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The terms orthodox and recalcitrant seeds came into usage in 1973. Roberts
(1973) classified these seeds according to their physiological behavior.
Orthodox seeds were those seeds that could be dried to low moisture content
(e.g., 0.05 g H 20 g' fresh wt., fw) 2 and tolerated freezing temperatures.
Harrington's rule of thumb (1972) states that between 0.05 and 0.14 g H2O
g —' fw if the seed moisture content is increased by 1 Wo (0.01 g H 20 g' fw),
the life span of orthodox seeds will be reduced by 50%. Recalcitrant seeds
could not be dried below a relatively critical moisture content (e.g., 0.30 g
H2O g' fw) and could not tolerate freezing temperatures. Because of these
differences, Hanson (1984) suggested that the term desiccation sensitive more
accurately described recalcitrant seeds. Recalcitrant seeds lose viability once
they are dried to a moisture content below a relatively high critical value.
This means that seed moisture is a critical factor determining the viability
and longevity of both recalcitrant and orthodox seeds.

For this reason, one must first identify the seed type before prescribing
a method of storage. Orthodox seeds require low (e.g., 0.05 g H 2O g —1 fW)
seed moisture content for successful long-term storage. In contrast, re-
calcitrant seeds must be stored at relatively high moisture levels (e.g., 0.30
g H20 g' fw). As a result, the methods, techniques, packaging materials,
containers, and the storage environment must be modified for successful
storage of these seeds. In this chapter, determination of recalcitrant seeds
moisture content is described and discussed. In addition, differences between
recalcitrant and orthodox seed structure, morphology, and physiology are
reviewed with particular emphasis on seed moisture content.

'Contributions from the Agronomy and Horticulture Dep., Universiti Pertanian Malaysia,
43400 Serdang, Selangor, Malaysia and National Seed Storage Laboratory, USDA-ARS, Col-
orado State Univ., Fort Collins, CO 80523, USA.
2 T convert (g H20 g	fw) to ( 01o), multiply by 100. Thus, 0.10 g H20 g' fw = 10010.
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MOISTURE DETERMINATION

The International Seed Testing Association (ISTA) has published rules
for the determination of orthodox seed moisture content, which have changed
considerably from 1931 to 1985 (Grabe, 1987). In the latest version (ISTA,
1985), two 5.0-g samples of seeds are used for the determination of seed
moisture content. High and low temperature air-oven methods of 130 to
133 °C and 101 to 103 °C are recommended for non-oily and oily seeds, respec-
tively. If seeds are large, e.g., maize (Zea mays L.), ground samples are re-
quired. The duration of the test for the high-temperature method is 1 to 4
h; for the low-temperature method, the duration is 16 to 18 h.

For tree seeds, ISTA (1966) recommended the air-oven method at 101
to 105°C except for Abies, Cedrus, Fagus, Picea, and Tsuga for which the
toluene-distillation method could be used. Bonner (1972) concluded that the
air-oven method at 130°C for 4 h followed by 2 h of cooling in a desiccator
provided accurate results for seeds of such North American hardwoods as
Plan (anus occidentalis L., Liquidambar styracifona L., and Fraxinus penn-
sylvanica Marsh.

However, there are still no rules for drying methods for recalcitrant seeds.
Since those seeds are typically large and heavy, 5.0-g drying samples are not
adequate in size, which makes sampling difficult. The number of seeds that
should be tested to obtain a statistically reliable drying method has yet to
be determined. It should also be emphasized that most recalcitrant seeds are
sold by number and not by weight. Hence, the economics of seed number
for testing and the number of seeds available for an experiment should be
kept in mind. According to Cochran (1953) and Mok (1972), the optimum
sample size for large recalcitrant seeds should be approximately 20 seeds.
Once the sample size is obtained, the typical method for determining moisture
content of recalcitrant seeds is to cut 1.0-mm seed cross sections. These sec-
tions are placed in an oven at 101 to 105°C for 16 h. Using whole seeds,
halving or quartering the seeds produces more variable seed moisture results.

DIFFERENCES BETWEEN RECALCITRANT AND
ORTHODOX SEEDS

Recalcitrant and orthodox seeds differ greatly in their ecology and
morphology. Recalcitrant seeds are primarily from perennial trees in the moist
tropics. In some cases, they also come from temperate tree or aquatic species,
while most orthodox seeds are from annual species grown in open fields.

With respect to morphology, recalcitrant seeds differ from orthodox
seeds not only in size but also complexity and viability. Many recalcitrant
seeds for example, are not true seeds but exist as fruits, an example being
a fibrous drupe in the case of coconuts (Cocos nucifera L.). Generally,
recalcitrant seeds are covered with fleshy or juicy arilloid layers and im-
permeable testa. These maternal structures maintain the seeds in a high-
moisture environment. Recalcitrant seeds also have greater variation in the
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shape and size of cotyledons and the embryonic attachment compared to bean
(Phaseolus vulgaris L.), a typical example of an orthodox seed.

Moisture Content of Recalcitrant and Orthodox Seeds

At physiological maturity, the moisture contents of recalcitrant seeds
(0.50-0.70 g H 20 g -' fw) are much higher than orthodox seeds (0.30-0.50
g H20 g -' fw). At the same time, recalcitrant seeds are larger (42 x 25 mm)
and heavier, an average of 14.0 g per seed for durian (Durio zibethinus Murr.).
Typical differences in seed size, 1000 seed weight, and moisture content of
recalcitrant and orthodox seeds are presented in Table 2-1. Orthodox seeds
undergo drying after physiological maturity: initially, the moisture content
is high (0.30-0.50 g H2O g 'fw), but they then will dry to a harvest moisture
content of 0.15 to 0.20 g H 2O g' fw).

Although recalcitrant seeds are large, their embryos in relation to the
whole seed are only about 15% of the size of those for orthodox seeds. Typical
examples of the proportion of the total seed dry weight for the cotyledons,
testa and embryos of recalcitrant and orthodox seeds are given in Table 2-2.

Table 2-1. Seed size, 1000 seed wt., and moisture content of typical recalcitrant and
orthodox seeds.

Seed size,	1000	Moisture
Crop species	 length x width Seed wt.	content

Recalcitrant
	 mm	g	gH2Og'fw

Nephelium lappaceum L.	 28 x 16	3 555	0.49
Artocarpus heterophyllus Lam.	35 x 24	8 520	0.52
Artocarpus champeden (Lour.) Spreng.	30 x 20	5 814	0.71
Lansium domesticum Corr.	 17 x 13	2 335	0.52
Bouea ganadaria	 22 x 15	3 530	0.46
Durio zibethinus Murr.	 42 x 25	14 783	0.50
Theobroma cacao L.	 25 x 25	1 995	0.36

Orthodox
Hibiscus esculentus L.	 6 x 4	146	0.18
Vigna sesquipedalis (L.) Fruw.	12 x 5	192	0.16

Table 2-2. The percentage dry weight for the cotyledons, testa, and embryo of orthodox
and recalcitrant seeds.

Crop species

Orthodox
Pisum satioum L.
Phaseolus oulgaris L.
Glycine max (L.) Merr.
Vigna sesquipedoiis (L.) Fruw.
Hibiscus esculentus L.

Recalcitrant
Artocarpus heterophyllus Lam.
Nephelium lappaceum L.

Cotyledon	Testa	Embryo
% dry wt.

	

86.7	11.9	1.4

	

90.4	8.3	1.3

	

90.6	7.3	2.1

	

83.3	15.8	0.9

	

82.3	16.4	1.3

	

91.1	8.7	0.2

	

88.5	11.2	0.3
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The distribution of moisture content in the embryo and whole seed for
recalcitrant and orthodox seeds are shown in Table 2-3. The greatest dif-
ference in moisture content is found in the variation between whole seeds
and embryos of recalcitrant seeds. Even greater variations in the embryos
for both seed types are depicted by the higher coefficients of variation (CVs)
(Table 2-3). Whole seed moisture content of orthodox seeds are constant
as exemplified by the CV of 2.816 that is in contrast to recalcitrant seeds
that have a CV above 7.0 07o. Embryos also possess greater moisture contents
when compared to whole seeds. They are easily dried to a lower moisture
content, however, because of their smaller size. In the case of recalcitrant
seeds, embryos account for only 0.25 010 of the dry weight of whole seed com-
pared to an average of 1.4 010 for orthodox seeds.

Recalcitrant seeds, because of their differences and variation in size and
moisture content, do not undergo similar maturation drying processes as
orthodox seeds. The great variation in moisture content between individual
seeds makes a seed lot heterogeneous and, consequently, experimental results
can be erratic with variable germination values compared to orthodox seeds.
Researchers working on recalcitrant seed storage often encounter unexplained
results that are probably attributable to the greater variation in seed traits
between individual recalcitrant seeds.

THE IMPORTANCE AND PROBLEMS OF SEED MOISTURE
IN RECALCITRANT SEEDS

High moisture contents of recalcitrant seeds makes them sensitive to
desiccation and chilling injury. For example, cocoa (Theobroma cacao) and
Hevea seeds rapidly lose germination when they are dried to 0.26 and 0.20
g H20 g' fw, respectively (Chin et al., 1981; Hor etal., 1984). These values
are extremely high compared to orthodox species that can be safely dried
to 0.02 to 0.04 g H20 g' fw. According to King and Roberts (1980), the
large seed and impermeable seedcoat traits benefit recalcitrant seeds since

Table 2-3. Variations in moisture content of embryos and whole seeds for recalcitrant
and orthodox seeds with their coefficients of variation.

Crop

Recalcitrant
Nephelium lappaceum L.
Artocarpus heterophyllus Lam.
Artocarpus champeden (Lour.) Spring
Lansium domes ticum Corr.
Bouea ganadaria
Durio zibethinus Murr.
Theobroma cacao L.

Orthodox
Hibiscus esculentus L.
Vigna sesquipedalis (L.) Fruw.

Moisture content Coefficient of variation

Embryo Whole seed Embryo Whole seed
gH2Og'fw	 %

0.334	0.490	27.1	13.4
0.396	0.522	12.3	52.9
0.749	0.707	12.3	48.7
0.493	0.517	29.8	94.7
0.483	0.463	21.2	5.9
0.652	0.499	9.5	9.4
0.662	0.362	9.7	7.8

0.291	0.184	6.7	2.9
0.126	0.157	3.8	2.7
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they are less likely to be affected by minor fluctuations in relative humidities
that might occur prior to germination. Because of their large seed size,
recalcitrant seeds rely on plasmodesmata for intercellular transport that can
be disrupted by drying and lead to subsequent viability loss (Livingston, 1964).
This is one reason why the identification of recalcitrant seeds is important
since a number of recalcitrant species have now been reclassified as orthodox,
e.g., citrus (Citrus limon L.) (Mumford & Grout, 1979) and cassava(Manihot
esculenta Crantz) (Ellis et al., 1981). Therefore, the correct diagnosis and
identification are of prime importance in describing recalcitrant seeds since
improper storage conditions can result in total viability loss. Chin et al. (1987)
have recommended a low-temperature drying protocol using a desiccant to
minimize deterioration of stored recalcitrant seeds.

The exact cause of recalcitrant seed death and its relationship with
moisture content is not fully understood or investigated. Seed death could
be due either to the moisture content falling below a certain critical value
or simply a general physiological deterioration with time. If viability loss due
to drying below a certain critical value is the prime mechanism governing
deterioration, then the practical approach is to not dry the seeds below that
critical value but store them in a subimbibed state. In contrast, the loss of
seed viability due to physiological deterioration with time in storage should
mimic the gradual physiological deterioration observed for orthodox seeds.
In this case, it is accumulated damage as a result of potentially impaired
mechanisms (Villiers, 1972). It is also possible that drying has other effects
such as alterations of enzyme structure, degradation of cell membranes (Chin
et al., 1984), and release of phenolic compounds leading to the loss of en-
zyme activity (Loomis & Battaile, 1966). All of these mechanisms to explain
desiccation injury and viability loss in recalcitrant seeds require further in-
vestigation before a successful method for the long-term storage of recalcitrant
seeds is developed.

High seed moisture content is associated with freezing injury through
ice crystal formation that disrupts cells when subjected to subzero temper-
atures. However, the deleterious effects of temperature below 16 to 18°C
(chilling injury) on a number of recalcitrant seeds has been observed and
is difficult to explain in terms of freezing damage. Species susceptible to this
temperature are cocoa (Hor, 1984), Shorea ovalis (Sasaki, 1976), and
Drybalanops aromatica (Jensen, 1971). The loss in viability of cocoa seeds
is abrupt, e.g., a drop from 17 to 15°C kills the seeds. Boroughs and Hunter
(1963) suggested three possible reasons for this rapid decline in germination
of recalcitrant seeds due to low temperatures: (i) the presence of a temperature
dependent, rate-limiting reaction, the cessation that causes lethal metabolic
disruption; (ii) the absence of a protective substance in seeds not susceptible
to chilling; and (iii) the liberation of a toxic material due to cold-induced
changes in mambrane permeability.

Imbibition is a prerequiste for germination for both orthodox and
recalcitrant seeds. The only difference with recalcitrant seeds is that they tend
to be fully imbibed in the fruit resulting in a number of seeds germinating
within the fruit. In the case of jackfruit (Artocarpus heterophyllus Lam.),
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80016 of the seeds can germinate inside the ripe fruit. Farrant et al. (1986)
attributed this early germination to the advanced maturity of recalcitrant
seeds. This emphasizes problems of storing recalcitrant seeds since these seeds
are commonly maintained in conditions similar to full imbibition. One tech-
nique commonly used is to reduce storage temperature to approximately 5°C,
if the seeds can tolerate it. Alternatively, germination inhibitors may also
be used. For example, natural inhibitors occur in fruits of mangosteen (Gar-
cinia mangostana L.) (Winters & Rodriquez-Colon, 1953) and rambutan
(Nephelium lappaceum L.) (Chin, 1975). Chemical inhibitors also have been
used but have proven uneffective (Goldbach, 1979).

Finally, high moisture in recalcitrant and orthodox seeds is a problem
for successful seed storage due to its association with microbial contamina-
tion. In general, even for orthodox seeds, when the seed moisture content
is in excess of 0.10 to 0.13 g H 20 g' fw, fungal invasions rapidly destroy
seed viability (Harrington, 1963). This is particularly true in the wet, humid
tropics where the relative humidity and temperature are always high. As a
result, microbial contamination is a serious problem with the storage of
recalcitrant seeds, where the imbibed state is the only practical storage method
available today. A partial drying method has been proposed that can pro-
long the storage life of recalcitrant seeds. For example, partial drying of cocoa
seeds followed by a fungicide treatment of thiram mixture and storing in
air- conditioned rooms at 20°C has prolonged the storage life of these seeds
for 24 wk (Hor, 1984).

FUTURE RESEARCH

Roberts et al. (1984) have suggested that the most promising method
of germplasm preservation for recalcitrant species may be storage in liquid
nitrogen. Stanwood (1983) listed a moisture range from a low of 0.096 g
H 2O g -' fw for sesame (Sesamum indicum L.) to 0.285 g H 20 g fw for
bean as the high moisture freezing limit (HMFL). So, it is possible that
recalcitrant seeds or their embryos can be dried to the higher HMFL limits
and subsequently frozen in liquid nitrogen. In 1986, the International Board
for Plant Genetic Resources (IBPGR) funded a project on dehydration and
preservation techniques of recalcitrant seeds at the Universiti Pertanian
Malaysia in collaboration with National Seed Storage Laboratory, Fort Col-
lins, CO. To date, embryos of a few recalcitrant species (Artocarpus
heterophyllus, Nephelium lappaceum, Cocos nucifera, and Drybalanops
aromatica) have survived cryopreservation. Culturing these species in enriched
media showed signs of growth, callus, shoots, roots, and seedlings (Chin et
al., 1987). Rubber (Hevea brasiliensis), a true recalcitrant species, has em-
bryos that, after partial drying, have been successfully cryopreserved for the
first time (Normah et al., 1986). These techniques have to be refined, however,
and they may differ from species to species. The technique of in vitro storage
has advantages and disadvantages. It may have to be used in the future if
no progress can be made in a particular species and all other storage methods
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have failed. The in vitro technique using cryopreserved embryos may prove
successful in the future considering the rapid advances being made in the
field of biotechnology.

CONCLUSION

Improvement in seed science technology has advanced rapidly over the
last century in various aspects of orthodox seeds; yet, the desiccation-sensitive,
recalcitrant seeds remain an enigma. We still have few successful techniques
to store these seeds for more than 26 wk and the accurate determination of
their moisture content remains unresolved as evidence by the lack of rules
prescribed by ISTA.

Basic studies on the identification of the causes of desiccation sensitivi-
ty in recalcitrant seeds and their intolerance to low temperatures of 10 to
15°C should also be given high priority. These are important factors since
any long-term storage of recalcitrant seeds requires preventive measures for
seed deterioration and viability loss. Alternatives to imbibed seed storage,
such as partial drying or lowering moisture contents to just above a critical
level in conjunction with fungicide treatments, also appear promising.
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