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Chapter 1 

Introduction 

The importance of storing seed for future use may have been 

recognised since the early age of civilisation. Priestley (1986) believed that 

the early development of agriculture in Neolithic times took place when 

people began to keep a portion of the harvest for planting the following 

season. Archaeological evidence cited in his review suggested that "seed 

for sowing may well have been subjected to privileged treatment". As 

agriculture developed, people improved their understanding of seed 

storage behaviour, and developed more suitable methods of storage for 

maintenance of viability (Justice and Bass, 1978). 

Now, when rapid loss of diversity is of great concern, the value of 

the wisdom of seed preservation prevails. By the middle of this century, it 

was realised that many wild species were about to disappear due to 

massive deforestation, especially in the tropics where abo~t half of the 

world's species are believed to be found (Wilson, 1988). This trend has 

continued through the following decades and' recently it is estimated that 

more than 10.5 million ha of tropical rainforest are being lost annually for 

timber and forest clearance for agriculture, pasture, industrial 

development, or other uses (Heywood, 1991). Furthermore, plant breeders 

have currently been concerned that the size of gene pools of major 

economic importance is shrinking at an alarming rate as the result of the 

widespread of modern agriculture practices that tend to use high-yielding, 

genetically uniform cultivars and abandon local landraces which are rich 

in genetic variability (Ford-Lloyd and Jackson, 1986). Clearly, more and 

more plant species are facing imminent extinction and, therefore, the need 

for conservation is now becoming more imperative than ever. 
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Many scientists have now acknowledged that seed storage can play a 
new and increasingly important role in preserving plant genetic resources. 
Bonner (1990), for example, mentioned that "long-term storage (one 

rotation age) is possible for many species, and it could become a more 

permanent strategy for conservation of many other species if storage 
technology could be improved". In addition, Given (1994) pointed out that 

seed storage has a unique feature as a conservation technique in that it can 

make plant material rapidly and easily available for research and applied 

purposes without disrupting natural population. For such reasons, some 

international institutions such as Food and Agriculture Organisation 

(FAO) of the United Nations and the International Board for Plant Genetic 

Resources (IBPGR) have been intensely involved in the development of 

an international network of seed banks for genetic conservation and 

promoting seed storage studies of both cultivated and wild species (Cohen 

et al., 1991; Hawkes, 1991). 

Considerable progress in seed storage technology has been made in 

the last few decades, and most of the problems of seed storage for many 

agricultural and horticultural crop species have essentially been solved 

(Roberts, 1991). Such species produce seeds that have been designated by 

Roberts (1973) as "orthodox", that is seeds whose longevity is prolonged by 

a reduction in moisture content and temperature. Accordingly, the storage 

life of the seeds can be manipulated by controlling the seed storage 

environment. With regard to physiological, practical, and economic 

considerations, IBPGR now recommends that, for long-term conservation 

purposes, seeds of this category should be dried to 5 ± 1 % moisture content 

(fresh weight basis), placed in a sealed container, and stored at -18°C or less 

(Cromarty et al., 1982). This simple protocol is particularly advantageous 

for it is possible that a single store can accommodate very many different 

species (Cromarty et al., 1982). However, it should be noted that variation 

in storage behaviour occurs between orthodox species, and therefore their 

requirements for optimum storage conditions. 

The other group of seeds are "recalcitrant" (Roberts, 1973) in that 

they will not tolerate drying below some relatively high moisture content 

without serious loss of viability. These include many important tropical 
fruits, many tropical plantation crops, and a number of timber species of 
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both tropic and temperate latitudes (Ellis, 1991). Because the seeds have to 

be kept moist, they cannot be cooled to temperatures well below ooc 
without suffering injury, thereby limiting the scope of environmental . 

manipulation to enhance seed storage life (Chin, 1995). Thus, at present, 

developing appropriate methods for storage of recalcitrant seeds for genetic 

conservation purposes is still a great challenge to seed scientists and seed 

technologists. However, recent progress in in-vitro preservation and 

cryogenic storage has offered a more attractive option for conserving those 

'recalcitrant' species (Withers, 1991; Grout, 1995). 

It is now emerging that some seeds do not fit either the orthodox or 

recalcitrant category, and for these seeds, an "intermediate category" has 

been suggested (Ellis, 1991). Seeds in this category can be dried to 10% 

moisture content but, interestingly, they die much more rapidly at 0°C and 

below than at ambient temperatures (Ellis et al., 1990a). Two species have 

been thoroughly investigated, ie. Coffee (Coffea arabica L.) and Papaya 

(Carica papaya L.) (Ellis et al., 1990a, 1991a), but it is quite possible that 

many other species also produce seeds of this type. So far, medium-term (a 

few years) but not long-term storage of such seeds is feasible (Ellis et al.~ 
1990a; 199la). Further research is still needed for better understanding of 

this type of seed behaviour and to establish appropriate storage methods 

for genetic conservation. 

In the present review, the storage behaviour of those different types 

of seed will be discussed in the light of current advances in seed science 

and technology. Emphasis is given mainly on the response of the seeds to 

moisture and storage temperature, which are known to be the most 

important factors affecting seed viability, and the implications to the 

development of long-term seed storage for plant genetic conservation. 
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Chapter 2 

Seed Viability 

2.1 Definition of Seed Viability 

The ultimate goal of putting seeds into storage is to keep the seed 

viable until they are needed for planting. As for genetic conservation, 

maintenance of seed viability for an extended period of time is desirable. 

However, although the concept of seed viability is well understood, some 

confusion and disagreement toward _its precise meaning exists. Most seed 

technologists describe a viable seed as one that is capable of germinating 

under favourable conditions, provided any form of dormancy in the seed 

is removed (Roberts, 1972a; Basu, 1995). In this sense, viability is 

synonymous with germination ability (germinability) or germination 

capacity and, therefore, only seed lots representing population of seeds 

may exhibit levels of viability (Copeland and McDonald, 1995). In another 

sense, a viable seed may be defined as one that is capable of metabolism 

and contains enzymes needed for catalysing the metabolic reactions 

necessary for germination and seedling growth; thus, seed viability 

denotes the extent to which seeds possess these properties (Hampton, 

1995). In this context, even a seed that fails to germinate may have some 

degree uf viability since it may still contain some viable tissues, which are 

capable of metabolism, or functional enzymes (Priestley, 1986). 

2.2 Measurement of Seed Viability 

Numerous methods of measuring seed viability have been 

developed, but only some are used widely in routine practices; these 

include laboratory germination test and biochemical tests, especially using 
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tetrazolium salt solutions as a chemical indicator of tissue viability. 

Comprehensive, detailed discussions on this subject have been given by 

MacKay (1972), Copeland qnd McDonald (1995), and Hampton (1995). 

2.2.1 The germination test 

The germination test is probably the most universally accepted 

means for measuring seed viability, mainly because it can provide reliable 

information on the value of a seed lot for planting (Copeland and 

McDonald, 1995). However, the results of germination testing do not 

necessarily reflect field emergence because the rules of the test are based on 

the philosophy that seeds should be exposed to favourable conditions for 

germination, which are unlikely to occur in the field. Thus, the 

germination test is merely an estimate (Copeland and McDonald, 1995) 

and intended primarily to demonstrate the potential of a seed lot in 

question to establish new plants (MacKay, 1972). 

The principal environmental conditions that must be available for 

seed germination include adequate water supply and suitable substrates 

(germination media), temperature, light, and gases in the atmosphere 

(MacKay, 1972; Copeland and McDonald, 1995). Di.fferent species may vary 

in the requirements of optimum conditions for germination. In attempt to 

provide practical guidance, the International Seed Testing Association 

(ISTA, 1985) has developed sets of standardised conditions for germination 

of a large number of agricultural, horticultural, and silvicultural species, 

which are published as official rules. Additionally, the rules also provide 

special treatments required by some species for maximum germination or 

breaking seed dormancy (Table 2.1). Chin (1980) has also documented 

suitable methods for germinating several tropical, recalcitrant species 

which have apparently different germination characteristics to those listed 

in ISTA's official rules (Table 2.2). 

Different criteria for assessing the germinated seeds exist. 

Physiologically, germination is a developmental process leading to the 

elongation and emergence of embryonic axis, usually radicle; therefore a 

seed can be considered as having germinated once its radicle has protruded 

(Bewley and Black, 1994). This definition has widely been adopted in 
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studies of seed physiology. However, to seed technologists, whose main 

interests lie in monitoring the establishment of plants of agronomic value, 

such a definition of germination is insufficient. According to the Rules for 

Testing Seed of the Association of Official Seed Analysts (AOSA) (cited by 

Copeland and McDonald, 1995), germination is "the emergence and 

development from the seed embryo of those essential structures which, for 

the kind of seed in question, are indicative for the ability to produce a 

normal plant under favourable conditions". Thus, seed technologists look 

for the emergence and development of normal seedlings that must consist 

of a normal root and shoot axi~ (Copeland and McDonald, 1995). Detailed 

descriptions of normal seedlings and their essential structures have been 

introduced by ISTA (1985). 

The result of a germination test demonstrates the germination 

capacity, which is commonly regarded as a direct measure of viability, of a 

seed lot, and is usually expressed as a percentage of seeds that have 

germinated within a specified period of time, according to the kind of 

species (ISTA, 1985). However, in some cases, seed researchers are also 

interested in measuring the rate of germination to compare the quality of 

seed samples. The coefficient rate of germination (CRG) is, therefore, 

introduced, and defined as fin/I(txn)]xlOO, where t is the time in days, 

starting from day 0 (the day of sowing), and n is the number of seeds 

completing germination on day t (Bewley and Black. 1994). 

2.2.2 The tetrazolium test 

A number of indirect methods for predicting seed viability have 

also been devised, most of which depend on the examination of metabolic 

activities of the seeds. The most widely used of these tests involves 

treatment of the seed with tetrazolium salt solutions (MacKay, 1972; 

Copeland and McDonald, 1995). Such a test is commonly referred as a 

"quick test" because it can be completed in only few hours, yet it can 

provide an accurate estimate of seed viability (Copeland and McDonald, 

1995). The test is particularly useful when dealing with the viability of 

dormant seeds (Hampton, 1995). 
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The underlying principle of tetrazolium test is that when colourless 

triphenyltetrazolium chloride or bromide enters viable tissues it is 

reduced by enzymes of dehydrogenase group to produce a red-coloured, 

stable, non-diffusible tripenyl formazan, which is precipitated in living 

cells. Whereas, in the absence of active enzymes, dead tissues remain 

unstained (MacKay, 1972; Hampton 1995). Therefore, it is possible to make 

an interpretation of seed viability on the basis of the degree to which the 

embryo is stained in the areas essential to growth; but this, of course, 

requires considerable skill and experience (Copeland and McDonald, 1995). 

Manuals for performing tetrazolium test and interpretation instructions 

have been published by AOSA (1970). 

Table 2.1 Some standardised methods for germination testing 

Additional direct-
Species Substratex Temperature First Final ions including 

(OC) count count recommendation 
(days) (days) for breaking 

dormancy 

Festuca 
rubra TP 20-30; 15-25 7 21 Prechill; KN03Y 

Glycine 
max BP;S 20-30; 25 5 8 

Helianthus 
annuus BP;S 20-30; 25; 20 4 10 Preheat; P~echill 

Hordeum 
vulgare BP;S 20 4 7 Preheat (30-350C); 

Prechill; GA32 

Lathyrus 
sativus BP;S 20 5 14 

Loli um 
perennel TP 20-30;15-25;20 5 14 Prechill; KN03 

Data from "International Rules for Seed Testing" (ISTA, 1985) 
x TP = top of paper; BP = between paper; S = sand; YKN03 = 0.2% solution of 
potassium nitrate; 2GA3 = gibberellic acid. 
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Table 2.2 Some suitable methods for germination testing of tropical, 
recalcitrant species 

Species Substratex Temperature Treatment Period 
(OC) required of test 

(days) 

Artocarpus Sd/Sl 25-40 Soak seeds for 10-14 
heterophyllus 24 hours 

Theobroma air/Sd 25-30 Cleaned of mu- 7-14 
cacao cilage; 1-2 hour 

soaking 

Citrus spp. Sd 25-30 Stratification 14 d 14-21 

Cocos 
nucifera Sd/Sl 25-40 Soak seeds for 14 d 150-170 

Co ff ea 
rob us ta Sd 30 Remove endocarp 28-35 

Durio 
zibethinus Sd/Sl 25-35 Removal of pulp 28-35 

Elaeis 
guineensis air 25-30 Heat for 60 d and 20-40 

400C; soak seeds 
for 48 hours 

Garcinia 
mangostana Sd/Sl 25-35 Soak in water for 28-32 

24 hours 

Hevea 
brasiliensis Sd 25-35 10-14 

Lansium 
domesticum Sd/Sl 25-35 10-15 

Mangifera 
indica Sd/Sl 25-25 Wash and soak 10-14 

seeds for 24 hours 

Nephelium 
lappaceum Sd/Sw 25-35 Remove fruit juice; 10-14 

wash seeds 

Data from Chin (1980). 
x Sd = sand; Sl = soil; Sw = sawdust 
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The results of the tetrazolium tests, if conducted by skilled workers, 

generally agree closely to those of the germination testing (AOSA, 1970). 

But, in some cases such as in the presence of phytotoxicity caused by seed 

dressing, heat injury caused by excessive temperature during drying, and 

micro-organic contamination, the results of tetrazolium tests may 

somewhat be misleading (MacKay, 1972). Nevertheless, in conjunction 

with the germination test, they can provide a more comprehensive 

information on the potential of seed lots for planting and storage (MacKay, 

1972). 

2.2.3 Other viability tests 

Other methods of viability testing, such as conductivity and excised 

embryo test, have been introduced mainly as a supplement to the 

germination test, although in some particular cases the tests may provide 

better results. For example, in dealing with dormant seeds of woody 

species, excised embryo techniques have been proven to be more effective 

than the germination tests, ie. excised embryos placed on blotter or filter 

paper under favourable conditions grow much more rapidly than do the 

intact seeds in standard germination tests (Copeland and McDonald, 1995). 

Therefore, despite some difficulties of performing this test, such as possible 

mould infection and mechanical damage to the embryos, laboratories that 

test considerable quantities of tree and shrub seeds routinely conduct 

excised embryo tests (Hampton, 1995; Copeland and McDonald, 1995). 

The conductivity -test is developed particularly to furnish quick 

estimates of seed viability. This test is based on the assumption that 

deteriorating seeds will produce a higher degree of leachate when soaked 

in water and therefore increasing its electrical conductivity which can be 

detected by using a specialised instrument (Copeland and McDonald, 1995). 

Recently, some sophisticated machines capable of monitoring individual 

seed conductivity values have been developed (Hampton, 1995); and this 

may increase the value of conductivity tests. Nevertheless, doubt remains 

about the reliability of the results (Hampton, 1995; Copeland and 

McDonald, 1995). 
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2.3 Loss of Seed Viability 

Viability is a dynamic property which is likely to decrease with the 

lapse of time (Owen, 1956). The rate of this "aging" process varies between 

species and even between individual seeds within an apparently uniform 

seed lot (Roberts, 1972a). A large number of studies have been done in 

recent years to account for loss of seed viability during storage. Much of the 

work has thoroughly been reviewed by Roberts (1972b), Priestley (1986), 

Bewley and Black (1994), Coolbear (1995), and Copeland and McDonald 

(1995). 

It is generally agreed that the process of seed aging is complex and, 

therefore, it is not easy to comprehend it completely (Copeland and 

McDonald, 1995). However, despite the complexity, various theories to 

explain ~eed aging have appeared. Roberts (1972b) divided the existing 

theories into two groups; ie. those which link loss of viability with 

intrinsic factors resulting from seed metabolism and those which postulate 

that the causes are extrinsic to the seed and are elaborated by micro 

organisms that live in association with the seed. To some extent, the two 

types of seed aging theories may overlap. For example, one theory that has 

received much attention suggests that loss of viability is the consequence 

of nuclear damage, but this damage could be postulated to be the result of 

either internal or external events as shown in fig. 2.1. 

According to Copeland and McDonald (1995) and Coolbear (1995) 

one of the most interesting model for explaining seed aging is the "lipid 

peroxidation" model that describes the possible mechanisms whereby 

membranes and enzymes deteriorate. Briefly, the model suggests that cell 

membranes of seeds contain a relatively high proportion of 

polyunsaturated lipids and in the presence of oxygen these may react to 

produce free radicals, ie. a group of atoms with an unpaired electron which 

rendered them highly reactive and unstable. Once these free radicals are 

present in a cell, they can initiate highly damaging oxidative chain 

reactions that bring about denaturation of membrane lipids and amino 

acid, and ultimately the loss of membrane integrity. In addition to the 

membrane damage, free radicals are also regarded as highly damaging to 

DNA and other biomolecules. 
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Fig. 2.1 A classification of viability theories. (From Roberts, 1972b) 
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However, there is still considerable disagreement about whether 
lipid peroxidation is a major cause of loss of seed viability or whether it 

occurs only after the seed is death as part of the general deterioration of the 
cells, since there is considerable contradictory evidence reported in the 
literature (Bewley and Black, 1994). Regardless of the key role of lipid 

peroxidation in seed aging, Priestley (1986) concluded that very few 

components of a stored seed are immune to degradation and that a variety 

of deteriorative metabolic processes can occur during storage. An 

interesting diagram to summarise the pathways by which deterioration 

may progress in unimbibed seeds has been provided by Osborne (1980) as 

shown in fig.2.2. 

Lipid perox1dat1on Free fatty acids 

I ~oss of membran~oss o~nzyme 
1nlegnly activity 

Free radicals ---.f.-- ~.L 
\ 1 , .... ,.. 

Loss of cellular 
compartmentat1on 

Loss of nbosome '-........ \---+ ....... 
--._. Loss of ONA 

. 1ntegnty 

J 
Failure of ANA 

synthesis • 

Fig. 2.2 A diagram illustrating a variety of major paths by which seed 
viability may lost during aging. Based on Osbome(1980) 
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Chapter3 

The Storage Behaviour of 

Orthodox Seeds 

3.1 Seed Survival Curves 

It is well recognised that seeds not only have inherent variability in 

quality (Austin, 1972; Copeland and McDonald, 1995) but also respond 

differently to environmental stimuli (Justice and Bass, 1978). Accordingly, 

there is always a marked variation in longevity between seeds within a lot 

of seeds even though the lot is apparently uniform (Roberts, 1972a). It is 

interesting, however, that under a constant storage environment the 

viability periods of individual seeds in a lot are distributed randomly 

around some mean value (Roberts, 1972a, 1973, Bewley and Black, 1994). In 

other words, the distribution of seed deaths over time in storage is normal. 

This trend has been noted in several studies with orthodox-seeded species 

including Wheat (Tritium aestival L.), Rice (Oryx saliva L.), Broadbean 

(Vicia Jaba L.), Pea (Pisum sativum L.), Barley (Hordeum vulgare L.), 

Maize (Zea mays L.), Chickpea (Cicer arietinum L.), Cowpea (Vigna 

unguiculata (L.) Walp.), Soybean (Glycine max (L.) Merr.), Lettuce (Lactuca 

sativa L.), Mahagony (Swietenia humilis Zucc.), Terb (Terminalia brassii 

Excell), and Elm (Ulmus carpinifolia Gleditsch.) (Roberts, 1973; Ellis and 

Roberts, 1980b, 1981; Ellis et al., 1982; Dickie et al., 1990). Table 3.1 shows the 

statistical analysis of some vegetable seed survival data following long

term storage in the National Seed Storage Laboratory, Fort Collins, 

Colorado (Roos and Davidson, 1992). 

Substantive contributions for modelling the behaviour of seeds in 

storage have been made by Roberts (1972a, 1973). He pointed out that 

because of the normal distribution of seed deaths in time, the survival 
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Table 3.1 The survival analysis of selected vegetable seeds following long-
term storage in the National Seed Storage Laboratory, Fort Collins, 
Colorado (Data of Roos and Davidson, 1992) 

Species and Cultivar Age Germination xp50 ±SEY Chi-square 
(years) (%) (years) . x2 

Bean (Phaseolus vulgaris L.) 
Wyoming Pinto 48 24 31±1 z511.s. 

Beet (Beta vulgaris L.) 
Extra Early Red Turnip 49 36 43± 1 311.s. 

Carrot (Daucus carota L.) 
Nantes Touchon Strain 46 24 30± 1 1211.s. 

Wonderkugel 43 14 19±1 1211.s. 

Corn (Zea mays L.) 
Marcross Northern 48 64 61 ±5 411.s. 

Early Surprise 50 56 52±3 12n.s. 

Cucumber (Cucumis sativus L.) 
National Pickling 45 62 53±6 1011.s. 

Egg plant (Solanum 
melongena L.) 

Blackee 50 12 27± 1 611.S. 

Muskmelon (Cucumis melo L.) 
Extra Early Sunrise 58 42 53±2 711.s. 

Pea (Pisum sativum L.) 
Extra Early D.S.C. 45 92 111±42 1n.s. 

Tomato (Lycopersicon 
esculentum Mill.) 

Florida Special 58 76 103 ± 23 611.S. 

xThe estimated half or median viability periods 
YStandard error 
zNon significant Chi-square indicating normal distribution of seed death 
in time 
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curve resulting from plotting germination percentages against time in 

storage is negatively sigmoidal (negative cumulative normal distribution, 

or ogive) (fig. 3.1). The curve can be represented as a straight line if 

germination data are expressed in probits or plotted on a probability scale; 

and when this is done, simpler statistical assessment is greatly facilitated 

(Roberts, 1972a; Wilson et al., 1989). The survival curve can be defined as: 

v = Ki - p/a, 

where v is probit percentage germination, p is storage period, a is the 

standard deviation of normal distribution of seed death in time, and Ki is a 

constant for the seed lot and is a probit percentage germination at zero 

storage time (Ellis and Roberts, 1980a). There is evidence that the survival 

curves of sub-lots stored under a variety of constant conditions have a 

common intercept (fig. 3.2) indicating a constant Coefficient of Variation. It 

means that the spread of distribution of seed deaths in time (of which a is 

a measure) increases proportionally with the increase of the mean viability 

period if the storage environment is improved (Roberts, 1972a). 

100 

80 -~ 0 -i:: 
0 .... .... 
!'CS 
i:: .... 
e .... 
QJ 

c.? 

60 

40 

20 

0 

0 5 10 15 20 25 30 35 40 45 50 

Storage period (days) 

Fig. 3.1 The survival curve of a seed lot of finger millet (Eleusine coracana 
(L.) Gaertn.) stored hermetically at 40 °C, 15 % moisture content. The 
solid curve was fitted by probit analysis. (Data from Ellis and Roberts, 
1984). 
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Fig. 3.2 Survival curves of three sub-lots of Zea mays L seeds stored 
under three different storage conditions showing the common intercept at· 
zero time fitted by probit analysis. Germination percentages are plotted 
on a probability scale. (From Roberts and Ellis, 1984). 

Research on seed survival by Ellis and Roberts (Ellis and Roberts, 

1980b, 1981) showed that under any given identical constant conditions, 

different seed lots of the same species have similar seed survival curves. 

They found that, in Rice and Maize, for example, if the seed lots of 

different cultivars are stored under exactly the same conditions, the 

standard deviation of the distribution of seed deaths in time does not 

differ between lots even though there is a significant variation in 

longevity (fig. 3.3a). Consequently, the resulting seed survival curves are 

parallel if germination percentages are transformed to probit value, since 

they have the same slope, l/cr. These results suggest that regardless of the 

differences in genotype and pre-storage conditions, the germinability of 

every lot of a given species changes by the same proportion during storage 

(fig. 3.3b ). Similar results have also been observed in the research with 

Chickpea, Cowpea, and Soybean seed lots stored under similar, but not 

identical, conditions (Ellis et al., 1982). 
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Fig. 3.3 (a) Seed survival curves of three cultivars of Zea mays L. 
hermetically stored under similar storage conditions of 40 °C with 
between 10.0 and 10.2% moisture content. (b) The same data fitted to a 
common negative cumulative normal distribution by simultaneous probit 
analysis of three sets of data where only the constant Ki varies between 
cultivars. The differences in Ki values between cultivars have been 
accommodated by displacing the time axis (From Ellis and Roberts, 
1981). 
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There has been general agreement that the model of normal 
distribution of seed deaths in time proposed by Roberts satisfactorily fits 

the circumstances of seed lots under constant controlled conditions 

(Priestley et al., 1985; Priestley, 1986). Nevertheless, there are situations in 

which the model may not apply. For example, when seeds are subjected to 

extremely unfavourable conditions, they tend to lose their viability rapidly 

and more uniformly and, therefore, fail to show the 'pseudo-asymptotic 

tailing' characteristic of normal distribution (Bewley and Black, 1982; 

Priestley, 1986). In some species, residual dormancy and small content of 

hard seeds have also been reported to be responsible for deviation from 

the model (Priestley et al., 1985). 

While much work has been done on preserving seeds in ideal 

controlled conditions, little information is available on the pattern of seed 

survival in open storage where environmental factors markedly fluctuate. 

Roberts (1972a) suggested that, to some extent, the normal distribution 

model may be applicable to the circumstances of seed lots in open 

atmosphere since there have been a few reports suggesting detrimental 

effects of fluctuating environment on seed viability. However, Priestley 

(1986) provided evidence that it is rather unusual for seeds in open storage 

to exhibit the same survival trend with those held in constant conditions. 

He argued that unpredictable climatic changes reduce seed longevity and 

factors innate to the seeds may bring about skewed distribution. 

Furthermore, it has often been suggested that the ability to store seeds 

exposed to the open· atmosphere varies with different climatic 

environment (Hartmann et al., 1990). Hot and humid conditions in 

tropical regions tend to accelerate seed deterioration and, therefore, the 

maintenance of seed viability during storage is generally a greater problem 

in tropical areas (Ellis, 1991). It is evident, therefore, that for germplasm 

conservation purposes, preserving seed under precisely controlled 

conditions is preferable. 

3.2 Response to Moisture 

It is generally believed that seed moisture content is the most 

significant factor in determining the rates of seed deterioration (Justice and 
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Bass, 1978; Priestley, 1986; Bewley and Black, 1994) chiefly because it 

influences the progress and kinetics of most metabolic reactions that occur 

in seeds (Vertucci, 1989; Leopold, 1990). Thus, Hartmann et al. (1990) stated 

that control of seed moisture content is of fundamental importance in 

preserving seed viability. 

The moisture content of seeds is usually expressed as a percentage of 

fresh weight by seed technologists since this is required under 

international rules agreed by the International Seed Testing Association 

(ISTA, 1985), and Association of Official Seed Analysts (AOSA) (Bass, 1978). 

Some seed physiologists, however, expressed seed moisture content on dry 

weight basis (Vertucci, 1989; Koster, 1991). In this review,. the former 

convention is used throughout unless stated otherwise. 

3.2.1 Seed moisture content and relative humidity 

Seed is a hygroscopic material (Copeland and McDonald, 1995); 

therefore, its moisture content normally comes to an equilibrium with the 

relative humidity of the environment in which the seed is stored (Bass, 

1980). Seeds which are hard-coated, including many legume species, are 

exceptions (Harrington, 1973). The value of the moisture content at 

equilibrium with a given relative humidity differs markedly among 

species. For example, Ellis et al. (1988) showed that at 50% relative 

humidity, Groundnut (Arachis hypogaea L.) seeds attained an equilibrium 

moisture content of about 5%, whereas the seeds of Soybean and Wheat 

equilibrated at 9% and 12% moisture content, respectively. These 

differences have usually been attributed to the variation in the quantity of 

storage lipid, a component that interact very weakly with water (Thomson, 

1979). Thus, seeds with well-developed lipid reserves tend to equilibrate at 

a lower equilibrium moisture content than do seeds with high starch 

content (eg. Barley vs. Lettuce, fig 3.4) (Vertucci and Leopold, 1987b). There 

is also evidence that temperature affects the moisture equilibrium of both 

'high lipid' and 'high starch' types of seed; an increase in temperature 

leads to reduction in equilibrium moisture content. This phenomenon 

has been well documented by Owen (1956) and Justice and Bass (1978) and 

discussed in some detail by Hunt and Pixton (1974). 
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There is considerable evidence suggesting that the equilibrium 

relationships between moisture content of orthodox seeds and the 

atmospheric relative humidity at constant temperature conform to a 

consistent pattern that can be described by a reverse sigmoid curve (fig. 3.4) 

(Priestley, 1986). This hygroscopic equilibrium curve, also called sorption 

isotherm, comprises three distinct zones: in the low-humidity range (zone 

I), seed moisture content increases steeply with raising relative humidity; 

in mid range (zone II) the gradient is shallow; and in high-humidity range 

(zone III), seed moisture content again increases more steeply with raising 

humidity (Priestley, 1986). Vertucci and Leopold (1987a), examining the 

sorption isotherm of Soybean seed tissues, were able to demonstrate that 

each sorption zone approximately corresponds to a state of hydration in 

which a particular type of water binding tends to predominate: zone I is 

dominated by water that is very tightly bound to ionic groups; zone II 

roughly represents water that is weakly held to polar, non ionic sites; 

whereas, water that is bound to other water already absorbed by 

multimolecular sorption becomes significant in zone III. It has been 

suggested, therefore, that at equilibrium, relative humidity may be a more 

appropriate measure of the state of water in seeds because it is directly 

related to water activity (Vertucci and Ross, 1990). However, there are 

difficulties since seeds take a long time to reach equilibrium, such as 15 

days for Sorghum and Wheat at 20 oc and 70 days at 1 oc (Justice and Bass, 

1978), and the value obtained is affected by hysteresis, ie. the equilibrium 

relationship is not the same on the absorption of moisture by the seeds as 

it is on desorption (fig. 3.4) (Hunt and Pixton, 1974). 

3.2.2 Seed moisture content and longevity 

Detailed investigations of the effects of seed moisture content on the 

storage life of seeds have been pursued over many decades. Much of the 

earlier work has been reviewed by Owen (1956) and Barton (1961), whereas 

more recent research has also been summarised in a number of 

publication (eg. Kozlowski, 1972; Roberts, 1972a; Justice and Bass, 1978; 

Bass, 1978, 1980; Bewley and Black, 1982; Copeland and McDonald, 1995). 

One general conclusion is that the lower seed moisture content, the longer 

orthodox seeds retain the ability to germinate. 

20 



60 

-Ul ..... 
50 Ul 

rcl 
,.Q -..c:: 
bi) ..... 
Cl.I 40 
~ 

..c:: 
Ul 
Cl.I 

"" ~ ... 30 '#. --= Cl.I -= 20 0 
I.I 

Cl.I 

"" = -Ul ..... 
0 10 

:E 

0 10 20 30 40 50 60 70 80 90 100 

Relative humidity (%) 

Fig. 3.4 The equilibrium relationship between seed moisture content and 
relative humidity at 25 °C. The solid curves are absorption isotherms for 
Lettuce (lower curve) and Barley (upper curve). The broken curve is a 
desorption isotherm for Barley. (Data from Roberts and Ellis, 1989) 

Harrington (1973) has made the generalisation that, as a rule of 

thumb, a decrease of one. percent in seed moisture content may 

approximately double the life span of seeds. He indicated that this rule 

applies when seed moisture content is between 5 and 14%. Seeds stored at 

moisture content above 14% may suffer from increased respiration, 

heating, and fungal invasion that reduced seed viability more quickly than 

the rule would indicate; and when seed moisture content is excessively 

high (over 30%) non-dormant seed may germinate. On the other hand, 

seed stored at moisture content bellow 5 % will deteriorate more rapidly as 

a result of break down of membrane structure (Harrington, 1973; Bewley 

and Black, 1982). 
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In contrast to Harrington's rule, Ellis and Roberts (1980a) who 

worked with Barley found that the relative increase of longevity resulting 

from a 1 % reduction in moisture content was not constant, but it increased 

as seed moisture content was reduced. Hence, they pointed out that, in the 

case of Barley, Harrington's rule is only strictly appropriate to the range 8 

to 9% moisture content although probably not detectably inaccurate 

between 6 and 12 % moisture content. On the basis of this observation, 

Ellis and Roberts (1980a, b; 1981) suggested that the relation between seed 

moisture content and longevity is best considered in a logarithmic 

relationship and, taken together with the nature of normal distribution of 

seed deaths in time, it can be expressed as: 

log10 cr = K - Cw log10 m 

in which cr is the standard deviation of the life span of individual seeds; K 

and Cw are species-specific constants; and m is moisture content (%, fresh 

weight) (Ellis et al., 1986). This logarithmic model has since been 

demonstrated to apply to many other orthodox species, such as Cicer 
arietinum L., Glycine max (L.) Merr. and Vigna unguiculata (L.) Walp. 

(Ellis et al., 1982), Lupinus polyphyllus Lindley (Dickie et al., 1985), 

Sesamum indicum L. (Ellis et al., 1986), Ulmus carpinifolia Gleditsh., 

Terminalia brassii Excell (Tompsett, 1986), and Lactuca sativa L. (Kraak and 

Vos, 1987). 

Although the model assumes that longevity increases as seeds are 

progressively dried, there is evidence that drying beyond a critical 

moisture content provided no additional benefit to longevity (fig. 3.5) 

(Ellis et al., 1988, 1989, 1990b) or even enhanced aging rates (Vertucci and 

Roos, 1990). This lower limit for application of the logarithmic model 

varied among species, ranging from 2% in Sunflower (Helianthus annuus 
L.) (Ellis et al., 1989) and Groundnut (Ellis et al., 1990b) to 6.2% moisture 

content in Pea (Ellis et al., 1989). However, it has been shown that these 

different critical moisture contents were, in fact, in equilibrium with 

similar relative humidity (about 10% relative humidity, Table 3.2) (Ellis et 
al. 1989, 1990b; Vertucci and Ross, 1990) and may be related to the variation 

in lipid content (Roberts and Ellis 1989). More recently, Vertucci et al. 
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(1994) indicated that the value of critical moisture content is also 

dependent on temperature. Working with Pea (Pisum sativum L.) they 

were able to demonstrate that the value of critical moisture content varied 

from 0.015 g H20 g-1 dry weight (1.48% f.wt) at 65 oc to 0.101 g H20 g-1 dry 

weight (9.17% £.wt) at 15 oc under dark conditions and from 0.057 (5.39% 

f.wt) at 35 oc to 0.092 g H20 g-1 dry weight (8.42% f.wt) at -5 oc under 

lighted conditions. They attributed the differences in critical moisture 

content between the dark and the lighted conditions to the increase in 

temperature of 4 to 5 oc resulting from 'green house effect' that occurred 

in the lighted storage jars. 
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Fig. 3.5 Relations between seed moisture content (%, f .wt., logarithmic 
scale) and the standard deviation of the frequency distribution of seed 
death in time, cr (days, logarithmic scale) for one lot of Quinoa 
(Chenopodium quinoa Willd.) hermetically stored at 65 °C. The broken 
lines indicate, by interpolation, the critical moisture content. (Data from 
Ellis et al., 1988) 
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Table 3.2 Low moisture content limits to the logarithmic relationship 
between seed moisture content and longevity. (Data of Ellis et al., 1989, 
1990a, b, and c) 

Family and Species Critical Moisture Content 
(Mc,%) 

Alliaceae 

Allium cepa L. 

Chenopodiaceae 

Beta vulgaris L. 

Compositae 

3.49 (3.15 - 3.87) 

4.47 (4.19 - 4.76) 

Guizotia abyssinica (L.f.) Coss 2.38 (2.24 - 2.53) 

Lactuca sativa L. 2.56 (2.45 - 2.67) 

Cruciferae 

Brassica juncea (L.) Czern & Coss 2.82 (2.58 - 3.08) 

Brassica napus L. 2.85 (2.70 - 3.01) 

Gramineae 

Eleusine coracana (L.) Gaertn. 

Eragrostis tef (Zucc.) Trotter 

Hordeum vulgare L. 

Oryza sativa L. Subsp. indica 

Pennisetum americanum Auth. 

Phleum pratense L. 

Setaria italica L. 

Triticum aestivum L. 

Leguminosae 

Arachis hypogaea L. 

Cicer arietinum L. 

Phaseolus vulgaris L. 

Pisum sativum L. 

Vigna radiata (L.) Wilczek 

Vigna unguiculata (L.) Walp. 

xRelative humidity 

4.14 ( 3.70 - 4.65) 

4.51 (3.90 - 5.22) 

4.59 (4.09 - 5.16) 

4.43 (4.07 - 4.83) 

4.08 (3.81 - 4.36) 

3.62 (3.30 - 3.96) 

4.00 (3.17 - 5.06) 

5.26 (5.01 - 5.50) 

1.95 (1.76 - 2.16) 

5.25 (4.94 - 5.56) 

5.72 (5.10 - 6.41) 

6.20 (4.84 - 7.95) 

6.04 (5.28 - 6.92) 

5.59 (5.00 - 6.25) 

. Equilibrium 
xRH at Mc(%) 

9.9 

9.9 

9.8 

9.8 

10.2 

12.0 

9.8 

9.9 

10.1 

10.2 

11.5 

9.8 

10.6 

11.5 

10.9 

10.2 

10.6 

11.0 

13.0 

11.l 
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There is also upper limit to the logarithmic .model above which the 
trend is reversed; ie. an increase in moisture content enhances storage life 
of seeds. This phenomenon has been reported by Villiers (1974) who 

observed that when Lettuce seeds were maintained imbibed but prevented 

from germinating, the seeds remained alive longer than the usual trend 

would predict (fig 3.6). Subsequent observation on the same species have 

also shown that longevity was promoted when moisture content was 

increased above 15 to 20% (Ibrahim and Roberts, 1983) and that this 

extension in viability was strictly dependent on the availability of oxygen 

(fig. 3.7) (Ibrahim et al., 1983). An increase in hydration in Onion (Ward 

and Powell, 1983; Ellis and Roberts, 1977) and Wheat (Petruzzelli, 1986) 

seeds above about 18% and 26% respectively has similar beneficial effects 

onL their longevity. This change in trend at high moisture content may be 

ascribable to the macromolecular repair activities that occur in hydrated 

seeds (Villiers, 1974; Ibrahim and Roberts, 1983; Ibrahim et al., 1983). 
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Fig. 3.6 The viability of seeds of Lettuce, var. Artie King, stored air-dry 
at 30 oc with seed moisture content of 5.1, 7.0, 9.7, and 13.5 %, and also 
fully imbibed in darkness (in order to prevent germination) on moist filter 
papers in Petrie dishes. (Data from Villiers, 1974). 
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Fig. 3.7 The relations between seed moisture content and the time for 
germination to fall to 50 % (P50, log scale) for Lettuce seed stored under 
aerobic conditions (closed symbols) and anaerobic conditions (open 
symbols) at 30 °C (~) and 35 °C (0). (Data from Ibrahim et al., 1983) 

3.3 Response to Temperature 

Temperature is the second most important factor affecting the 

ability of seeds to retain their viability during storage. It has been well 

established that reduced storage temperature potentially extend the 

lifespan of orthodox seeds because metabolism is slowed (Stushnoff, 1991; 

Vertucci et al., 1994). Thus, Bass and Stanwood (1978) have reported that 

seeds of Sorghum (Sorghum bicolor (L.) Moench.) with 10% moisture 

content maintained their initial high germinability after a 16-year storage 

at -1 and -12 oc, whereas after storage for 8 years at 32 oc seed viability had 

declined to zero. Comparable beneficial effect of low temperature on the 
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maintenance of viability has also been noted in several forage crop species 

(Rincker, 1981, 1983) and in grasses (Canode, 1980). 

Harrington (1971, 1972, 1973), in attempt to provide practical guides 

to seed storage conditions, has suggested that each reduction in storage 

temperature by 5 oc, down to at least 0 oc, may approximately double the 

lifespan of the seeds. He also indicated that storage at sub-zero 

temperatures should prolong seed longevity, provided that the seed 

moisture content is less than 14%, otherwise free water in the seeds may 

freeze and cause injury. It is important to note, however, that seeds stored 

at sub-freezing temperatures are likely to gain moisture since most cold 

stores have a high relative humidity (Bewley and Black, 1994). Therefore, 

the advantage of storing seeds at below 0 oc can only be achieved if the 

dried seeds are sealed ~n moisture-proof containers or the store is 

dehumidified (Copeland and McDonald, 1995). 

The work of Ellis and Roberts (1980a, 1981) on Barley seeds over a 

range of temperature from 3 to 90 oc has led to more detailed description 

of the effect of temperature on seed longevity. It was pointed out that 

lowering storage temperature affected seed longevity according to the law 

of diminishing returns, ie. the lower the temperature the smaller the 

increase in longevity that results from further reduction in temperature 

and that the relation between temperature and seed longevity can be 

described by a quadratic equation as follows: 

log10 cr = KE- Cw log1om - CH t - CQ t2 

in which cr is the standard deviation of the lifespan of individual seeds; 

KE, Cw, CH, and CQ are species-specific constan~s; m is seed moisture 

content (%, fresh weight); and t is storage temperature (°C) (Ellis and 

Roberts, 1980a, 1981). This equation was shown later to apply to other 

orthodox seeds including cereal, flower, and timber species (Ellis and 

Roberts, 1980a, 1981; Ellis et al., 1982, 1986, 1988, 1989; Tompsett, 1986; 

Kraak and Vos, 1987). The relationship between storage temperature and 

the longevity of Ulmus carpinifolia Gleditsh. seeds is shown in fig. 3.8 as 

an ~xample. 
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In addition to the wide application of the quadratic temperature 

model, Dickie et al. (1990) working with eight seed types of diverse taxa 

indicated that there were no significant differences between species in the 

quantitative influence of temperature on seed longevity. Subsequently, 

they suggested that the temperature constants CH and CQ could be regarded 

as having the common values of 0.0329 (s.e. 0.00171) and 0.000478 (s.e. 

0.00000204), respectively. 
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Fig. 3.8. The relations between storage temperature (°C) and the 
longevity of Ulmus carpinifolia Gleditsh. seeds (log cr, days) with 7.0 % 
moisture content. The solid curve was fitted by the quadratic model 
proposed by Ellis and Roberts (1980a). (Data from Tompsett, 1986) 

Although the model has been shown to provide good estimates of 

longevity over a range of temperature between -20 and 9.0 °c (Ellis, 1991), 

extrapolating it to very low temperatures could be misleading. This is 

because at below a critical point, which is -93.4 oc for Barley seeds, the 

model predicts that a decrease in temperature causes a reduction in seed 

longevity (Ellis, 1980a), a situation that seems unlikely to be correct (Dickie 
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et al., 1990), particularly since there is evidence that many orthodox seeds 

were capable of withstanding exposure to liquid nitrogen (-196 OC) without 

any ill effect (Stanwood and Bass, 1981; Stanwood and Sowa, 1995). 

Nevertheless, since most conventional medium and long term storage for 

genetic conservation operates at -20 to +10 oc, the practical use of such the 

model may be obvious (see section 3.4) (Cromarty et al., 1982). 

In spite of the well-established, conventional methods of storage at 

these range of cool to cold temperatures, which are optimistically believed 

to preserve the germinability of most orthodox species for decades or even 

centuries (Roberts, 1991), concern for preserving valuable germplasm in 

ultra-freezing or cryogenic storage has increased in the last few years 

(Pence, 1991; Touchell and Dixon, 1994). Storage in liquid nitrogen, in 

particular, both in liquid (-196 OC) and vapour (-150 OC) phases (Stushnoff, 

1991), has received considerable attention. It is generally believed that 

exposing seeds to those extremely low temperatures would suspend 

almost all seed metabolic activities (Panis et al., 1991), thereby conferring 

'indefinite' longevity on the seeds (Stanwood and Bass, 1981; Villalobos 

and Abdelnour, 1991). However, there is still a need for more research to 

account for several factors that have been identified to significantly 

influence the ability of seed to be stored in liquid nitrogen. These include 

cooling and rewarming rates (Sakai and Noshiro, 1975; Stanwood and 

Bass, 1981; Keefe and More, 1983; Wesley-Smith et al., 1995), seed moisture 

content (Stanwood and Bass, 1981; Becwar et al., 1983), physical and 

chemical properties of seeds (Touchell and Dixon, 1994), and the use of 

protective cryogenic compounds (Panis et al., 1991; Touchell and Dixon, 

1993; Tesserau et al., 1994). 

3.4 Viability Equation 

The ability to predict or forecast the decline of seed viability during 

storage is so important for efficient management of seed bank collections 

(Copeland and McDonald, 1995) that it has received much attention from 

research workers (Roberts, 1972a). Substantive contributions to this task 

have been made by Roberts and Ellis (Roberts, 1972a, 1973; Ellis and 
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Roberts, 1980a, 1981) who developed a useful mathematical model for 

prediction of seed deterioration. This model, also termed the "improved 
viability equation", relates the variables storage temperature (t, OC), seed 

moisture content (m, % fresh weight basis), and storage time (p, days) to 

the final germination of a seed lot (v, expressed as a probit) and can be 

written as: 

Thus, once the values of the constants (Ki, KE, Cw, Ctt, and CQ) are 

determined, it is possible to estimate percentage viability after any period 

of storage in any combination of storage conditions (fig. 3.9). 

The constants KE, Cw, Ctt, and CQ are specific to the species and their 

value can only be determined by storage experiment conducted under 

several combinations of temperature and seed moisture content (Ellis and 

Roberts, 1980a). Ellis and Roberts and other workers have provided the 

constants for some species that have been studied in detail (Table 3.3) (Ellis 

and Roberts, 1980b, 1981; Tompsett, 1986; Kraak and Vos, 1987; Dickie et al., 

1990; Ellis et al., 1992). 

The constant Ki is specific to the seed lot and can be thought of as a 

measure of initial seed quality. Thus, its value can be estimated by taking 

the probit value of the result of viability test before the lot is stored (Ellis 

and Roberts, 1980a). The table of probit transformation can be found in 

some advanced statistical texts, eg. Finney (1971). It is important to note, 

however, that such values can only provide a rough estimate of Ki, as the 

confidence interval for a germination test is generally wide (Ellis and 

Roberts, 1984). A better estimate, discussed in some length by Ellis and 

Roberts (1980a), may be obtained by determining the intercept probit value 

of a survival curve generated from a 'rapid aging test' at 40 to 45 °C and 16 

% seed moisture content. 

Based on this equation and the appropriate species constants, 

Cromarty et al. (1982) have developed seed viability nomographs to 

provide more convenient application of the model. The viability 

nomograph of Cowpea is shown in fig. 3.10. Calculations are made simply 
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by drawing straight lines connecting the appropriate variables. As an 

example, the broken line in fig 3.10 is shown to illustrate the calculation of 

Cowpea seed lot viability, with initial germination of 90 % after, 30 days of 

storage at 30 °C and 21 % moisture content (Ellis, 1991). 

Table 3.3 Values of the seed viability constants KE, Cw, CH, and CQ for 
species that has been studied in detail. 

Family and Species Cw 

Alliaceae 

Allium cepa L. 6.975 4.470 0.040 0.000428 

Combretaceae 

Terminalia brassii Excell 4.999 2.149 0.035 0.000410 

Compositae 

Lactuca sativa L. 8.218 4.797 0.049 0.000365 

Gramineae 

Hordeum vulgare L. 9.983 5.896 0.040 0.000428 

Leguminosae 

Cicer arietinum L 9.070 4.829 0.045 0.000324 

Glycine max (L.) Merr. 7.748 3.979 0.053 0.000228 

Vigna unguiculata (L.) Walp. 6.975 3.470 0.040 0.000428 

Meliaceae 

Swietenia humilis Zucc. 5.393 2.391 0.033 0.000478 

Ulmaceae 

Ulmus carpinifolia Excell 5.715 2.966 0.034 0.000408 

·Data of Cromarty et al., 1982; Tompsett, 1986; Kraak and Vos, 1987; Dickie 
et al., 1990. 
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Fig. 3.9 Theoretical survival curves for Soybean generated by means of 
the 'improved viability equation'. Curves were computed for various 
storage conditions: (a) different temperature at 12 % moisture content 
with initial viability of 98 %, (b) different moisture content at 20 °C with 
initial viability 98 %, and (c) different initial viability (98, 80, 60, and 40 
%). (From Priestley, 1986) 
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from 90 % (scale h) to roughly 35 % (scale g). (From Ellis, 1991) 
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It was pointed out that the model should be useful for the 

management of genebank collections, since it may also be used to estimate 

the probable regeneration intervals (Table 3.4, for example), and thus 

providing a foundation to plan the technical and human resources of long 

term seed stores (Roberts and Ellis, 1984). This is done by inserting the 

appropriate value of v at which the regeneration is recommended into the 

equation or nomograph to estimate the time taken in storage (p) for the 

viability of stored seed to decline to that recommended level. However, 

considerable caution must be taken in interpreting those estimated values, 

since they are subject to some errors. For example, a small error in 

determining seed moisture content as well as initial viability can cause a 

substantial variation in the estimated regeneration intervals (see Table 3.4 

for comparison). 

There can be no doubt that there is still a need for further studies to 

validate the viability equation (Bewley and Black, 1982; Copeland and 

McDonald 1995). But, some investigations have indicated that the model 

could be applied with reasonable accuracy to a range of orthodox species 

(Table 3.3) (Ellis and Roberts, 1980b; 1981; Ellis et al., 1982, 1986, 1988, 1990b, 

c; Tompsett, 1984, 1986; Dickie et al., 1985, 1990; Ibrahim and Roberts, 1983; 

Kraak and Vos, 1987). 

Nevertheless, a critique for the model has been given by Wilson 

(1995). This author argued that there is not enough knowledge to 

stimulate mathematical model for seed aging and that the improved 

viability equation is purely empirical, therefore, it might be inappropriate 

to use it for prediction outside the data space from which the parameters 

were calculated. For example, he pointed out that in a study with 

Phaseolus vulgaris seeds stored at moisture contents ranging from 12 to 

24% and temperatures from 20 to 600C, the model provided good 

estimates within the range of environments used, but it also predicted 

that if the seed lot was stored at 5oc and 5% moisture, germination would 

still be 60 % after 1000 years. Wilson (1995) also argued that the viability 

equation proposed by Roberts and Ellis is technically incorrect because it 

does not exclude seeds which fail to germinate initially from the stored 

population being studied. He pointed out that if no correction for initial 

viability is made, analysis often shows that the normal distribution of seed 
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death in time does not fit the data, hence the inappropriateness of the 

model. Nonetheless, Wilson (1995) believed that the viability equation 

may still be useful for dealing with seed lots with high initial viability (not 

less than 95%) and the probit analysis approaches may be used to estimate 

Pso and the index of seed-lot storability or resistance to drying damage. 

Table 3.4 Estimates of probable regeneration intervals for Barley and 
Onion seed accessions of different initial viability under various storage 
environments. (Data of Ellis and Roberts, 1984) 

Tempe- Moisture Estimated no. of years 
rature content for viability to fall 

Organisation (OC) (%) Species to 85% from: 

99.99 99 95 90 87% 

LONG TERM STORES 

Institut Pflanzenbau FAL 
Braunschweig-Volkenrode -10 6 Barley 4140 1990 940 370 140 
FRG 

-10 6 Onion 310 150 72 28 11 

Laboratorio de Germo- -18 7 Barley 2800 1350 640 250 94 
plasma, Bari, Italy 

-18 7 Onion 310 150 70 28 10 

National Institute of -10 7 Barley 1670 800 380 150 56 
Agricultural Science 
Tsukuba, Japan -10 5 Onion 590 280 130 53 20 

MEDIUM TERM STORES 

Foundation for Agricultural 
Plant Breeding, 2 6 Barley 1510 730 340 130 51 
Wageningen, 
The Netherlands 2 6 Onion 10 55 26 10 4 

2 12 Barley 10 5 2 1 1 

2 12 Onion 25 12 6 2 1 

National Seed Storage 
Laboratory, Fort Collins, 4 7 Barley 500 240 110 45 17 
USA 

4 7 Onion 55 27 13 5 2 
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Chapter~ 

The Storage Behaviour of 

Recalcitrant Seeds 

The term 'recalcitrant' was first introduced by Roberts (1973) to 

describe seeds that do not obey the general rules of conventional methods 

of storage, since they cannot be dried without damage and, consequently, 

cannot be stored at sub-zero temperatures without cellular damage due to 

ice crystal formation. To date, ~here has been no agreed explanation of the 

underlying causes of recalcitrant seed behaviour and no effective 

procedure has been devised for long term storage (Roberts et al., 1984; 

Berjak et al., 1990; Bewley and Black, 1994; Chin, 1995). This, nevertheless, 

provides an 'active area of research study' and considerable progress has 

also been reported in the last few years (Bewley and Black, 1994; Copeland 

and_ McDonald, 1995) 

4.1 Response to Desiccation 

It has generally been suggested that recalcitrant seeds undergo little 

or no maturation drying during their development and are shed from the 

mother plant at relatively high moisture content, typically within the 

range of 30% to 70% (Chin et al., 1984; Tompsett, 1992; Tompsett and 

Pritchard, 1993; Berjak et al., 1990, Hong and Ellis, 1990; Oliveira and Valio, 

1992; Finch-Savage et al., 1992; Farrant et al., 1993; Lin and Chen, 1995), in 

contrast to orthodox species which at harvest have seed moisture content 

in the region of 15% to 30% (Ellis et al., 1987; Kermode and Bewley, 1985; 

Sun and Leopold, 1993). In many cases, the sensitivity of these recalcitrant 

seeds to post-shedding desiccation is so great that a relatively small 

reduction in seed moisture content can cause severe effect on viability. For· 
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example, in Dipterocarpus obtusifolius Teysm. ex Miq. and D. turbinatus 
Gaertn. f., Tompsett (1987) reported that a decrease in seed moisture 
content from 50% to 40% lowered germinability by approximately 50%. 

Similarly, Chandel et al. (1995) found that the lowest level to which 

mature seeds of Tea (Camellia sinensis (L.) 0. Kuntze), Cocoa (Theobroma 

cacao L.), and Jackfruit (Artocarpus heterophyllus Lamk.) could be 

desiccated with 50% viability was between 25 and 35%. This loss of viability 

continues as seeds are progressively dried (fig. 4.1) and, eventually no seed 

is capable of germination at below some relatively high, critical moisture 

content (Corbineau and Come, 1988; Pritchard, 1991; Chin, 1995). The value 

of critical moisture content below which further desiccation causes 

complete loss of viability differs between species, such as 15% for Elletaria 

cardamomum (Sangakkara, 1990), 21 % for Litchi chinensis (Fu et al., 1990), 

26% for Theobroma cacao (Hor et al., 1984), and 34% for Artocarpus 

heterophyllus (Krishnasamy, 1990). 
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Fig. 4.1 Relation between moisture content and viability of seeds of 
Symphonia globulifera (~ - ~), Mangifera indica (o - o), Hopea odorata (0-0), 
and Shorea roxburghii (o - o). (From Corbineau and Come, 1988) 
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On the basis of this variation in desiccation tolerance, Farrant et al. 

(1988) have suggested that recalcitrant seed types may be broadly grouped 

into three categories showing minimum, moderate, and high degree of 

recalcitrance. Seeds in the first· category may tolerate a fair loss of moisture 

content before viability is affected and are usually produced by temperate 

and sub-tropical species, such as Quercus spp, Araucaria hunsteinii, and 

Podocarpus henkelii. At the other extreme, highly recalcitrant seeds can 

only tolerate a little loss of moisture and mainly belong to tropical and 

wetland species, such as Syzygium spp and Avicennia marina. Seeds 

showing moderate degree of recalcitrance are tropical in distribution, such 

as Theobroma cacao and Hevea brasiliensis and are characterised by the 

intermediate degree of desiccation tolerance (Farrant et al., 1988). 

Recalcitrant seeds, besides being desiccation intolerant, are also 

difficult to dry, that is an extended period of drying is often required to 

reduce seed moisture content (Pritchard and Prendergast, 1986; Fu et al., 

1990; Probert and Longley, 1989; Chin et al., 1984). Figure 4.2 provides an 

example of this phenomenon, in which it is shown that five weeks of 

drying under a desiccating environment of 15 °c and 15% relative 

humidity is needed to reduce Dipterocarpus obtusifolius and D. turbinatus 

seed moisture content from about 55% to 30% and 10%, respectively. By 

contrast D. intricatus seeds, which exhibit orthodox characteristics, reach 

7% moisture content within a week (Tompsett, 1987). Such prolonged 

periods of drying in recalcitrant seeds have usually been attributed to the 

high starch content (Tompsett, 1984, 1987) and the large size (Chin et al., 

1984; Chin, 1995) of the seeds which probably can cause greater problems of 

internal water transport (Chin et al. 1984). Therefore, it is possible that loss 

of viability in recalcitrant seeds could result partly from accelerated seed 

ageing as the consequence of prolonged conditions of high moisture 

content and temperatures during the drying process (King and Roberts, 

1980; Chin et al., 1984; Chandel et al., 1995). 

There is evidence that tolerance to desiccation of some recalcitrant 

species can change within limits with changes in drying r~te. Farrant et al. 

(1985) working on Avicennia marina (forssk.) Vierh. were probably the 

first to show that the more rapid the rate of drying, the better the 

desiccation tolerance of the seeds, although at best the lowest moisture 
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level tolerated ~as still too high to be of practical value for conventional 

methods of storage. It is interesting to note, however, that isolated 

embryonic axes of recalcitrant seeds n<?t only can be dried very rapidly but 

also survive desiccation to moisture content far below those lethal for the 

intact seeds. For example, in the study on Landolphia kirkii Dyer., Berjak 

et al. (1990) reported that while slow drying of intact seeds over silica gel 

reduced viability from 95% to 7% in 20 days, concomitant with a reduction 

in axes moisture content from 69% to 32%, very rapid ('flash') drying of 

excised embryonic axes in air stream permitted a reduction of moisture 

content to 12% within 60 minutes with almost full retention of viability, 

ie. 95% of control survived in culture. Moreover, it was shown from 

ultrastructural studies that membrane integrity was well maintained 

during flash drying, whereas considerable subcellular damage occurred in 

axes of seeds dried slowly over silica gel (Berjak et al., 1989, 1992; 

Pammenter et al., 1991). Similar advantageous effects of flash drying have 
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also been reported on isolated embryonic axes of Araucaria hunsteinii 

(Pritchard and Prendergast, 1986), Quercus robur (Finch-Savage, 1992), 

Hevea brasiliensis (Normah et al., 1986), Camellia sinensis, Artocarpus 

heterophyllus (Chandel et al., 1995), Litchi chinensis and Dimocarpus 

longan (Fu et al., 1993). These findings are believed to be of important 

values in developing long term storage for recalcitrant seeds (Berjak et al., 

1989; Chin et al., 1995) as addressed in the later section of this chapter. 

4.2 Response to Temperature 

Based on the observation on Acer saccharum, Chrysalidocarpus 

lutescens, Landolphia kirkii, and Camellia sinensis (Becwar et al., 1983; 

Pammenter et al., 1991; Berjak et al., 1993), a generalisation has been made 

that recalcitrant seeds cannot withstand the removal of all freezable water 

from their tissues without damage. As a consequence, sub-zero 

temperature storage is inappropriate for those seeds because they would be 

damaged by the formation of ice crystals that disrupt cell membranes 

(Sakai and Otsuka, 1972; Copeland and McDonald, 1995). The same 

situation would apply to orthodox seeds if their moisture content is higher 

than 14 to 20% (Roberts, 1972a; Harrington, 1972). 

In addition to freezing damage, a number of tropical recalcitrant 

species are also susceptible to chilling damage, that is they are killed by cool 

temperatures well above zero (Chin, 1995). This happens, for example, at 

about 10 oc in Theobroma cacao, Nephelium lappaceum (King and 

Roberts, 1980), and Artocarpus heterophyllus (Tang and Fu, 1993), and 

below 14 oc in some species in the family of Dipterocarpaceae (Tompsett, 

1992). The reason of this is still not clear (Chin, 1995) but investigation of 

Cocoa seeds stored at 15 oc (Hor et al., 1984) has suggested that there were 

ultrastructural changes in cell membrane system causing a three-fold 

increase in leachate conductivity as compared to seeds stored at 17°C. 

In the case of Araucaria hunsteinii (Pritchard et al., 1995), whose 

seeds are relatively tolerant of chilling damage, it is worth mentioning 

that storage of moist seeds (38 - 44% moisture content) at temperatures at 

or just below the base temperature for germination (2 - 6°C) considerably 
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increased seed longevity, ie. a 19 months of storage was observed with 85% 

germinability compared with only 72 days when the seeds were stored at 

15oc (Tompsett, 1982). Pritchard et al. (1995) concluded that reduced storage 

temperatures lowered the rate of seed germination thereby increasing 

storage life of the seeds. Similar results were also noted in the study with 

Quercus robur (Suszka and Tylkowski, 1980; Pritchard and Manger, 1990), 

in which the seeds can be stored up to 3 years under moist and cool (about 

0 OC) conditions. However, there is no report to indicate whether such 

association between base temperature for germination and longevity exists 

in chilling-sensitive species (Pritchard et al., 1995). 

Fu et al. (1990) suggested evidence that although Mango (Mangifera 

indica L.) seed tolerated temperature as low as 5 °c, seed longevity was 

greater at 15 oc than at 5-10 oc or at 28 oc (fig. 4.3). This suggests that there 

should be an optimum temperature for recalcitrant seed storage. A list of 

optimum storage temperature for a number of Dipterocarp seeds has been 

published by Tompsett (1992). 
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Fig 4.3 Effects of temperature and duration of storage on the viability 
(germination ability,%) of Mango seeds (Data from Fu et al., 1990) 
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Thus, it appears that there are severe limitations on the extent to 

which temperature can be manipulated to improve storage life of 

recalcitrant seeds (Roberts et al., 1984). Even in seeds that are relatively 

tolerant of chilling, it is difficult to make generalisations about optimal 

temperature ranges for storage. 

4.3 Methods of Storage 

It is quite clear that recalcitrant seeds are physiologically distinct 

from orthodox seeds and their susceptibility to desiccation and chilling 

damage generally makes them unstorable at low moisture content and low 

temperature conditions appropriate for long-term storage of orthodox 

seeds (Berjak et al., 1990; Copeland and McDonald, 1995). Consequently, 

conservation of recalcitrant seeds necessitates new approaches (Roberts et 

al., 1984). At present, most studies on recalcitrant seed storage have been 

focused on the development of moist or imbibed seed storage (Ellis, 1991), 

but current progress in cryogenic techniques has also offered promising 

means for preservation of the species (Chin, 1995; Pritchard et al., 1995). 

4.3.1 Moist or imbibed seed storage 

The feasibility of storing seeds in moist or fully imbibed states at 

ambient temperatures has been demonstrated by Villiers (1974) and 

Ibrahim and Roberts (1983) using Lettuce seeds (see Chapter 3). Although 

the research was on orthodox seeds, the fact that seeds can survive for long 

period in fully imbibed state is believed to have implications for storage of 

recalcitrant seeds (Roberts et al., 1984; Hanson, 1984). Considerable 

evidence is now available to indicate that the most appropriate methods of 

storage for recalcitrant seeds generally involve maintenance of the seeds in 

moist environment, such as in damp peat, sand, sawdust, or charcoal 

(Chin, 1995; Tompsett, 1992), but, unfortunately, so far, the storage periods 

attainable have never exceeded a few years. For example, Tang and Fu 

(1993) reported success with Jackfruit seeds stored in perforated 

polyethylene bags containing moist perlite at 15 oc for over 2 years. This 
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result showed a significant improvement in longevity as compared with 

15 days when the seeds were spread in plastic tray at ambient conditions 

(Krishnasamy, 1990) or three weeks when stored in sealed glass· bottles 

(Panggabean, 1979). The superiority of moist storage to dry storage has also 

been reported in many other recalcitrant species (Table 4.1), and an 

extended review on optimum storage conditions of Dipterocarp seeds has 

been given by Tompsett (1992). 

One major problem in storing seeds in a moist environment is the 

tendency of the seeds to germinate during storage (Goldbach, 1979; 

Corbineau and Come, 1988). It is generally believed that many recalcitrant 

seeds never go into dormancy but, instead, continue their development 

and progress toward germination (Berjak et al., 1990). However, in some 

species, such as Araucaria hunsteinii (Pritchard et al., 1995) and Quercus 

robur (Pritchard and Manger, 1990), pre-germination during storage can be 

prevented by lowering storage temperatures (see section 4.2 of this 

chapter), but it may be obvious that such a method is very unlikely to be 

useful for chilling-sensitive species that require warm conditions to 

maintain their viability (Fu et al., 1990; Corbineau and Come, 1988). 

It has sometimes been suggested that the use of inhibitors could be 

of a great value in helping to block seed germination (Hanson, 1984; 

Copeland and McDonald, 1995). The work of Goldbach (1979) may provide 

support for this suggestion, in which it was shown that seeds of Melicoccus 

bijugatus and Eugenia brasiliensis can be prevented from germinating 

when stored fully imbibed at 15oc with a 10 -4 M abscisic acid (ABA) 

solution and viability could be maintained completely for over 17 and 24 

weeks, respectively. However, there is evidence that the sensitivity of 

recalcitrant seeds to exogenous ABA application differs between species. 

Garello and Le Page-Degivry (1995) found that Hopea odorata seeds were 

able to germinate in media with a high level (0.5 mM) of ABA. 

In some cases, germination can also be avoided by keeping the seeds 

at moisture content just below full hydration when a slight dehydration 

does not affect viability (Chin, 1995). For example, King and Roberts (1982) 

showed that Cocoa seeds could be maintained viable for 8 months when 

stored at 20 oc in a relative humidity of 98% (with 40 - 42% seed moisture 
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Table 4.1 Some methods of moist storage and longevity of various 
recalcitrant seedsa 

Species Longevity and 
% germination 

Storage conditions 

Mangifera indica 1 210 days (65%) 15°C in moist chinese vermiculite 
in a polyethylene bag 

Litchi chinensis 1 100 days (36%) 5°C in moist chinese vermiculite 
in a polyethylene bag 

Euphoria longan i 100 days (87%) 30°C in moist chinese vermiculite 
in a polyethylene bag 

Shorea roxburghii ii 90 days (100%) 15oc in moist cotton wool in 
boxes 

Hopea odorata ii 90 days (80%) 15oc in moist cotton wool in 
boxes 

Symphonia globulifera ii 210 days (100%) 15oc in moist cotton wool in 
boxes 

Melicoccus bijugatus iii 119 days (100%) 15oc on moist filter paper and 
10-4 M ABA in Petrie dishes 

Eugenia brasiliensis iii 180 days (89%) 15 °c on moist filter paper and 
10-4 M ABA in Petrie dishes 

Theobroma cacao iv 240 days (24%) 20oc, 98% RH 

Hevea brasiliensis v 120 days (3%) 7 - 10oc in damp sawdust m 
perforated polyethylene bags 

Elettaria cardamomum vi 15 days 5oc in sealed polyethylene 
containers 

Nephelium lapaceum vii 60 days (50%) surfaced dried, in sealed plastic 
bags 

Persea americana vii 150 days (100%) 4oc in sealed plastic bags 

Hancornia speciosa viii 77 days (10%) polyethylene bags in refrigerator 

aTaken from data in Fu et al. (1990)i, Corbineau and Come (1988)11
, Goldbach 

(1979)iii, King and Ro~erts (1982)iv, Bewley and Bla~~ (1994)v, Sangakkara 
(1990)V1, Hanson (1984)v11, and Oliveira and Valio (1992)vm. 
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content) over a saturated solution of copper sulphate. This method of 

storage in sub imbibed conditions has also been employed for a number of 

recalcitrant seeds, including Hevea brasiliensis (Chin, 1995) and Araucaria 

hunsteinii (Pritchard et al., 1995). However, Tompsett (1992) 

recommended that more research should be performed to assess the 

optimum moisture content on the species basis. 

Another problem with storage of moist or imbibed seeds is the 

occurrence of fungal contamination that, in many cases, can severely 

curtail the lifespan of the seeds (Roberts et al., 1984; Mycock and Berjak, 

1990). This problem is particularly critical in the tropic environment 

where the air contains a large burden of fungal inoculum (Hanson, 1984). 

Thus, it has widely been suggested that if moist or imbibed storage is to be 

a useful method of recalcitrant seeds storage, some advance in the control 

of fungal contamination must also be developed (Goldbach, 1979, Berjak et 

al., 1990). An analysis showed that treating the freshly harvested seeds 

with a brief exposure to hot water or a fungicide or both has beneficial 

effect on seed longevity (Roberts et al., 1984) 

4.3.2 Cryogenic storage 

Despite some improvement in seed longevity achieved by means of 

moist storage, there is no satisfactory method available for germplasm 

conservation of recalcitrant seeds, since at present the existing techniques 

only permit maintenance of viability for few months to few years 

depending upon species (Chin, 1995). Recently, growing attention has been 

focused on the possibility of storing the seeds in liquid nitrogen at -196 oc. 

King and Roberts (1980) were of the opinion that difficulties in preserving 

recalcitrant species could possibly be overcome by cryogenic storage. Their 

opinion was based on the fact that some moist biological materials, such as 

sperm, animal embryos, cell culture, and animal organs, which are in 

common with recalcitrant seeds in that they are damaged by desiccation, 

have been successfully stored under ultra-low temperature without 

freezing injury. However, it is interesting that, so far, no successful 

cryogenic storage of recalcitrant seeds has been reported (Chin, 1995). 
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One possible reason of the differences in response to cryogenic 
storage between hydrated plant and animal materials lies on the nature of 

the cells as discussed in some length by King and Roberts (1980). These 

authors believed that the presence of large vacuoles and stiff cell walls in 

plant cells may cause problems especially in influencing the effectiveness 

of cryoprotectants that may be used and the rate of cell shrinkage that affect 

the rate of water loss, ion equilibration, and freezing during cooling. 

Moreover, the fact that the intracellular spaces of plant cells are normally 

filled with air, in contrast to the intracellular spaces of animal cells which 

are filled with liquid, may have a marked effects on the rate of cell water 

loss and the formation of extracellular ice. Nevertheless, the fact that 

hydrated orthodox seeds, such as Tomato, can tolerate low temperature 

storage is believed to have implications in developing appropriate 

procedures for cryopreservation of recalcitrant species (Grout, 1986). 

Another approach to cryogenic storage of recalcitrant seeds that 

increasingly gain much attention is to freeze isolated, zygotic embryos, 

instead of the intact seeds (Bajaj, 1984; Withers, 1985; Grout and Roberts, 

1995; Chin, 1995). Studies over recent years have indicated that excised 

embryos of a number of recalcitrant species may exhibit more orthodox 

behaviour and can be dried to lower moisture content by rapid desiccation 

without appreciable damage (Berjak et al., 1989, 1992; 1993; Pritchard, 1991; 

Wesley-Smith et al., 1992), thereby increasing the potential for 

cryopreservation. For example, Chandel et al. (1995) reported that excised 

embryos of Tea survived dehydration to 13% or less moisture content and 

subsequently can be stored in liquid nitrogen with 83 to 95% survival. In 

the same experiment, a smaller amount of survival (30%) was also noted 

for jackfruit embryos. Similarly, Fu et al. (1990) showed that 80% of excised 

embryos of Longan (Euphoria longan) were capable of recovery from 

liquid nitrogen exposure if the moisture content was reduced to around 

19% by rapid drying using a large amount of silica gel for three hours or 

sterilised air stream for 2.5 hours. These later authors also showed that 

thawing temperature was important for embryo recovery and that 
pretreatment with 0.1 % proline 'could increase the freezing tolerance. 

Some success with similar method of cryopreservation has also been 

reported by Chin and colleagues (Chin, 1995) on the embryonic axes of 

other tropical, recalcitrant species including Rubber (Hevea brasiliensis). 
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However, at present it is still difficult to provide a universal 

protocol for cryopreservation of recalcitrant-seeded species, since there is 

considerable variation in response of excised embryos to both drying and 

freezing (Pritchard et al., 1995). For example, Pritchard and Prendergast 

(1986) showed that Araucaria hunsteinii embryos could only produce 

callus in vitro after being rapidly dried and immersed in liquid nitrogen. 

Further study by Pritchard et al. (1995) confirmed this result and revealed 

that survival from desiccation and cryostorage may vary between different 

tissues within individual embryos. In the case of A. hunsteinii embryos, 

only root meristem showed potential for cryopreservation (Pritchard et al., 

1995). Other experiment done by Chandel et al. (1995) showed that despite 

the use of rapid desiccation methods, Cocoa embryos were incapable of 

withstanding reduction in moisture content to bellow 50% and therefore 

did not survive storage at liquid nitrogen temperature. Similar 

problematic technique of cryopreservation was also noted in the study 

with large embryos of Quercus robur (Grout, 1986). 

Clearly, much work remains to be done in order to fully exploit the 

potential of embryonic material for long-term conservation purposes 

(Pritchard et al., 1995). Several factors that are likely to be important to the 

survival of embryonic axes in cryostorage, and therefore worth further 

investigation, have been identified. These include, for example, the high 

moisture freezing limit (HMFL), the culture media for embryo recovery, 

cooling and rewarming rate and the use of cryoprotectants (Withers, 1985; 

Kartha, 1987; Grout, 1995; Chin, 1995). 
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Chapter5 

Intermediate Category 
of 

Seed Storage Behaviour 

5.1 Misclassification of Seed Storage Behaviour 

There is no doubt that a thorough evaluation of seed storage 

behaviour to establish whether the seeds in question are orthodox or 

recalcitrant is critical for genetic conservation strategies, because it can 

affect decisions on the methods of storage (Ellis, 1991). However, although 

the distinction between the two groups of seeds appears to be simple, ie. 

recalcitrant seeds cannot be dried without damage, whereas the longevity 

of orthodox seeds can be improved by drying down to 5% moisture 

content or less (Roberts, 1973), evidence shows that mistakes in 

classification have occasionally ·been made (Roberts et al., 1984; Kovach 

and Bradford, 1992). The underlying source of such errors is manifold as 

discussed in some detail by Roberts et al. (1984). For example, Citrus seeds 

have erroneously been classified as recalcitrant because many earlier 

reports suggested that drying resulted in loss of viability (Cromarty et al., 

1982). However, further research has shown that the seeds of Citrus (Citrus 

limon, C. aurantifolia, and C. aurantium) could behave in entirely 

orthodox way if their testas were removed from the seeds (Mumfrod and 

Grout, 1979) or if the periods of germination tests following desiccation or 

storage were modified appropriately (King et al., 1981). It was suggested 

that dried Citrus seeds required much longer time to rehydrate, and this 

was exacerbated by the presence of the testas. Consequently, germination 

did not occur until well beyond the time scale of a standard germination 

test, leading to viable seeds being scored as 'dead' (King et al., 1981). In fact, 

although a standard germination test of three weeks at 20 oc was adequate 

to enable fresh citrus seeds to germinate, the test for dried seeds needed to 
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be continued for eight weeks (King et al., 1981). This period, however, can 

be reduced to five weeks, if the test was conducted at 30 oc (Roberts et al., 

1984). Similar phenomenon where delays in germination can result in 

misclassification of seed storage behaviour has also been detected in 

Azadirachta indica (Roberts et al., 1984) and Musa spp seeds (Ellis, 1991). 

5.2 Intermediate Behaviour 

For some time Coffee (Coffea arabica L.) seeds have also been 

thought of to be recalcitrant because in many cases they were damaged by 

desiccation (Valio, 1976). However, more recently Roberts et al., 1984) 

suggested that the seeds were not truly recalcitrant. This suggestion was 

based on the result of an observation (Van der Vossen, 1979) showing that 

increases in seed moisture content between 11 % and 22% significantly 

reduced seed longevity, whereas increases in seed moisture content 

between 22% and 41 % increased seed longevity. Such pattern has been 

shown to be characteristic of orthodox seed behaviour as observed in 

Lettuce seeds (Villiers, 1974; Ibrahim and Roberts, 1983), in which the seeds 

deteriorated rapidly when stored at intermediate moisture content (see 

Chapter 3). Moreover, Roberts et al. (1984) found that Coffee seeds could be 

stored for at least 6 months without appreciable damage at 9% moisture 

content and -20 oc. This observation again confirmed that coffee seeds 

were not recalcitrant and might be orthodox. 

However, the work of Ellis et al. (1990b; 1991a) clearly demonstrated 

that Coffee seeds storage behaviour did not conform to either orthodox or 

recalcitrant categories. It was shown that despite variation in tolerance to 

desiccation between seed lots resulted from different harvesting and 

processing procedures, most the seeds could be dried to moisture content 

between 10 % and 12% without damage, but further desiccation generally 

led to greater loss of viability. This result was at variance with the 

common behaviour of recalcitrant seeds which cannot be dried without 

damage to bellow 30% (Copeland and Mc Donald, 1995) and of orthodox 

seeds which can be dried safely to 2 - 6% moisture content (Ellis et al., 

1989). 
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Furthermore, the seeds with 10 % moisture content survived 

subsequent hermetic storage for more than 12 months at 15 oc (Ellis et al., 

1990b ), which contrasts with comparatively brief survival periods typical 

of recalcitrant seeds under dry conditions (Chin, 1995). However, unlike 

·most orthodox seeds, the longevity of Coffee seeds was reduced when the 

seeds were stored at 0 oc and further reduced at -20 oc. The reason for this 

sensitivity to cold temperatures is still unclear (Ellis et al., l 990b). 

Evidence is now accumulating that seeds of other species behave in 

similar fashion to Coffee seeds. These include Carica papaya (Ellis et al., 

1991a), Elaeis guineensis (Ellis et al., 1991b), Michelia champaca (Robbins, 

1988), and Zizania palustris (Vertucci et al., 1994; Kovach and Bradford, 

1992). Consequently, it appears that, in addition to orthodox and 

recalcitrant, there is an intermediate category of seed storage behaviour 

(Ellis et al., 1990b; 199la, b ). 

At present, little is known about the potential of this type of seeds 

for genetic conservation purposes. The work of Ellis et al. (1990a; 1991a) on 

Coffee seeds has suggested that long-term storage at 5 ± 1 % with -180C as 

recommended by IBPGR is not feasible. In addition, although Coffee seeds 

tolerated dehydration to as low as 8% moisture content, well bellow the 

24% level of unfreezable water determined by differential thermal analysis 

(DTA), they did not survive exposure to liquid nitrogen (Becwar et al., 

1983). Thus, it appears that the development of long-term storage for 

Coffee, and presumably for other seeds within the intermediate category, is 

still problematic and need further research. 
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Chapter6 

Conclusion 

It has long been recognised that the seed, as a relatively small, 

embryonic, and dormant organ, is one of the most convenient systems 

available for prolonged storage of genetic information. Many seeds can be 

stored in a small place, and genetic diversity is easily captured. However, it 

should be noted that the appearance of the seed, or of the mother plant at 

the time of seed collection, provides little information about the genes 

hidden within. Therefore, there is no real guarantee that the gene pool 

represented by the seeds can accurately reflect the genetic diversity of the 

population. Considerable attention has been given to the problem of how 

to collect seeds most efficiently within populations so that the maximum 

amount of variability can be included while keeping the collection at a 

handlable capacity (eg. Marshall, 1990 and Holden et al., 1993). A general 

rule of thumb has emerged that about 4000 seeds for homogenous 

materials and 12,000 seeds for heterogenous materials, each number 

should be collected from 50 to 100 plants per population, are required for 

collection and storage (Bewley and Black, 1994). However, with small 

populations and especially for wild species, these figures may not be easily 

attainable. In this case, seed multiplication is necessary prior to seed 

storage (Holden et al., 1993) 

Assuming that the seed gene pool is representative of genetic 

diversity in the natural population, there are two additional aspects that 

should be taken into consideration if seed storage is to be of a useful tool 

for genetic conservation. Firstly, seeds need to be kept viable for 

sufficiently long periods in order to minimise the cost, complications and 

risks involved in growing plants for regeneration of the accessions as they 

begin to lose viability. Secondly, it is important that the accessions held in 

storage show the minimum amount of genetic alteration during the 

storage process. 
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In terms of the maintenance of viability, the potential of orthodox 

seeds for genetic conservation is quite obvious. Such seeds will store well 

over a relatively long period of time provided they are kept in low 

moisture content and low temperature conditions. Models explaining the 

relationships between storage conditions and seed longevity have been 

developed. in attempt to provide guidance for the management of seed 

storage, but, in general, the IBPGR-preferred standards (storage of seeds at 

5±1% moisture content and -18°C or less) would adequately satisfy the 

requirement of long-term germplasm preservation of most, if not all, 

orthodox-seeded species. However, it is worth mentioning that recent 

advances in ultra-dry storage (drying the seeds to a moisture content in 

equilibrium with a relative humidity of approximately 10%) (Roberts, 

1991) and cryopreservation (storage at the temperature of liquid nitrogen, 

ie. -196°C) (Withers, 1985) have also offered other alternative methods of 

seed storage, which may permit better maintenance of seed viability. On 

the other hand, there is still serious doubt about the potential of 

recalcitrant seeds for genetic conservation, since, so far, there is no 

available method suitable for long-term storage of these seeds (Chin, 1995). 

Nevertheless, this problem has encouraged considerable research, and 

probably future results would provide a better solution. 

Concern about the possibility of genetic changes during storage, that 

may constrain the use of seed storage for germplasm conservation, has 

widely been stated. This alteration can take place in two ways. Firstly, it has 

been known that genotypes differ in the rates at which they die, so, even if 

an accession represents a uniform seed population, the genotype 

composition of the accession could change considerably if the viability is 

allowed to drop to a significantly low level (Roberts and Ellis, 1984). 

Secondly, there is considerable evidence that damage to chromosomes, 

some of it resulting in heritable changes (mutation), takes place during the 

ageing of seeds in dry storage. It is not clearly understood, though, whether 

this damage is the primary cause of seed deterioration, since ageing 

generally elicits a number of changes, and it is difficult, if not impossible, 

to tell which one occurs first or is the most important (Bewley and Black, 

1994). However, it has widely been suggested that there is a close 

relationship between percentage loss of viability and the amount of 

genetic damage accumulated in the surviving seeds (Roberts, 1991). It 
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follows, therefore, that good storage conditions are useful, not only 
because they lengthen the life span of seeds, but also because they reduce 
the rate of genetic alteration. 

The close relationship between the extent of loss of viability and the 

accumulation of chromosome damage during storage may also serve as a 

warning that, for maintenance of genetic integrity, the accession should be 

regenerated before its viability has been allowed to fall very far. The 

current IBPGR standard is to regenerate the accessions at 85% viability, but 

some authors argued that regeneration at higher levels of viability would 

be more appropriate (Roberts, 1991). For regeneration, samples sufficiently 

large (50 to 100 plants), in order to prevent .genetic drift, must be grown 

and allowed to self pollinate. In the case of cross-pollinating species, 

fertilisation should be controlled within accessions (Hawkes, 1981). 

Whether or not this is a particularly satisfactory answer to the potential 

problem of genetic changes in seed banks is questionable, especially if 

'genotype', instead of 'gene', conservation is taken into consideration. 

Another potential answer to the problem of genetic damage during 

storage would be to freeze the seeds at ultra-low temperatures, such as 

-1960C of liquid nitrogen. It is believed that the chemical reactions 

constituting normal cell damage are totally inhibited at a very low 

temperature. Therefore, the only damaging effects likely to occur are those 

of direct ionisation on macromolecules such as DNA, but it has been 

predicted that it would take decades to produce a significant level of 

mutation (Ford-Lloyd and Jackson, 1986). Genetic alteration due to 

differential seed survival, though, may still occur, especially as, for many 

plant species, the right combinations of freezing, thawing, and exposure to 

cryoprotectant(s) for maximum seed survival remain to be established. 

To sum up, despite some limitations and in the view that not even 

national parks and nature reserves have any real guarantee of long-term 

security, seed gene pools are more likely to play an important role in the 

conservation of plant genetic resources. There is no doubt that seeds safely 

stored will help keep various options of application open. 
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