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Abstract

Main conclusion Discrete categories of seed physiol-

ogy can be explained through a unified concept of the

structural and molecular mobility responses within cells

to drying.

Tolerance of desiccation is typically described by a

threshold or low water content limit to survival. This

convention provides fairly good distinction between

orthodox and recalcitrant seeds, which show thresholds of

less than about 0.07 and greater than about 0.2 g H2-

O g DW-1, respectively. Threshold water contents, how-

ever, are not direct measures of the intensity of water stress

tolerated by seeds, nor are they measures of cell response

to water stress. More direct criteria, that accommodate both

spatial and temporal effects of water loss, are required to

explain variation of desiccation tolerance and longevity in

seeds from diverse genetic backgrounds and growth con-

ditions. This essay presents the argument that changes in

cellular volume directly quantify primary responses to

desiccating stress in a context that also links damage, as

cellular constituents compress, and protection, as

compressed molecules form stabilizing structure. During

desiccation, fluid cytoplasm solidifies, and the newly

formed spatial relationships among molecules determine

whether and how long viability is maintained. The diversity

of seed behaviors suggests complexity and opportunity to

discover molecules and mechanisms that regulate survival

and perception of time in cells that lack metabolic function.
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Abbreviations

DW Dry weight

LN Liquid nitrogen

Introduction

The distinction between orthodox and recalcitrant seeds

provides an important management criterion for storing

seeds in genebanks (FAO 2013). Orthodox seeds are gen-

erally dried to low water contents and placed in a freezer at

-20 �C, known as ‘‘conventional’’ storage. In contrast,

recalcitrant seeds must be protected and stored cryogeni-

cally, usually in liquid nitrogen (LN) (Walters et al. 2013).

This functional definition is not generally adopted in the

seed biology literature. Rather, orthodoxy and recalcitrance

are usually considered as categorical designations of des-

iccation tolerance (e.g., Royal Botanic Gardens Kew

2015): orthodox seeds survive drying to low water contents

and recalcitrant seeds do not survive appreciable drying;

‘low’ and ‘‘appreciable’’ having somewhat nebulous

definitions. Despite increasing recognition of variation in
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seed responses to desiccation within and among seed

categories (e.g., Berjak and Pammenter 2008), we still tend

to treat both desiccation stress and response as qualitative

features. Our experiments often apply an arbitrary level of

stress and measure response categorically, as surviving or

not surviving.

The overall goal of most research on desiccation toler-

ance is to characterize the ‘tolerance phenotype’ so that we

can infer the underlying developmental patterns and ge-

netic or environmental factors that regulate the trait.

Defining tolerance—the ability to prevent, decrease or re-

pair injury (Levitt 1980)—has actually been difficult be-

cause the nature of injury(ies) is still largely conjectural.

The spatial (nanometer–millimeter) and temporal (pi-

coseconds–seconds) scales at which water influences cell

activities suggest that perturbations resulting from water

removal will also be broad in scale. In other words,

wherever and whenever we look we will find effects of

desiccation and hence, opportunities for protection. A

conceptual model of the primary and subsequent effects of

water loss may lead to more comprehensive assessments of

cell and organism response to desiccation and better elu-

cidation of the factors that limit survival as well the role of

various gene products in conferring protection.

To that end, this essay considers cell responses to water

loss in a general manner that encompasses structure and

molecular mobility over broad spatial and temporal scales.

This perspective enables us to incorporate evidence of in-

jury, such as membrane phase changes and metabolic

dysfunction, with hypothesized protection mechanisms,

such as accumulation of compatible solutes and glass for-

mation. The overall objective is to provide a means to

characterize water stress and cell response to water stress in

a way that allows desiccation tolerance to be evaluated

quantitatively and consistently among species and diverse

tissue types. If accomplished, the categories of seed

orthodoxy and recalcitrance can be replaced with a clas-

sification scheme that provides insights about the diverse

spectrum of seed response to dehydration, including the

unique ability of some seeds to dry out and survive for

centuries.

The orthodox-recalcitrant seed paradigm

The original concept of orthodox seed behavior uses a

mathematical model to describe expected responses of

drying and cooling (Justice and Bass 1978; Ellis and

Roberts 1980) (Fig. 1). Importantly, the model incorpo-

rated the factor of time by expressing response as duration

of survival (i.e., longevity). These models quantify the

general pattern of increased longevity of orthodox seeds

with decreased water content and/or temperature—that is,

chemical or physical reactions that lead to lost viability

tend to slow down when orthodox seeds are dried or

cooled.

Though characterized by the pattern of increased

longevity with increased drying, orthodox seeds deviate

from this pattern at threshold water contents that range

between 0.03 and 0.07 g H2O g-1 DW (Vertucci and

Leopold 1987; Ellis et al. 1989, 1990a; Vertucci and Roos

1990; Walters 1998; Walters et al. 2005a; Ellis and Hong

2006). At water contents less than the threshold water

content, longevity is either unaffected or decreases as water

content approaches zero (i.e., absolute dryness) (Fig. 1).

Threshold water contents mark the moisture level at which

seed aging rates are minimized. Even still, seeds continue

to deteriorate regardless of the environmental conditions.

Seeds that have better protection against damage that oc-

curs under dry conditions survive longer; hence, seed

longevity is a manifestation of desiccation tolerance and is

conventionally treated as a quantitative trait. Factors that

affect differences in maximum seed longevity among seed

lots or species are under intense investigation (Rajjou and

Debeaujon 2008; Rajjou et al. 2008; Schwember and

Bradford 2010; Nguyen et al. 2012; Nagel et al. 2015), and

the lack of reliable methods to assess response to drying

among different time scales hampers this effort.
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Fig. 1 Modeled behavior of the effects of water on seed longevity for

a hypothetical orthodox seed. Solid curve an empirically determined

relationship, in this case a doubling of longevity for a 0.01 g g-1

decrease in water content (Justice and Bass 1978). The modeled

relationship exhibits a threshold or low water content limit, which

occurs in this hypothetical seed at 0.04 g H2O g DW-1. Dashed

curves the low water content limit to the modeled relationship,

showing no (Ellis et al. 1989, 1990a; Ellis and Hong 2006) or

decreasing (Vertucci and Leopold 1987; Vertucci and Roos 1990;

Walters et al. 2005a) longevity with further reductions of water

content. Dotted curve the modeled relationship extrapolated above

empirically determined limits. Modeled behavior follows expected

decreases in cytoplasmic viscosity near the glass transition (Sun and

Leopold 1994)
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A commonly used method to assess potential seed

longevity under dry conditions makes use of the faster

aging observed when seeds are moist. This approach, re-

ferred to as ‘accelerated aging’ or ‘controlled deteriora-

tion’, assumes that the factors that regulate response to

water content on both spatial and temporal scales are

identical across diverse genetic backgrounds and seed de-

velopment conditions (Ellis and Roberts 1980), an as-

sumption that has been disputed with evidence of

interacting effects of moisture content among genetic lines

(Niedzielski et al. 2009; Schwember and Bradford 2010;

but see Rajjou et al. 2008). With current understanding, we

have limited ability to predict seed biology under anhy-

drous conditions using assessments made under moist

conditions (Walters et al. 2010; Ballesteros and Walters

2011).

Sometimes, the water content of seeds used in acceler-

ated aging experiments exceeds the established limits of

inference for longevity models (aptly referred to as the high

water content limit), and seed longevity increases with

increasing water content (Ibrahim and Roberts 1983). At

the high water content limit, low oxygen tensions appear to

play a role in viability loss (Ibrahim and Roberts 1983;

Leprince et al. 2000; Walters et al. 2001). The value of the

high water content limit is often assumed to be common

among diverse species and is marked by the water content

required for respiration (Vertucci and Leopold 1984;

Roberts and Ellis 1989).

Recalcitrant seeds were originally distinguished from

orthodox seeds by humans’ inability to usefully extend

storage life by drying (Roberts 1973). Below the high water

content limit of longevity models, both orthodox and re-

calcitrant seeds deteriorate; recalcitrant seeds dying nearly

instantly. Interestingly, the values of the high water content

limit in orthodox seeds and the onset of near-instant mor-

tality in recalcitrant seeds overlap for diverse species,

ranging between 0.20 and 0.3 g H2O g-1 DW. The low

water content limit that marks the onset of mortality in

recalcitrant seeds is often used to quantify differences in

desiccation tolerance among tissue types, maturity stages,

ecotypes, species and assay conditions (Tweddle et al.

2003; Daws et al. 2006a; Berjak and Pammenter 2008; Xia

et al. 2014) (Fig. 2). Does variation in these threshold

moisture levels indicate differences in the amount (or kind)

of damage that cells tolerate or differences in the amount of

drying that induces a similar and lethal level of damage?

It may be tempting to use drying time as a measure of

desiccation tolerance in whole recalcitrant seeds. This

practice confounds assessments of responses to level and

duration of stress. Moreover, many recalcitrant seeds pos-

sess large, fleshy organs and thick covering layers sur-

rounding the embryo as mechanisms to resist water loss

(Daws et al. 2006b; Xia et al. 2012). In the classical sense,

these features contribute to desiccation avoidance rather

than tolerance per se (Levitt 1980). Converting drying time

to water content usually reveals higher threshold water

contents (i.e., less tolerance) with slower drying (Walters

et al. 2001; Berjak and Pammenter 2008). This general

feature can be explained by either progress towards ger-

mination, which increases sensitivity to water loss, or ac-

cumulation of toxic compounds from the degenerative

metabolism incumbent with accelerated aging. The con-

founding effects demonstrate that cell responses to desic-

cation are expressed both structurally and temporally. It is

nearly impossible to disassociate these two parameters

when considering desiccation damage and tolerance

mechanisms.

Orthodox and recalcitrant seeds both exhibit threshold

water contents, and further drying impacts survival

(Fig. 2). The two seed types are conventionally distin-

guished by the water content ranges of the thresholds,

which are distinct. Many studies of desiccation tolerance or

seed aging identify specific pairs of molecules that protect

and need protecting. And, many of the specific effects

identified for both desiccation damage and seed aging are

the same, as are the respective protection mechanisms
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Fig. 2 The relationship between survival and water content in

hypothetical seeds from different seed storage categories. Seeds

express damage when dried below threshold water contents. The

lower limit of the threshold water content for recalcitrant seeds is

about 0.2 g H2O g DW-1 (dashed curve), but thresholds for recal-

citrant seeds range broadly above this value, depending on the tissue,

maturity, ecotype and species. Orthodox seeds do not immediately

exhibit low water content thresholds (dot-dash curve), but over time

show a break in longevity relationships (solid curve) as described in

Fig. 1. Seeds classified in the intermediate category sometimes show

intermediate threshold water contents (Sacandé et al. 2000; Hor et al.

2005; Eira et al. 2006; Pérez et al. 2012). Threshold water contents

are an indirect measure of water stress (which is more accurately

expressed as water potential). Variation of threshold water contents

among seed categories implies variation in the amount of stress

tolerated and illustrates the quantitative nature of desiccation

tolerance
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(Vertucci and Farrant 1995; Walters 1998; Black et al.

2006; Berjak and Pammenter 2008; Kranner et al. 2010).

These commonalities suggest that the nature and intensity

of damage by desiccation and aging may be similar among

diverse seeds, and not specific to a range of water contents

or a particular set of molecules or organelles. From this

perspective, seed storage categories are distinguished by

the amount of water each can lose without experiencing

lethal damage and by the timeframe for lethal damage to

accumulate. If true, we need to re-examine our conventions

for quantifying desiccation response, especially using wa-

ter content limits. Threshold water contents describe the

amount of water remaining in cells before damage is ex-

pressed; they do not describe the amount of stress imposed

(i.e., water potential) nor the primary response of cells (the

amount of water removed).

In-between orthodox and recalcitrant seed storage
categories

The last two decades brought increasing exploration of

seed behavior in wild species and increasing recognition

that the confines of the orthodox and recalcitrant seed

paradigm are too restrictive. So-called ‘‘intermediate’’

seeds were discovered in the early 1990s (Ellis et al. 1990b,

1991a, b). As the name implies, intermediate seeds exhibit

characteristics of both orthodox and recalcitrant seeds, il-

lustrating that our convention of using two exclusive

categories—desiccation tolerant and intolerant—oversim-

plifies matters (Royal Botanic Gardens Kew 2015). Char-

acterizing temporal responses to drying, implicit in the

original definitions of orthodox and recalcitrant seeds,

provides a framework to explore the conceptual advance

made possible by the discovery of intermediate seeds.

The intermediate condition can be manifested in a

number of ways including (1) seeds that are able to tolerate

drying to lower water contents than recalcitrant seeds, but

not as low as orthodox seeds (Fig. 2). (Ellis et al. 1991a, b;

Sacandé et al. 2000; Hor et al. 2005; Eira et al. 2006; Pérez

et al. 2012); (2) seeds that exhibit anomalous longevity

responses to temperatures between ?10 and -30 �C (Ellis

et al. 1991a, b; Hor et al. 2005; Eira et al. 2006; Crane et al.

2006; Pérez et al. 2012); or (3) seeds that have short

lifespans no matter how they are dried or cooled (Mondoni

et al. 2010; Michalak et al. 2015). Water content thresholds

and time for lethal damage to accumulate are cross-cutting

parameters used to characterize all seed types. In addition,

low temperature effects are necessarily invoked in the

study of intermediate seeds (Royal Botanic Gardens Kew

2015). Temperature effects are also an essential component

of orthodox and recalcitrant seed behavior, and this essay

will return to that point.

The existence of an intermediate category of post-har-

vest physiology demonstrates natural variation in seed re-

sponses to water loss, despite discrete seed storage

categories. This natural variation leads to questions about

the nature of metabolism and developmental processes that

confer different threshold water contents or longevity re-

sponses at these thresholds among seed types. Assignment

of seeds to particular categories is based on seed responses

at full maturity, before germination begins. This is a dif-

ficult task because many recalcitrant seeds lack clear

punctuation between maturation and germination (Berjak

and Pammenter 2008). Increasing evidence also suggests

variation in embryo development among ecotypes (Dussert

et al. 2000; Tweddle et al. 2003; Daws et al. 2006a; Berjak

and Pammenter 2008; Xia et al. 2014), which can confound

seed classifications made at the taxonomic level (Royal

Botanic Gardens Kew 2015).

Response to desiccation stress from a structural
perspective

Variation of seed response to desiccation is rooted within

the embryogenic program (Vertucci and Farrant 1995;

Walters and Koster 2007; Berjak and Pammenter 2008).

During embryogenesis, seed cells experience large changes

in structure and composition that are coincident with

changes in cellular responses to desiccation. Numerous

gene products are hypothesized to confer protection during

desiccation and storage, for example, structural proteins

and house-keeping or regulatory genes (Mouillon et al.

2008; Mène-Saffrané et al. 2010; Chatelain et al. 2012;

Verdier et al. 2013; Personat et al. 2014; Dekkers et al.

2015).

Accumulation of dry matter reserves during embryo

development is a major cause of structural and composi-

tional changes in cells and have important, but nonspecific,

protective benefits during desiccation and storage (Farrant

et al. 1997). Food reserves entering embryonic cells replace

fluid volume with solid volume. As a consequence,

metabolic capacity of the cell declines because there is less

fluid volume. Water content (i.e., the proportion of water

relative to dry matter) within cells declines precipitously

during dry matter accumulation because of the comple-

mentary processes of water removal and dry matter load-

ing. However, water potential (i.e., the availability of water

molecules to participate in reactions) remains relatively

constant (Farrant and Walters 1998; Pérez et al. 2012).

Hence, by accumulating food reserves, embryos are able to

effect water loss without imposing water stress. In the

process, cells tend towards a more solid matrix.

Structure is stabilized by solidification. In general

chemistry class we learned that solids maintain their shape,
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in contrast to fluids that take the shape of their container.

Hence, in a completely fluid environment, water loss

causes massive changes in cell shape; the cell shrinks.

Shrinkage is controlled during dehydration by loading dry

matter into cells. For example, cells filled with 20 and

60 % dry matter lose up to 80 % and only 40 % volume,

respectively, during dehydration. As unprotected cells

shrink, cellular constituents redistribute and compress,

concomitantly increasing chemical potential of biomole-

cules (Fig. 3). Plasmalemma may be ripped from the cell

wall, interrupting inter-cell communications. Membrane

systems may come into close proximity and alter parti-

tioning capacity within the cell (Walters et al. 2002). Lo-

calized organization of biomolecules may be perturbed,

potentially signaling defense responses or interrupting

linked reactions required for integrated metabolism (Hy-

man and Simons 2012). Cells that are packed with accu-

mulated dry matter experience less of these changes and

are more tolerant to desiccation than highly vacuolated

cells (Farrant et al. 1997; Walters et al. 2002; Walters and

Koster 2007). Loading cells with dry matter is

metabolically costly, and may explain why desiccation

tolerant organisms tend to be small or rare (Alpert 2006) or

why this vestigial trait is retained for the most critical stage

of the plant life cycle, when it must reproduce, disperse and

establish (Oliver et al. 2005).

Most of our current understanding about damage by

desiccation is, in some way, associated with compression

of cell constituents due to cell shrinkage (Walters et al.

2002; Walters and Koster 2007). Changed volume, there-

fore, becomes an appealing general measure of cellular

response to water stress, which also has relevance in

thermodynamic terms because it allows us to link structure

with energy (Shamblin et al. 1999). A threshold loss of

volume or surface area of more than 50 % was once pro-

posed to be lethal to cells (Meryman 1974), but has not

been tested more thoroughly (except see Steponkus et al.

1995). Hence, proportion of cell volume occupied by dry

matter at the onset of dehydration can provide a quantita-

tive tool to predict the amount of water loss that can be

tolerated.

Why glasses are important

As cells compress during dehydration, cellular constituents

begin to interact and form loose associations. Further

compression leads to molecular rearrangement within the
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Fig. 3 A schematic diagram of seed cell response to water stress

(adapted from Walters and Koster 2007). Water stress ranges from

0 MPa (pure fluid water) to -? (no water). At ww[-10 MPa, large

changes in water content occur with small changes in water potential

(see example PV curves, Walters et al. 2001; Xia et al. 2014). At

ww\-15 MPa, water stress is more easily described by relative

humidity and can be roughly inferred by seed water content (see

example sorption isotherms, Walters 1998). The primary response of

cells during water stress is cell shrinkage which leads to secondary

effects of changed solute concentrations, increased cytoplasmic

viscosity and deforming forces, all of which can affect physiological

function as indicated in the top part of the diagram. It is tempting to

link threshold water contents (Fig. 2) with the onset of a particularly

damaging event, such as a phase change within membranes, and to

propose that lower threshold water contents indicate greater capacity

to resist that deformation. This essay presents an alternative model in

which the primary response to desiccation stress, cell shrinkage, is

mitigated in cells that survive the initial stress of desiccation
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cellular matrix to increase packing efficiency; loose asso-

ciations strengthen, concomitantly trapping molecules and

impeding their movement. Eventually, molecules within

the matrix become immobilized, and further dehydration

does not allow for easy compression because of steric

hindrance among the molecules. The structure within the

cellular matrix becomes fixed; the material is able to sup-

port its own weight and hold shape; it becomes a solid.

Packing of molecules is not perfect in this type of solid,

also known as a glass. Rather, molecules align irregularly

and form pores.

Formation of a glass is inevitable in drying cells whether

they are tolerant or intolerant of desiccation (Fig. 3). Cy-

toplasm becomes glassy when dried to about

0.06–0.12 g H2O g DW-1 assuming ambient temperature

of about 20–25 �C (Ballesteros and Walters 2011), which

is the glass transition temperature (Tg) typically observed

for biomolecules with that amount of water (Angell 2002).

Obtaining this low water content has debilitating effects on

cell structures in intolerant cells. In contrast, tolerant cells

shrink less and are able to maintain spatial relationships

among key biostructures until the glass finally stabilizes the

structure (Wolkers et al. 1998). Initially, we sought to link

desiccation tolerance with ‘good’ glass formers that vitri-

fied at relatively high water contents (Buitink and Leprince

2008). Sucrose and other sugars were excellent candidates

because they showed potent protective properties in three-

component systems (Angell 2002). However, these solutes

form so-called ‘fragile’ glasses (sensu Angell 2002),

meaning that the highly fluid $ glassy transition is abrupt

and might not accommodate organized positioning of

constituents or prevent rapid demixing during environ-

mental fluctuations in moisture or temperature. Glasses

within orthodox seeds do not resemble sucrose glasses;

they are comprised of complex materials (Buitink and

Leprince 2008) and transition from fluid $ glass over

broad temperature and moisture ranges indicative of

‘‘strong’’ glasses (Walters 2004; Ballesteros D and Walters

C, data not shown). The ability to buffer viscosity during

dehydration and hydration likely provides additional sta-

bility to cell structures, and molecules such as lea-like

proteins ? sugars or NADES may have special capacity to

slowly fix in structure and maintain it under conditions

when glasses form and melt (Walters et al. 1997; Wolkers

et al. 2001; Mouillon et al. 2008; Choi et al. 2011; Rivera-

Najera et al. 2014).

Very, very slowly, molecules within glassy matrices

shift to fill pore spaces and improve packing efficiency.

This continual ‘‘relaxation’’ of the fixed structure is a

defining property of the glass, and why we consider

molecular structure and mobility as two sides of the same

coin. The rate at which molecules within a glass shift po-

sition is related to strength of molecular interactions and

void volume, which are, in turn, determined by composi-

tion, drying process, water content and temperature.

The size of the void volume in glasses defines both the

amount of molecular appression that occurred during cell

shrinkage and the potential for relaxation within the glassy

matrix. A low density glass might provide transient pro-

tection from desiccation damage, but this protection may

disappear relatively quickly if the glass tends to relax

rapidly. Large void volumes also allow ligands to move

independently of the molecular backbone that is con-

strained within the glass. Shifting positions of ligands

through vibration or rotational motion can create the op-

portunity for reaction among molecules in close proximity.

Hence, the structure and mobility of molecules within

glasses explains discrete changes in reaction kinetics as

glasses plasticize (Vertucci and Leopold 1987; Vertucci

and Roos 1990; Mira et al. 2010; Colville et al. 2012). One

can imagine sophisticated regulation of some types of re-

actions by diversifying glassy structure within different

regions of the cell or seed.

Conceptual model that incorporates spatial
and temporal effects of water loss

The underpinning thesis of this essay is that differences in

post-harvest physiology among diverse seeds can be ex-

plained quantitatively through general spatial and temporal

consequences of dehydrating cells. Changes in molecular

proximity are roughly approximated by volume changes

within the cells as they shrink. This concept is represented

by a horizontal axis describing volume lost upon water

removal and ranges from 100 % (i.e., the material is a

droplet of pure fluid water) to 0 % (i.e., the material has no

space occupied by water) (Fig. 4). A working hypothesis is

that desiccation tolerance depends on glasses forming in

the cellular matrix before a critical volume loss of 50 %

(Meryman 1974). Hence, recalcitrant and immature em-

bryos are separated from mature orthodox seeds by a ver-

tical line bisecting the horizontal axis near 50 % volume

loss (though there may be natural variation in this value).

With prolonged dry matter accumulation, seeds generally

regarded as recalcitrant can traverse the vertical line;

likewise, premature harvests might push orthodox seeds to

the right.

The vertical axis describes temporal effects of water loss

through changes in viscosity, and it is bisected by the

horizontal axis at the viscosity typical of a glass at its

transition (1014 poise) (Angell 2002). The quadrats above

the horizontal axis reflect the time for the glassy matrix

within seed cells to relax. Seeds exhibiting intermediate

syndromes of storage might be expected to lie near the

intersection of the two axes, suggesting that drying these
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cells places them at a precarious nexus that is near the

volume threshold in a glass that relaxes relatively rapidly

compared to orthodox seeds. The model presents the hy-

pothetical argument that short- and long-lived orthodox

seeds are quantitatively distinguished by the glass relax-

ation rates, with slowest relaxing glasses resulting in the

longest surviving seeds.

The role of triacylglycerols

This essay argues that the accumulation of dry matter is an

essential component of desiccation tolerance because it

regulates the extent that cell shrink before molecules are

sufficiently appressed to form stabilizing glasses. Triacyl-

glycerols (TAG) accumulate into lipid bodies during seed

development, and will have little effect on properties of

aqueous glasses that form at about 20–25 �C. Unlike

molecules within the aqueous glass, molecules within the

TAG phase retain fluidity. The presented model of seed

longevity (Fig. 4) presupposes an inverse correlation be-

tween molecular mobility and longevity. TAG content is

not correlated with seed longevity per se (Walters et al.

2005b; Probert et al. 2009); however, a role for TAG in

deteriorative reactions should not be ruled out. The TAG

phase provides a near endless reservoir of small, polar and

reactive molecules that can migrate to the edges of the

aqueous glassy domain and effect chemical change.

Intermediate storage physiology was discovered when

TAG crystallized in seeds during low temperature storage

(Crane et al. 2006). We speculate that the contraction of the

lipid body, consequent from crystallization, has a destabi-

lizing effect on the glassy matrix at the interface of lipid

and aqueous domains. The voids created along the pe-

riphery of the lipid body would free molecules once fixed

into place by steric hindrance, and their movement would

cause shifts within the glassy matrix or allow reaction with

neighboring molecules. Therefore, seeds that appeared to

be orthodox at higher storage temperatures show anoma-

lous temperature responses when stored at temperatures

that induce lipid crystallization (Fig. 4).

Temperature effects

As described in the previous section for TAG, a relevant

and highly familiar effect of lowering temperature is

crystallization. Unlike glass formation, during crystalliza-

tion, a sufficient number of like-molecules self-assemble

and pack into a regular framework that causes a discrete

change in volume. The intermolecular bonds that form

cause an abrupt release of enthalpy and reduction in

molecular mobility.

Crystallization of water (i.e., freezing or ice formation)

is lethal, and so has a major impact on seed storage prac-

tices. There is sufficient concentration of water molecules

in seeds containing more than 0.2–0.3 g H2O g DW-1 to

allow ice to form within relevant timeframes, and this

usually occurs at temperatures between -10 and -40 �C,
depending on the water content (Walters et al. 2007). Be-

cause recalcitrant seeds do not survive drying below water

contents that limit water freezing, they are at high risk of

lethal ice formation when stored in conventional freezers as

orthodox seeds are stored. Alternatively, excised portions

of recalcitrant seeds are dried slightly and cooled rapidly to

glass-forming temperatures (Wesley-Smith et al. 2014).

Treatment of recalcitrant seeds implies that crystalliza-

tion can be avoided during low temperature treatment, in

favor of glass formation. The process of supercooling and

glass formation is a matter of intense research in the ma-

terials sciences literature, and is mostly beyond the scope

of this essay. In brief, as temperature decreases/increases,

gl
as

s
Cell volume 
occupied by 

water
100%   

(pure water)0%   
(no water)

short-
lived

Viscosity
(poise)

long-
lived

50%, 1014

cell shrinkage

Fig. 4 A model describing general spatial and temporal effects of

water loss in seeds from different seed storage categories. Horizontal

axis the cell volume occupied by water before the desiccation stress is

applied. Highly vacuolated cells will lie to the far right and cells

packed with dry matter will lie to the left. The horizontal axis is

bisected by a vertical axis that describes the viscosity of the

cytoplasmic matrix or the tendency of molecules to maintain

structure. The axes intersect at a threshold volume change, hy-

pothesized to be near 50 % volume occupied by water (the

hypothesized threshold for volume loss, Meryman 1974) and 1014

poise, the average viscosity at Tg (Angell 2002). Fluid behavior

exhibited below the horizontal axis is mostly relevant to this essay in

the context of ‘‘fragile’’ and ‘‘strong’’ glasses (sensu Angell 2002).

The properties of the solid glassy matrix formed during drying or

cooling determine position along the vertical axis. Long-lived and

short-lived orthodox seeds are hypothesized to form more and less

stable glasses, respectively. Intermediate seeds fall close to the 50 %

volume axis, suggesting that they can exceed the volume threshold by

excessive drying, rapidly relaxing glasses, or contraction of TAG

during cold treatments
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molecules tend to compress/expand, analogous to above

descriptions for drying/hydration. Much of the literature on

temperature effects is concerned with viscosity changes at

Tg, which occur abruptly and less abruptly in fragile and

strong glasses (sensu Angell 2002), respectively.

For both orthodox and recalcitrant seeds, effective seed

storage occurs at temperatures below Tg. This is generally

below 20–25 �C for orthodox seeds dried below

0.06–0.12 g H2O g DW-1 (Figs. 3, 4) and below about

-100 �C in recalcitrant seeds containing more than

0.3 g H2O g DW-1 (Ballesteros and Walters 2011). At

temperatures below Tg, change in viscosity follows Ar-

rhenius kinetics (Walters 2004). The Arrhenius equation

assumes the pre-exponential factor (which roughly de-

scribes the amount of movement in the glass) and the

temperature coefficient (which roughly describes the

minimum energy required for movement) are constant over

narrow temperature ranges (Black et al. 2006); under-

standing the factors that affect variation of Arrhenius pa-

rameters over broader temperature ranges and among

different seed glasses will be informative.

At temperatures approaching Tg, water, which is a

plasticizer of biological glasses, has interacting effects with

temperature. Plasticizing solutes loosen intermolecular

constraints, enlarge pores and allow molecules to move a

bit more—effects also observed during an incremental in-

crease in temperature. The interaction between water

content and temperature is often portrayed in phase dia-

grams, more accurately termed plasticization curves, which

show decreasing Tg with increasing water content (Sun and

Leopold 1994; Angell 2002; Walters 2004; Buitink and

Leprince 2008; Ballesteros and Walters 2011). The inter-

dependence of glass properties with moisture and tem-

perature is, arguably, the predominant discussion point of

glasses in biological contexts (Buitink and Leprince 2008).

This interdependence makes it possible to obtain similar

glass properties by slightly adjusting water content for

temperature conditions, and vice versa. Though plasti-

cization of seed glasses was not understood at the time that

orthodox longevity models were developed (Justice and

Bass 1978; Ellis and Roberts 1980), these models are

consistent with plasticization effects (Sun and Leopold

1994). Storage conditions recommended in Harrington’s

‘Hundreds Rule’ [the sum of RH and temperature (in de-

grees Fahrenheit) should be less than 100] (Justice and

Bass 1978) and ultradry technology (use extreme drying to

achieve comparable longevity as freezer storage) (Ellis

et al. 1990a; Ellis and Hong 2006; FAO 2013) appear valid

within the vicinity of Tg. Moisture ranges that flank rele-

vant plasticization effects have been determined em-

pirically as the high and low water content limits of

longevity equations (Fig. 1).

Conclusions

Current categories depicting orthodox and recalcitrant seed

storage behavior provide a useful dichotomy to base man-

agement decisions about seed storage conditions. In a phys-

iological context, these categories may present a false

dichotomy that limits a unified consideration of the broad

spectrum of organism responses to desiccation stress and sur-

vival under anhydrous conditions. This essay seeks a new

convention that quantifies cell response to desiccating stresses

using both spatial and temporal scales. Primary response to

water stress is considered spatially by expressing the amount of

water lost from cells in terms of volume change. This practice

represents a departure from current convention that expresses

desiccation tolerance in terms of threshold amounts of water

remaining in cells. Acknowledging volume changes allows us

to simultaneously consider damage from compressing cellular

constituents and stabilization from increasing intermolecular

associations found in glasses. A different dichotomy of seed

responses to desiccation is introduced that is based on whether

or not a stabilizing glass forms before cell volume shrinks to a

threshold level, currently hypothesized as 50 %. Formation of

the glass merely changes the question of survival from ‘‘if’’ to

‘‘when.’’ Cell constituents continue to compress in the glassy

matrix, albeit slowly, and themovement is either a direct cause

or an indicator of damage that continues in dried biological

structures. In effect, the glasses that form during desiccation

serve as biological clocks that keep time based on the spatial

properties bestowed during desiccation.

This perspective of desiccation stress and survival in-

vites the discovery of cell properties and constituents that

regulate the spatial and temporal effects of water removal.

Effects will be manifested in a solid rather than fluid ma-

trix, which is a new frontier for biological investigation.

Gene products that fill space or act as plasticizers or an-

tiplasticizers are good candidates for exploration. These

molecules may be distributed throughout the organism or

locally concentrated to give nearly limitless variation in

seed responses to the environment.

Author contribution Christina walters is responsible for

the synthesis of information and new ideas presented in this

paper.

References

Alpert P (2006) Constraints of tolerance: why are desiccation-tolerant

organisms so small or rare? J Exp Biol 209:1575–1584

Angell CA (2002) Liquid fragility and the glass transition in water

and aqueous solutions. Chem Rev 102:2627–2650

Ballesteros D, Walters C (2011) Detailed characterization of

mechanical properties and molecular mobility within dry seed

404 Planta (2015) 242:397–406

123



glasses: relevance to the physiology of dry biological systems.

Plant J 68:607–619

Berjak P, Pammenter NW (2008) From Avicennia to Zizania: seed

recalcitrance in perspective. Ann Bot 101:213–228

Black M, Bewley JD, Halmer P (eds) (2006) The encyclopedia of

seeds. Science, technology and uses. CAB International,

Wallingford

Buitink J, Leprince O (2008) Intracellular glasses and seed survival in

the dry state. C R Biol 331:788–795

Chatelain E, Hundertmark M, Leprince O, Le Gall S, Satour P,

Deligny-Penninck S, Rogniaux H, Buitink J (2012) Temporal

profiling of the heat-stable proteome during late maturation of

Medicago truncatula seeds identifies a restricted subset of late

embryogenesis abundant proteins associated with longevity.

Plant Cell Environ 35:1440–1455

Choi YH, van Spronsen J, Dai Y, Verberne M, Hollmann F, Arends

IWCE, Witkamp G-J, Verpoorte R (2011) Are natural deep

eutectic solvents the missing link in understanding cellular

metabolism and physiology? Plant Physiol 156:1701–1705

Colville L, Bradley EL, Lloyd AS, Pritchard HW, Castle L, Kranner I

(2012) Volatile fingerprints of seeds of four species indicate the

involvement of alcoholic fermentation, lipid peroxidation, and

Maillard reactions in seed deterioration during ageing and

desiccation stress. J Exp Bot 63:6519–6530

Crane J, Kovach D, Gardner C, Walters C (2006) Triacylglycerol

phase and ‘intermediate’ seed storage physiology: a study of

Cuphea carthagenensis. Planta 223:1081–1089

Daws MI, Cleland H, Chmielarz P et al (2006a) Variable desiccation

tolerance in Acer pseudoplatanus seeds in relation to develop-

mental conditions: a case of phenotypic recalcitrance? Funct

Plant Biol 33:59–66

Daws MI, Garwood NC, Pritchard HW (2006b) Prediction of

desiccation sensitivity in seeds of woody species: a probabilistic

model based on two seed traits and 104 species. Ann Bot

97:667–674

Dekkers BJ, Costa MCD, Maia J, Bentsink L, Ligterink W, Hilhorst

HWM (2015) Acquisition and loss of desiccation tolerance in

seeds: from experimental model to biological relevance. Planta

241:563–577

Dussert S, Chabrillange N, Engelmann F, Louarn J, Anthony F,

Hamon S (2000) Relationship between seed desiccation sensi-

tivity, seed water content at maturity and climatic characteristics

of native environments of nine Coffea L. species. Seed Sci Res

10:293–300

Eira MTS, da Silva EAA, De Castro RD, Dussert S, Walters C,

Bewley JD, Hilhorst HWM (2006) Coffee seed physiology. Braz

J Plant Physiol 18:149–163

Ellis RH, Hong TD (2006) Temperature sensitivity of the low-

moisture-content limit to negative seed longevity—moisture

content relationships in hermetic storage. Ann Bot 97:785–791

Ellis RH, Roberts EH (1980) Improved equations for the prediction of

seed longevity. Ann Bot 45:13–30

Ellis RH, Hong TD, Roberts EH (1989) A comparison of the low-

moisture-content limit to the logarithmic relation between seed

moisture and longevity in twelve species. Ann Bot 63:601–611

Ellis RH, Hong TD, Roberts EH, Tao K-L (1990a) Low moisture

content limits to relations between seed longevity and moisture.

Ann Bot 65:493–504

Ellis RH, Hong TD, Roberts EH (1990b) An intermediate category of

seed storage behaviour? I. Coffee. J Exp Bot 41:1167–1174

Ellis RH, Hong TD, Roberts EH (1991a) Effect of storage

temperature and moisture on the germination of papaya seeds.

Seed Sci Res 1:69–72

Ellis RH, Hong TD, Roberts EH, Soetisna U (1991b) Seed storage

behaviour in Elaeis guineensis. Seed Sci Res 1:99–104

FAO (2013) Genebank standards for plant genetic resources for food

and agriculture. FAO, Rome

Farrant JM, Walters C (1998) Ultrastructural and biophysical changes

in developing embryos of Aesculus hippocastanum in relation to

the acquisition of tolerance to drying. Physiol Plant 104:513–524

Farrant JM, Pammenter NW, Berjak P, Walters C (1997) Subcellular

organization and metabolic activity during the development of

seeds that attain different levels of desiccation tolerance. Seed

Sci Res 7:135–144

Hor YL, Kim YJ, Ugap A, Engelmann F, Dussert S (2005) Optimal

hydration status for cryopreservation of intermediate oily seeds:

citrus as a case study. Ann Bot 95:1153–1161

Hyman AA, Simons K (2012) Beyond oil and water—phase

transitions in cells. Science 337:1047–1049

Ibrahim AE, Roberts EH (1983) Viability of lettuce seeds. I. Survival

during hermetic storage. J Exp Bot 34:620–630

Justice OL, Bass LN (1978) Principles and practices of seed storage.

Issue 506 of Agriculture Handbook. Science and Education

Administration, USA

Kranner I, Minibayeva FV, Beckett RP, Seal CE (2010) What is

stress? Concepts, definitions and applications in seed science.

New Phytol 188:655–673

Leprince O, Harren FJM, Buitink J, Alberda M, Hoekstra FA (2000)

Metabolic dysfunction and unabated respiration precede the loss

of membrane integrity during dehydration of germinating

radicles. Plant Physiol 122:597–608

Levitt J (1980) Responses of plants to environmental stresses, 2nd

edn. Academic Press, New York, London
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