of cell walls in
the endosperm cap becomes more intense and spreads out
further to the periphery of the endosperm cap. It is clear that
at this stage the endosperm cap ‘gives way’ to the growing
embryo. The cells in the endosperm cap appear compressed,
reinforcing the notion that embryo ‘thrust’ is increasing. It
is possible that the second step in endosperm weakening
is partly caused by the growing embryo. Penetration of
the micropylar endosperm is likely also facilitated by
the presence of relatively thinner cell walls in this region
(Gong et al., 2004). Degradation of the lateral endosperm
commences around the time of completion of germination,
likely signifying the beginning of reserve mobilization to
accommodate the growing embryo (da Silva et al., 2004).

The role of abscisic acid: Abscisic acid (ABA) induces
dormancy and inhibits seed germination of many species
(Bewley and Black, 1994). In C. arabica seed, Valio (1976)
found that endogenous ABA-like substances and exogenous
ABA cause inhibition of germination by preventing embryo
growth. Da Silva et al. (2004) showed the occurrence of a
transient rise in endogenous ABA content during germination
in the embryo cells, suggestive that ABA inhibits cell wall
extensibility, by not permitting an increase in cell turgor (da
Silva et al., 2004).

Exogenous ABA inhibits the second step of endosperm
cap weakening and reduces the activity of endo-f3-mannanase,
but it also reduces the activity of endo-p-mannanase on days
3-4 of germination (da Silva et al., 2004) (figure 5) . Thus,

3 days 6 days

9 days

9 days

25 days
y»

During germination

After germination

Figure 4. Coffee seed germination sensu stricto and subsequent radicle growth. A fully imbibed seed is shown at day 3 of
imbibition with no visible protuberance; a protuberance is visible from day 6 of imbibition onwards and radicle protrusion
starts at day 9. Following germination (days 9 and 25), the radicle grows and the endosperm remains attached to the cotyledons.
The cotyledons will completely resorb the endosperm before they become green and autotrophic.
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the first phase of the decrease in the required puncture force
cannot be attributed to endo-B-mannanase activity whereas
the second phase may be under control of this enzyme.
There is some discrepancy in the number of isoforms
of endo-f-mannanase reported for coffee seeds. Da Silva et
al. (2004) reported that there are four different isoforms in
the endosperm, whereas Marraccini et al. (2001) observed
eight. This difference may be due to the fact that the former
researchers studied seeds prior to radicle protrusion, whereas
the latter used seeds after completion of germination.
These results suggest that the different isoforms of endo-
-mannanase have different functions during coffee seed
germination and subsequent seedling growth. According to

M.T.S. EIRAet al.

da Silva et al. (2004), ABA inhibits the activity of at least
two of the different isoforms of endo-f-mannanase in the
endosperm cap of coffee seed (pl 4.5 and pl 6.5).

The first step of endosperm cap weakening in coffee
seed is not inhibited by ABA, and it does not inhibit cellulase
activity. Indeed, an increase in cellulase activity coincides
with the first phase of decrease in puncture force both in water-
and ABA-imbibed seeds (da Silva et al., 2004). The presence
of cellulase has previously been demonstrated in coffee seed
(Takaki and Dietrich, 1980; Giorgini, 1992). Tissue printing
demonstrated that cellulase activity is present throughout
the endosperm during imbibition and no differences were
observed with and without ABA. Thus, during coffee seed

Start of Radicle
imbibition protrusion
0 1 2 3 4 5 6 7 8 9 10 (days of imbibition)
[ABApeak1 | | ABApeak2 | )
[ Wateruptake |
I Embryo expansion | | Protuberance growing |
> Embryo
| Cotyledons increase in length by 35% |
| Embryonic axis increases in length by 40% |
[ Turgor up [ Turgor down | J
\
[ Puncture force 1.4t0 1.0N | [ Puncture force 1.0t0 0.6 N |
[ EBM up: 0 to 60% | | EBM up: 60 to 100% | | Endosperm
| Cellulase up: 0 to 60% | I Cellulase up: 60 to 100% I o
| Increasing porosity of cell walls | »
-
| EBM up |
| Cellulase up | Beetel
endosperm
[ Increasing porosity of cell walls |

Figure 5. Schematic overview of events occurring in the embryo and endosperm during the germination of coffee seeds between
the start of imbibition and radicle protrusion. Shaded bars indicate that the event is affected by ABA. EBM: endo-f-mannanase
activity. % in EBM and cellulase bars indicates activity relative to maximum. “up”: indicates increase. Shaded column between
4 and 6 days of imbibition indicates transition phases of germination. Adapted from da Silva et al. (2004, 2005).
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germination a biphasic endosperm cap weakening occurs;
ABA may control the second step by inhibiting the activity

of two isoforms of endo-f-mannanase.

The role of gibberellins: Gibberellins (GAs) also play an
important role in seed germination. The site of GA action
has been proposed to be both in the endosperm and in the
embryo (Karssen et al., 1989). According to da Silva et al.
(2005) coffee seed depends on the de novo synthesis of GAs.
Endogenous GAs are required for embryo cell elongation
and endosperm cap weakening during germination.

However, contrary to many reports on the stimulatory
effect of GA on seed germination and cell elongation,
exogenous GA, inhibits radicle protrusion and emergence in
coffee seed (Maestri and Vieira, 1961; Valio, 1976; Takaki et
al., 1979; Takaki and Drietrich, 1979, 1980). This inhibition
is proposed to be caused by a build up of mannose, as a
degradation product of the hydrolysis of cell-wall mannans
by endo-B-mannanase and (-mannosidase (Takaki and
Dietrich, 1980).

A mechanism of inhibition of Coffea arabica seed
germination by exogenous GAs is proposed by da Silva et al.
(2005). Supra-optimal GA concentrations may release from
the endosperm one or more factors that induce cell death in
the embryonic axis. These factors are proposed to be related
to oxidation stress or absence of sufficient “reducing power”
since the embryonic axis becomes brown in seeds imbibed
in 100 pM of GA, , very late during the germination just
prior to radicle protrusion. It is possible that under these
conditions normal cell death of the endosperm cap occurs
too early, with respect to embryo growth. The embryo would
then be affected by the damaging sugars (e.g. mannose)
released from the endosperm cap cell walls during their
degradation. In other words, too much GA deregulates the
synchronization of germination processes occurring in the
embryo and endosperm.

The inhibitory effect of light during coffee seed germination:
Valio (1976) and da Silva et al. (2005) observed that coffee
seeds (Coffea arabica) are sensitive to white light, which
delays seed germination.

Since light causes induction of GA-biosynthesis in seeds
(Hilhorst and Karssen, 1992), light could induce an increase
in GA in coffee seeds. Consequently, the amount of endog-
enous GA induced by light is more than the amount needed
for germination and the excess become toxic, affecting ger-
mination, leading to its delay (da Silva et al., 2005).

An ecological significance of the inhibitory effect of
light during coffee seed germination was suggested by da
Silva (2002). Coffee is originally classified as a shade plant
(Rena et al., 1986). Thus, to avoid germination under full
light, coffee may have developed this light/GA inhibition
mechanism.

SEED STORAGE PHYSIOLOGY

Storage behavior: Mature seeds can tolerate desiccation
to varying degrees. Orthodox seeds are shed at low water
contents, and can tolerate further drying without damage.
Recalcitrant seeds are shed from the parent plant with high
water contents, are desiccation-sensitive and lose viability
at relatively high water content (Roberts, 1973; King and
Roberts, 1979). In addition to the orthodox and recalcitrant
categories of seed storage behavior, Ellis et al. (1990, 1991)
introduced the “intermediate” category of desiccation
tolerance to describe seeds which can tolerate some drying
but do not survive complete desiccation or the combined
effects of desiccation and low temperature.

The storage physiology of seeds from Coffea is complex
and the literature is often conflicting. Coffee seeds (C.
arabica) were first classified as recalcitrant (King and
Roberts, 1979). That classification could not be substantiated,
as coffee seeds survive drying to water contents less than 0.20
g H,O/g dw, which is typically the threshold water content
defining recalcitrant seeds (Ellis et al., 1990; Hong and Ellis,
1995; Vertucci and Farrant, 1995; Dussert et al., 1997; Eira
et al., 1999a). However, the seeds do not survive complete
desiccation or the combined effects of desiccation and low
temperature (Ellis et al., 1990, 1991; Hong and Ellis, 1995;
Dussert et al., 1997; Eira et al., 1999a). Coffee seeds are now
considered to have storage behavior defined as intermediate
(Ellis et al., 1990, 1991; Hong and Ellis, 1995). The major
impediment to storing seeds with intermediate physiologies
is an understanding of the limit to which Coffea seeds can be
dried and the interaction of temperature and water content on
seed survival.

Species of Coffea display a broad variability in seed
desiccation sensitivity (Hong and Ellis, 1995; Dussert et al.,
1999; Eira et al., 1999a). Ellis and colleagues reported that
the minimum water content to which seeds of C. arabica, C.
canephora and C. liberica can be dried without damage is
about 0.09 g H,0.g"! dw, 0.10-0.12 g H,0.g"! dw and 0.24
g H,0.g"! dw, respectively (Ellis et al., 1990, 1991; Hong
and Ellis, 1995). More recent studies of C. racemosa, C.
sessiliflora and C. costatifructa suggest greater sensitivity
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to desiccation in these species with damage evident upon
drying from an initial water content of 0.30 g H,O.g"! dw
(C. racemosa and C. sessiliflora), or with drying to water
contents below 0.19 g H,0.g™! dw (C. costatifructa) (Dussert
et al., 1998). Dussert et al. (1999) observed the existence of
a continuum of the values of the water content at which 50
% of initial viability, WCj, is reached among coffee species,
ranging from 0.05 g H,0.g"! dw for C. pseudozanguebariae
to 0.38 g H,0.g"! dw for C. humilis. Eira et al. (1999a)
demonstrated critical water contents for whole seeds dried
at 15°C ranging from 0.16 g H,0.g™! dw (C. liberica) to 0.08
g H,0.g"! dw (C. racemosa); C. arabica, C. canephora and
C. congensis had intermediate tolerances to desiccation,
being damaged at water contents less than about 0.10 g
H,0.g! dw. Critical water contents and the way they have
been reported by different laboratories vary slightly but the
ranking of desiccation sensitivity of Coffea species appears
to be consistent.

Low temperature has detrimental effects on survival
of Coffea spp. seeds. The temperature, water content of
the seeds and the genetic line affect the survival observed
following exposure to low temperatures. Wellman and Toole
(1960) reported that “chilling” has an adverse effect on
germination. Similarly, van der Vossen (1979) reported that
storing arabica coffee seeds containing 0.15 to 0.50 g H,0.g"!
dw at 5°C results in an immediate loss of viability. In spite of
this apparent predisposal to chilling injury, there are reports
of survival of coffee seeds at subzero temperatures. Early
reports showed that arabica coffee seeds with water contents
adjusted to 0.11-0.12 g H,O.g"! dw survive temperatures
as low as —10 or —16°C for 10 days (Wellman and Toole,
1960). Ellis and colleagues (Ellis et al., 1990) repeated these
experiments for seeds of a number of C. arabica cultivars and
observed survival after exposure to —20°C, only if the water
content was adjusted to between 0.10 and 0.12 g H,0.g"!
dw. Similar results were obtained by Eira et al. (1999a) for
C. racemosa, C. arabica, C. canephora, C. congensis and
C. dewevrei. Even at ultra low temperatures such as that
of liquid nitrogen (-150 to -196°C) seed of several species
of Coffea can survive if they are first desiccated to water
contents of 0.20 g H,0.g"! dw (Becwar et al., 1983; Normah
and Vengadasalam, 1992; Dussert et al., 1997, 1998; Eira et
al., 1999a, 2002).

The effects of water content and temperature are
interdependent and the critical water content always
increases with decreasing temperature (Dussert et al., 1997,
1998; Eira et al., 1999a, b).
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Short and medium term conservation: The viability of seeds
of Coffea arabica L. decreases rapidly after 4-6 months at
ambient temperatures, and seeds of commercial cultivars
have to be distributed to the coffee nurseries within a few
months after harvesting (van der Vossen, 1979; Dias and
Barros, 1993; Miranda et al., 1993). Prolonging the viability
of coffee seed in storage is also of considerable significance
in breeding and other experimental programs. For example,
when artificial hybridization programs have to be continued
over more than one season, effective storage of seed for 12
months or longer is sometimes required.

Short term storage (up to 3 years) of C. arabica
seeds was studied by several laboratories since the first
experiments performed by Bacchi (1958, 1959) at the
Instituto Agronémico de Campinas, Brazil, as reviewed by
Eira et al. (1999a) and Gentil et al. (2001). The protocol
of hermetic storage at 10°C with about 10-11 % moisture
content (fwb) recommended by Ellis et al. (1990, 1991) and
Hong and Ellis (1992, 1995, 2002) seems to be the best way
to maintain seed viability in arabica coffee. C. canephora
seeds should be stored with 13-15 % water content, at 10-
15°C, as suggested by Camargo et al. (1993), Hong and Ellis
(1995) and Rosa et al. (2005).

Medium term storage of C. arabica seeds can be
performed at -20°C, although the results in the literature
do not indicate a consistent protocol of storage. Hong and
Ellis (1992) reported that among seventeen seed lots of nine
cultivars investigated, seeds from only two seed lots survived
1-3 years of hermetic storage at -20°C. Eira et al. (1999a)
also reported that the great majority of seeds of 6 different
cultivars of arabica coffee survive exposure to -20°C for
30 days in hermetic storage with about 0.12 g H,O/g dw, in
equilibrium with about 50 % relative humidity at 25°C (Eira
et al., 1999b), whereas at higher or lower moisture content
treatments viability is lost rapidly. Current results, therefore,
show that there is a narrow window of seed moisture status at
which the medium-term hermetic storage of certain arabica
coffee seed lots at -20°C is feasible. That protocol cannot
be applied to all cultivars of C. arabica and according to
Hong and Ellis (2002), seed lots that maintained viability
under those conditions are exceptional in their ability both to
withstand desiccation and to survive medium-term storage.
In other species of Coffea deterioration is slowest in seed
samples stored at -20°C if seeds are firstly equilibrated over
solutions at that same relative humidity (43-50 %), although
they reach different final water contents (Eira et al., 1999a, b);
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however, for all species studied, viability loss under storage
at -20°C occurs after one year of storage (Eira, 1999). A
systematic investigation of the factors involved in the storage
of Coffea species under -20°C needs to be performed.

Long term conservation: Viability of seeds stored in
genebanks must be maintained for several years or even
centuries. There is a great genetic variability between and
within Coffea species, which is of importance for breeding
(Fazuoli, 1986). Because of the difficulties of storing the
seed, coffee germplasm is maintained in field collections,
presenting significant problems, such as land and labor
costs, susceptibility to environmental hazards and pathogens
(Berthaud and Charrier, 1988). Storage of Coffea species in ex
situ genebanks may help to preserve the threatened diversity
of this important genus. Since 1976 the International Plant
Genetic Resources Institute (IPGRI, formerly IBPGR) has
considered coffee as a high priority for genetic conservation
(Simmonds, 1979).

For non-orthodox seed species, cryopreservation is
the only technique available for long-term germplasm
conservation. In the case of intermediate seed-propagated
species, seeds are partially desiccation tolerant and, therefore,
the option which has to be always tested first is whole-seed
cryopreservation.

Some work has been carried out on the cryostorage of
coffee seeds. Stanwood (1985) classified C. arabica seeds as
desiccation tolerant and liquid nitrogen sensitive; also, Hor et
al. (1993) working with C. liberica seeds, reported no survival
after liquid nitrogen exposure. Nevertheless, Becwar et al.
(1983) suggested that C. arabica seeds cv. Bourbon tolerate
desiccation as low as 0.08 g/g but do not survive direct
exposure to liquid nitrogen at that water content. However,
at 0.17 g/g (fwb) and cooling rate of 2°C/minute down to
-80°C, at least 60 % of the seeds survived cryopreservation.
Normah and Vengadasalam (1992) showed that seeds of C.
liberica can survive storage in liquid nitrogen if the water
content is around 0.17 g/g (fwb). Eira et al. (1999a) reported
survival of C. arabica and C. racemosa seeds with 0.20 g/g
dw after liquid nitrogen exposure. According to those results,
coffee seeds are not liquid nitrogen sensitive at appropriate
water contents of around 0.17g/g (fwb) or 0.20 g/g (dwb).

Using nine different coffee species, the basis of the
limits of the hydration window for intermediate seed
cryopreservation has been investigated recently (Dussert et
al., 2001). When expressed in terms of water content, the
higher limit (HL) of the hydration window is highly variable

but corresponds always to the seed unfrozen water content
(0.20 g of water per g dry weight, as reported by Eira et
al., 1999a), as determined by DSC (differential scanning
calorimetry) analysis, suggesting that seed survival depends
on avoidance of intracellular ice formation (Vertucci, 1990).
Those results for C. arabica are illustrated in figure 6.
When expressed in terms of water activity, the interspecific
variability in HL is very low, suggesting that desiccating
under 75-86 % RH ensures an acceptable hydration level
for the cryopreservation of Coffea seeds. Dussert et al.
(2001) classified the Coffea species in three groups. C.
brevipes, C. canephora, C. liberica and C. stenophylla are
part of Group 1, where no germination occurs after liquid
nitrogen exposure, independently of water content or cooling
procedure, although embryos extracted from cryopreserved
seeds can germinate in vitro. C. arabica and C. eugenioides
are part of Group 2, where only little recovery is obtained
after cryopreservation. And C. pseudozanguebariae, C.
racemosa and C. sessiflora are in Group 3, where very
high percentage of germination, radicle growth and normal
seedlings are obtained after liquid nitrogen exposure.

In species of Group 1, cryopreserving whole seeds and
rescuing zygotic embryos in vitro after thawing represents
a valuable alternative option for long-term germplasm
conservation (Dussert et al., 1997). This method avoids
many of the problems encountered with traditional zygotic
embryo cryopreservation protocols. Equilibrium drying of
whole seeds provides high reproducibility in comparison
with drying methods classically employed with zygotic
embryos: i.e. in the laminar air flow of a sterile cabinet
or using silica-gel. Cryopreservation of whole seeds also
allows the processing of large amounts of seeds at the same
time. Moreover, aseptic conditions are required only after
thawing. By contrast, excision of zygotic embryos prior
to cryopreservation is highly time-consuming and labor
intensive.

Researchers at IRD (Institut de Recherche pour le
Développement) in Montpellier, France, have developed
a cryopreservation procedure, entailing freezing in liquid
nitrogen at 196°C, for Coffea arabica in four steps, each
requiring specific values of the parameters involved:
desiccation, freezing, rewarming and rehydration of seeds
(IRD, 2000). The seeds must be desiccated to a very precise
point (0.20 g of water per g dry weight) obtained after three
weeks of equilibration under 80-81 % RH. Freezing must be
done in two stages, vital for successful cryopreservation: a
slow-cooling step at 1°C per minute down to 50°C, followed
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by rapid immersion in liquid nitrogen. Rapid rewarming and
thawing is carried out before controlled rehydration, which is
obtained by seed culture on low-osmotic potential solutions
(Dussert et al., 2000, 2003), i.e. in an aqueous solution which
allows rehydration to proceed more slowly. The method has
recently been applied at the CATIE (Centro Agronomico
Tropical de Investigation y Ensendnza in Costa Rica) on
about 100 genotypes of the species representative of the
genetic diversity of the collection of coffee trees grown at
that research institute (Vasquez et al., 2005).

The genebank of Embrapa Genetic Resources and Bio-
technology in Brazil has also established a program to cryo-
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Figure 6. Correspondence between the optimal water content
for C. arabica seed cryopreservation ((1, LN) and the seed
unfrozen water content, as calculated by the X-intercept of
the intersection between the two lines of regression (@)
which best fitted the relationship between water content
and enthalpy of the melting transitions of seed samples
dried to various water contents. Note that the lower limit
ofthe hydration window for seed cryopreservation does not
correspond to the level of seed desiccation tolerance (O,
control) when expressed in terms of water content. Adapted
from Dussert et al. (2001, 2003).
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preserve genetic resources of Coffea. The protocol was first
determined for Coffea arabica and is now being adapted to
other species of Coffea (Eira et al., 2004).

Basis of desiccation sensitivity: Several studies have been
carried out aiming to elucidate the basis of the desiccation
sensitivity of Coffea seeds, and some recent results are
discussed.

Water sorption isotherms describe the relationships
between water content, relative humidity and temperature.
A comparison among seed tissues of cultivars of C. arabica
and different species of Coffea was performed by Eira et al.
(1999b) to test the hypothesis that sorption characteristics
vary in tissues differing in desiccation tolerance. There were
no apparent differences in sorption characteristics among
whole seeds or embryos of several cultivars of C. arabica
and among different species of Coffea, although there were
substantial differences observed between embryos and
whole seeds. The shape of isotherms of coffee seed tissues
was intermediate to the reverse sigmoidal shape observed
for orthodox seeds and the monotonic shape observed for
desiccation intolerant plant tissues. The heats of sorption
calculated for RH £25 % for whole seeds of Coffea spp. were
similar to orthodox seeds. In contrast, the heats of sorption
calculated in the same RH range for excised embryos were
intermediate between those of orthodox and recalcitrant
embryos. Those observations are consistent with earlier
observations that desiccation sensitivity or poor longevity
is linked with low amounts of water sorption at relative
humidities less than 25 % (Vertucci and Leopold, 1987;
Vertucci and Roos, 1990; Vertucci et al., 1994; Sun et al.,
1997). The intermediate sorption characteristic of Coffea
seeds is intriguing because the physiology of the seed, in
terms of desiccation tolerance and longevity, is also classified
as intermediate (Ellis et al., 1990, 1991; Hong and Ellis,
1995; Dussert et al., 1998, 1999; Eira et al., 1999a). This
consistency suggests a relationship between water properties
and physiology; however, the nature of the relationship
remains evasive.

Soluble sugars have been proposed to play an important
role in the desiccation tolerance and the high storability of
orthodox seeds (Leopold et al., 1994; Vertucci and Farrant,
1995; Pammenter and Berjak, 1999). Two main hypotheses
explain the potential beneficial effects of soluble sugar
accumulation: the ‘water replacement’ hypothesis (Crowe et
al., 1992) and vitrification of the aqueous phase (Williams
and Leopold, 1989; Leopold et al., 1994). Branddo Junior
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(2000) observed an accumulation of glucose during the
maturation process of C. arabica seeds; however, reduction
of the glucose concentration during seed drying was also
observed. Chabrillange et al. (2000) studied the possibility
of using seed sugar composition as an indicator of seed
behavior in ten coffee species. The sucrose content, the total
soluble sugar content and the oligosaccharide/sucrose (O:S)
ratio were not correlated with seed desiccation sensitivity,
as estimated by the water content and the water activity
at which half of the initial viability was lost. Moreover,
there was no association between the presence/absence of
oligosaccharides and seed desiccation sensitivity. Thus, in
contrast to the results of Lin and Huang (1994) and Steadman
et al. (1996), none of the variables resulting from seed sugar
analysis constituted a good indicator of the intraspecific
variability for seed desiccation sensitivity among coffee
species. This result supports those reviewed by Vertucci
and Farrant (1995) and Pammenter and Berjak (1999),
which suggest that soluble sugars alone do not confer seed
desiccation tolerance.

Studying the genetic determinism of seed desiccation
sensitivity using crosses between species/genotypes exhibit-
ing a high difference for this trait represents an interesting
alternative approach to investigate the cause of the interspe-
cific variability observed for seed desiccation tolerance in the
genus Coffea. Such an approach has already been used for
studying variability in seed longevity in rice (Miura et al.,
2002) and Arabidopsis thaliana (Bentsink et al., 2000) and
for the genetic analysis of several compounds that contribute
to coffee brew quality, such as seed chlorogenic acid content
(Campa et al., 2003). Dussert et al. (2004) investigated the
inheritance of seed desiccation sensitivity using a cross be-
tween C. pseudozanguebariae and C. liberica var. dewevreli,
two coffee species which display significant differences in
seed desiccation sensitivity (Dussert et al., 1999, Eira et al.,
1999a). Throughout the study, seed desiccation tolerance was
quantified both in terms of water content and water activity.
Whatever the parameter used, the extent of seed desiccation
tolerance in F1 hybrids corresponded to that of the midpar-
ent, thus indicating an additive inheritance of seed desicca-
tion tolerance at the F1 level. A broad variation was observed
among hybrids backcrossed to C. liberica (BCs) for seed
desiccation tolerance, independent of the parameter used to
quantify it. This variation was continuous and BCs showed
transgression in the direction of the most desiccation sensi-
tive parent, indicating: 1) that desiccation tolerance is a poly-
genic trait in coffee species, a fact which is in agreement with

the common understanding that seed desiccation tolerance is
a multi-factorial trait and, ii) that C. pseudozanguebariae
does not harbour the most favourable alleles for all the genes
involved in seed desiccation tolerance. No significant differ-
ence was observed between the two reciprocal backcrosses,
F1 x C. liberica and C. liberica x F1, for the extent of desic-
cation tolerance of their seeds, showing the absence of ma-
ternal effect on this trait. The possibility of mapping QTLs
controlling seed desiccation tolerance in a large population
of C. pseudozanguebariae x C. liberica BCs is currently be-
ing tested.

of C.
arabica seed storage behavior on coffee seed viability

The biochemical and physiological bases

and antioxidant, lipid and sugar status were examined
recently (Dussert et al., 2006) by investigating the effects of
equilibrium drying at 9-81 % relative humidities (RH), and
storage at 20 or 5°C. Slow drying (equilibration method)
induced a significant decrease in the concentrations of the
pools of two major antioxidants, glutathione and ascorbate,
and an increase in the free fatty acid (FFA) content of seeds,
independent of the RH employed. Seeds stored at 81 % RH
and 20°C lost their viability very rapidly and accumulated
FFA (figure 7), underwent an extensive loss and oxidation
of antioxidants, and a selective loss of phospholipids, in
particular phosphatidylethanolamine (PE). Interestingly,
the changes in PE content were not due to fatty acid de-
esterification, for the increase in FFA resulted from neutral
lipid hydrolysis. Decreasing the storage temperature to 5°C
considerably slowed the loss of seed viability, the amount of
oxidative stress and the rate of lipid hydrolysis. No decline in
seed viability occurred under storage conditions of 45 % RH/
20°C. After 1 year at 45 % RH/5°C, the loss of seed viability
was due to imbibitional damage and could be circumvented
by pre-humidifying or pre-heating seeds before sowing.

PERSPECTIVES

Considerable advances have been made in our under-
standing of the morphology, anatomy and molecular physi-
ology of coffee seed development, germination and storage.
Yet, we are far from understanding many crucial events such
as the uneven development and maturation of coffee fruits
and seeds, as observed in most commercial cultivars. Under-
standing the influence of environmental effects on flowering,
fruit set and development is also a great challenge, i.e. how
do coffee plants sense and respond to environmental changes
with respect to flowering and fruit development? Further re-
search on the different levels of desiccation sensitivity among
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according to the Newman and Keuls test. Adapted from
Dussert et al. (2006).

coffee species should result in a better understanding of seed
longevity and appropriate commercial seed and germplasm
storage protocols. Little is known about the molecular physi-
ology and developmental anatomy of the transient perisperm,
endosperm and embryo, which are likely to contribute to, and
influence many parameters related to the final quality of ripe
seeds. In addition, coffee seeds show slow germination, as
well as slow seedling establishment. The recent comple-
tion of the Brazilian Coffee Genome Project (Vieira et al.,
2005), among other international coffee genome efforts, of-
fers the possibility of better understanding at the molecular
level of fruit and seed maturation, desiccation tolerance and
storage, germination and subsequently, establishment of
the coffee seedling and survival. The coffee EST databases
together with new technologies developed recently, such as
high throughput sequencing analyses, transcriptomics and
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proteomics can be used to investigate and identify genes
associated with these key events. Furthermore, functional
genomics can be used to help unravel the biological func-
tion of a particular gene, leading to a better understanding of
physiological processes in the coffee seed and seedling.
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