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Propositions (Stellingen) 

1- Contrary to seed germination in tomato, the completion of coffee seed germination is the 
net result of embryo growth and endosperm weakening (this thesis). 

2- Abscisic acid inhibits coffee seed germination by suppressing the increase in embryo 
growth potential and the second step of endosperm cap weakening (this thesis). 

3- Coffee seed germination is both stimulated and inhibited by gibberellins at 'physiological' 
concentrations, (this thesis). 

4- Accelerating coffee seed germination and seedling establishment by one month greatly 
reduces the labour and cost of establishing new coffee shrubs. 

5- The study of the behavior of tree seeds during development, germination and storage is 
mandatory in the preservation of biodiversity. 

6- Facts are the air of scientists. Without them you can never fly. Linus Pauling 

7- Collaboration among developed and developing countries is an outstanding way of 
promoting scientific and technologic development. 

8- The Brazilians should be more proud of their country. 

These propositions belong to the PhD thesis entitled: Coffee (Coffea arabica cv Rubi) seed 
germination: mechanism and regulation. 

Amaral da Silva 
Wageningen, 26 June 2002 
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Chapter 1 

Introduction 

Coffee is a member of the Rubiaceae family and the genus Coffea. Coffea arabica L. 

originates from Ethiopia at a high plateau (1300-1900 m) between 6° and 9° N, where the dry 

season lasts about four to five months with temperature extremes of 4° C and 31° C (Coste, 

1992). There are more than 70 species of coffee in the world (Rena et al. 1994) but only two 

species are economically important: Coffea arabica L and Coffea canephora Pierre ex 

Froehner; 70% of the coffee traded in the world is arabica and 30% is robusta {Coffea 

canephora) (Rena et al., 1994). Brazil is the major coffee producer, contributing 25% of the 

world production and the second consumer market in the world (MARA, 2000). Since its 

introduction in 1727 in Brazil, it has become one of the most important crops for its economic 

and social values. It represents a considerable source of income to the Brazilian economy and 

to the individuals involved in its production. 

To satisfy coffee production chain demands and the consumers within Brazil and 

around the world, intensive breeding programs are undertaken to create new cultivars resistant 

to fungal disease and insects, and for incorporation of new trade values. In addition, new 

production and processing technologies are introduced every year, which have allowed an 

enormous improvement in coffee production in recent years. Although progress has been 

made, not many studies have been devoted to the improvement of seed quality for 

propagation, as opposed to grain quality. 

Coffee seeds have a slow and asynchronous germination, which makes it difficult to 

obtain seedlings that are desirable for coffee production. Little work has been done to 

understand coffee seed germination and there is a lack of information concerning the 

regulation of the germination process. Therefore, studies on this level are essential for 

agricultural practices and further development of coffee production. 

Germination Mechanism 

According to Bewley (1997) there are 3 possibilities for radicle growth. The first 

possibility is that late during germination the osmotic potential (\|/̂ ) in the embryo cells 

becomes more negative due to solute accumulation and, thus, permitting the embryo to break 

through the envelope tissues for completion of germination. The second possibility is an 

increase of extensibility of the radicle cell walls during germination in response to the internal 

turgor pressure. Xyloglucan endotransglucosylase (XET) and expansins have been suggested 

to be involved in cell wall loosening, allowing cell expansion. Expansins may cause cell wall 

creep by loosening noncovalent bonds between cellulose and hemicellulose (Cosgrove, 1999). 

XET breaks the xyloglucan chains and allows the cellulose microfibrils to move apart, driven 
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by the internal cell turgor pressure (\|/p) (Bewley, 1997). Brassica napus is an example of a 

seed where an increase in the turgor and cell wall extensibility of the embryo is a prerequisite 

for radicle protrusion (Schopfer and Plachy, 1985). 

The third possibility is that the tissues enveloping the embryo weaken, allowing 

radicle growth. In seeds that show a severe constraint on radicle cell growth imposed by 

surrounding structures, the pressure potential (\|/p) in the embryo as well as the turgor are 

insufficient to drive cell wall expansion. In this case weakening of the cell walls of the 

constraining tissues by action of hydrolases is required for decline of the mechanical 

resistance (Bewley, 1997). The current model for tomato seed germination from Toorop 

(1998) is presented in Figure 1. 

Objectives 

Coffee seed germination is slow and shows wide variation in the timing of 

emergence. The overall objective of this thesis was to unravel the mechanism of coffee seed 

germination as well as its regulation by abscisic acid and gibberellic acid. 

More specifically, the objectives of this thesis are: 

1. Structural analysis to investigate endosperm cell wall morphology and degradation during 

coffee seed germination and its significance to radicle protrusion; 

2. Study of the involvement of enzymes required for endosperm cell wall degradation during 

germination, as well as control by abscisic acid of the germination process; 

3. Understanding the role of endogenous and exogenous gibberellins in embryo growth and 

endosperm degradation during germination; 

4. Study of the effect of exogenous abscisic acid on the cell cycle machinery in the coffee 

embryo during germination; 

5. Cloning of endo-P-mannanase and P-mannosidase genes during coffee seed germination 

as well as the timing and location of endo-p-mannanase and P-mannosidase in the 

different seed parts during germination. 
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Figure. 1. Model for the mechanism and regulation of tomato seed germination as proposed by Toorop 

(1998). The model is based on the concept that only endosperm weakening is required for radicle 

protrusion as the embryo has a water potential of approximately - 2 MPa. Endogenous GAs, synthesized 

in the embryo and secreted into the endosperm, induce the enzymatic degradation of cell walls in the 

endosperm cap (1) and lateral endosperm (2) and endogenous ABA inhibits these processes (6). Of the 

two-step degradation of the endosperm cap the first step, mediated by endo-p-mannanase, is induced by 

endogenous and exogenous GAs (1). The first step is not affected by ABA (3) but is inhibited by an 

external osmotic potential < - 0.55 MPa (9). Degradation of the lateral endosperm through endo-p"-

mannanase is inhibited by ABA (7). The second step of endosperm softening is promoted by 

endogenous and exogenous GAs (5) and inhibited by ABA (4) and an external osmotic potential > -

0.55 MPa (10), which did not affect the first step (8). The enzyme(s) involved in the second step of 

endosperm weakening are not known ("?")• 
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Scope of the thesis 

Chapter 1 - General Introduction 

The origin and the importance of coffee is presented, as well as the problems occurring in 

germinating coffee seed, the objectives of the thesis as well as the thesis structure; 

Chapter 2 - Morphology and anatomy of the coffee (Coffea arabica cv. Rubi) fruit and 

seed during germination. 

Light microscopy and low temperature scanning electron microscopy (Cryo-SEM) were used 

to describe the different fruit and seed tissues and cells. Morphology and anatomy of 

endosperm, endosperm cap and embryo during coffee seed germination are presented. Certain 

aspects of cell and cell wall morphology were investigated in more detail through light 

microscopy and Cryo-SEM. 

Chapter 3 - ABA regulates embryo growth potential and endosperm cap weakening 

during coffee (Coffea arabica cv. Rubi) seed germination. 

The involvement of hydrolytic enzymes in endosperm cap degradation was investigated 

during coffee seed germination as well as the time and duration of these events in relation 

with the completion of germination. Additional investigations of the location of these events 

within the seed were done by tissue printing. Puncture force was measured to determine 

endosperm weakening. Different isoforms of endo-(i-mannanase from the endosperm cap and 

rest of the endosperm were identified by using isoelectric focussing. Endogenous ABA levels 

of coffee embryos were determined and the possible role of this hormone is addressed. 

Chapter 4 - Supra-optimal GA concentrations inhibit germination in coffee seed (Coffea 

arabica cv. Rubi) and leads to death of the embryo. 

The role of endogenous GA and the inhibitory effect of exogenous GAs were studied during 

coffee seed germination. 

Chapter 5 - ABA reduces the abundance of the microtubules and inhibits transversal 

organisation of the microtubules, embryo cell elongation and cell division during coffee 

(Coffea arabica cv. Rubi) seed germination. 

The effect of exogenous ABA on DNA synthesis, P-tubulin accumulation and assembly of the 

microtubules were studied in coffee seed embryos during germination. 
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Chapter 6 - Cloning of endo-p-mannanase and (3-mannosidase from germinating coffee 

seeds. 

Endo-(3-mannanase and (3-mannosidase activities are determined in different seed parts during 

germination. Clones of both enzymes were isolated during germination and the alignment of 

the deduced protein sequences is presented. 

Chapter 7 - General Discussion. 

A final discussion and a schematic overview of the events occurring in the embryo, in the 

endosperm cap and in the rest of the endosperm during coffee seed germination are presented. 
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Abstract 

The coffee (Coffea arabica cv. Rubi) fruit is a drupe containing two seeds. The coffee 

seed is comprised of an endosperm, embryo and spermoderm or "silver skin". The thickened 

cell walls of the endosperm are composed mainly of mannans with 2% of galactose. The 

endosperm contains both polygonal and rectangular cell types. The rectangular cell type was 

located adjacent to the embryo in the so-called internal endosperm whereas the polygonal 

cells were located in the external endosperm. The endosperm cap cells have smaller and 

thinner cell walls than the rest of the endosperm, which indicates that the region where the 

radicle will protrude is predestined in coffee seeds. Radicle protrusion in the dark at 30 °C 

was initiated around day 5 of imbibition and at day 10, 50% of the seed population showed 

radicle protrusion. The endosperm cap of the coffee seed changed during germination. Cell 

compression was followed by loss of cell integrity, appearance of a protuberance and 

occurrence of cell wall porosity. The observations indicated that embryo growth and changes 

in the endosperm cap region control radicle protrusion in coffee seed. 

Keywords: Coffee seed, light microscopy, cryo-scanning electron microscopy, morphology, 

anatomy, germination. 
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Introduction 

The coffee {Coffea arabica cv. Rubi) fruit is a drupe containing two seeds. The coffee 

seed is comprised of an endosperm, embryo and spermoderm or "silver skin". The thickened 

cell walls of the endosperm are composed mainly of mannans with 2% of galactose. 

Seed germination "begins with the water uptake by the seed (imbibition) and ends 

with the elongation of the embryonic axis, usually the radicle" (Bewley and Black, 1994). 

Therefore, the end of the germination process in coffee seeds corresponds with protrusion of 

the radicle through the endosperm. 

For radicle protrusion to occur the expansion force or "thrust" of the embryo must 

exceed the mechanical restraint of the surrounding layers of tissue, i.e. endosperm and seed 

coat. In a number of endosperm retaining species it has been shown that weakening of the 

endosperm through hydrolytic degradation of the cell walls allows the radicle to overcome 

endosperm resistance. Less attention has been paid to the (expansion) growth of the embryo 

(Bewley, 1997). 

The majority of the work that has been published on coffee seed considered 

germination as emergence of the seedling from the soil. Therefore, germination sensu stricto 

has never been studied in detail in coffee seed. 

Studying the anatomy and morphology of life processes in plants (and seeds) may 

give clues pertaining to the nature of physiological and biochemical processes. Such a study 

may give directions as to which lines of physiological studies should be pursued (Toorop et 

al., 2000;Nijsseefa/., 1998). 

The objective of this work was to characterize germination in coffee seed at the time 

of radicle protrusion through the endosperm. For a general morphological overview of the 

germination process we used conventional light microscopy whereas for a more detailed 

structural analysis of cells and cell components cryo-scanning electron microscopy was 

employed. 

Material and methods 

Seed source. Coffee seeds from Coffea arabica L. cultivar Rubi were harvested in 

1997 in Lavras-MG-Brazil. The fruits were mechanically depulped, fermented and the seeds 

were dried to 12% of moisture content and stored at 10° C during the experiment. 

Germination conditions. Seed coats were removed by hand and the seed surface was 

sterilized in 1% of sodium hypochlorite for 2 minutes. Subsequently, seeds were rinsed in 

water and imbibed in demineralized water. Seeds were placed in 94-mm Petri dishes on filter 

paper (no. 860, Schleicher & Schuell, Dassel, Germany) in 10 ml of water. During imbibition 
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seeds were kept at 30 ± 1° C in the dark (Huxley, 1965; Valio, 1976). At least 3 seeds were 

taken randomly every day during germination for light microscopy and low temperature 

scanning electron microscopy studies. 

Light microscopy. The entire imbibed seeds were sectioned using a microtome 

(Reichert, Austria). The sections of 20-30 urn thickness from the endosperm cap and the rest 

of the endosperm were first transferred to demineralized water and then fixed in liquid 

Kaiser's glycerol gelatin (Merck, Germany) for observations. Observations were made in a 

Nikon Optiphot microscope in bright field mode. Photographs were taken with a digital 

Panasonic Colour Video Camera or a Sony CCD Camera DKR 700. Images of the coffee fruit, 

seeds and embryo were taken by using a Leica binocular. 

Cryo-scanning electron microscopy. Coffee seeds were prepared for Cryo-Scanning 

Electron Microcopy (Cryo-SEM). The seeds were longitudinally sectioned with a razor blade 

and mounted on a cup shaped holder with tissue freezing medium. After mounting, the 

samples were plunge-frozen and stored in liquid nitrogen for subsequent cryo-planing and 

observations. Cryo-Planing, which attempts to produce flat surfaces for observations in Cryo-

SEM, was performed using a cryo-ultramicrotome with a diamond knife, according to Nijsse 

et al., (1999). For observations the specimens were heated up to -90 °C, sputter-coated with 

platinum and placed in the cryostat of the scanning electron microscope (JEOL 6300 Field 

emission SEM). Observations were made at -180° C using a 2.5-5kV accelerating voltage. 

Digital images were taken and printed. Alternatively, the seeds were freeze-fractured with a 

cold scalpel knife, heated up to -90 °C, partially freeze-dried and sputter-coated with 5 nm of 

Pt. 

Results and discussion 

Coffee fruit and seed morphology 
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Figure 1 A: Green coffee (Coffea arabica cv. Rubi) fruit; B: Transversal 
section of coffee fruit showing the internal structures. 

The coffee 

fruit (Coffea arabica 

L.) is a drupe 

containing two seeds 

(Fig. 1 A and B). The 

thick exocarp is easily 

removed, revealing 

the. soft mesocarp. The 

outer cover of the seed 

is formed by a hard 
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pale brown endocarp that becomes the "parchment" after drying (Fig. 2 A). The endocarp 

contains an enclosed seed, which has a thin, green testa known as the "silver skin" after 

drying, and which is a remnant of the perisperm tissue (Mendes, 1941; Chin and Roberts, 

1980). Transversal sections of the coffee fruit or seeds showed a longitudinal empty area in 

Rest of the 
endospeim 

Figure 2 A: Dry coffee seed (Coffea 
arabica cv. Rubi) with endocarp attached 
to the endosperm. B: Imbibed coffee 
seed (Coffea arabica cv. Rubi) at 6 days of 
imbibition with endocarp removed, 
showing the endosperm cap (ec) as well as 
the rest of the endosperm (lateral 
endosperm). Observe the appearance of a 
protuberance in the endosperm cap and 
remnants of the spermoderm or "silver 
skin" at the bottom of the seed surface. 

the endosperm that is filled by the endocarp and the "silver skin"(Fig. 1 B). The coffee seed is 

comprised of an endosperm, embryo and spermoderm or "silver skin" (Fig. 1 B). 

Measurements made in a large number of seeds indicated that the seeds are 10-18 mm long 

and 6,5-9,5 mm wide (Dedecca, 1957). 

The endosperm tissue is divided in a hard external endosperm and soft internal 

endosperm (Dedecca, 1957; Fig. 1 B) and has a high content of polysaccharides (Wolfrom et 

al., 1961). The cell walls are composed of cellulose and hemicellulose (Wolfrom and Patin, 

1964). The main hemicellulose in coffee seeds is an insoluble mannan (Wolfrom et al., 1964). 

The endosperm is extremely hard because the hemicellulose is deposited in a very thick cell 

wall. Coffee mannans contain 2% of galactose, probably as a side chain of the mannan 

backbone (Bewley and Black, 1994). The part of the endosperm in front of the radicle tip is 

called endosperm cap and the lateral endosperm is also called 'rest of the endosperm' (roe; 

Fig. 2 B). 

The fully differentiated coffee embryo is enveloped by the soft endosperm tissue 

(Krug and Carvalho, 1939; Mendes 1941). The embryo is very small and does not have much 

storage reserves deposited. It depends entirely on the endosperm to develop into a seedling 

Cotyledons 

ispensor 

Figure 3 Imbibed coffee embryo (Coffea arabica cv. Rubi) 
isolated at 7 days of imbibition in water, showing the 
cotyledons, the embryonic axis and remnants of the suspensor 
at the radicle tip. 
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(Giorgini and Campos, 1992). It is 3 to 4 mm long and is composed of an axis and two 

cotyledons (Fig. 3); it is localised close to the convex surface of the seed (Rena et al., 1986). 

During embryo development hypocotyl formation is preceded by the formation of the 

cotyledons, but embryo development takes place after endosperm development (Arcila-

Pulgarfn and Orozco-Castana, 1987). Polyembryony, more than one embryo per seed, and 

empty seeds have been observed in coffee seed at a frequency of 1,2% (Mendes, 1944). 

Germination characteristics 

Coffee seeds germinate slowly (Rena et al, 1986). Seedling emergence 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). The first seed parts to emerge from the soil are the cotyledons, 

characterizing epigeal germination, and 3 to 4 weeks are required for the cotyledons to 

completely deplete the endosperm and be free from any residual endosperm (Huxley, 1964). 

3 days 6 days 

During germination 

9 days 
•¥• 

9 days 25 days 

After germination 

Figure 4 Germination sensu stricto of the coffee seed (Coffea arabica cv. Rubi). 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, the radicle grows and 
the endosperm remains attached to the cotyledons. The cotyledons will completely dissolve the 
endosperm before they become green and autotrophic. 

Radicle protrusion in coffee seeds under optimal conditions (30 °C, in the dark) started around 

day 5 or 6 and at day 10 of imbibition 50% of the seed population displayed radicle 

protrusion. At day 15 of imbibition most of the seeds had shown radicle protrusion. 

Obviously, germination is faster under optimal conditions when environmental effects such as 

variation in day-night temperatures and soil water potential are absent. In addition, 

12 
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germination under field conditions is defined as seedling emergence from the soil; radicle 

protrusion has already been completed some time before emergence. The development of the 

germination process sensu stricto in coffee seed is presented in figure 4. 

Structural description of the endosperm and embryo during germination 

The main hemicellulose in the cell walls of coffee seeds is an insoluble P-(l—»4) D-

mannan with 2% of galactose present in the side chains that may serve as a carbohydrate 

reserve (Wolfrom et al., 1961; Bewley and Black, 1994). The galactose units are also found in 

arabinogalactans in the coffee seed (Wolfrom and Patin, 1965). The coffee seed belongs to the 

group of seeds that have a relatively high amount of mannans (Wolfrom et al., 1961). 

Proteins, lipids and minerals are also present in the cytoplasm of the endosperm cells 

and could be another source of reserves (Dentan, 1985). Endosperm cells have rectangular 

and polygonal cell types (Fig. 5 A and B). The rectangular cells are located adjacent to the 

embryo and are observed in the region of the internal endosperm whereas the polygonal cells 

were located in the external endosperm (Fig. 5 A and B). The cells of the rest of the 

endosperm displayed thick cell walls, indicating the source of reserves. These cell walls are 

probably degraded following germination to provide a source of energy to the growing 

seedlings. 

A different morphology was observed in the cells of the endosperm cap. These cells 

are smaller and the cell walls are thinner than the cells of the rest of the endosperm that has 

thicker cell walls with thin-walled regions (Fig. 5C, 6 C and D). Plasmodesmata have been 

observed in the primary pit-field of the coffee endosperm walls (Dentan, 1985). The 

difference in cell size and in cell wall morphology between endosperm cap and rest of the 

endosperm indicates that the region where the radicle will protrude is predestined in coffee 

seeds to allow embryo growth, although it may not exclude the requirement of endosperm cap 

degradation prior to radicle protrusion in order to facilitate radicle protrusion. 

During the first 3 days of germination the endosperm cells expand probably as a 

result of the water uptake. At day 3 of imbibition the cells are apparently turgid indicating that 

phase 2 of the germination process has been attained. However, at day 6 of imbibition, still 

cells that were not fully imbibed, often surrounded by fully imbibed cells, are visible in the 

endosperm cap and in the rest of the endosperm (Fig. 6 C and D). There were more fully 

imbibed cells in the endosperm cap than in the rest of the endosperm. Apparently, the 

thickness of the cell walls and probably also the accumulation of solutes are very important in 

controlling water uptake during germination. 

13 
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Figure 5 Light microscopy images of the endosperm cap and rest of the endosperm of coffee seed 
during germination. A: Cells of the rest of the endosperm adjacent to the embryo during imbibition 
(bar indicates 100 u,m). Note the uniformity of the cell size in this region. B: Cells of the rest of the 
endosperm during imbibition showing the border between internal endosperm (ie) and external 
endosperm (bar indicates 100 \im). Note that the cells of the internal endosperm adjacent to the 
embryo are rectangular and will be the first cells to be consumed, following germination. The cells of 
the external endosperm (ee) have a polygonal shape; these cells will be consumed later. C: Higher 
magnification of the external endosperm region of the rest of the endosperm showing thin-walled 
areas (bar indicates 10 |lm). D: Endosperm cap of a 9 day-imbibed seed showing remnants of a 
suspensor at the radicle tip (dark spot) (bar indicates 100 um). E: Endosperm cap (ec) region and 
embryo (em) at 6 days of imbibition showing compressed cells in the endosperm (bar indicates 10 
(im). F: Endosperm cap (ec) region and embryo (em) in a 10-day imbibed seed showing loss of cell 
integrity just before radicle protrusion (bar indicates 100 u,m). 
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In the endosperm cap region, various compressed cells walls were evident prior to 

radicle protrusion at day 6 of the imbibition process (Fig. 5 E). The remnants of the suspensor 

were observed at the endosperm cap just prior to radicle protrusion (Fig. 5 D) and were also 

observed in the endosperm cap region outside of the seed surface when the protuberance 

appeared. As germination proceeded the compressed cells lost their integrity just before 

radicle protrusion (Fig. 5 F). Compressed cells and loss of cell integrity coincided with the 

appearance of the protuberance observed in the endosperm cap preceding radicle protrusion 

(Fig 4, 6B). Endosperm cell walls surrounding the embryonic axis, just below the radicle tip, 

also showed compressed cells, possibly caused by the lateral expansion of the embryo inside 

the endosperm during germination (not shown). 

Obviously, compressed cells, loss of cell integrity and appearance of the protuberance 

were the result of embryo growth inside the endosperm prior to radicle protrusion that may be 

driven by embryo cell expansion, elongation or division. In the embryo cells many 

intercellular spaces were observed (Fig. 6 E). At day 9 of imbibition presence of nuclei, 

nucleoli, protein bodies and large central vacuoles were observed (Fig. 6 E). Apparently, the 

vacuoles are fused to form a large central vacuole prior to radicle protrusion in the embryo 

cells, since in earlier stages of imbibition more vacuoles were observed in individual embryo 

cells. Plastids that may contain starch as a source of reserves for the growing coffee embryo 

were observed at day 9 of imbibition (Fig. 6 E). 

Concomitantly with the morphological changes in the endosperm cap region we 

observed the development of porosity in the cell walls at day 9 of imbibition (Fig. 6 F). For 

tomato seeds it has been shown that these pores are caused by the evaporation of water during 

the freeze-drying process, indicating the absence of cell wall components and coinciding with 

a decrease in the force required to puncture the endosperm, as well as an increase in endo-(i-

mannanase activity (EC 3.2.1.78) (Toorop et al, 2000). Therefore, this porosity of the cell 

walls in the endosperm cap of coffee seed indicated also that cell wall degradation took place 

during coffee seed germination, possibly to weaken the endosperm cap in order to facilitate 

radicle protrusion. Furthermore, degradation of the rest of the endosperm (lateral endosperm) 

during germination may not be ruled out. Thus, our observations indicate that endosperm 

degradation in the coffee seed is important during germination, not only to weaken the 

endosperm cap but also as a source of reserve materials during seedling establishment when 

endosperm degradation also takes place in rest of the endosperm. Previous work in coffee 

seed has suggested that mobilization of mannan-rich cell walls is a post-germinative 

phenomenon since endo-P-mannanase activity responsible for endosperm mobilization of the 

mannan polymers was detected only after radicle protrusion (Giorgini and Comoli, 1996; 

Marraccini et al., 2001). 
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Light microscopy observations did not show the presence of an aleurone layer 

surrounding the endosperm that could be the source of hydrolytic enzymes. In addition, 

incubation of endosperm slices in tetrazolium (2,3,5 triphenytetrazolium chloride) solutions at 

30°C for 16 hours, showed a positive reaction (data not shown). This indicates that coffee 

endosperm cells are alive and may be themselves the source of the hydrolytic enzymes 

present within the endosperm rather than being dependent on a specialized aleurone cell layer 

as source of enzymes. Finally, the results indicate that both embryo growth and changes in 

the endosperm tissue control germination in coffee seed. 

16 



Anatomy and morphology of the coffee (Coffea arabica cv. Rubi) seed 

Figure 6 Low temperature scanning electron microscopy of a coffee seed. A: Transversal section of the 

endosperm cap from a 9 day-imbibed seed. Observe the embryo (em), endosperm cap (ec) and 

remnants of the spermoderm (sd) or silver skin at the convex seed surface. B: Longitudinal section of a 

6 day-imbibed seed, showing the endosperm cap (ec) and rest of the endosperm (roe). Mark the 

localization of the embryo (em) and the radicle tip (rt) within the endosperm prior to radicle protrusion, 

and the lateral expansion of the embryo causing a protuberance. C: Endosperm cap of a 6-day imbibed 

seed showing the thinner cell walls. Observe that some cells are not completely hydrated (arrows), 

surrounded by fully hydrated cells of endosperm cap (ec) and embryo (em). D: Cells of the rest of the 

endosperm (roe) of 6-day imbibed seeds. Note that these cell walls are thicker than the cell walls of the 

endosperm cap region (Fig. 6 C) and are apparently not hydrated. Again thin-walled regions can be 

observed locally (arrows) E: Embryo cells in a 9-day imbibed seed showing intercellular space (is) and 

a large vacuole (V). At the cell periphery nuclei (n), nucleoli (nu) and plastids (p) are visible. F: 

Endosperm cap cell wall of a 9-day imbibed seed (prior to radicle protrusion), showing porosity, 

indicating cell wall degradation. 

Acknowledgement 

We thank CAPES (Coordenacao de Aperfeicoamento de Pessoal de Nfvel Superior) for 

financial support of the studies of E.A. Amaral da Silva. The seed lab at Lavras Federal 

University, MG, Brazil (UFLA) is acknowledged for handling and shipping the seeds to The 

Netherlands. We are grateful to Wim van Veenendaal at the Laboratory of Plant Cell Biology 

for his help with the light microscopy studies. 

References 

Arcila-Pulgarin, MI and Orozco-Castano, FJ (1987) Estudio morfologico del desarrollo del 

embrion de cafe. Cenicafe 38, 62-63. 

Bewley, JD and Black, M (1994) Seeds. Physiology of development and germination. 

Plenum Press, New York, London,. 

Chin, HF and Roberts, EH (1980) Recalcitrant crop seeds. Tropical Press, Kuala Lumpur. 

Dedecca, DM (1957) Anatomia e desenvolvimento ontogenetico de Coffea arabica L. var. 

Typica Cramer. Bragantia 16, 315-355. 

Dentan, E (1985) The microscopic structure of the coffee bean. In MN Clifford and KC 

Wilson, eds, Coffee botany, biochemistry and production of beans and beverage. The Avi 

Publishing Company, Westport, Connecticut, pp 284-304. 

Giorgini, JF and Comoli, E (1996) Effect of embryo and exogenous GA3 on endospermic 

endo-|3-mannanase activity of Coffea arabica L. during germination and early seedling 

growth. Revista Brasileira de Fisiologia Vegetal 8, 43-49. 

17 



Chapter 2 

Giorgini, JF and Campos, CASP (1992) Changes in the content of soluble sugars and starch 

synthesis and degradation during germination and seedling growth of Coffea arabica L. 

Revista Brasileira de Fisiologia Vegetal 4, 11-15. 

Huxley, PA (1964) Some factors which can regulate germination and influence viability of 

coffee seeds. Proceedings of the International Seed Testing Association 29, 33-60. 

Huxley, PA (1965) Coffee germination test recommendations and defective seed types. 

Proceedings of the International Seed Testing Association 30, 705-715. 

Krug, CA and Carvalho, A (1939) Genetical proof of the existence of coffee endosperm. 

Nature 144, 515. 

Maestri, M and Vieira, C (1961) Nota sobre a reducao da porcentagem de germinacao de 

sementes de cafe por efeito do acido giberelico. Revista Ceres 11, 247-249. 

Marraccini, P, Rogers, WJ and Allard, C (2001) Molecular and biochemical 

characterization of endo-(3-mannanase from germinating coffee (Coffea arabica) grains. 

Planta 213, 296-308. 

Mendes, AJT (1941) Cytological observations in Coffea. VI. Embryo and endosperm 

development in Coffea arabica L. American Journal of Botany 28, 784-789. 

Mendes, AJT (1944) Observacoes citologicas em coffea VHI-poliembrionia. Bragantia 4, 

693-708. 

Nijsse, J and Van Aelst, AC (1999) Cryo-Planing for cryo-scanning electron microscopy. 

Scanning 21, 372-378. 

Nijsse, J, Erbe, E, Brantjes, NBM, Schel, JHN and Wergin, WP (1998) Low-temperature 

scanning electron microscopic observations on endosperm in imbibed and germinated 

lettuce seeds. Canadian Journal of Botany 76, 509-516. 

Rena, AB, Malavolta, E, Rocha, M and Yamada, T (1986) Cultura do cafeeiro-fatores que 

afetam a produtividade. 447. Piracicaba; Potafos. 

Toorop, PE, Van Aelst, AC and Hilhorst, HWM (2000) The second step of the biphasic 

endosperm cap weakening that mediates tomato (Lycopersicon esculentum) seed 

germination is under control of ABA. Journal of Experimental Botany 51, 1371-1379. 

Valio IFM (1996) Germination of coffee seeds (Coffea arabica L. cv. Mundo Novo). Journal 

of Experimental Botany 27, 983-991. 

Went, FW (1957) The experimental control of plant growth. Ronald Press, New York. 

Wellman, PL (1961) Coffee: botany, cultivation, and utilization. London, Leonard Hill. 

Wolfrom, ML, Laver, ML and Patin, DL (1961) Carbohydrates of coffee bean. II. Isolation 

and characterization of a mannan. Journal of Organic Chemistry 26,4533-4536. 

Wolfrom ML, Patin DL (1964) Isolation and characterization of cellulose in the coffee bean. 

Agricultural and Food Chemistry 12, 376-377. 

18 



CHAPTER 3 

ABA regulates embryo growth potential and endosperm cap weakening 

during coffee (Coffea arabica cv. Rubi) seed germination 

E.A. Amaral da Silva, Peter E. Toorop, Adriaan C. van Aelst and Henk W.M. Hilhorst 



Chapter 3 

Abstract 

The mechanism and regulation of coffee seed germination were studied in Coffea arabica 

cv. Rubi. The coffee embryo grew inside the endosperm prior to radicle protrusion and ABA 

inhibited the increase in pressure potential. There were two steps of endosperm cap weakening. 

An increase in cellulase activity coincided with the first step and an increase in endo-P-

mannanase activity with the second step. ABA inhibited the second step of endosperm cap 

weakening presumably by inhibiting the activities of least two endo-P-mannanase isoforms. The 

increase in the activity of endo-P-mannanase and cellulase coincided with the decrease in the 

force required to puncture the endosperm and with the appearance of porosity in the cell walls as 

observed by low temperature scanning electronic microscopy. Tissue printing showed that endo-

P-mannanase activity was spatially regulated in the endosperm. Activity was initiated in the 

endosperm cap whereas later during germination it could also be detected in the rest of the 

endosperm. Tissue printing revealed that ABA inhibited endo-P-mannanase activity in the 

endosperm cap, but not in the rest of the endosperm. ABA did not inhibit cellulase activity. There 

was a transient rise in ABA content in the embryo during imbibition, suggesting that also 

endogenous ABA may control embryo growth potential and the second step of endosperm cap 

weakening during coffee seed germination. 

Keywords: coffee seed, endosperm weakening, abscisic acid, endo-P-mannanase, cellulase, cryo-

scanning electron microscopy, puncture force. 
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Introduction 

The coffee (Coffea arabica L.) embryo is enveloped by an endosperm tissue (Krug and 

Carvalho, 1939; Mendes, 1941). The fully differentiated embryo lies inside an embryo cavity, is 3 

to 4 mm long and is composed of an axis and two cotyledons (Rena and Maestri, 1986). The 

endosperm is surrounded by the endocarp that resembles a seed coat (Chin and Roberts, 1980). 

The coffee endosperm is composed of a hard greenish tissue with poliedric cells, is 

isodiametrically divided in a hard external endosperm and a soft internal endosperm 

(Dedecca,1957), and belongs to the nuclear type (Mendes, 1941). The endosperm cells have very 

thick walls that are crossed by plasmodesmata (Dentan, 1985). These cell walls are composed of 

cellulose and hemicellulose (Wolfrom and Patin, 1964). The main hemicellulose is an insoluble 

(3-(l—>4) D-mannan with 2% of galactose present in the side chains (Wolfrom et. al., 1961). The 

galactose units are also found in arabinogalactans in the coffee seed (Wolfrom and Patin, 1965). 

The coffee seed belongs to the group of seeds that have a relatively high amount of mannans 

(Wolfrom etal., 1961). 

Seed germination starts when the expansive force of the embryonic radicle exceeds the 

mechanical restraint of the surrounding tissues (Hilhorst et al., 1998). The possible causes for 

embryo growth are lowering of its osmotic potential (\|/i), thus raising the pressure potential (vj/p) 

in the radicle cells, relaxation of the radicle cell walls, weakening of the tissues surrounding the 

embryo or a combination of these causes (Bewley and Black, 1994). In celery, Anemone 

coronaria and in Fraxinus seeds the embryo also grows inside the endosperm before radicle 

protrusion (Steinbauer, 1937; Bullowa et a/.1975; Jacobsen et al., 1979; van der Toom, 1992). In 

lettuce seed Takeba (1980) found an accumulation of free amino acids in the growing axes that 

would be high enough to increase the growth potential of non-dormant lettuce seed. However, 

Weges (1991) did not find a solute accumulation prior to radicle protrusion in lettuce seed that 

would decrease the osmotic potential, allowing radicle protrusion. In Brassica napus embryos an 

increase of turgor and cell wall extensibility is required for radicle protrusion (Schopfer and 

Plachy, 1985). 

Weakening of the tissues in front of the radicle tip has been proposed to be a prerequisite 

for radicle protrusion in tomato seed (Haigh and Barlow, 1987; Groot and Karssen, 1987), 

muskmelon (Welbaum et al, 1995), Datura ferox (de Miguel and Sanches, 1992) and pepper 

(Watkins et al., 1983). In tomato and muskmelon seeds embryo water uptake is restricted by the 

endosperm during germination and lowering of the osmotic potential or an increase of embryo 

turgor have never been observed before radicle protrusion (Haigh and Barlow, 1987; Welbaum 
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and Bradford, 1990). In Datura ferox the increase in embryo growth potential was insufficient to 

allow germination (de Miguel and Sanches, 1992). In tomato seed endo-P-mannanase 

(E.C.3.2.1.78) activity correlated with weakening of the endosperm cap (Groot et al., 1988; 

Toorop et al., 2000). Endo-P-mannanase activity also correlated with porosity in the endosperm 

cap cell walls, as observed by cryo-scanning electronic microscopy (cryo-SEM) and with a 

decrease in the required puncture force (Toorop et al., 2000). Other enzymes such as 

polygalacturonase (Sitrit et al., 1999), cellulase (Leviatov et al., 1995) and arabinosidase 

(Bradford et al., 2000) have also been shown to increase in activity during tomato seed 

germination. Also in muskmelon seed cellular degradation and weakening occurred 

concomitantly with the decrease in puncture force (Welbaum et al., 1995). In Datura spp 

scanning electron micrographs and analyses of endosperm cell wall polysaccharide composition 

showed morphological changes in the micropylar endosperm before radicle protrusion (Sanches 

et al., 1990). In pepper seeds the endosperm cap displayed compressed cells and loss of integrity 

before radicle protrusion (Watkins et al., 1985) as well as a decrease in the required puncture 

force (Watkins et al., 1983). However, endo-P-mannanase activity was only detected after radicle 

protrusion (Watkins et al., 1985). 

Cell wall hydrolytic enzymes have previously been studied in coffee seed. These include, 

oc-galactosidase (EC 3.2.1.22) (Petek and Dong, 1961; Shadaksharaswamy and Ramachandra, 

1967), cellulase (EC 3.2.1.4), (Takaki and Dietrich, 1980 and Giorgini, 1992) and endo-P-

mannanase, (Giorgini and Comoli, 1996 and Marracini et al, 2001). However, there is little 

information about enzyme activity in relation to the germination mechanism and its regulation. 

Abscisic acid (ABA) is known to induce dormancy and inhibit seed germination (Bewley 

and Black, 1994). In lettuce seed endogenous ABA inhibits endo-P-mannanase activity (Dulson 

et al, 1988) and cellulase activity (Bewley, 1997). In fenugreek and carob seeds ABA suppresses 

the activity of endo-B-mannanase in the endosperm (Kontos et al., 1996). In tobacco P-1,3-

glucanase (EC 3.2.1.39) correlates with endosperm rupture and ABA delays this rupture 

(Leubner-Metzger et al., 1995). In the endosperm cap of tomato seed ABA does not inhibit 

cellulase (Toorop, 1998 and Bradford et al., 2000) and endo-P-mannanase activity (Toorop et al., 

1996; Still and Bradford, 1997) but radicle protrusion is prevented. In the embryo of Brassica 

napus, Schopfer and Plachy (1985) have shown that ABA inhibited cell wall loosening. In coffee 

seed Valio (1976) found that endogenous ABA-like substances and exogenous ABA caused 

inhibition of germination through inhibition of embryo growth. However, the role of ABA during 

coffee seed germination has not been described in clear detail. 
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The aim of the present work is to determine the targets and mechanism of the ABA 

controlled inhibition of coffee seed germination. 

Materials and methods 

Seed source. Coffee seeds from Coffea arabica L. cultivar Rubi were harvested in 1998 

in Lavras-MG-Brazil, depulped mechanically, fermented and dried to 12% of moisture content 

and shipped to The Netherlands where they were stored at 10° C. 

Germination conditions. The seed coat was removed by hand and the surface sterilised in 

1 % of sodium hypochlorite for 2 minutes. Subsequently, seeds were rinsed in water and imbibed 

in 10 ml demineralized water or ABA solution in a concentration of 1000 (iM, lOOuM or 10 uM 

(racemic mixture; Sigma, St. Louis, Mo., USA). Seeds were placed in 94-mm Petri dishes on 

filter paper (no. 860, Schleicher & Schuell, Dassel, Germany). During imbibition seeds were kept 

at 30 ± 1° C in the dark (Huxley, 1965; Valio, 1976). ABA solutions were prepared by dissolving 

the compound in 1 N of KOH followed by neutralisation with 1 N of HC1. Fluridone solution was 

prepared by dissolving the compound in 0.1% of acetone until complete dissolution. Control 

experiments showed that the acetone concentration used did not affect germination. The 

germination percentage was recorded daily. 

Imbibition curve. Intact seeds were imbibed as described above and the fresh weight was 

measured daily. 

Embryo growth. Twenty embryos from water-imbibed seeds were isolated by cutting the 

endosperm with a razor blade. Embryo length was measured by using callipers. After length 

measurement the embryos were separated in embryonic axes and cotyledons and these were 

measured again. 

Water potential (y) measurements. The water potential (v|/) and osmotic potential (\|/H) of 

coffee embryos from seeds imbibed in water or in ABA solutions were measured by using a 

calibrated thermocouple psychrometer (Model HR-33T, Wescor, USA) C-52 sample chamber 

(Wescor, USA). Samples were equilibrated for 40 minutes and 2 readings were taken before 

starting the experiments to ensure that equilibrium had been attained. Cooling time was 45 

seconds. The C-52 chamber was placed in an airtight glove box kept at 100% relative humidity by 

a stream of water-saturated air at a constant temperature of 25 ±1° C. Embryos were isolated as 

described above and placed in the C-52 chamber for measurements. Three replications of 5 

embryos were used for the measurements. After measurement of the water potential the embryos 

were put in liquid nitrogen for determination of the osmotic potential (\|/„). After 2 hours in liquid 
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Results 

Germination. Radicle protrusion started at 5 days 

of imbibition in water. ABA at 1000 |JM completely 

inhibited germination. Lower concentrations of 100 |0.M f 

and 10 |xM allowed germination for 36% and 49%, I 
o 

respectively (Fig. 1). Fluridone, an inhibitor of carotenoid 

biosynthesis that also inhibits ABA accumulation (Li and 

Walton, 1990), accelerated radicle protrusion significantly 

at a optimal concentration of 50 |J.M. In the presence of 

fluridone the seeds required 8.9 days to reach 50 % of 

germination, whereas in water the seeds required 9.9 days 

(Fig. 1). ABA (1000 nM) in the presence of 50 iiM of 

fluridone did not allow radicle protrusion (Fig. 1). 

- O - Control 
-0- 1000uM-ABA 
- • - IOOUM-ABA 
- A - IOUM-ABA 

• 50 iiM Fluridone 
- O - Fluridone+ABA 

Figure 1 Germination of coffee 
seeds in water, 1000 \xM, 100 uM 
or 10 uM of ABA, 50uM of 
Fluridone or 50 |iM of Fluridone 
+ 1000 uM ABA. Data points are 
average of 4 replications of 25 
seeds; error bars indicate standard 
deviation. Imbibition curve. The fresh weight of intact seeds 

during imbibition increased (phase I) to reach a plateau (phase II) at day 3 of imbibition, and 

remained constant until day 15 of imbibition (Fig. 2). 

0 2 4 6 8 10 12 14 16 18 20 

Figure 2 Imbibition curve during coffee seed germination. Data 
points are average of 100 seeds; error bars indicate standard 
deviations. Arrow indicates radicle protrusion of 50% of the 
seeds. 

Embryo growth. The embryo grew inside the endosperm before radicle protrusion. In 

water-imbibed seeds there was a significant increase in both the length of the embryonic axes and 

of the cotyledons (Fig. 3) when 50% of the seed population had germinated. The increase in 

embryo length was 1.06 mm (35%) until 10 days of imbibition (P<0.01). The increase in length 

of the embryonic axis was around 0.73 mm (36%) until 10 days of imbibition and in the 

cotyledons 0.33 mm (34%). 
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Figure 3 Length of embryo, axis and cotyledons from coffee 
seeds imbibed in water. The embryos were isolated 
immediately before measurement. Data points are average of 
20 embryos; error bars indicate standard deviation. 

Figure 4 Water potential 4* ( • ) , 
osmotic potential 4*,, (O) and pressure 
potential H^ (T) of coffee embryos 
isolated from water-imbibed (A) seeds 
and from seeds imbibed in 1000 |jM of 
ABA (B); error bars indicate standard 
deviation. 

- # - Embryo 
- O - Axis 
- ^ - Cotyledons 

I , x i _A 

1 2 3 4 5 6 7 8 9 10 

Time(d) 

Water potential measurements. 

Psychrometric measurements were started at 2 days 

of imbibition. The embryo water potential was -

4.40 MPa and increased to - 0.96 MPa at 5 days of 

imbibition. The osmotic potential increased from -

4.50 MPa at 2 days of imbibition to -2.59 MPa at 5 

days of imbibition. Consequently, the pressure 

potential increased from 0.11 MPa to 1.62 MPa at 

5 days. At 6 days of imbibition there was a 

decrease in both the water and osmotic potential. 

The water potential decreased from -0.96 MPa to -

3.64 MPa and the osmotic potential from -2.59 

MPa to -3.55 MPa. The pressure potential also 

decreased from 1.62 MPa to around 0 MPa. After 6 

days of imbibition water potential and osmotic 

potential increased again (Fig. 4a). 

In ABA the embryo water potential 

increased from -4.31 MPa to -1.53 MPa at 5 days 

of imbibition and the osmotic potential from -4.50 

MPa to -1.85 MPa at 5 days of imbibition. At 6 

days of imbibition there was a decrease in water potential from -1.53 MPa to -3.63 MPa. The 

osmotic potential also decreased from -1.85 MPa to -3.84 MPa. No change in pressure potential 

in ABA-imbibed seeds was observed (Fig. 4b); values were always slightly above zero. 
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of endo-pVmannanase (pi 4.5, pi 6.5 and pi 7.0). In ABA-imbibed seeds two isoforms were 

completely inhibited in the endosperm cap (pi 4.5 and pi 6.5). There was an extra isoform that 

seemed to be specific for the rest of the endosperm (pi 5.5) since this isoform was not observed in 

the endosperm cap (Fig. 8). ABA inhibited only one isoform in the rest of the endosperm (pi 4.5). 

Endosperm structure during germination. The endosperm cap expanded during 

imbibition prior to radicle protrusion. Endosperm expansion prior to radicle protrusion has been 

described in other species as a protuberance (Werker, 1997). The protuberance observed in the 

endosperm cap was detected after five days of imbibition (Fig. 9A); it was inhibited by ABA and 

increased in size until radicle protrusion. Three to four cell layers were observed in the 

endosperm cap in front of the radicle tip (Fig. 9B). Cryo-SEM revealed compressed cells and loss 

of integrity of endosperm cap cells before radicle protrusion, coinciding with the protuberance 

(Fig. 9G). The endosperm cap showed thinner-walled cells than the rest of the endosperm (Fig. 

9B and C). Concomitantly with the occurrence of the protuberance porosity in the walls of the 

endosperm cap was observed (Fig. 9E) as well as in the rest of the endosperm (Fig. 9F), but no 

porosity was observed earlier during imbibition (Fig. 9 D). From day 3 to 9 of imbibition the 

number of cell layers in the endosperm cap showing porosity increased. There was a gradient in 

porosity from higher porosity in the cell walls close to the embryo to lower porosity in cell walls 

close to the epidermal cells. In ABA-imbibed seeds the endosperm cap also showed the same 

gradient in porosity as observed in water-imbibed seeds. In the rest of the endosperm porosity 

was also observed in ABA-imbibed seeds from day 6 onwards (results not shown). Initially, the 

pores appeared in the cell walls that were close to the embryo and at day 9 of imbibition the first 

cell wall layer adjacent to the embryo was completely eroded. 

Figure 9 A. Coffee seed after 5 days of imbibition in water with indication of endosperm cap (ec) and the 

rest of the endosperm (roe). Note the occurrence of a protuberance. B. Scanning electron micrograph of 

the endosperm cap (ec) at 3 days of imbibition in water; embryo(em). C. Scanning electron micrograph of 

the rest of the endosperm (roe) at 3 days of imbibition in water. Note that the cell walls are thicker than in 

the endosperm cap. D. Scanning electron micrographs of the endosperm cap (ec) at 2 days of imbibition in 

water. No porosity was detected. E. Scanning electron micrograph of the endosperm cap (ec) at 6 days of 

imbibition in water. Highly porous cell walls can be observed. F. Scanning electron micrograph of the rest 

of the endosperm (roe) at 6 days of imbibition in water. Porosity can be observed throughout the cell 

walls. G. Scanning electron micrograph of the endosperm cap (ec) at 9 days of imbibition in water. Cells 

appear compressed and show loss of integrity. 
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