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Distinct plant seed/fruit structures evolved to support

reproduction and dispersal in distinct environments.

Appropriate biomechanical properties and interactions of the

various seed compartments are indispensable to plant survival.

Most seeds are dispersed in a dry state generated during seed

development/maturation for which novel aspects of

endosperm–embryo interaction were discovered. The various

layers covering the embryo of a mature seed define the

patterns of water uptake during germination. Their

biomechanical weakening together with embryo cell expansion

is mediated by cell wall remodelling to facilitate radicle

protrusion. Recent work with different species has revealed

mechanisms underpinning specific embryo growth zones.

Abiotic and biotic factors were shown to release different types

of seed and fruit coat-mediated constraints to water uptake

and germination.
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Introduction
Seed germination is a complex process and we need to

understand the underlying molecular, hormonal and

mechanical aspects. At maturity, a typical angiosperm

diaspore (seed/fruit) consists of an embryo and its ‘coats’,

which might include living endosperm, dead testa (seed

coat derived from the outer integument) and pericarp

(fruit coat). Mechanical interplay between different seed

compartments is a crucial factor from seed development

to the completion of germination. New insights into the

mechanical interactions between embryo and endosperm

during seed development have revealed a key role of the

transcription factor ZHOUPI [1��]. The endosperm, seed

and fruit coats are a major mechanical constraint to

embryo expansion. Germination is triggered by the

uptake of water into the ‘dry’ seed and new techniques
www.sciencedirect.com 
made it possible to track the water entering a seed with a

holistic in vivo approach [2�]. Plant cell wall loosening and

weakening of the various ‘coats’ mediate embryo growth

and radicle protrusion. These processes are under the

control of hormones including gibberellins (GA), abscisic

acid (ABA), ethylene, jasmonates, nitric oxide and auxin

[3��,4,5,5a]. Advanced imaging enables 3D monitoring of

embryo growth in planta to reveal distinct spatiotemporal

patterns on the cellular level and the influence of plant

hormones [6��]. Fruit coats can confer dormancy by

hindering water-uptake or by acting directly as a mechan-

ical constraint [7��]. Seed biology is a major research topic

of importance for food security and climate change [5,8,9].

Plant biomechanics can be defined as the study of the

structure and function of plant systems (such as seeds) by

the application of concepts and methods from mechanics;

for terms and definitions see [9a]. Integrating molecular,

epigenetic, morphological and biophysical aspects are key

to advance our understanding of the complex process of

seed germination.

The mechanics of embryo and endosperm
interaction during seed development
All events during seed development and seed germina-

tion are finely tuned and coordinated. A seed is formed

from a fertilised ovule and consists in the mature stage of

seed coat, embryo and a food storage compartment. Food

storage can either be in the cotyledons (embryonic leaves,

e.g. Pisum sativum) or the endosperm, the nutritive tissue

of most angiosperms [5]. The triploid endosperm arises

from the fusion of a paternal sperm nucleus with two

maternal polar nuclei, while the second paternal sperm

nucleus fuses with the egg cell nucleus forming the

embryo (double fertilisation) [10,11]. Endosperm devel-

opment differs among species but in principal it can be

divided in formation, cellularisation, differentiation, mat-

uration and cell death. Endosperm formation and expan-

sion is the major stimulus driving the early seed growth,

which is restricted by the outer seed coat. It has been

shown that seed turgor, leading to seed expansion is

generated by the endosperm [12]. Auxin is necessary

for normal endosperm and seed coat development [13].

During Arabidopsis thaliana seed development the endo-

sperm undergoes programmed cell death to make space

for the growing embryo [1��,11]. This endosperm break-

down is mediated by the transcription factors ZHOUPI

and ICE1 (Figure 1a) [1��,14]. ZHOUPI triggers cell

death by regulating cell wall remodelling proteins

(CWRP), altering the mechanical properties of the endo-

sperm and thus allowing the embryo to compress the

surrounding endospermic tissue. ZHOUPI is exclusively

expressed in the endosperm and is also involved in the
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The mechanics of embryo and endosperm interaction during seed development and germination. (a) A model for ZOU-dependent sheath

formation during early seed development, after [16�] ãASPB. ZOU regulates expression of ALE1 and KRS. ALE1 and the GSO1/GSO2 kinases

ensure normal embryo cuticle formation. KRS is necessary for the production of an embryo sheath that surrounds the embryo. The mechanical

and molecular interplay between endosperm and embryo is essential for normal seed development. (b) Schematic of the interplay between the

growing embryonic axis and the surrounding seed ‘coats’ (endosperm and where applicable testa and/or pericarp) in a mature seed during

germination. Gibberellins (GAs) promote cell wall loosening, thereby facilitating endosperm weakening. Abscisic acid (ABA) inhibits this process.

Auxin influences the germination in a dose-dependent matter. Low concentrations promote germination and AUX1 is a key factor downstream of

SNL1 and SNL2 [3]. High concentrations inhibit germination via an ABA–auxin interaction [46]. Elongation of the embryonic axis requires auxin
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formation of an embryonic cuticle [15]. An embryonic

sheath and cuticle (Figure 1a) which form on the surface

of the embryo as it starts to grow are required for normal

seed growth. This depends on the ZHOUPI-mediated

expression of the peptide KERBEROS [16�]. ZHOUPI is

therefore required for both normal formation of the

embryo sheath and for endosperm–embryo separation.

Seeds of the zou-4 mutant are up to 3� stiffer than wild-

type, probably due to increased turgor. It has been

proposed that the mechanical stress from the expanding

embryo and endosperm is perceived by a mechanosensi-

tive cell layer in the seed coat [17]. The mature Arabi-
dopsis seed has a single cell endosperm layer which plays a

vital role in the control of germination [10,18,19]. An

endosperm-associated cuticle is required for Arabidopsis
seed germination [20], and phenolic compounds during

seed production affects seed coat biophysical properties

[9]. The amount of endosperm in mature seeds varies

enormously between species. Many species, for example,

tobacco (Nicotiana tabacum), have abundant endosperm

though the evolutionary trend is towards endospermless

seeds (e.g. legumes) [5].

The mechanics of endosperm weakening
across angiosperm phylogeny
In the mature seed, the mechanical balance between

endosperm and embryo remains pivotal for the control

of seed germination [4,10]. There is evidence for

‘endosperm-limited’ germination across the angiosperm

phylogenetic tree (Figure 1c). The endosperm encasing

the embryo acts as a mechanical barrier for radicle

(embryonic root) protrusion. The tissue resistance of

the endosperm decreases before completion of germina-

tion (endosperm weakening). Established model systems

are mainly within the Asteraceae and Brassicaceae. Some

species, for example, coffee and tomato, show a two-step

weakening process; the first phase ABA-independent and

the second phase inhibited by ABA. Germination and

endosperm weakening is under hormonal control

(Figure 1b) and involve CWRPs. b-Endo-mannanases

are active in the endosperm in several species, including

tomato, tobacco and Arabidopsis [21,22]. Changes in

CWRPs seem to be directly linked to the germination

process. In tobacco endosperm weakening is associated

with a degradation in heteromannan [23]. The Arabidopsis
endosperm produces ABA which serves as a signal to

inhibit embryo growth and endosperm weakening [8,23a].

An early signal from the embryo is required to induce
(Figure 1 Legend Continued) transport via AUX1 and PIN2. (c) Endosperm

Clades with experimental evidence for endosperm-limited germination and 

decrease in tissue resistance (measured by puncture-force experiments) fro

weakening, where the first phase is ABA-independent and the second phas

evolution depicted in a phylogenetic tree after Stevens, P. F. Angiosperm P

factor ZHOUPI [14]; ICE1, transcription factor INDUCER OF C-REPEAT BIN

protease ABNORMAL LEAF-SHAPE 1 [16�]; GSO1/GSO2, receptor-like kina

protein AUXIN RESISTANT 1 [3]; SNL1/2, histone deacetylase-binding facto
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endosperm weakening, and this signal can be replaced by

GA [5,8,23a]. Consistent with the importance of GA in

endosperm weakening, the embryos of GA-deficient

Arabidopsis and tomato grow if the endosperm and testa

covering the radicle is removed (without a requirement

for GA addition). Further to this, puncture-force measure-

ments of GA-deficient tomato seeds demonstrate that the

endosperm weakening is blocked. The mechanical resis-

tance of the Arabidopsis endosperm has not been mea-

sured, but the published evidence (summarised in

[4,8,9,23a]) led to the conclusion that in Arabidopsis the

endosperm and testa both act as a physical barriers to

embryo growth and germination, and that in dormant

seeds the endosperm weakening is blocked. In agreement

with this, puncture-force measurements with Lepidium
sativum seeds overexpressing the dormancy gene DOG1
(DELAY OF GERMINATION1) demonstrated that their

endosperm weakening is indeed blocked, while the

embryo growth is not affected [24]. Hormone measure-

ments demonstrated that GA levels were elevated and

ABA levels not altered in these seeds, excluding that the

GA-ABA ratios caused the DOG1-mediated block to

endosperm weakening. We conclude from these findings

that for future research a wider range of species with

dormant and non-dormant seeds, their specific endo-

sperm cell wall structures during germination and the

link to environmental cues are of major interest.

Water uptake, cell walls and the mechanical
properties of growing cells
Seed germination starts with the uptake of water and ends

with the emergence of the radicle through the surround-

ing tissues [5,19,25]. Uptake is triphasic, with phase I

(imbibition) being characterised by rapid water uptake

and cell swelling from their dry state. This is followed by a

plateau phase II (metabolic activation) and a further

increase in water uptake (phase III) associated with

radicle protrusion (completion of germination). Non-

destructive imaging showed that water uptake often starts

near the micropyle, a canal in the seed coat through which

the pollen tube passed during fertilisation [4]. A recent

study combined MRI and other imaging tools [2�] to

provide a holistic in vivo approach to visualise water

uptake. They propose that an endospermic lipid gap in

oilseed rape seeds channels water towards the radicle.

The tissue architecture of seeds seems to guide the water

and predetermines germination events. Unravelling how

water uptake is controlled and linking other aspects of
-controlled seed germination across the angiosperm phylogeny.

endosperm weakening are in bold. Examples including the approx.

m the core Eudicots are given. Some species exhibit a two-phase

e is ABA-dependent. For references see [4,5]. Angiosperm seed

hylogeny Website; Version 14, 2017. Abbreviations: ZOU, transcription

DING FACTOR EXPRESSION 1 [14]; ALE1, subtilisin-like serine

ses GASSHO1/2 [16�]; KRS, peptide KERBEROS [16�]; AUX1, carrier

rs SIN3-LIKE 1/2 [3]; PIN2, auxin efflux carrier PIN-FORMED 2 [3].
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Figure 2
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Mechanisms and patterns of embryo cell growth during germination. (a) Relative changes in the dimensions of the cells of the embryonic axis

during the germination of Arabidopsis thaliana (after [6��]), soybean (Glycine max, after [38�]) and coffee (Coffea arabica, after [32]). For

Arabidopsis, ratios between longitudinal and radial length are given for the outer cortex at 16 hours (before test rupture), 25 hours (testa rupture)

and 32 hours (just germinated) compared to 3 hours imbibition (unexpanded embryo). For Glycine max, ratios are given for the outer cortex cells

(cell layers 3 and 5) at 18 hours (4% germination) compared to 4 hours imbibition (unexpanded embryo). For coffee the embryonic axis was

divided into ten equal parts and cell growth occurred evenly in these ten regions. Cell size was measured in the outer cortex (cell layer 4). Ratios

are given at 6 days (2% germination), 9 days (25% germination) and a germinated seed compared to 3 days (unexpanded embryo). An isolated

embryo (6 days) depicting the cotyledons and the embryonic axis. (b) Cell growth of the embryonic axis of Arabidopsis (after [39]) and Medicago

Current Opinion in Genetics & Development 2018, 51:1–10 www.sciencedirect.com
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seed germination (dormancy, viability) will remain a

major topic for future research.

The plant cell wall is a rigid multi-layered structure that

gives the cell its shape and form. It has to be strong

enough to withstand the forces generated by the internal

turgor pressure but must also allow cell growth [4,26–28].

Turgor pressure exerts a homogenous, multidirectional

force onto the cell wall. Cell expansion involves selective

wall loosening that leads to cell wall creep [26]. The

direction(s) and extent of this irreversible cell growth

depend on local wall structure. Cell expansion is a

mechanical process facilitated by cell wall loosening,

stress relaxation and wall extension driven by water

uptake. Key players involved are CWRPs including cel-

lulases, pectin- and xyloglucan-modifying enzymes, as

well as apoplastic (i.e. in the cell-wall of the plant cell, not

in the protoplast) reactive oxygen species (aROS)

[4,21,26–29]. As the load-bearing polymers in the cell

wall loosen the internal turgor pressure decreases. This

drives further water uptake into the cell until the turgor

pressure and the restraint from the surrounding cell wall is

balanced again. A current model of the plant cell wall

predicts ‘biomechanical hotspots’ (site of close contact

between the cellulose microfibrils) that are responsible

for wall extensibility [27]. Recently nano-scale move-

ments of microfibrils have been directly observed via

atomic force microscopy [30].

The mechanical mechanisms and patterns of
embryo cell growth during germination
Typically, a mature embryo consists of the shoot apical

meristem, cotyledons (embryonic leaves), hypocotyl

(stem-like embryonic axis below the cotyledons) and

the radicle (embryonic root). To complete germination

‘coat’ weakening and cell expansion/elongation in the

embryonic axis are required [4,31–33]. Cell division is

neither required nor evident during the germination of

Brassicaceae, Fabaceae and species from other families

[19,31,34]. Cell expansion occurs in specific growth zones

and is associated with endoreduplication [35,36]. Recent

work employed advanced 3D imaging to reveal the spa-

tiotemporal patterns of the embryo cell growth
truncatula (after [34]). The Arabidopsis TZ-LH is labelled with either dots or 

(70% germination) and 36 hours (100% germination). Scale bars = 50 mm. F

germinated sample at 21 hours (50% germination) is shown. Cell length me

direction during germination of Arabidopsis (extracted from [31]) and Medic

22 hours, 27 hours, 38 hours (beginning of testa rupture), 42 hours, 46 hours

imbibition. For Medicago cell length was measured at 5 hours (0% germina

Details: (a) Arabidopsis [6��]: ãAmerican Society of Plant Biologists). Transit

hypocotyl (MH) cell position 16-23 and upper hypocotyl (UH) cell position 2

(l/r) were 27.0/13.2 mm (TZ-LH) and 28.9/14.6 mm (H). Coffea arabica [32], D

events during coffee (Coffea arabica ‘Rubi’) seed germination’, Annals of Bo

Initial cell sizes (l/r) were 29.1/23.3 mm. (b) Arabidopsis [39] ãPLOS ONE. M

germination is related to the inhibition of genes encoding cell-wall biosynthe

Medicago truncatula embryo axis’, 2/1, Gimeno-Gilles et al., 108–119, ã200

The radicle equals cell position 1–8, the TZ cell position 9–13 and the hypo

(after [34], see above).
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Brassicaceae and Fabaceae seeds [6��,37,38�]. Defined

regions, namely hypocotyl, transition zone (TZ) and

radicle were identified in the growing Arabidopsis embryo

[31]. Figure 2 shows that cell expansion during the early

phase of Arabidopsis seed germination is not primarily

localised to the radicle tip itself, but to the hypocotyl-

radicle TZ and the lower-hypocotyl (LH). This expan-

sion provides radial and longitudinal growth leading to

testa rupture [6��,31,37]. A gradient of GA-mediated gene

expression emanating from the radicle combined with 3D

cellular geometries define this first growth module in the

TZ-LH. During late Arabidopsis seed germination mainly

longitudinal cell expansion mediated by the HB5 tran-

scription factor in the middle region of the hypocotyl

provides embryo elongation growth (Figure 2). This

second growth module in the mid/upper-hypocotyl drives

the embryo elongation required for the completion of

Arabidopsis germination by radicle protrusion [6��]. This

second growth module is associated with ABA-signalling

via the HRS1 transcription factor expressed in the LH

[39]. Several publications use the term TZ for the region

where the radicle and the LH are joined together, but it

must be used with care as TZ is not clearly defined. Only

some publications [31,39] clearly assigned specific cells in

the Arabidopsis embryo. Further to this, when the term is

used in publications with other species (e.g. [38�]), the

comparison may have additional limitations.

In agreement with the spatiotemporal pattern found for

Arabidopsis, ABA-sensitive coffee embryo cell expansion

during early germination is in the radial and longitudinal

direction, but is mainly longitudinal during late germina-

tion (Figure 2a) [32]. Radial and longitudinal expansion of

cells in legume (Glycine max and Medicago truncatula)
embryonic axes during early germination is in both, the

TZ-LH and the upper-hypocotyl (UH) region (Figure 2a)

and is inhibited by ABA [34,38�]. It therefore seems that

key aspects of the TZ-LH cell expansion module are

evolutionarily conserved. However, in contrast to Arabi-
dopsis, in the legume embryonic axes the early cell

expansion in the LH, UH and maybe within the entire

hypocotyl seems of roughly equal importance (Figure 2).

In contrast to the two-step germination of Arabidopsis
asterisks respectively with comparisons shown at 24 hours imbibition

or Medicago the embryonic axis at 5 hours (0% germination) and a just

asured in the cortical parenchyma. (c) Cell Length in longitudinal

ago truncatula (after [34]). For Arabidopsis the length was measured at

 (beginning of endosperm rupture), 50 hours and 54 hours of

tion) and 21 hours (50% germination) in the cortical parenchyma.

ion zone + lower hypocotyl (TZ-LH) equals cell position 9–13, middle

6–30. Glycine max [38�] ã2017 Oxford University Press. Initial cell sizes

a Silva et al. ‘ABA inhibits embryo cell expansion and early cell division

tany, 2008, 102, 3, 428-429, by permission of Oxford University Press.

edicago truncatula [34] reprinted from ‘ABA-mediated inhibition of

tic and architecture: Modifying enzymes and structural proteins in

9, with permission from Elsevier. (c) Arabidopsis (extracted from [31]).

cotyl cell position 14–37 along the embryonic axis. Medicago truncatula

Current Opinion in Genetics & Development 2018, 51:1–10
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Figure 3
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The accumulation of apoplastic superoxide (O2
��) in the embryonic

axes during and after the completion of seed germination is localised

to the lower hypocotyl-radicle growth zone. Histochemical superoxide
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seeds, for these non-endospermic legume seeds only testa

rupture is necessary to permit the completion of germi-

nation by radicle protrusion [5]. Late and post-germina-

tion cell expansion of M. truncatula and coffee is almost

exclusively in the longitudinal direction in either the

entire hypocotyl or in M. truncatula exclusively the UH

[32,34].

Consistent with a role in embryo elongation during ger-

mination, aROS is produced in cell walls of growing

embryos (Figure 3) [33,35,36]. This aROS production

is hormonally controlled, it intensifies during germination

and is associated with the growth module in the TZ-LH

(Figure 3). However, histological aROS staining appears

to be absent from the mid/upper-hypocotyl (Figure 3).

This does not exclude aROS-mediated expansion by

hydroxyl radicals [28,29,33], but suggest distinct mecha-

nisms for the second (mainly longitudinal) growth mod-

ule. These may include GA-regulated and ABA-regulated

expansin gene expression during late germination in

association with the ABA-sensitive longitudinal cell

expansion [6��,19,34,40,41]. Xyloglucan remodelling by

alpha-xylosidase alters Arabidopsis cell wall properties

during germination, and the mechanical changes were

proposed to influence the GA/ABA metabolism [42�,43�].
Other hormones and histone modifications also control

embryo elongation and endosperm weakening [44,45].

Altered histone acetylation, auxin biosynthesis and

expression of auxin transporters caused altered Arabidop-
sis radicle growth and seed germination (Figure 1b)

[3��,46].

The role of seed/fruit coats as biophysical
constraints to germination
Physical dormancy (PY) is caused by water-impermeable

cell layers in the seed coat (testa) or fruit coat (pericarp)

which along with sealed chalaza and micropyle openings

block water uptake completely [4,47,48]. An overview of

function and structure of the seed and fruit coat can be

found in [48a]. The water-impermeability of many

legume seed coats is due to palisade layer(s) of lignified

macrosclerids (Figure 4) impregnated with water-repel-

lent phenolic and suberin-like substances [47–51]. Genes

controlling PY, seed coat palisade layer and cuticle devel-

opment have been identified in soybean [52��] and M.
truncatula [53��]. The breaking of PY involves opening of
detection in Lepidium sativum micrographs (from [35], Oracz et al.,

‘Myrigalone A inhibits Lepidium sativum seed germination by

interference with gibberellin metabolism and apoplastic superoxide

production required for embryo extension growth and endosperm

rupture’, Plant and Cell Physiology, 2012, 53, 1, 81–95, by permission

of Oxford University Press), embryos (from [33], www.plantphysiol.org,

ãASPB), and in pea and sunflower embryos (from [36], Rewers &

Sliwinska, ‘Endoreduplication in the germinating embryo and young

seedling is related to the type of seedling establishment but is not

coupled with superoxide radical accumulation’, J Exp Bot, 2014, 65,

15, 4385–96, by permission of Oxford University Press).

www.sciencedirect.com
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Figure 4
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Water-impermeable seed coats and water gap formation as hallmarks of physical dormancy (PY). The PY of pea (a), Melilotus alba (b), and other

legume seeds is caused by water-impermeable palisade layers in the seed coat. Structures in the scanning electron micrograph of the pea seed

coat section (from [49], ã2017 by the Serbian Biological Society) are as in the drawing of the M. alba seed coat (modified from Hamly 1932, www.

seedbiology.eu). (c) Structures of a typical Papilionoid legume seed including the lens (from [50], ãJohn Wiley & Sons, Baskin 2003, ‘Breaking

physical dormancy in seeds — focussing on the lens’, New Phytologist). (d) In dormant seeds with the lens is closed. The breaking of PY by

defined temperature-moisture conditions involving lens (water gap) opening (from [50], see above). (e) Water gap opening by defined temperature-

moisture conditions is caused by mechanical mechanisms which involve blister formation of seed coat layers of Koelreuteria paniculata (from [48],

Gama-Arachchige et al., ‘Identification and characterization of ten new water gaps in seeds and fruits with physical dormancy and classification of

water-gap complexes’, Annals of Botany, 2013, 112, 1, 69-84, by permission of Oxford University Press). (f) Different types of water gap

complexes are described and species-specific opening mechanisms include a lens slit as water gap of Cladrastis kentukea (from [48], see above).
water-gap structures which act as environmental signal

detectors [47,48,50], for example, the lens in legume

seeds (Figure 4). Species-specific temperature-depen-

dent and moisture-dependent environmental cues trigger

physical mechanisms to irreversibly open the water gap

(Figure 4).

Mechanical dormancy imposed by water-permeable hard

seed/fruit coats employs a different mechanism to pre-

vent germination [7��,54,55]. The hard coats allow water

uptake by the embryo to a certain extent, but impose a
www.sciencedirect.com 
mechanical constraint to the full water uptake required

for the completion of germination. The examples are fruit

valves of Lepidium didymum whose distinct fruit fracture

biomechanics are proposed to have contributed to its

global distribution [7��]. Its pericarp-imposed mechanical

dormancy is released by fruit-associated common fungi,

which weaken predetermined breaking zones by degrad-

ing the non-lignified pericarp layers. Likewise in palm

seeds, removing parts of the fruit coat releases dormancy,

but their mechanical properties did not differ between

dormant and non-dormant varieties [56]. In Grevillea
Current Opinion in Genetics & Development 2018, 51:1–10
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juniperina micropylar parts of the seed coat facilitate

dormancy while this specific region in the seed coat seems

to be softer than other regions [57]. Papaya seeds provide

another example of a biomechanical restraint to germina-

tion conferred by the seed coat [58�].

Conclusions
Recent 3D imaging and biomechanical studies emphasize

the importance of mechanics in advancing our under-

standing of seed compartment interactions during seed

development and germination [1��,2�,4,6��,7��]. Recent

publications also highlight two other aspects which bring

a more holistic understanding of seeds. First, the integra-

tion of mechanical and molecular findings is achievable

for example, [12,17,24,35,42�], which require quantitative

spatiotemporal analyses which cover the entire develop-

mental process. Second, conclusions from work across the

plant phylogeny with different species and distinct seed

types provide insight into the evolution of the seed trait

[16�,23,33,38�,58�]. These findings reveal that even gen-

erally important processes such as embryonic axis growth,

involve conserved as well as species-specific mechanisms,

and that the diversity of mechanical mechanisms is best

studied across a wide range of species. Beyond interac-

tions between seed compartments, interactions with the

abiotic and biotic environment were uncovered. The

evolved mechanical mechanisms for seed adaptation

are therefore complex and future work should aim to

further unveil how seeds conquered the world.
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