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† Background Considered only in terms of tolerance of, or sensitivity to, desiccation (which is an oversimplification),
orthodox seeds are those which tolerate dehydration and are storable in this condition, while highly recalcitrant seeds
are damaged by loss of only a small proportion of water and are unstorable for practical purposes. Between these
extremes, however, there may be a gradation of the responses to dehydration – and also to other factors – suggesting
perhaps that seed behaviour might be best considered as constituting a continuum subtended by extreme orthodoxy and
the highest degree of recalcitrance. As the characteristics of seeds of an increasing number of species are elucidated,
non-orthodox seed behaviour is emerging as considerably more commonplace – and its basis far more complex – than
previously suspected.
† Scope Whatever the post-harvest responses of seeds of individual species may be, they are the outcome of the
properties of pre-shedding development, and a full understanding of the subtleties of various degrees of non-
orthodox behaviour must await the identification of, and interaction among, all the factors conferring extreme ortho-
doxy. Appreciation of the phenomenon of recalcitrance is confounded by intra- and interseasonal variability across
species, as well as within individual species. However, recent evidence suggests that provenance is a pivotal factor in
determining the degree of recalcitrant behaviour exhibited by seeds of individual species. Non-orthodox – and, in
particular, recalcitrant – seed behaviour is not merely a matter of desiccation sensitivity: the primary basis is that the
seeds are actively metabolic when they are shed, in contrast to orthodox types which are quiescent. This affects all
aspects of the handling and storage of recalcitrant seeds. In the short to medium term, recalcitrant seeds should be
stored in as hydrated a condition as when they are shed, and at the lowest temperature not diminishing vigour or
viability. Such hydrated storage has attendant problems of fungal proliferation which, unless minimized, will inevi-
tably and significantly affect seed quality. The life span of seeds in hydrated storage even under the best conditions is
variable among species, but is curtailed (days to months), and various approaches attempting to extend non-orthodox
seed longevity are discussed. Conservation of the genetic resources by means other than seed storage is then briefly
considered, with detail on the potential for, and difficulties with, cryostorage highlighted.
† Conclusions There appears to be little taxonomic relationship among species exhibiting the phenomenon of seed
recalcitrance, suggesting that it is a derived trait, with tolerance having been lost a number of times. Although recal-
citrant seededness is best represented in the mesic tropics, particularly among rainforest climax species, it does occur
in cooler, drier and markedly seasonal habitats. The selective advantages of the trait are considered.

Key words: Cryostorage, desiccation sensitivity, ecology, evolution, genetic resources, hydrated storage, metabolic
activity, mycoflora, recalcitrant seeds.

INTRODUCTION

Seed storage is imperative, not only to provide good-quality
planting material from season to season, as well as intersea-
sonal food reserves and feedstock, but also in the long term
as base and active collections conserving genetic resources.
Given appropriate facilities, storage for all these purposes
can readily be achieved – but only if the seeds exhibit
orthodox post-harvest physiology (Roberts, 1973).
Developing orthodox seeds acquire the ability to tolerate
desiccation relatively early, preceding the final develop-
mental phase on the parent plant, i.e. maturation drying,
by some time (Bewley and Black, 1994; Vertucci and
Farrant, 1995; Kermode and Finch-Savage, 2002). A spec-
trum of protective mechanisms and processes has been
identified, which together confer the property of desiccation
tolerance (reviewed by Pammenter and Berjak, 1999;
Berjak, 2006), although the modes of their operation and
interaction remain largely conjectural (Berjak et al.,
2007). As long as orthodox seeds are of high quality after

harvest, the period for which they can be stored without
deterioration is predictable under defined conditions of
low temperature and relative humidity that will maintain
low water (moisture) content. Storage longevity of orthodox
seeds increases logarithmically with decreasing water
content (Ellis and Roberts, 1980), although there appear
to be limits of dehydration below which no further advan-
tage is gained (e.g. Ellis et al., 1990b), and, in fact, if
exceeded, may be damaging (e.g. Walters, 1998; Walters
and Engels, 1998; reviewed by Berjak, 2006) [note,
however, that there is not unanimity about this (e.g. Hong
et al., 2005)]. Even under ideal conditions, however, ortho-
dox seeds have finite life spans, although these are a matter
of many years to decades or centuries, depending on the
species (Walters et al., 2005).

Recalcitrant seeds, in contrast, are characterized by post-
harvest life spans of the order of days to months, or, for tem-
perate species, perhaps a year or two, as long as such seeds
will tolerate low (not sub-zero) temperatures (e.g. Chin
and Roberts, 1980). Besides producing short-lived seeds,
many of the recalcitrant-seeded species are threatened* For correspondence: E-mail berjak@ukzn.ac.za
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by overexploitation, indiscriminate harvesting and habitat
loss (Berjak, 2005). Hence, understanding the phenomenon
of seed recalcitrance, and consequently developing sound
conservation practices for species producing such seeds, is
of major scientific and practical importance. The importance
of the conservation of such genetic resources is underscored
in Target viii of the Global Strategy for Plant Conservation
(of the Convention on Biodiversity) which calls for 60 %
of all threatened species to be in accessible ex situ collec-
tions by 2010.

RECALCITRANT SEEDS ARE ALWAYS
DESICCATION SENSITIVE

Recalcitrant seeds remain sensitive to dehydration both
during development and after they are shed from the
parent plant. However, the range of water concentrations
of the embryonic axes when the seeds are shed varies mark-
edly among species [from approx 0.4 g g21 dry mass to
extremely high values, e.g. 4.4 g g21 (Chin and Roberts,
1980; Berjak and Pammenter, 2004)]. Some decline in
water content prior to shedding has been recorded for
seeds of several temperate species, e.g. Acer pseudoplatanus
(Hong and Ellis, 1990), Aesculus hippocastanum (Tompsett
and Pritchard, 1993) and Quercus robur (Finch-Savage and
Blake, 1994), and also some of tropical/sub-tropical prove-
nance, e.g. Machilus thunbergii (Lin and Chen, 1995) and
Ekebergia capensis (our unpublished data), leading to the
suggestion that a measure of desiccation tolerance might
be acquired during development. However, this apparent
decline in water content may result from the continuing
accumulation of dry mass which characterizes recalcitrant
seed development (Finch-Savage and Blake, 1994), with
no further importation of water (Berjak and Pammenter,
2000). Nevertheless, even for those seeds shed at axis
water contents towards the lower end of the range, further
dehydration is deleterious, indicating that at least some of
the mechanisms necessary for complete desiccation toler-
ance are not entrained. In contrast, water concentrations of
axes of recalcitrant seeds of most of the tropical/sub-tropical
species which have been investigated lie at the high end of
the range (�1.5 g g21), and the axes are damaged after
only slight dehydration – particularly if water loss is slow
(see below). This indicates that few, if any, of the mechan-
isms putatively affording orthodox seeds tolerance to desic-
cation are operational. Although the degree of recalcitrance
may be difficult to quantify (Pammenter et al., 2002a), seeds
such as those of Avicennia marina (Farrant et al., 1993a, b)
and Hopea spp. (e.g. Chin and Roberts, 1980; Sunilkumar
and Sudhakara, 1998) are considered to be highly recalci-
trant. In this regard, though, studies on Zizania spp. indicated
that, despite differences in water concentrations at which
desiccation damage occurred in embryos at different devel-
opmental status, all equated to a common water activity
value (aw) of 0.90 (Vertucci et al., 1995). These observations
may be related to a common spectrum of metabolic events
that are impaired, which has been suggested to occur in
particular water potential ranges, as recalcitrant seeds are
dehydrated (Vertucci and Farrant, 1995).

THE WIDESPREAD OCCURRENCE OF SEED
RECALCITRANCE

In 1980, Chin and Roberts published the first list of species
recorded as producing recalcitrant seeds, and collated what
was then known about their post-harvest behaviour. In
general, the species those authors listed produce seeds
important in agroforestry (e.g. species of Quercus and
Shorea), as crops for seed or fruit consumption (e.g.
Castanea spp. and Artocarpus heterophyllus), or commod-
ity production (e.g. Elaeis guineensis, Hevea brasiliensis
and Theobroma cacao). Since then, the seed biology of a
range of lesser known, generally tropical/sub-tropical tree
species has been studied, revealing many more to produce
recalcitrant (or otherwise non-orthodox) seeds (reviewed
by Berjak and Pammenter, 2004; Sacandé et al., 2004;
Flynn et al., 2006). Over the past year, our screening pro-
gramme focusing on southern African species has revealed
that seeds of at least 17 herbaceous geophytic amaryllids
are recalcitrant – which is unusual in indicating a familial
trait (see below) – while seeds of a further 13 unrelated
tree species have also proved to be recalcitrant (Erdey
et al., 2007). While the majority of the species producing
recalcitrant seeds are endemic to the humid tropics/sub-
tropics, such seeds are also produced by a small spectrum
of (mainly) trees of temperate provenance, while certain
dryland species (Danthu et al., 2000; Gaméné et al.,
2004; Pritchard et al., 2004b) have also been identified as
being recalcitrant seeded. Current and ongoing studies
have also identified seeds of some cycads (exemplified by
Encephalartos spp.) to be recalcitrant (Woodenberg et al.,
2007), while Daws et al. (2007) reported a considerable
incidence of desiccation-sensitive seeds among the palms.

RECOGNITION AND CATEGORIZATION
OF SEED BEHAVIOUR

Until relatively recently, seed screening for non-orthodox
behaviour was based initially on water content of ostensibly
mature seeds at shedding, followed by ascertaining viability
retention following the sequential removal of increasing
proportions of tissue water (Hong and Ellis, 1996; IPGRI/
DFSC, 2004). However, because frequently only small
numbers of recalcitrant seeds are able to be harvested at
any one time, Pritchard et al. (2004a) developed the
100-seed test which proved to be a reliable indicator of
the desiccation responses of seeds of eight tropical palm
species. The usefulness of the 100-seed test has been con-
firmed in our laboratory, but, whenever seed numbers
allow it, we screen seeds using a modification of the
IPGRI/DFSC protocol (2004) which includes an assessment
of viability retention in storage at a range of temperatures,
at each of the stages of dehydration. This approach is
time consuming, but gives a reliable indication of
whether seeds are orthodox, recalcitrant or fall somewhere
in between orthodoxy and recalcitrance.

However, a variety of studies (reviewed by Daws et al.,
2006a) have indicated that there could be a correlation
among recalcitrance, some seed characteristics and vari-
ables characterizing individual habitats. Acting on these
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indications, and analysing several of the parameters across
104 tropical forest species from 37 families deriving from
Panamá, Daws et al. (2006a) developed a reliably predic-
tive model based on just two of the traits, seed mass and
seed coat/coverings ratio (SCR, i.e. the ratio of seed cover-
ings:mass). Desiccation sensitivity was found to be signifi-
cantly related to relatively low SCRs, typified by large seed
size coupled with thin coverings. The predictive value of
the SCR model was convincingly demonstrated when
Daws et al. (2006a) applied it further to seeds of 28
African species and ten species from Europe, showing in
all cases that the prediction was in agreement with pub-
lished data on the responses of the seeds to dehydration.

While the original categorization of seeds according to
their post-harvest (storage) responses embodies the idea
of two distinct groupings – orthodox and recalcitrant
(Roberts, 1973) – a further category, describing post-harvest
physiology as being intermediate, was later introduced (Ellis
et al., 1990a). Intermediate storage behaviour implies that
the seeds are shed at relatively high water concentrations,
but will withstand considerable dehydration, although not
to the extent tolerated by orthodox seeds (Hong and Ellis,
1996). Although categorizing seeds into the three distinct
groupings is useful, we favour an open-ended continuum
of seed behaviour, subtended by extreme orthodoxy at the
one end and the highest degree of recalcitrance at the other
(Berjak and Pammenter, 1997, 2004; Pammenter and
Berjak, 1999; Sun, 1999; Kermode and Finch-Savage,
2002). The continuum concept accommodates the marked
variability occurring both between and within species, and
is supported by recent evidence (explored further below)
indicating that provenance has a significant effect on seed
development and the degree of dehydration tolerated for
individual species (Daws et al., 2004b, 2006b). In terms of
the continuum concept, it is considered pertinent that even
seeds categorized as orthodox are not equally desiccation
tolerant (Walters, 1998).

VARIABILITY AMONG RECALCITRANT
SEEDS

Although it is an over-simplification, desiccation sensitivity
is generally accepted as the obvious feature identifying
seeds of a species as being recalcitrant. Nevertheless,
there are marked differences in the degree of dehydration
that recalcitrant seeds of individual species will tolerate,
although the lowest water content survived depends on
other parameters, especially the rate at which water is lost
(see below). Comparisons of published data on individual
species are often not helpful, because of the differing con-
ditions under which dehydration was carried out. However,
when recalcitrant seeds of three unrelated species, a gym-
nosperm (Araucaria angustifolia), a dicotyledonous vine
(Landolphia kirkii) and an herbaceous monocot (Scadoxus
membranaceous), were dehydrated under identical con-
ditions, a similar pattern of ultrastructural events terminat-
ing in cell lysis was recorded as occurring at markedly
different water concentrations (Farrant et al., 1989). What
was also a significant observation was that the rate at
which the seeds of the three species lost water was inversely

related to the water concentration at which viability was
lost. This highlights an important generalization, first
noticed in work with A. marina (Berjak et al., 1984), i.e.
that the more rapidly water can be lost, the lower is the
water content reached before intracellular damage
becomes limiting. (The important ramifications of this
will be elaborated below.)

Differences in the lowest ‘safe’ water content which recal-
citrant seeds will withstand are not confined to disparate
genera, but have also been noted for different species of indi-
vidual genera. For example, Quercus alba seeds are more
desiccation sensitive than those of Q. nigra (Connor and
Bonner, 1996), and there are differences between seeds of
species of Baccaurea (Normah et al., 1997). A thought-
provoking finding is that seeds of different species of a
single genus may be differently categorized, as exemplified
by species of Acer and Coffea (Hong and Ellis, 1990), and
substantiated for Coffea spp. by Eira et al. (1999) who
described C. liberica seeds as being the least desiccation
tolerant, while those of C. racemosa were relatively the
most tolerant. Most interesting, though, are the more
recent data (explored in more detail below) indicating that
seeds of A. hippocastanum (Daws et al., 2004b) and
A. pseudoplatanus (Daws et al., 2006b) from different prove-
nances differ in their reponse to dehydration. Also relevant in
the context of provenance are the findings of Dussert et al.
(2000) that the relative desiccation sensitivity of seeds of
different species of Coffea appears to be related to the mean
number of dry months typifying each habitat.

A further characteristic of recalcitrant seeds is the fact
that they are metabolically active when they are shed.
However, the type and intensity of metabolism differ
among recalcitrant seeds of different species, depending
on the developmental status and water concentration at
shedding. To explain this, it must be appreciated that
unlike the situation in orthodox seeds, there is no cessation
of metabolism [although the rate may slow down as recalci-
trant seeds reach maturity (reviewed by Finch-Savage,
1996)]. Instead, developmental events progress, without
any outward signs, into those of germination, without an
exogenous water supply (Berjak et al., 1989). As discussed
by those authors, in some cases germination will ensue in a
matter of days after shedding; seeds of some species may be
poised for immediate germination; while seeds of yet other
species are shed with embryos still having to undergo con-
siderable pre-germination development. These differences
have marked effects on the degree of dehydration seeds
will tolerate, thereby contributing to unpredictable variabil-
ity. For example, Lin and Chen (1995), working with
M. thunbergii, showed that developing seeds lost viability
within 30 d when dried at 73 % relative humidity and
25 8C, while those that were mature were able to tolerate
a 19 % loss of water (presently recalculated from the data
of those authors) before germinability declined. Differing
degrees of desiccation sensitivity have been similarly corre-
lated with embryo/seed developmental status for L. kirkii
and Camellia sinensis (Pammenter et al., 1991; Berjak
et al., 1992; 1993a, b). It appears generally that for recalci-
trant seeds of most species, the least desiccation-sensitive
stage occurs when the metabolic rate is lowest, which
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usually (but not invariably) coincides with natural
shedding. However, desiccation sensitivity increases mark-
edly as germinative metabolism progresses, macroscopi-
cally imperceptibly, to the stage of the onset of mitosis
and extensive vacuolation of the embryo cells (Farrant
et al., 1986; Berjak et al., 1989). This inexorable progress
of germinative metabolism – which occurs with no require-
ment for additional water – sooner or later (depending on
the species) will culminate in radicle protrusion, and is
one of the major factors hampering short- to medium-term
storage of recalcitrant seeds, as will be discussed later.

Other confounding issues include the fact that axes and
storage tissues seldom (if ever) have the same water concen-
trations, as shown for A. hippocastanum (Tompsett and
Pritchard, 1993). Working with Araucaria hunsteinii,
Pritchard et al. (1995) reported that in these gymnosper-
mous seeds too, there is uneven water distribution
between the component tissues. Most frequently, axes are
at higher water contents, and are more desiccation sensitive,
than the cotyledons, e.g. as shown for Q. robur
(Finch-Savage et al., 1992), M. thunbergii (Lin and Chen,
1995) and T. cacao (Li and Sun, 1999), and for seeds of
numerous screened African species [e.g. Dovyalis caffra
(Erdey and Berjak, 2004); E. capensis (Erdey et al.,
2004); and Warburgia salutaris (Kioko et al., 2004)].
However, to confound the issue, in seeds of Castanea
sativa, cotyledons have been reported to be more sensitive
to dehydration than the axes (Leprince et al., 1999).

A further contribution to the variability among seeds of
individual species is that their characteristics differ both
intra- and interseasonally. Intraseasonal variation includes
differing water contents of the component tissues of osten-
sibly mature seeds depending on the time of harvest and,
even when harvested simultaneously, there are usually
marked differences in axis water contents among individual
seeds (Berjak and Pammenter, 1997). An additional feature
that has been consistently observed for a variety of species
is the poor quality of seeds produced late in the season,
which are more often than not severely fungally infected.
In this regard, an enhanced rate of deterioration upon dehy-
dration has been reported for late-harvested seeds of
Machilus kusanoi (Chien and Lin, 1997). It has also been
observed that late-season fruits of A. marina and
Syzygium cordatum have a tendency either to abort or not
to abscise.

It is probable that at least the poor quality of late-season
seeds may be explained in terms of the cumulative heat sum
during development: Daws et al. (2004b) monitored
A. hippocastanum seed development along a latitudinal gra-
dient, and reported that the greater the cumulative heat sum,
the more robust, further developed and less desiccation sen-
sitive were the seeds. Although those observations were
made along a North–South gradient in Europe over the
flowering/fruiting season, a similar interpretation for poor
seed quality can be applied to fruits and seeds produced
in the latter part of the season in non-equatorial zones.
Temperatures decline as the summer wanes and,
accompanied by shortening day-lengths, results in a sub-
optimal heat sum to late-developing fruits. This is proposed
to influence fruit and seed development negatively,

resulting in their poor quality, which includes lowered
resistance to fungal establishment. (This proposal is based
on the assumption that the late-season fruits are derived
from flowers produced late in the season, which our
casual observation suggests to be the case for A. marina.)

Interseasonal variation among seeds of the same species
may be similarly rationalized, but in some cases there are
remarkable differences. For example, C. sinensis seeds har-
vested in consecutive seasons from the same provenance
showed embryonic axis water concentrations as disparate
as 2.0+ 0.3 to 4.4+ 2.4 g g21 for harvests in different
years (Berjak et al., 1996). As mentioned above, recalcitrant
seeds generally will entrain germination at the shedding
water content, and thus will germinate under storage con-
ditions not allowing dehydration. However, in one particular
season, Q. robur seeds harvested from the same tree as pre-
viously and subsequently had lower than usual water con-
tents, and did not germinate in storage (Finch-Savage
et al., 1993; Finch-Savage, 1996), constituting a marked
example of interseasonal differences. Similarly, Pritchard
et al. (1999) have recorded interseasonal differences in ger-
mination capacity after a period of dormancy-breaking chil-
ling for seeds of A. hippocastanum, which those authors
ascribed to mean temperature during seed filling.

While interseasonal differences in heat sum may be a
feature of temperate climatic zones, they are less marked
in the tropics. Consequently, differing effects of seed dehy-
dration on neotropical rain forest species in Mexico (del
Carmen Rodriguez et al., 2000) and interseasonal differ-
ences in a variety of traits of Euterpe edulis seeds from
Brazil (Martins et al., 2000) are rather more difficult to
explain. However, in the case of nine species of Coffea
all originating within tropical Africa, Dussert et al. (2000)
found no significant correlation between the duration of
seed development and the level of desiccation tolerance,
but were able to demonstrate a significant inverse corre-
lation between desiccation sensitivity and the mean
number of dry months after seed-shed in the various
habitats.

Daws et al. (2004a) have made an interesting observation
that could explain some of the intraharvest variability in
desiccation sensitivity often observed. They showed that
in a collection of Vitellaria paradoxa seeds, the fresh
mass of which varied from 4 to 10 g, the smaller seeds
dried faster than the larger ones, and only the larger seeds
survived the drying. This survival was not because of
greater tolerance to desiccation, but because the large
seeds took longer to dry and so were at a higher water
content (above the lethal limit under the conditions used)
when compared with the smaller seeds at particular
sampling intervals. The apparent variability in sensitivity
within a seed lot may be due largely to the variation in
seed size within the sample.

FACTORS INVOLVED IN THE ACQUISITION
OF DESICCATION TOLERANCE

A suite of mechanisms and processes, under complex
genetic control which is still not fully understood (see
below), has been implicated in the acquisition and
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maintenance of desiccation tolerance in orthodox seeds.
The individual components of the suite, and their inter-
actions, have been extensively reviewed (Pammenter and
Berjak, 1999; Kermode and Finch-Savage, 2002), and
will thus only be outlined here, with information where
further data have been forthcoming, or contradictory
opinions expressed, particularly in relation to the situation
in recalcitrant seeds.

Intracellular physical characteristics

The first set of major components of the suite involve
intracellular physical features (Pammenter and Berjak,
1999). These include minimization of vacuolation; protec-
tion of the integrity of the DNA; and orderly dismantling
of cytoskeletal elements. Both orthodox and recalcitrant
seeds (except those of A. marina) deal with the potential
problem of volume reduction by the accumulation of space-
filling insoluble reserves. With respect to the cytoskeleton,
Faria et al. (2005) used an a-tubulin antibody in an immuno-
cytochemical assay to show that in the dry state of orthodox
Medicago truncutula seeds, only disassociated tubulin gran-
ules were present in the radicle cells, whereas once radicles
had protruded by 1 mm, well-established cortical arrays of
microtubules could be clearly visualized. In contrast, exten-
sive cortical microtubule arrays were present in embryo
cells of fresh mature Inga vera seeds, which are recalcitrant
(Faria et al., 2004). However, following dehydration from a
water content of 1.38 to 0.75 g g21, microtubules disasso-
ciated, giving rise initially to tubulin granules, which disap-
peared on further dehydration. Upon re-hydration, the
damaged cells appeared to have lost the capacity for micro-
tubule reconstitution (Faria et al., 2004). These results
support earlier findings indicating the failure of the reconsti-
tution of microfilaments – and hence of a complete cytoske-
leton – following damaging degrees of dehydration in
embryonic axes of Q. robur (Mycock et al., 2000) and
Trichilia dregeana (Gumede et al., 2003).

Intracellular de-differentiation and metabolic ‘switch off’

These constitute the second set of characteristics of the
acquisition of desiccation tolerance in orthodox seeds, and
comparisons with developing recalcitrant seeds indicated
that these phenomena do not occur, although the metabolic
rate may be at its lowest at, or shortly before, the seeds are
shed (Farrant et al., 1997; reviewed by Pammenter and
Berjak, 1999). In embryos of A. marina, which are highly
recalcitrant, there is only the most transient cessation
of DNA replication at shedding, with re-entry into the
S phase soon thereafter (Boubriak et al., 2000).
Furthermore, those authors found the DNA to be severely
damaged after slight dehydration, followed by an inability
for its repair after loss of 22 % of the water present at shed-
ding. For I. vera embryos, from 6 weeks after flowering to
shedding, the 4C DNA content was found to be relatively
low and constant in both shoot and root apices, and, in con-
trast to the findings for A. marina, did not change signifi-
cantly after 13 h of imbibition of mature seeds (Faria
et al., 2004). In reviewing previously published information

for a range of recalcitrant-seeded species, Faria et al. (2004)
concluded that the majority of cells appear to be arrested in
the G1 phase of the cell cycle, thus the more vulnerable 4C
phase would be avoided when the seeds are shed and at the
greatest risk of dehydration.

Reactive oxygen species and antioxidants

Of late there has been a particular focus on free radicals,
reactive/active oxygen species (ROS/AOS) and antioxidant
systems implicated in the acquisition and maintenance of
desiccation tolerance in both seeds and vegetative tissues
of resurrection plants. One of the most intriguing aspects
of ROS to have emerged recently is their dual role in intra-
cellular signalling as well as intracellular destruction
(reviewed by Laloi et al., 2004; Foyer and Noctor, 2005;
Suzuki and Mittler, 2006). Formed when high energy
state electrons are transferred to molecular oxygen (O2),
ROS include 1O2 (singlet oxygen), H2O2 (hydrogen per-
oxide), .O2

– (the superoxide radical) and OH. (the hydroxyl
radical), which have long been considered as toxic species
that can cause oxidative damage to lipids, proteins and
nucleic acids (e.g. Halliwell, 1987; Hendry, 1993;
Fridovich, 1998; Suzuki and Mittler, 2006). Not surpris-
ingly, the activity of a spectrum of enzymatic and
non-enzymatic antioxidants is considered to be of prime
importance in quenching ROS activity, i.e. in intracellular
protection.

In metabolically active, hydrated plant tissues, however,
ROS are now considered to act as second messengers in a
diversity of signal transduction cascades (Foyer and
Noctor, 2005, and references therein), with H2O2 and .O2

–

being singled out because of their implication in many
plant developmental and growth processes. Nevertheless,
this does not gainsay the vital necessity of their control
by the spectrum of antioxidants.

While strict control of ROS is taken for granted in
hydrated cells, possession and effective operation of a
suite of both enzymic and non-enzymic antioxidants is of
prime importance during dehydration of orthodox seeds
and desiccation-tolerant vegetative tissues, in the dry
state, and again as soon as water uptake by the desiccated
cells commences (Pammenter and Berjak, 1999; Kranner
et al., 2002; Bailly, 2004; Kranner and Birtić, 2005;
Berjak, 2006; Berjak et al., 2007). It is also possible that
certain antioxidants may be operative within localized
regions of higher water activity within desiccated cells.
As an example, 1-cys-peroxiredoxin (Stacey et al., 1999)
has been localized to nuclei in imbibed, dormant barley
embryos, where it has been suggested to provide antioxi-
dant protection to the DNA. It has been suggested,
however, that in the desiccated state there are localized
regions with water activity adequate to facilitate molecular
mobility (‘localized water pools’; Rinne et al., 1999;
Leubner-Metzger, 2005). If some such regions occur in
the milieu of the chromatin, then it is possible that
1-cys-peroxiredoxin can function to protect the genome
against ROS in desiccated seeds, given that the cysteinyl
residue (of 1-cys-peroxiredoxin) can be regenerated
(Berjak, 2006) ultimately by electron donors such

Berjak and Pammenter — Seed Recalcitrance 217



as thioredoxins and glutaredoxins (Dietz, 2003). In this
regard, Rinne et al. (1999) conjectured that enzyme activity
continues to occur in dehydrin-associated areas of greater
water activity in the otherwise dehydrated cells of buds,
and Leubner-Metzger (2005) has shown localized
b-1,3-glucanase activity in the inner testa to be instrumen-
tal in after-ripening in air-dry tobacco seeds. A similar
argument may be advanced for the activity of other
enzymic, as well as non-enzymic, antioxidants (Bailly,
2004) in localized regions of greater water activity within
intracellular glasses in dehydrated seeds (see below).

Unlike the situation in orthodox seeds during the latter
stages of development, in recalcitrant seeds metabolism is
sustained at measurable levels. When water is lost, and
especially when dehydration proceeds slowly, metabolism
is considered to become unbalanced. This can result in con-
siderable intracellular damage (termed metabolism-linked
damage) and death of seeds/embryos at surprisingly high
water contents (Pammenter et al., 1998; Pammenter and
Berjak, 1999; Walters et al., 2001, 2002). In recalcitrant
seeds, metabolism-linked damage is thought to be inti-
mately associated with the generation of ROS under con-
ditions where the intracellular antioxidant defences are
inadequate to quench them.

Recent data for recalcitrant Araucaria bidwillii embryos
show that there is a transient increase in antioxidant activity
upon initial dehydration. However, with further water loss,
activity declines, accompanied by an increase in free rad-
icals and thiobarbituric acid-reactive substances (TBARS),
the latter indicating increasing lipid peroxidation (Francini
et al., 2006). Ginkgo biloba seeds are considered to be
recalcitrant (Liang and Sun, 2002), and enzymic antioxi-
dants have been found to be inadequate in counteracting
oxidative stress during storage (Tommasi et al., 2006).
Batches of G. biloba seeds were put into storage at
25 and 4 8C at the original water content (approx.
2.0 g g21) by those authors, who found that the viability
of the seeds at the higher temperature declined from 80 to
46 % between 3 and 6 months, accompanied by a decline
in water content to about 1.0 g g21. The seeds stored at
4 8C lost viability precipitously between 6 and 9 months
in storage, during which the decline in water content was
insignificant (Tommasi et al., 2006). It is suggested that
at 25 8C, viability loss was the direct consequence of
metabolism-linked desiccation damage (Pammenter et al.,
1998; Pammenter and Berjak, 1999; Walters et al., 2001,
2002), while at 4 8C, death occurred because metabolism
had progressed, albeit slowly, to the stage at which an
exogenous water supply was needed (e.g. Berjak et al.,
1989; Pammenter et al., 1994). Generation of free rad-
icals/ROS and accumulation of TBARS, along with the
decreasing ability of antioxidants to modulate the situation,
is consistent with water stress-induced damage in both
cases. Working with recalcitrant Acer saccharinum seeds,
Ratajczak and Pukacka (2006) concluded, from changes
in enzymes of the ascorbate—glutathione cycle, and from
levels of ascorbate and glutathione, that viability of stored
hydrated seeds could be maintained only when a vigorous
antioxidant system was operational.

Late embryogenic accumulating/abundant proteins (LEAs)

Together with sucrose, LEAs have been the focus of
much recent attention in the context of the acquisition
and retention of desiccation tolerance in orthodox seeds
(e.g. Buitink et al., 2002; Kermode and Finch-Savage,
2002; Berjak, 2006; Berjak et al., 2007). These proteins
(of which six groups have been identified on the basis of
particular peptide motifs) generally lack cysteine residues,
are composed predominantly of charged and uncharged
polar amino acid residues and, with the exception the
Group 5 LEAs, are highly hydrophilic and heat stable
(Cuming, 1999). Although that author has indicated that
the evidence for LEAs being involved in desiccation toler-
ance derives from ‘correlative and circumstantial evidence
rather than by direct experimental demonstration’ and this
is still the current situation (Berjak et al. 2007), the basis
of the evidence is convincing: The appearance of LEAs is
associated with orthodox seed maturation, as it is with the
imposition of a variety of stresses causing water deficits
in plant cells (Cuming, 1999). Buitink et al. (2006) have
demonstrated that 18 genes coding for LEAs and two heat
shock proteins (HSPs) were upregulated and identified as
being common to the acquisition of desiccation tolerance
in M. truncutula seeds, and its experimental re-imposition
in the seedlings. It has been suggested that because of
their hydrophilicity, LEAs of some groups could provide
a protective hydration shell around intracellular structures
and macromolecules, while others have been hypothesized
to sequester ions during dehydration and in the desiccated
state. It has also suggested that the lysine-rich K segment
of Group 2 LEAs (dehydrins), which has a propensity to
form a-helices (Close, 1996), might stabilize hydrophobic
domains of other proteins which could become exposed
as dehydration proceeds (Close, 1997). Such interactions
could counteract inappropriate intermolecular hydrophobic
associations (Cuming, 1999), as has been suggested for
small HSPs (reviewed by Buitink et al., 2002; Berjak
et al., 2007). What is especially significant in terms of
desiccation tolerance is that dehydration – particularly in
the presence of sucrose – induces at least some LEAs to
assume the a-helical conformation (Wolkers et al., 2001),
suggested to be the basis of the formation and maintenance
of the intracellular glassy state in desiccated cells (Berjak,
2006; Berjak et al., 2007). An additional feature linking
LEAs to the phenomenon of desiccation tolerance is that
their appearance is concomitant with abscisic acid (ABA)
regulation of lea gene transcription (reviewed by Bray,
1993; Kermode, 1990, 1995; Cuming, 1999; Kermode
and Finch-Savage, 2002; Berjak et al., 2007).

What is the situation pertaining to LEAs in recalcitrant
seeds? If LEAs are present in embryo cells of recalcitrant
seeds, it must be realized that their various postulated
roles in orthodox seeds cannot be more than marginally
invoked (at best). This is because slowly dried recalcitrant
seeds generally die [as a consequence of metabolism-linked
damage (Pammenter et al., 1998; Pammenter and Berjak,
1999; Walters et al., 2001, 2002)] at water contents far
above the range at which few, if any, of the mechanisms
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of protection suggested for LEAs would be operative. The
situation regarding the occurrence of LEAs in recalcitrant
seeds is equivocal, as they have been found to occur in a
range of species from different habitats, while apparently
being absent from others. Group 2 LEAs (dehydrins) have
been identified in recalcitrant seeds of some temperate
trees (Finch-Savage et al., 1994; Gee et al., 1994), other
temperate species and some of tropical/sub-tropical prove-
nance (Farrant et al., 1996), and in grasses typified by
Porteresia coarctata, Zizania spp. and Spartina anglica
(Gee et al., 1994). However, no dehydrin-type LEAs
could be demonstrated in seeds of ten tropical wetland
species (Farrant et al., 1996). Those investigations were,
however, constrained, as analysis was for dehydrin-type,
Group 2 LEAs only, and consequently should be extended
to the other groups of LEAs unique to seeds. Based on
the conjecture about LEA functionality in desiccating/
desiccated orthodox seeds, it is difficult to envisage a func-
tional role for such proteins in recalcitrant seeds. However,
their presence in recalcitrant embryos of particular species
could facilitate more effective survival to lowered water
contents (following extremely rapid dehydration by flash
drying) necessary to enable the axes to be cryopreserved
(see later).

The same might be said about small HSPs, should they
occur in recalcitrant embryos. In this regard, Collada
et al. (1997) showed the abundant presence of a small
HSP in cotyledons of recalcitrant C. sativa, and concluded
that the occurrence could not be linked to desiccation toler-
ance. Our current investigations suggest that a variety of
heat-stable proteins (as yet not identified) are expressed in
recalcitrant amaryllid embryos, most of which are amenable
to cryopreservation (unpublished data).

Carbohydrates as putative protectants
in the desiccated state

It seems invariable that sucrose and certain raffinose
series oligosaccharides (or galactosyl cyclitols) accumulate
in orthodox seeds during maturation drying (e.g. Leprince
et al., 1993; Horowicz and Obendorf, 1994; Blackman
et al., 1995; Steadman et al., 1996; Obendorf, 1997;
Black et al., 1999), and high sucrose concentrations are
also common to desiccated resurrection plant tissues
(Berjak et al., 2007, and references therein).

There has been much protracted conjecture, which will not
be reiterated here, about the role of sucrose, particularly in the
desiccated state of seed tissues (reviewed by Berjak et al.,
2007), but the most convincing argument, based on sound
evidence, has been promulgated by Bryant et al. (2001),
Koster and Bryant (2005) and Halperin and Koster (2006).
In short, those authors contend that the role of sucrose is
dynamic in hindering the close approach of membranes to
one another, and hence preventing their lateral proximity.
This proximity promotes phase transition of some phospholi-
pids and even the demixing of membrane components which
is accompanied by exclusion of integral proteins.

From the relatively few studies carried out, it seems that
sucrose with raffinose or stachyose accumulates in the axes
and cotyledons of developing recalcitrant seeds. Highly

recalcitrant embryos of A. marina were found to accumulate
substantial amounts of sucrose and stachyose (Farrant et al.,
1993b), and sucrose accumulation was found to accompany
dehydration in the less recalcitrant embryonic axes of
C. sinensis (Berjak et al., 1989). Similarly, Q. robur
embryos, which are relatively more desiccation tolerant
than those of A. marina, accumulate sucrose and raffinose
concomitant with the later stage of reserve accumulation
(Finch-Savage et al., 1993; Finch-Savage and Blake,
1994), while embryos of Q. alba have a high sucrose
content (Connor and Sowa, 2003). From a wide-ranging
survey of sucrose accumulation among both orthodox and
non-orthodox seeds, it appears that a variety of recalcitrant
seeds accumulate substantial quantities of sucrose relative
to oligosaccharide (Steadman et al., 1996). However, as
was pointed out for the LEAs, the sucrose cannot play a
part in protecting against desiccation damage as conjectured
for orthodox seeds: upon drying in the natural environment,
recalcitrant seeds would already have lost viability at water
contents well in excess of those at which any benefits could
be derived by the contribution of this disaccharide to the
intracellular glassy state (see below), or in counteracting
lateral contact between membranes, as discussed above. It
is probable that in recalcitrant seeds, hydrolysis of sucrose
affords a readily available respiratory substrate required to
sustain ongoing development which grades imperceptibly
into germination, followed by seedling establishment
under favourable natural conditions.

The intracellular glassy (vitrified) state

There is considerable evidence for the existence of the
intracellular milieu in the glassy or vitrified state in ortho-
dox seeds, once sufficient water has been lost. Although
first proposed as being the consequence of a supersaturated
sugar solution (Koster and Leopold, 1988; Williams and
Leopold, 1989), there has been an increasing realization
that there are many other intracellular molecules that must
contribute to the glass (e.g. Walters, 1998). It was Koster
(1991) who first showed that certain properties of model
systems constituted to simulate intracellular sugar mixtures
differed from the situation in seeds, while Oliver et al.
(2001) suggested that the LEAs might underlie the stability
of intracellular glasses in the dry state. Existing as unor-
dered random coils in solution, LEAs assume a far more
ordered conformation upon dehydration, as demonstrated,
for example, by Wolkers et al. (2001) for a Group 3 LEA
from desiccation-tolerant Typha pollen and Boudet et al.
(2006) for both a Group 1 and Group 5 LEA from
M. truncutula seeds. In a recent article, Berjak (2006) has
proposed that intracellular glasses in dry seeds may be
based on coiled LEAs in interaction with sucrose and the
residual water, but that in narrow intermembrane spaces, a
sugar-based phase might occur, LEAs being excluded on
the basis of size, as suggested by Koster and Bryant (2001).

While the relative stability of the intracellular glassy state
is held to maintain viability (although not indefinitely) in
the desiccated state of orthodox seeds, intracellular
glasses just would not normally form in most recalcitrant
seeds, as they require water contents �0.3 g g21. Water
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contents of approx. 0.3 g g21 coincide with a marked
increase in cytomatrical (cytoplasmic) viscosity, indicative
of glass formation (Buitink and Leprince, 2004), but
under the slow drying conditions which would prevail
in the natural environment, recalcitrant seeds die at
far higher water contents (Pammenter et al., 1998;
Pammenter and Berjak, 1999; Walters et al., 2001, 2002).
It may, however, be possible that transient intracellular
glasses can be formed as a consequence of flash drying
(Berjak et al., 1990) excised embryonic axes, which is a
procedure intrinsic to the cryopreservation protocol for
germplasm conservation of recalcitrant-seeded species
(see below).

Other factors that may contribute to desiccation tolerance

Lipid composition. This may contribute to desiccation toler-
ance in orthodox seeds and its lack in recalcitrant types. For
example, Liu et al. (2006) showed that the proportion of
saturated fatty acids in membrane phospholipids was sig-
nificantly higher in recalcitrant than in orthodox seeds.
When total lipids were evaluated, Nkang et al. (2003)
found that while agronomically mature seeds of Telfairia
occidentalis were characterized by predominantly saturated
fatty acids, when dried at 28 8C increased accumulation of
both mono- and polyunsaturated fatty acids accompanied
viability loss. In contrast, when the seeds were dried at
5 8C, high levels of saturated fatty acids were retained and
the marked decline in viability was delayed. Interestingly,
though, Ajayi et al. (2006) reported that T. occidentalis
seeds lost viability at 6 8C within a relatively short time,
suggesting chilling sensitivity, despite the retention of satu-
rated fatty acids during desiccation at 5 8C reported by
Nkang et al. (2003). Lipid composition has been shown
to be associated with deterioration of seeds exhibiting
‘intermediate’ post-harvest physiology, particularly in
terms of their chilling sensitivity. Crane et al. (2006) have
shown that crystallization of the predominantly saturated
storage lipid occurs in Cuphea carthagenensis seeds at
both high and very low water contents, after maintenance
at 5 8C. Those authors showed that rehydration without a
preceding melting of crystallized triacylglycerides was
lethal. Similarly, Neya et al. (2004) showed that hydrating
the lipid-rich non-orthodox seeds of Azadirachta indica in
warm water alleviated effects described as imbibitional
stress that occurred when cold water was used. Lipid com-
position of both membranes and storage bodies thus needs
to be extensively surveyed, in relation to desiccation sensi-
tivity and tolerance in seeds.

Repair. Obviously, orthodox seeds must repair any damage
accumulated in the dry state, soon after imbibition is
initiated, which occurs in the lag phase of water uptake
before radicle protrusion occurs (e.g. Osborne, 1983).
This demands the unimpaired operation of repair mechan-
isms and restitution of normal cell structure and function.
Simultaneously, the presence and efficient operation of
appropriate antioxidants is vital (reviewed by Pammenter
and Berjak, 1999). There appear to be few studies on
aspects of repair of recalcitrant seeds following sub-optimal

short-term storage, or non-lethal dehydration. It was found
that when DNA fragmentation was induced by radiation,
newly harvested A. marina embryos were capable of
repair, but that this ability was increasingly compromised
if the embryos had first been dehydrated (Boubriak et al.,
2000). From Fourier transform infra-red (FTIR) analyses
of membrane lipids, Connor and Sowa (2003) showed that
after initial dehydration of Q. alba acorns, on rehydration
a reversible shift occurred between the gel and liquid crys-
talline phases, but that this ability declined in line with
declining seed viability. Those authors also showed that
protein secondary structure was irreversibly affected by
dehydration.

Endogenous amphiphilic substances. Implication of amphi-
philic substances in membrane stability in the dry state
was briefly reviewed (Pammenter and Berjak, 1999) as a
possible factor in desiccation tolerance. Golovina et al.
(1998) had shown that dehydration of tolerant pollen and
seeds has the potential to cause certain amphiphilic mol-
ecules to migrate into the membranes, with migration
back into the cytomatrix upon rehydration. The amphiphiles
were suggested to play a role in maintaining core fluidity of
membranes in the dry state. Subsequent investigations,
however, could not confirm this, and indicated that although
the amphiphiles may fluidize membrane surfaces, corre-
lation of the phenomenon with desiccation tolerance was
uncertain (Golovina and Hoekstra, 2002). Hence it is pre-
sently not possible to comment on any significance that
intracellular amphiphile distribution may or may not have
in recalcitrant seeds subjected to dehydration.

Oleosins. Oleosins in hydrated cells are held to maintain oil
bodies as discrete entities, and were suggested to be lacking
or to be present in inadequate proportions (to the oil bodies)
in lipid-rich recalcitrant seeds (Leprince et al., 1998). In
this regard, no oleosins were detected in the highly recalci-
trant seeds of the tropical species, T. cacao. However, later
work involving cloning and characterization of cDNA and
peptide sequencing has shown that two oleosins are
present in mature T. cacao seeds (Guilloteau et al., 2003).
Thus perhaps the earlier indication of a lack of oleosins
possibly contributing to instability of lipid bodies upon
rehydration after dehydration, of T. cacao and other
oil-rich recalcitrant seeds (Leprince et al., 1998) needs to
be re-examined.

Control of the acquisition and maintenance of desiccation
tolerance. Although a number of phenomena, as discussed
above, have been implicated in the acquisition and mainten-
ance of desiccation tolerance, it seems likely that the picture
is not yet complete, making unequivocal identification of
the differences underlying recalcitrant seed behaviour pre-
sently unattainable. Similarly, it is not yet possible to
present a coherent view integrating control of the acqui-
sition of desiccation tolerance. In orthodox seeds the
phenomenon is pre-programmed and developmentally regu-
lated, and is suggested to be initiated by maternal factors
[rather than directly via environmental signals (Bewley
and Black, 1994)], and later to be under control of
the embryo. A major point of confusion in attempting
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to separate the endogenous factors involved in desiccation
tolerance is that its acquisition overlaps with other matu-
ration processes and with the development of dormancy
where this occurs. Studies of viviparous mutants and
those characterized by impairment of the maturation
process in maize (VP series mutants) and Arabidopsis
(LEC1, LEC2, FUS3 and ABI3) have indicated both
ABA-independent and -dependent pathways of gene regu-
lation to be involved (e.g. Bray, 1993; Kermode, 1990,
1995; Kermode and Finch-Savage, 2002; Bartels, 2005;
Vincente-Carbajosa and Carbonero, 2005).

Current understanding of the control of seed maturation
and acquisition of desiccation tolerance in Arabidopsis
thaliana suggests that LEC1, LEC2, FUS3 and ABI3 are
the four ‘master genes’ involved, with the latter three
being implicated in desiccation tolerance (To et al.,
2006). Another pivotal factor is ABA which, in the
context of seed development, is probably best known for
its role in regulating lea gene transcription (e.g. Bray,
1993; Kermode, 1990, 1995; Cuming, 1999; Kermode
and Finch-Savage, 2002). Furthermore, recent evidence
suggests that a delicate balance between various ROS, as
secondary messengers, and antioxidants may be intimately
involved with seed maturation and the acquisition of desic-
cation tolerance. While an attempt has been made to present
the most integrated conceptualization possible elsewhere
(Berjak et al., 2007), further elaboration on the operation
and cross-talk among the various factors involved is
beyond the scope of this article.

However, in view of its complexity and our presently
fragmentary understanding of events at the control level,
and also of expression of the many phenomena characteriz-
ing the acquisition and maintenance of desiccation toler-
ance, it is perhaps not surprising that we have a long way
to go before comprehending the basis of the recalcitrant
condition.

DAMAGE OF RECALCITRANT SEEDS IN
RELATION TO DRYING RATE

Disparate opinions have been expressed about the effect of
drying rate on the lowest water content tolerated by recalci-
trant seeds without compromising viability. However, it is
apparent that the actual rates described as rapid or slow
can pertain to very different time scales. For example,
when dehydrating excised axes by flash drying, rapid dehy-
dration can be achieved in a matter of 15 min for some
species to as much as 3 h for others. Both these examples,
however, are rapid relative to axes within whole seeds
which require a matter of days to attain similarly low
water contents (e.g. Pammenter et al., 1998).

Generally – but not invariably – embryonic axes consti-
tute a very small proportion of the total mass or volume of a
recalcitrant seed, and when excised can be dehydrated very
rapidly in a laminar air-flow or using the technique of flash
drying (Pammenter et al., 2002b). Although there are odd
exceptions, such rapidly dried axes (and occasionally,
seeds, if they can be dehydrated rapidly) will survive to
far lower water contents than can be attained on slow dehy-
dration, as has been shown for a variety of species

[e.g. H. brasiliensis (Normah et al., 1986); Q. rubra
(Pritchard, 1991); E. capensis (Pammenter et al., 1998);
Aquilaria agallocha (Kundu and Kachari, 2000); Wasabia
spp. (Potts and Lumpkin, 2000); A. heterphyllus (Wesley-
Smith et al., 2001a); and T. occidentalis (Ajayi et al.,
2006)]. Rapid dehydration facilitates axis viability
retention well into Hydration Level III, and occasionally
just into Level II (Vertucci and Farrant, 1995), at which
extreme, generally lethal damage is associated with slow
water loss.

It is not that flash drying renders recalcitrant axes
desiccation tolerant: on the contrary, they will rapidly
lose viability at ambient or refrigerator temperatures if
allowed to remain at the low water contents attained.
What flash drying does achieve is the rapid passage
through the intermediate water content ranges at which
aqueous-based metabolism-linked damage occurs, i.e. the
time during which unbalanced metabolism occurs and
consequent ROS-associated damage accumulates, is
strictly curtailed (Pammenter et al., 1998; Pammenter and
Berjak, 1999; Walters et al., 2001). The major benefit of
the procedure is that it yields explants at water contents
suitable for cryostorage, which is currently considered to
be the only means by which the genetic resources of
recalcitrant-seeded species can be conserved (see below).

When whole seeds are dehydrated, the drying rate is
markedly affected by the nature of the seed coverings,
seed size and developmental status. In general, the larger
the seeds, the more slowly will axis or embryo dehydration
proceed. Unless markedly different drying rates can be
achieved, the rate of drying will have little effect on
response to drying. In the case of the recalcitrant
V. paradoxa seeds described by Daws et al. (2004a), the
larger seeds (fresh mass 8.93+ 1.41 g) dried more slowly
and, under the conditions used, survived as they had not
yet reached a lethal water content. The smaller seeds
(fresh mass 5.40+ 1.02 g), on the other hand, dried more
rapidly and so reached the lethal water content sooner and
did not survive. Dehydration was not rapid in either case
(several days), and so an effect of drying rate would not
necessarily be expected. Indeed, a perusal of the data of
Daws et al. (2004a) shows that viability of seeds in both
categories was substantially affected at essentially the
same hydration level (Vertucci and Farrant, 1995).
Viability declined markedly when the seeds dehydrated
through the dangerous range of Hydration Level III,
where unregulated metabolism accompanied by free
radical production is held to proceed while antioxidant
defences are inadequate, and virtually no seeds remained
viable in Hydration Level II. Loss of viability in
Hydration Level III appears to typify recalcitrant seeds
across species (Vertucci and Farrant, 1995).

The effect of drying rate on response to drying has a
further complication, pertinent particularly to slowly dried
whole seeds. Recalcitrant seeds are metabolically active
and initiate germination around shedding, and so their
developmental status is becoming more advanced and
their desiccation sensitivity is increasing. If germination
is occurring in the same time frame as drying, desiccation
sensitivity could be increasing as drying is proceeding, so
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reducing the water loss tolerated (Berjak et al., 1984, 1989;
Farrant et al., 1986).

There is, however, a lower water content limit below
which recalcitrant axes will not survive; this generally is
at or near the level at which all the remaining water is struc-
ture associated. Damage ensuing when structure-associated
water (also termed non-freezable water, because of its
calorimetric properties) is removed is termed desiccation
damage sensu stricto (Pammenter et al., 1998; Pammenter
and Berjak, 1999; Walters et al., 2001). A major difference
between desiccation-sensitive and -tolerant seeds is that the
latter can lose a considerable proportion of the structure-
associated water (Pammenter et al., 1993).

STORAGE OF RECALCITRANT SEEDS/
GERMPLASM

Because recalcitrant seeds are not only hydrated, but also
metabolically active, their developmental status changes
(more or less rapidly, depending on the species) after they
are shed. Hence there are strict guidelines that should be
followed to maintain seeds in as near to the same state as
at shedding or harvest, before their arrival at the laboratory
or seed repository. These have been discussed in detail by
Berjak and Pammenter (2004), and will not be reiterated
here.

Short- to medium-term storage of recalcitrant seeds

The only way in which vigour and viability of recalci-
trant seeds can be maintained is to keep them at the
lowest temperature they will withstand, under conditions
not permitting water loss, and to eliminate – or at least to
minimize – the seed-associated mycoflora. The latter
objective is actually difficult to achieve, but the storage par-
ameters can be optimized once preliminary trials have been
conducted on a species basis. Nevertheless, storage of
whole seeds is strictly a short- to medium-term option.
This is because the seeds are metabolically active, and
will progress from development to germination at the
water content typifying shedding, the only recorded excep-
tion being for Q. robur in one particular year (Finch-Savage
et al., 1993; Finch-Savage, 1996), as discussed above.
Recalcitrant seeds of some species, e.g. T. dregeana, are
shed considerably before development is complete and
can be stored for several months at approx. 16 8C under
optimized conditions before visible germination in storage
is observed (Goveia et al., 2004). In the case of recalcitrant
seeds that are not chilling sensitive (which would be
expected for temperate species), storage longevity may be
further optimized by refrigeration. At the opposite
extreme, however, are seeds of T. cacao, reputed not to
survive below 10 8C (Chin and Roberts, 1980), while
Trichilia emetica seeds have been found to be lethally
damaged at 6 8C (Kioko et al., 2006), as are those of
T. occidentalis (Ajayi et al., 2006) and A. marina (unpub-
lished data). Furthermore, ongoing work on E. capensis
seeds suggests that chilling sensitivity may be provenance
related, and that there appear to be distinct genetic differ-
ences among plants from the different provenances

(Bharuth et al., 2007). However, the nature of the chilling
injury is still under investigation.

Although it has been sporadically suggested that lower-
ing recalcitrant seed water content to levels permitting
basal metabolism but precluding germination in storage
might be a means to extend their longevity, this, in fact,
has proved to be deleterious to both life span and quality.
This has been shown to be the case for seeds of a range
of species (Corbineau and Côme, 1986a, b, 1988; Drew
et al., 2000; Eggers et al., 2007). In the cases of
T. dregeana (Drew et al., 2000; Eggers et al., 2007),
T. emetica, S. cordatum and the gymnosperm,
Podocarpus henkelii (Eggers et al., 2007), not only did
seed storage life span decline in the ‘sub-imbibed’ con-
dition relative to that of seeds stored at the shedding
water contents, but fungal proliferation was exacerbated.
The explanation may reside in the fact that, paradoxically,
mild dehydration stress actually stimulates germination of
recalcitrant seeds (Pammenter et al., 1998; Eggers et al.,
2007) before the damaging effects set in. Thus, when the
seeds are placed into storage after loss of a small proportion
of the water originally present, they will have been stimu-
lated to entrain germinative metabolism sooner, and hence
become increasingly desiccation sensitive more rapidly
than if not dehydrated (Eggers et al., 2007). This results
in a greater water stress and thus seed debilitation
(Pammenter et al., 1994), and favours more rapid fungal
proliferation from the seed-associated inoculum. In this
regard, recalcitrant seeds appear able to elaborate antifungal
enzymes and other compounds (Calistru et al., 2000;
Anguelova-Merhar et al., 2003; dos Santos et al., 2006),
but these defences become decreasingly effective with
ongoing duration of storage.

It has become increasingly apparent that the means to
optimize short- to medium-term storage of recalcitrant
seeds is to maintain the shedding water content and
impose the lowest temperature tolerated without chilling
damage. Nevertheless, proliferation of microorganisms –
particularly fungi – will almost inevitably occur, as recal-
citrant seeds are seldom free of inoculum that is often
located within the seed tissues. Fungicide treatment has
been shown to be highly effective in extending storage
life span of recalcitrant seeds in hydrated storage, e.g. for
A. marina (Calistru et al., 2000) and Hopea parviflora
(Sunilkumar and Sudhakara, 1998). However, application
of non-penetrating fungicides will be effective only in situ-
ations where the inoculum is primarily located on the seed
surfaces. Thus we are presently experimenting with the
application of systemic and surface-penetrating fungicides
in terms of both their efficacy and possible deleterious
effects on the embryos.

Long-term storage of recalcitrant germplasm

However effectively the storage life span of recalcitrant
seeds can be extended, this remains a short- to medium-
term option, because of the fact that germination at the
shedding water content will virtually inevitably occur.
Seedling slow growth does offer an alternative to hydrated
storage of seeds (Chin, 1996), but this is less than ideal
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as a long-term means of conservation. Hence cryostorage –
generally in liquid nitrogen at –196 8C or, less ideally, at
some temperature below –80 8C – presently appears to
offer the only option for long-term storage.

It would be ideal if whole seeds could be cryopreserved,
although this is generally not possible because recalcitrant
seeds of most species are large, and at high water contents
when shed. As discussed above, large seeds cannot be dried
rapidly, and slow dehydration to water contents commensu-
rate with efficient cooling (freezing) is lethal. However, for
survival at cryogenic temperatures, water content must be
reduced to a level obviating lethal ice crystallization
during cooling. While reduction of water content to, or
near to, the level where only non-freezable water is
present achieves this for orthodox seeds, there are only a
few documented cases of non-orthodox seeds transiently
surviving such drastic levels of dehydration (reviewed by
Berjak and Pammenter, 2004).

Successful cryopreservation of small non-orthodox seeds
has been achieved in cases where dehydration could be
achieved rapidly, e.g. Azadirachta indica (Berjak and
Dumet, 1996), W. salutaris (Kioko et al., 1999, 2003) and
Wasabia japonica (Potts and Lumpkin, 2000). If whole
seeds are optimally thawed and rehydrated after retrieval
from cryostorage, seedlings should, theoretically, be able
to be generated in a greenhouse without an intervening in
vitro stage. However, in the great majority of cases, recalci-
trant seeds are far too large, necessitating the use of the
excised embryonic axes as explants for cryopreservation.
The great advantage offered by excised axes (which gener-
ally constitute only an insignificant component by volume
or mass of the entire seed) is that they are very small and
amenable to rapid dehydration by flash drying
(Pammenter et al., 2002b). However, use of axes also com-
plicates the cryopreservation procedure significantly, as:
(a) they may be injured on excision (e.g. Goveia et al.,
2004); (b) in all cases a priori requirements include poten-
tially injurious treatments to eliminate seed-associated
microorganism inoculum from the axes themselves
(Berjak et al., 1999); (c) the extent of flash drying and
cooling rates must be determined (e.g. Wesley-Smith
et al., 2001a, b, 2004a, b); (d ) the desirability of using
cryoprotectants needs to be ascertained (work in progress);
(e) the in vitro technology ensuring that excised axes will
establish vigorous seedlings must be developed; ( f )
thawing and especially rehydration must be optimized
(Berjak et al., 1999; Berjak and Mycock, 2004); and (g)
the means for efficient dissemination of explants retrieved
from cryostorage must be established (Perán et al., 2006).
A further aspect that could be profitably pursued is to
induce a measure of axis desiccation and chilling tolerance
prior to cryopreservation, as carried out for the temperate
species, A. saccharinum (Beardmore and Whittle, 2005).
However, whether or not this would be successful for
highly recalcitrant tropical species is a matter of conjecture.

Exploration of all the complications involved in achiev-
ing successful cryopreservation of excised embryonic
axes – or of alternative explants (e.g. nodal buds, shoot
apices or somatic embryos) where the embryonic axes are
not amenable to cryopreservation – is beyond the scope

of the present review. However, for the interested reader,
the topic has been presented in somewhat more detail by
Berjak and Pammenter (2004).

EVOLUTIONARY AND ECOLOGICAL
CONSIDERATIONS

Any review of recalcitrant seeds would be incomplete
without a consideration of the evolutionary and ecological
aspects of their biology. Seed desiccation sensitivity is
uncommon: of the approx. 8000 species for which data
are available, .90 % can tolerate drying to low water con-
tents (Flynn et al., 2006). Perhaps it is because recalcitrant
seeds constitute such a small proportion of the total that
seed ecologists and evolutionary biologists have, until
recently, almost ignored this group. Seed ecologists study
the composition and dynamics of soil seed banks, but
rarely consider the water content of the seeds, whilst seed
physiologists understand the importance of water content,
but have a good knowledge of the seeds of only a few
species, mostly crops or weedy invaders. Recently there
has been increased interest in the general biology of recal-
citrant seeds, and the reviews of Garwood (1989) and
Vázquez-Yanes and Orozco-Segovia (1993) were early
steps in bridging this divergent approach.

A difficulty faced by biologists interested in evolutionary
or ecological aspects of recalcitrant seeds is the paucity of
data. Currently the best collection of information is the
Seed Information Database of the Royal Botanic Gardens
Kew, Millennium Seed Bank (Flynn et al., 2006), but
even this contains data on less than 4 % of the world’s seed-
bearing flora. Consequently, much that is published is
accompanied by caveats from the authors concerning
sample size, and recommendations that interpretations
should be treated with a certain amount of caution.
Studies on the evolutionary aspects of seed recalcitrance
are particularly prone to this lack of data but, despite this,
some thought has been given to the matter.

Seed recalcitrance, although of limited occurrence, is
spread widely among seed-bearing plant taxa, and there is
no clear phylogenetic pattern (Dickie and Pritchard,
2002). Although originally thought to be absent from the
cycads, ginkgos and gnetophytes (Dickie and Pritchard,
2002), recent studies have demonstrated recalcitrance in
seeds of two cycads (Woodenberg et al., 2007), and at
least two physiology groups (Liang and Sun, 2002;
Tomassi et al., 2006) have described seeds of G. biloba
to be recalcitrant. Reviewing 45 dicotyledonous families,
von Teichman and van Wyk (1994) found that seeds that
were recalcitrant had certain attributes considered to be
ancestral states of the ovule. Based on this, they tentatively
concluded that desiccation sensitivity was the ancestral state
in seeds. Pammenter and Berjak (2000) concurred with this
view, but suggested that tolerance evolved early, and prob-
ably a number of times. More recently, Dickie and Pritchard
(2002) have analysed a much larger data set and concluded
that desiccation tolerance was the ancestral state, similar to
the suggestion of Farnsworth (2000). Desiccation tolerance
is a complex trait, under the control of several genes, but it
requires the loss of only a single gene to reverse this trait,
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and so sensitivity could have arisen, independently, a
number of times (Dickie and Pritchard, 2002). If this is
the case, it has implications in terms of the presence (or
lack thereof) of some putative tolerance mechanisms in
recalcitrant seeds, and may be related to the considerable
interspecies variation that is observed.

Seed desiccation sensitivity would be thought to place
constraints on the environments in which reproductive
success can occur, and so it is not surprising that most of
the early reports on recalcitrance were of seeds native to tro-
pical mesic forests. However, as data have accumulated, it
has become apparent that species producing recalcitrant
seeds are not confined to tropical forests, with such seeds
being produced by species in temperate regions and tropical
and sub-tropical drylands. This accumulation of data is now
permitting more rigorous ecological analysis, rather than
simple records of habitat of the pertinent species.
Tweddle et al. (2003) analysed a data set pertaining to
the seeds of 886 tree and shrub species from 93 families,
and showed that the proportion of species producing recal-
citrant seeds decreases as the habitat becomes drier, or
shows a seasonality with a pronounced dry season. The
highest proportion of species with desiccation-sensitive
seeds occurs in non-pioneer rainforest trees (where they
form seedling, rather than seed banks), although nearly
half of these species produce tolerant seeds. There is also
a relationship between desiccation sensitivity and the non-
dormant state, although this is probably not causal. This
study by Tweddle et al. (2003) was confined to trees and
shrubs, largely because of a lack of data concerning the
seeds of tropical herbs. However, as more studies are under-
taken, there is an increasing number of reports of recalci-
trant seeds being produced by monocots (reviewed by
Sershen et al., 2007).

Although recalcitrant-seeded species are more common
in aseasonal mesic tropical forests, they do occur in other
habitats that are less favourable to germination and seedling
establishment. Under these conditions, the regeneration
niche appears to be more specialized. Commonly, recalci-
trant seeds are shed in the wet season (Farnsworth, 2000).
Dussert et al. (2000) assessed the desiccation tolerance of
nine Coffea species and found that the degree of tolerance
was related to the number of dry months between dispersal
and the start of the following wet season. Pritchard et al.
(2004b) examined seeds produced by some tropical
African dryland trees and showed that although the pro-
portion producing recalcitrant seeds was low, the size of
the seeds, their rapid germination, and shedding in
months of high rainfall contributed to maintenance of
high water content and successful germination and seedling
establishment. Instead of desiccation tolerance, which pre-
sumably has costs, an alternative strategy could be a combi-
nation of physical characteristics that reduce the rate of
water loss, with rapid germination when water is available.
This appears to be the case in some amaryllid and palm
species; additionally, some of these herbaceous species
reproduce vegetatively, reducing the reliance on seeds for
reproduction (Sershen et al., 2007). The low occurrence
of recalcitrant-seeded species in arid habitats is not surpris-
ing; it is possible that they represent relict populations

consequent on climate change that have developed special-
ized regeneration strategies, rather than re-acquired desicca-
tion tolerance.

If desiccation sensitivity is a derived trait, there must pre-
sumably be some selective advantage to losing tolerance.
While it is easy to see that the loss of tolerance in mesic tro-
pical forest species may not be a disadvantage, it is, at first
sight, more difficult to identify a selective advantage of sen-
sitivity. However, Pritchard et al. (2004b) and Daws et al.
(2005) have noted a number of characteristics of tropical
recalcitrant seeds that may confer advantages. These seeds
are generally larger than their co-occurring orthodox
counterparts, germinate more rapidly and invest less in pro-
tection against predators. Large seeds would reduce the rate
of water loss and provide substantial reserves for rapid
establishment (or survival in a seedling bank); rapid germi-
nation would lead to rapid establishment and the ability to
acquire transiently available water close to the soil surface;
and, as seedlings are less susceptible to predation, a
reduction in seed coverings implies a more efficient utiliz-
ation of resources.
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