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Abstract: Seed germination and early seedling development are essential events in the plant life cycle that are
controlled largely by the interplay and cross-talk between several plant hormones. Recently, major progress has
been achieved in the elucidation at the molecular level of the signalling of these phytohormones. In this review,
we summarise the data for the most promising classes of compounds, which could find potential agronomic
applications for promoting seed germination and early seedling development even under abiotic stress
conditions. Structural modifications of plant hormones are required to improve their biological performance and
their specificity to allow commercial application.
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Introduction

Most global agricultural production re-
lies on a rather limited number of annual
crops used for food, feed and fibre pro-
duction.[1] These crops depend primarily
on seeds for regeneration. For this reason,
seeds play a pivotal role in agricultural
production and consequently must possess
a series of physiological and agronomical
traits in order to ensure successful germi-
nation and seedling establishment. The
properties that determine the potential for
a rapid, uniform emergence and devel-
opment of seedlings under a wide range
of field conditions are described as seed
vigour.[2] A larger number of studies have
pointed out the link between seed vigour
and field performance, particularly with
respect to yield in several crops.[3]

Recent advances in seed science have
shown how germination and seedling de-
velopment are complex traits involving nu-
merous genes regulated by multiple mol-
ecules that ultimately influence the seed
vigour.[4] These latest observations have
opened the way to investigate chemicals

involved in the regulation of seed germi-
nation and early seedling development.

In this review we summarise the major
chemical classes that improve seed germi-
nation and early seedling development.The
application and optimisation of synthetic
molecules that affect seed germination and
plant establishment open the possibility to
improve seed vigour and crop production,
particularly under stressful environments
(abiotic stress). This constitutes a prom-
ising approach in the context of climate
change and an ever-increasing population.

Biology of Germination and Early
Seedling Development

Seeds consist of preformed tissues con-
taining all of the genetic information that
will determine germination and plant es-
tablishment. Germination, the first step in
the crop cycle, represents a strong biolog-
ical commitment for mature seeds. In or-
der to achieve successful germination and
crop establishment, seeds have developed
the ability and tools to sense the environ-
ment.[5a] The time of the year is probably
detected by temperature changes or wave-
length sensing. The seeds have to evaluate
if they are in the soil (nitrate sensing) and
if so how deep they are buried (oxygen
level sensing). Soil perturbation and plant
canopy are detected by light intensity and
quality, respectively.[5a,b] Finally, water
and microorganism sensing are two other
key elements that can influence germina-
tion.[5a]

Crop seeds should have a low suscep-
tibility to soil-born pathogens as well as a
low dormancy coupled to a high longevity.
Dormancy prevents premature germina-
tion and allows seeds to survive until good

environmental conditions are available
to support not only germination but also
seedling establishment. For most of the
seeds, dormancy is released by imbibition
associated with a rapid decline in exist-
ing abscisic acid (ABA) content mainly
through catabolism of the hormone by a
cytochrome P450 monooxygenase-cata-
lysed hydroxylation.[4c,6]

The germination process sensu stricto
stopswhen the embryonic radicle protrudes
and includes three phaseswheremovement
of water is involved.[5a,7] The first phase
corresponds to rapid penetration by water
into the dry seed, driven solely by the dif-
ference in water potential between the dry
seed and the soil or its close environment.
Water influx is kept constant during the
second phase in which membrane, DNA
and protein are repaired. During this phase
antioxidant and detoxification reactions
are of great importance. Flavonoids and
vitamins, as well as enzymatic or non-en-
zymatic ROS scavengers, are required to
protect the embryo cells. The turnover and
recycling of important cellular compo-
nents is also activated. Mitochondrial res-
piration is restarted and storage proteins,
lipids and mRNAs are recycled to provide
essential molecules like amino acids, vi-
tamins, nitrogen and sulphur for de novo
synthesis, as seeds are a closed environ-
ment until radicle protrusion.[8] Finally the
transcription and translation machineries
are fully activated and water flux increas-
es again by completion of germination.
Germination can be described as the result
of two opposing driving forces: i) positive
forces promoting embryo growth; and ii)
restrictive forces due to the constraints
of all layers surrounding the embryonic
growing tissues. Endosperm weakening is
an essential step which regulates the speed
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thesis have shown to be absolutely depend-
ent for their germination on exogenous GA
added to the imbibition solution, underlin-
ing the essential roles of gibberellins in
promoting and increasing the rate of seed
germination.[18] The release from photo
dormancy and the stimulation of germi-
nation of many species of light requiring
seeds are regulated by phytochrome.[15a,19]
Red light up-regulates the biosynthesis of
the bioactive gibberellins GA

1
and GA

4
through the induction of the corresponding
genes in the germination of Arabidopsis
and lettuce seeds.[15a,16a] Red light induces
the expression of the genes responsible for
the activation of bio-inactive gibberellins
through 3β-hydroxylation by GA 3β-hy-
droxylases. Moreover, the deactivation
of gibberellins by hydroxylation at C2
(GA-degrading enzymes) is suppressed in
lettuce by red light.[20] Consequently, red
light increases the level of bioactive GAs
in germinating seeds by mediating de novo
synthesis, by activation of inactive forms
of GA and by reducing the degradation
of the bioactive gibberellins. For example
Nicotiana tabacum seeds are dependent on
red light for their germination. Exogenous
GA overcomes the need for red light and
promotes seed germination in the dark.[17b]
In addition, exogenous GA was shown to
increase the rate of germination of various
seed species, which do not require light.[11c]
Seed germination promotion by cold
treatment results also from an increased
content of bioactive gibberellins due to an
overexpression of the GA 3β-hydroxylases
genes.[16b]

The molecular mechanism of gib-
berellins perception at the receptor level
is well understood: they stimulate seed
germination by reducing the content of
DELLA proteins.[21] The signalling of
gibberellins involves their binding to the
nuclear GID1A receptor. High-resolution
X-ray diffraction structure was obtained
for the ternary complexes GA3-GID1A-
DELLA and GA4-GID1A-DELLA from
Arabidopsis thaliana.[22] The core do-
main of GID1A offers a deep pocket for
the binding of GA

3
/GA

4
, which induces a

large movement of the N-terminal exten-
sion of the protein (closing the lid) offering
a new surface for interaction with DELLA
proteins. The binding to DELLA proteins
allows their recruitment by F-box proteins
in an ubiquitin ligase SCF complex lead-
ing to polyubiquitinylation followed by
degradation of the DELLA proteins by the
26S proteasome. Through this mechanism,
gibberellins stimulate the destruction of
growth repressing DELLA proteins that
bind to transcription factors and prevent
them from function.

The commercial use of gibberellins
for promoting seed germination is rather
restricted due to the unfavourable changes

at which germination completion happens.
This requires enzymes that modify cell
walls.[5a,8a,b]

Germination is a complex trait involv-
ing many genes. These genes are spatio-
temporal tightly controlled by multiple
molecules.[4b,9] Historically, a special em-
phasis has been given to the balance be-
tween abscisic acid (ABA) and gibberellin
(GA) but other phytohormones (brassino-
steroids, auxin, ethylene, cytokinins, sal-
icylic acid, jasmonic acid, and strigolac-
tones) as well as some specific signalling
compounds as karrikins, NO and reactive
oxygen species are key components in
the regulation of dormancy and germina-
tion.[4,10,11c,d,e]

In the following paragraphs we will
provide an overview of the current knowl-
edge of the role of most important chem-
ical classes in controlling the germination
and early seedling development and their
possible applications in agriculture.

Gibberellins (GA)

Gibberellins are a family of natural
tetracyclic diterpenes displaying various
growth regulatory activities in seeds and
in plants. Gibberellins are pleotropic phy-
tohormones which affect numerous plant
development processes from seed germi-
nation, leaf expansion, stem elongation,
flower initiation and development, fruit
development.[11] There are 136 natural
gibberellins which have been identified in
plants and fungi. Around 100 of them are
present in the plant kingdom, although each
plant species contains typically around 10
different members of the group gibberel-
lins. There are only a few gibberellins that
stimulate seed germination in a wide range
of plant species.[11c,d,e]The structure of the
gibberellins that strongly stimulate seed
germination is species dependent.[12,13]

In this review, we focus on the role
of gibberellins in seed germination.
Gibberellic acid GA

3
, which is manufac-

turedbyanefficientfermentationprocess, is
the most readily accessible gibberellin.[11b]
Consequently, numerous studies reported
in the literature refer to GA

3
and a few

closely related derivatives.
One of the key features in seed germi-

nation is the cross-talk between abscisic
acid (ABA) and gibberellins (GA). ABA
is a positive regulator of dormancy induc-
tion and a negative regulator of seed ger-
mination.[11c,d,e,14] In contrast, GA release
dormancy, promote germination and coun-
teract ABA effects in seed.

In many species the biosynthesis of
gibberellins in developing seeds leads to
the accumulation and storage of bio-in-
active precursors of GA (probably the
ent-kaurene) and/or of bioactive gibberel-
lins (for example GA

3
, GA

1
, GA

4
in Fig.

1).[15] In Arabidopsis, for example, the
bioactive gibberellins accumulate prior
to radicle protrusion within the embryo in
two separated locations.[15b,16] Gibberellins
increase the growth potential of the em-
bryo and they trigger the weakening of the
tissues surrounding the radicle in order to
overcome the mechanical constrains im-
posed by the seed-covering layers.[17] For
example in tomato and in Arabidopsis,
weakening of the micropylar endosperm is
required for germination and is achieved
by cell-wall hydrolysis catalysed by the
hydrolases that are induced by GA.[16,17]
Indeed, several GA-inducible genes re-
lated to cell-wall loosening have been
identified in tomato seeds, including those
encoding endo-β-mannonase, xyloglucan
endotransglycosylase/hydrolase, expansin
and β-1,3-glucanase and chitinase, some
of which are expressed specifically in the
micropylar endosperm cap around the
radicle.[16]

Mutant seeds deficient in GA biosyn-

Isopentyl diphosphate (IPP)
ent- Kaurene GA9

GA1 GA3GA4

inactive for seed germination induction

1
2

3

active for seed germination induction

Fig.1. Biosynthesis of gibberellins and some of the bioactive forms responsible for seed
germination stimulation.
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seed germination studies is ethephon,
which releases ethylene in solution.[32]
This compound has found commercial ap-
plication as a plant growth regulator.

Strigolactones

Strigolactones are a family of terpe-
noids metabolites derived from the carot-
enoid pathway. The first member of the
family, strigol, was isolated in 1966 from
cotton root exudate and was identified as
the signalling molecule that triggers the
germination of the dormant Striga seed, a
parasitic weed (‘witch weed’) that causes
major damage to crops in Africa.[33] Since
this pioneering work around twenty differ-
ent strigolactones have been isolated from
root exudates from various plants. The dis-
covery of strigol and its very potent activity
as a seed germination inducer and dorman-
cy breaker (in the nanomolar range) gener-
ated a lot of interest as the molecules could
be used to induce the germination of the
parasite weed in the absence of the host,
leading to the death of the Striga within a
few days after germination and decontam-
ination of the infested field (a strategy for

in the phenotype of the resulting plants.[11]
Gibberellins stimulate stem elongation
which leads to taller plants which are more
susceptible to lodging. This unfavourable
seedling phenotype is a severe limitation
to the use of gibberellins for agronomical
application. Interestingly, the potent seed
germination inducers strigolactones and
karrikins lead to seedling with largely un-
modified phenotype (vide infra).

Substituted phthalimides have been
shown to be as efficient as gibberelic acid
GA

3
in the promotion of the germination

of dormant seeds in several species (Fig.
2).[23]Among the three phthalimides inves-
tigated, compound AC-94377 is the most
active one, coming very close or in some
cases being even slightly superior to the
stimulating efficiency of GA

3
, followed

by AC-99,524 and AC-92,803, which is
the least active derivative. The phthalim-
ides act on the same seed species as GA

3
,

suggesting that they have intrinsic gibber-
ellin-like activity.

Ethylene

The biosynthesis of ethylene in seeds
and its role in signalling are key process-
es for the germination of dormant and
non-dormant seeds.[24] Ethylene is bio-
synthesised in a two-step process from
S-adenosylmethionine (SAM), which
is converted into 1-aminocyclopro-
pane-1-carboxylic acid (ACC) through
catalysis by the enzyme ACC synthase
(ACS) (Fig. 3). This cyclopropanation re-
action is the rate-determining step in eth-
ylene biosynthesis.[24,25] The conversion
of ACC into ethylene is catalysed by the
ACC oxidase (ACO).[26] It has been shown
that during seed germination, ethylene pro-
motes its own biosynthesis, for example
in pea, by a positive feedback regulation
of Ps-ACO1 transcripts.[24b] The potential
roles of ethylene in breaking seed dorman-
cy have been investigated.[27]

Ethylene promotes seed germination
and acts as an antagonist of abscisic acid
(ABA). Ethylene does not affect the ABA
levels in seeds. However, ethylene coun-
teracts the inhibitory effects of ABA on
germination by interference with its sig-
nalling.[24,28] The partial reversion of the
ABA inhibitory effect on seed germination
could be achieved by the addition of exog-
enous ethylene. Ethylene is suggested to be
involved in weakening the endosperm cell
walls required for a successful radicle pro-
trusion.[24] Owing to its physicochemical
properties, ethylene diffuses freely across
membranes and is able to reach its receptors
without encountering major barriers. The
signalling of ethylene is mediated through
its receptors which are transmembrane
protein dimers. In Arabidopsis thaliana,

five receptors of ethylene have been char-
acterised, ETR1, ETR2, ERS1, ERS2 and
EIN4.[24,27] The binding of ethylene to its
receptors leads to their inactivation and
leaves the negative regulator CTR1 (a ser-
ine-threonine protein kinase acting as neg-
ative regulator of ethylene signalling) inac-
tive as well. The inactive CTR1 leads to the
progression of a MAP-kinase cascade and
controls the positive regulator EIN2 and
its transcription factors, which activate the
transcription of ethylene-responsive genes.
These events lead finally to the induction
of the response to ethylene.[24,29]

Ethylene has been shown to play a role
in improving seed germination under heat
stress. Addition of exogenous ethylene, or
of its precursorACC, leads to the reversion
of the thermo inhibition in some species
as chickpea and lettuce seeds.[30] Thermo
inhibition is associated with the modula-
tion of abscisic acid, gibberellin and eth-
ylene biosynthesis. In Arabidopsis thalia-
na seeds high temperature was shown to
stimulate abscisic acid synthesis and to re-
press gibberellin synthesis and gibberellin
signalling through the action of ABA.[31]
In addition to ACC, another ethylene pre-
cursor which is frequently used to perform

AC-94,377 AC-99,524 AC- 92,803

Fig. 2. Phthalimide
derivatives
displaying
gibberellin-like
seed germination
stimulation activity.

Carbamate analogues

A B
C

D

Tetralone analogue

Strigol (R1 = OH, R2 = H)
Orobanchol (R1 = H , R2 = OH)

GR-24 GR-7 GR-5

Nijmegen 1

Fig. 4. Examples of
strigolactones and
of their synthetic
analogues.

SAM ACC Ethephon ethylene

Fig. 3. Ethylene and
ethylene precursors.
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parasitic weed control referred as suicide
germination). Due to the relatively high
complexity of the natural strigolactones,
different research groups have entered this
field, looking for cheaper and more acces-
sible synthetic analogues of strigol. The
preparation of simplified strigolactone
analogues, namely GR-5, GR-7 and GR-
24, was reported already in 1981, the last
one is the most potent and is used in most
studies as the synthetic standard for strigo-
lactone derivatives (Fig. 4).[34]

Structurally, strigolactones are com-
posed of a tricyclic lactone moiety (ABC
rings) and a butenolide ring (D ring), linked
by an enol ether. Extensive modification of
the tricyclic lactone skeleton has been in-
vestigated and carbamate, phthalimide,[35]
lactone[36] and saccharine[37] have been re-
ported to induce the germination of Striga
and of Orobanche seeds, another parasitic
weed causing damage to crops including
sunflower.[38] Unfortunately, field appli-
cation of the synthetic strigolactone de-
rivatives as potential suicidal germination
inducers has been compromised by the in-
stability of these compounds in the soil.[39]

The effect of strigolactones on seed
germination was investigated with various
species revealing that their activity is not
restricted to parasitic weeds. It was already
demonstrated in the 1980s that strigolac-
tones can stimulate the germination of both
monocot and dicot weeds as well as lettuce
and tomato.[40] GR-5 was the most potent
strigolactone analogue tested, probably
due to the better solubility of this small
compound. More recently, it has been re-
ported that strigolactones release the ther-
mo inhibition of germination in the model
plant Arabidopsis.[10c] It was proposed that
strigolactones prevent the accumulation
of ABA during the thermo inhibition by
regulating its biosynthesis. Strigolactones
were also found to stimulate GA accumu-
lation. In parasitic weeds, a similar mode
of action was proposed, although cytokin-
ins were also affected. Further evidence of
the cross-talk between strigolactones and
ABA was given when it was observed that

in parasitic weeds Phelipanche ramosa,
strigolactones induce the expression of
ABA 8'-hydroxylase, a key enzyme in the
metabolism of ABA.[41]

Recently, the role of strigolactones not
only in the rhizosphere but also in plants
has been uncovered. In 2005, strigolac-
tones were identified as very potent signal-
ling molecules exuded by plant roots in-
ducing hyphal branching of arbuscular my-
corrhiza (AM fungi), leading to a mutually
beneficial symbiotic interaction between
plant roots and theAM fungi, which favour
acquisition of nutrients and water from the
soil.[42] A few years later, strigolactones
were identified as the latest discovered
phytohormones involved in plant archi-
tecture.[43] Since then, several major addi-
tional roles of strigolactones in plants have
been identified, including their effect on
controlling root and shoot architecture.[44]
The recent isolation and characterisation of
the D14 protein involved in the perception
of strigolactones, has unveiled similarities
with theD14L/KAI2protein involved in the
perception of karrikins, bothα/β-hydrolas-
es sharing a high level of homology.[45,46]
The high-resolution X-ray diffraction
structures obtained for the D14 apo-pro-
tein and with the 5-hydroxy-3-methyl-
butenolide moiety, the hydrolysis product
of the D ring bound in the active site, has
provided some understanding of the mech-
anism of perception of strigolactones at
the molecular level. The design of novel
strigolactones analogues as potent seed
germination inducers for various species
including field crops should profit from the
recent advances made in the elucidation of
the roles of strigolactones in seeds and in
plants. In addition, strigolactone deriva-
tives might be very attractive for seed ger-
mination stimulation under abiotic stress
conditions.

Karrikins

Smoke generated by the combustion of
plants was already identified in the 1990s

as a strong elicitor of seed germination.[47]
Initially a broad variety of seeds of plants
growing in fire-prone environments were
shown to be very sensitive to smoke for
the stimulation of their germination. The
species studied originated mainly from
Australia, South Africa and California.[48]
However, it was demonstrated that seeds
of various plant species arising also from
environments which are not prone to fire
respond very strongly to stimulants from
smoke.[49] Smoke-water, obtained by bub-
bling smoke from the combustion of plants
through water, displays similar properties
to smoke itself for seed germination induc-
tion and is more convenient for research
and agronomical applications. Smoke and
smoke-water elicit a striking increase in
seed germination under field conditions
in over 1200 species from 80 genera.[50]
Analysis of the molecules responsible
for this very high seed germination stim-
ulation is difficult due to the complexity
of the mixture of compounds present in
smoke-water.Among the 5000 compounds
present in smoke-water, few of them are
potent seed germination inducers, others
display mainly no significant activity and
in a few cases inhibitory activity.[51] In ad-
dition, smoke-water contains some rather
toxic compounds, in particular poly-aro-
matic oxidised derivatives displaying cy-
totoxic activity.[52] Therefore, many efforts
have been devoted in the 2000s to isolate,
purify and characterise the most active
components of smoke-water. In 2004,
two research groups have independently
identified KAR1 as the major seed germi-
nation inducer of smoke-water produced
by combustion of cellulose and of plants,
respectively.[53] The karrikin derivatives
KAR1–KAR6 were isolated and purified
from smoke-water and were also synthe-
sised, thus facilitating the establishment of
their structure–activity relationship (Fig.
5) .[49a,54]

In general, KAR1 is the most abundant
and the most active karrikin derivative
present in smoke-water. Typically, KAR1
induces strong seed germination at very
low concentrations (10–6–10–10 M for sen-
sitive species). However, KAR2 is more
potent than KAR1 for the induction of ger-
mination ofArabidopsis thaliana seeds. So
far, only a rather restricted structure–activ-
ity relationship has been established for a
few seeds species and karrikin derivatives
and analogues.[49a,54]

Karrikins were recently shown to in-
duce not only seed germination but also
seedling growth/vigour in an increasingly
broad variety of species.[55] Interestingly,
economically relevant species such as
celery, lettuce, bean, rice, maize, carrot,
tomato and onions, as well as several weed
species, were shown to be very susceptible
to treatment by KAR1 at very low con-

Fig. 5. Karrikins
isolated from
smoke displaying
seed germination
stimulation activity.
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centration.[55,56] For various weeds, KAR1
showed a larger increase in the rate of
seed germination compared to GA

3
with-

out displaying the unfavourable seedling
morphology changes observed for gibber-
ellins.[56] These data are promising for the
search of potential seed germination in-
ducers for commercial applications as well
as improving seedling growth/vigour, in
particular under abiotic stress conditions.
For example, maize seedlings arising from
seeds treatedwith 10–7Msolution ofKAR1
develop significantly more and longer
roots compared to untreated seeds.[55b]
The effects of KAR1 on seeds go beyond
germination and stimulate outgrowth of
shoots and roots. KAR1 overcomes par-
tially cold stress for the germination of
tomato seeds at low concentration (10–7M)
offering potential applications for abiotic
stress management for seed germination of
crops at unfavourable soil temperature.[57]

The presence of a butenolide ring in the
structure of karrikins and of strigolactones,
as well as the similarities in their functions
as seed germination stimulators has attract-
ed much attention.[58] Recently, the struc-
tural and functional relationships of these
molecules were confirmed at the level of
their mechanism of signal perception.[59]
The structure of the karrikins binding pro-
tein (receptor) was elucidated by high-res-
olution X-ray diffraction of crystals of the
Arabidopsis thaliana protein AtD14L/
KAI2.[45] KAR1 binds to a very closely
related strigolactone protein D14 in rice,
namely the D14-Like protein (AtD14L in
Arabidopsis) also called KAI2. The X-ray
diffraction structures of the AtD14L/KAI2
andD14 proteins are very similar. Only few
hydrophobic residues in the binding site of
theseα/β-hydrolases are slightly modified.
Although both binding cavities in D14 and
in AtD14L/KAI2 proteins containing the
catalytic triad (Ser, His, Asp) are overall
very similar, the hydrophobic pocket of
AtD14L/KAI2 is somewhat smaller and
accommodates more easily the more com-
pact karrikin structure than the larger tetra-
cyclic strigolactone moiety.[45,46]

The discrimination between the
AtD14L/KAI2- and the AtD14-mediated
signalling evolves during plant develop-
ment through different transcription levels
of the corresponding genes. During seed
germination and seedling establishment,
KAI2 and the karrikin-related signalling
play a dominant role. In the later vegeta-
tive development the AtD14 receptor and
the strigolactones signalling prevail.[59]
Phylogenetic analysis of the karrikin and
strigolactone receptors underlines their or-
igin from ancestral genes present through-
out the plant kingdom.[45a]

Further evaluation of karrikin deriva-
tives for potential commercial applications
as seed germination inducers, in particular

under abiotic stress conditions, combined
with the recent progress made in the iden-
tification of their mode of action and per-
ception at the molecular level will remain
a field of intensive academic and industrial
research.

Brassinosteroids

Brassinolide, isolated from rape pollen,
is a plant steroid produced from campes-
terol through several oxidative steps.[60]
Brassinolide displays very potent plant
growth promoting effects. Various ana-
logues of brassinolide, including its direct
biosynthetic precursor castasterone, have
been synthesised and their plant growth
promoting activity has been assessed.[61]
These studies led to the establishment of
a structure–activity relationship (SAR)
for growth promotion which underlines
the importance of the carbonyl function
of the 7-membered ring lactone and of the
hydroxyl groups in the side chain posi-
tions C(22), C(23) as well as those in the
C(2), C(3) positions of the A-ring (Fig. 6).
More recently, the molecular interactions
of brassinolide with the ectodomain of
the membrane bound leucine-rich repeat
receptor kinase BRI1 was elucidated by
X-ray crystallography of the brassino-
lide-protein complex.[62] The interaction
of the brassinosteroid with the ectodomain
of BRI1 triggers a complex signalling
cascade: the brassinolide-BRI1 complex
allows interaction with the ectodomain of
another membrane-bound kinase BAK1,
a complex also resolved by X-ray crystal-
lography,[62d] and both kinases, BRI1 and
BAK1, undergo cross phosphorylation of
their cytoplasmic subunits, thereby trans-
ferring the hormonal signal into the cell.
Through the involvement of other proteins
in the signalling cascade, the activation of
transcription factors is eventually achieved

and specific genes in the cell nucleus are
activated for transcription.

In most biological studies performed
with brassinosteroids, four main classes of
analogues have been used, which differ in
the alkyl substitution of the side chain and
the oxidation state of the B-ring: brassin-
olide, 24-epi-brassinosteroid and 28-ho-
mo-brassinosteroid, the latter two being
synthetically accessible in five to seven
steps from the steroid precursors ergoster-
ol and stigmasterol, respectively, as well as
their castasterone analogues.[63]

Brassinosteroids are mainly known for
their growth-enhancing effects in a varie-
ty of crops at very low application rates,
even under field conditions.[64] The yield
increase is particular strongly pronounced
when the crop is grown under non-optimal
conditions (heat-, cold-, water- and salt-
stress). Brassinosteroids have found some
commercial applications despite their rela-
tively high production costs.[65]

Seed germination and seedling estab-
lishment are also promoted by brassino-
steroids, the effect usually being larger
when germination occurs under abiotic
stress conditions. For example seedling
establishment of sorghum seeds exposed to
drought stress simulation has been remark-
ably increased by treatment with 28-ho-
mo-brassinosteroid, thus demonstrating its
stress mitigating effects during germina-
tion.[66]Positive effects of brassinosteroids
were also observed on germination and
seedling growth for maize, rice, cucum-
ber, Arabidopsis thaliana and Brassica
napus when seeds were germinated under
salt- (NaCl) stress or the seedlings were
exposed to cold-, heat- or drought-stress
conditions.[67]

The role of endogenous brassinoster-
oids and of their biosynthetic precursors
during germination and seed growth has
been studied in pea seeds by measuring
their concentrations in various tissues.

brassinolide 24-epi brassinosteroid 28-homo brassinosteroid

n
n n

n = 1
n = 0 castasterone 24-epi castasterone 28-homo castasterone

ergosterol stigmasterolcampesterol

synthesis synthesisbio-synthesis

Fig. 6. Most
commonly used
brassinosteroids
and their synthetic
and biosynthetic
precursors.
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Rapidly growing seeds have high brassi-
nolide and castasterone concentrations,
as well as high transcript levels of the
C6-oxidases (CYP85A1 and CYP85A6),
which are responsible for the C(6) oxida-
tion of castasterone.[68]

Brassinosteroids significantly increase
the rate of germination of the parasitic
Orobanche minor seeds induced by strigo-
lactones (strigol).[69] This synergistic ef-
fect of brassinosteroids might result from
an increased permeability of the seed coat
and membranes because brassinosteroids
induce genes encoding for cell wall loos-
ening enzymes.[70]

Although brassinosteroids promote
seed germination and seedling growth, they
are not an absolute requirement for these
processes. Biosynthetic mutants, express-
ing lower levels of brassinosteroids un-
dergo seed germination.[71] In Arabidopsis
brassinosteroids modulate the effects of
the germination-suppressor abscisic ac-
id (ABA) and the germination-promoter
gibberellin (GA). Plant mutants deficient
in gibberellin or insensitive to gibberellin
show phenotypes with strongly reduced
seed germination. 24-epi-brassinosteroid
can partially rescue germination of those
mutants. The mutants deficient in brassi-
nosteroids or insensitive to brassinoster-
oids are more susceptible to inhibition of
germination by ABA compared to wild-
type.[72] Therefore, brassinosteroids com-
plement and can even partially substitute
the germination promoting properties of
gibberellin while reducing the germina-
tion inhibiting effect of ABA. In summa-
ry, brassinosteroids play key roles in the
germination of a variety of seeds including
those of major crops such as corn, rice and

wheat. Their plant growth regulating roles
are especially expressed during suboptimal
growth conditions when the hormonal bal-
ance in plants is modified.

Cytokinins

Cytokinins are phytohormones that
play key roles in cell regulation and var-
ious development processes. Cytokinins
are derivatives of adenine with different
substituents at the N6-position. They are
divided in two sub-classes depending on
the structure of the N6-side chain, name-
ly the isoprenoid cytokinins (isopentenyl
adenine IP, trans-zeatin tZ, cis-zeatin cZ,
dihydro-zeatin DHZ) and the aromatic cy-
tokinins (benzyl adenine BA, ortho-topo-
lin oT, ortho-methoxytopolin MeoT,
meta-methoxytopolin MemT, Fig. 7).[73]
Cytokinins are present in all plant tissues
with the isoprenoids being the most abun-
dant. They are usually present in the lower
nM range either in the free base form or
as glucosidic, ribosidic and nucleotidic
conjugates.[73] The transport, and concen-
tration of the biologically active cytokinins
is regulated by their conjugation to ribose
and glucose.[73] While the glyco-conjugat-
ed analogues are biologically inactive, they

are transported from the roots to the shoots.
The interactions of the non-conjugated cy-
tokinins, as well as urea-based synthetic
cytokinin mimics with their histidine-ki-
nase receptors in Arabidopsis thaliana,
AHK4 have been investigated at the mo-
lecular level.[73d]Catabolism of cytokinins
occurs though the oxidative cleavage of the
N6-side-chain catalysed by cytokinin ox-
idase/dehydrogenase (CKO/CKX) which
requires FAD as a co-factor, liberating
adenine which displays no cytokinin ac-
tivity. General roles of cytokinins involve
induction of cell division, activation of
gene expression and metabolic activity, re-
tardation of leaf senescence, stimulation of
shoot proliferation and, together with aux-
in, control of root formation.[73–75]

Seed germination of lettuce Lactuca
sativa normally requires red light, but can
occurwith lower light intensitywhen ahigh
concentration of cytokinin is present.[76]
It was believed that at lower physiological
levels cytokinins hardly play a role in seed
germination.[76] In addition, it was reported
that cytokinins alone had no significant ef-
fect on the germination of lettuce and bar-
ley seeds in the dark. However, cytokinins
or red light treatment were able to reverse
the inhibiting effect of abscisic acid on-
ly if gibberellin was present. Gibberellin
alone could not reverse the inhibiting ef-
fect of ABA on germination, even though
this can be the case in other seed species.
In other systems (chilled pear embryos)
a combination of kinetin and GA is more
efficient than either of them alone.[77]
These seemingly confusing observations
can be explained by cytokinins acting in
a permissive role on germination in the
interplay of GA (promoting seed germina-
tion) and ABA (inhibiting seed germina-
tion).[77,78] The above-mentioned results,
for the most part obtained in studies with
exogenously applied phytohormones,
were questioned when the use of loss-of-
function mutants for the three Arabidopsis
thaliana sensor histidine kinases, AHK2,
AHK3 and CRE1/AHK4, the known cy-
tokinin receptors, demonstrated that the
corresponding mutant Arabidopsis thalia-
na seeds undergo more rapid germination,
display a reduced requirement for light and
a decreased far-red light sensitivity com-
pared to the wild-type seeds.[79]The results
obtained with Arabidopsis mutants were
confirmed by the use of cytokinin antago-

Benomyl N-4-chlorophenyl-N'-phenylurea N-phenyl-N'-2-pyridylurea

Fig. 8. Cytokinins
agonists/
antagonists.

Isopentenyl adenine iP Trans zeatin tZ Cis zeatin cZ Dihydro zeatin DHZ

Benzyl adenine (BA) Ortho topolin (oT) Ortho methoxytopolin (MeoT) Meta topolin (mT)

Meta methoxytopolin (MemT) Kinetin PI-55 LGR-991

Fig. 7. Cytokinins and selected synthetic analogues.
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nists, PI-55 and LGR-991 (Fig. 7), which
are both closely related substituted benzyl
adenine derivatives.[80,81] PI-55 and LGR-
991 blocked cytokinin action via receptor
inhibition and increased the rate of wild-
type Arabidopsis seeds in a dose response
fashion by a factor 2–3 (1–10 nM PI-55
or LGR-991).[80,81] Recent data linked the
antagonistic interplay between cytokinins
and ABA to the bZIP transcription factor
ABI5, which expression is induced by
ABA and blocked by the cytokinins.[82]

Structures with cytokinin-like prop-
erties (potentially cytokinin agonists or
antagonists) inducing germination were
reported earlier albeit with much lower
potency compared to LGR-991 and PI-
55. Benzimidazole-derived fungicides (for
example benomyl, Fig. 8) stimulated the
germination of celery seeds in the pres-
ence of gibberellins.[83a] Celery seeds re-
quire cytokinins for their germination.[83a]
4-Substituted-2-methylpyrrolo[2,3-d] py-
rimidines and N9-substituted benzyl ade-
nine derivatives also showed induction of
germination of lettuce similar to benzyl
adenine itself.[83b,84] Among the urea-type
cytokinin analogues, substituted diphenyl
ureas and pyridyl-phenyl ureas showed full
germination induction of lettuce seeds at
rather low concentration (5.10–5 M) than
observed for kinetin and cytokinins.[85]
Urea, thiourea and methylurea exhibited
only some control of germination if ap-
plied at higher concentration (10-4–10–2

M). An inhibiting effect of germination
was observed if the concentration was in-
creased up to 1 M.[85]

In conclusion, significant data support
the germination-promoting ability of cyto-
kinins and cytokinin analogues. However,
as cytokinin signalling loss-of-function
mutants of Arabidopsis thaliana germinate
more readily than the wild-type, cytokinin
signalling might promote other events reg-
ulating seed germination which are not yet
fully understood.

Ascorbic Acid, Nitrogen Oxide
(NO), Nitrite (NO2

–), Nitrate (NO3
–)

Ascorbic acid and small inorganic
chemicals are also involved in seed germi-
nation. However, the cellular basis of their

mechanism is not yet fully understood, and
seems to be species dependent.

Ascorbic acid (vitamin C, Fig. 9) is a
strong antioxidant, a potential inhibitor of
reactive oxygen species (ROS) production
and increases plant resistance to stress.[86]
Therefore, ascorbic acid plays an important
role in seed germination under stress con-
ditions.[87] It has been shown that ascorbic
acid increases resistance to salt stress and
has a beneficial effect, for example, on fen-
ugreek (Trigonella foenum-graecum) seed
germination.[88] However, pre-treatment
with ascorbic acid under normal condi-
tions (unstressed) had no effect on germi-
nation. The inductive role of ascorbic acid
in seed germination is largely related to its
antioxidant activity. Ascorbic acid is also a
cofactor for several enzymes, in particular
key enzymes required for the biosynthesis
of phytohormones, such as 1-aminocy-
clopropane-1-carboxylate oxidase (ACO)
involved in ethylene biosynthesis, or gib-
berellin 20-oxidase.[89,90] Consequently,
ascorbic acid could have several addition-
al effects on seed germination through its
indirect influence on the levels of ethylene
and gibberellins and in mediating the an-
tagonism between ABA and GA.[89,90]

Several nitrogen-containing com-
pounds such as nitrogen oxide (NO), nitrite
(NO

2
–), nitrate (NO

3
–), nitrogen dioxide

(N
2
O

4
), ammonium (NH

4
+), azide (N

3
–) and

cyanide (CN–) promote dormancy breaking
and seed germination in many plant spe-
cies.[11e] The elucidation of the active enti-
ties is complicated by the inter-conversion
of these nitrogen-containing compounds.
However, these compounds are acting as
potential sources of NO and/or act through
mechanisms similar to the ones involved in
NOmode of action. These sources of nitric
oxide are usually produced in the soil by
microorganisms or excreted by all plants
and animals. Nitric oxide is also produced
enzymatically in plant mitochondria pri-
marily via nitrate reductase from nitrite
and nitrate. Several studies used synthet-
ic precursors of NO to investigate its ac-
tions on seeds and plants. For example,
application of a NO donor such as SNP
(sodium nitroprusside, Na

2
[Fe(CN)

5
NO])

removed dormancy in Arabidopsis.[91]
NO is required for the transcription of the
GA3ox1 and GA3ox2 genes which lead to
two key biosynthetic enzymes for active

gibberellins. NO coordinates a reduction
in ABA-imposed dormancy with the onset
of gibberellin-stimulated germination.[92]
Indeed, nitrate treatment of dormant
Arabidopsis seeds led to a relief of
dormancy and to the decrease in ABA
content by stimulation of its oxidative ca-
tabolism and by prevention of its de novo
synthesis.[93]

The alleviation of seed dormancy by
treatment with SNP relies on the release of
NO and of cyanide.[91] HCN is produced
in cyanogenic and non-cyanogenic species
upon hydrolysis of cyanogens (cyanolip-
ids, cyanoglycosides and cyanohydrins).[94]
Seeds evolve HCN during the early peri-
ods of water imbibition (pre-germination
period). However, HCN release decreases
and finally stops with the start of germi-
nation.[94] Treatment of seeds with gaseous
HCN, potassium ferrocyanide, potassium
ferricyanide, or SNP (cyanide precursors)
allowed dormancy release of Arabidopsis
seeds.[94,95] Smoke of burning plant mate-
rial produces, amongst thousands of other
molecules, the cyanohydrin glyceronitrile,
which in the presence of water releases
cyanide, which in turn stimulates seed
germination of various fire-responsive
species.[96]

Abscisic Acid (ABA) Biosynthesis
Inhibitors

Abscisic acid (ABA) is one of the key
phytohormones derived from carotenoids
and is involved in seed dormancy and ger-
mination.[6a,11d,97] The essential regulatory
role of abscisic acid, namely inducing and
maintaining dormancy and repressing ger-
mination, is directly linked to the level of
its expression in the seed. The application
of exogenous ABA on the seed or the in-
crease in the concentration of ABA within
the seed by overexpression of the genes in-
volved in its biosynthesis induces seed dor-
mancy and inhibits seed germination. In
contrast, reduction of the level of ABA in
seed by mutation of biosynthetic genes or
by treatment with exogenous molecules in-
terfering withABA biosynthesis, results in
the alleviation of seed dormancy and/or in
an increase of germination.[98] We present
here different classes of compounds able to
stimulate seed germination, either by inter-

L- Ascorbic acid Glyceronitrile

Fig. 9. Ascorbic acid and glyceronitrile are
seed germination stimulators.

Abscisic acid (ABA) Fluridone Norflurazon

Fig. 10.
Compounds used
to decrease ABA
level through
phytoene
desaturase
inhibition.
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fering with ABA-biosynthesis or through
direct antagonistic competition with ABA
binding at its biochemical target.

Fluridone and norflurazon are bleach-
ing herbicides which act by inhibition of
carotenoid biosynthesis in plants (Fig. 10).
The molecular target of these herbicides
is the phytoene desaturase, an enzyme in-
volved in the conversion of phytoene to
ξ-carotene, which is further transformed
into β-carotene.[99,100] Fluridone and nor-
flurazon have been used to control the level
of ABA in seeds because phytoene desatu-
rase is involved in the biosynthesis ofABA
as one of the molecules resulting from the
transformation of β-carotene. Fluridone
and norflurazon are still currently used in
studies investigating the roles of ABA in
seed germination but they have strong side
effects during plant growth due to their
herbicidal mode of action depleting carot-
enoids biosynthesis, which leads to strong
phytotoxicity (bleaching).

Norflurazon and fluridone stimulate the
relief of dormancy and the germination of
seed and embryo in many plant species un-
der favourable conditions as well as under
abiotic stress.[101] A broad variety of seeds
including crop plants have been stimu-
lated to germinate by treatment of these
phytoene desaturase inhibitors. However,
some seed species displayed much lower
sensitivity towards these compounds and,
in some cases, the synergy with gibberellin
or light successfully overcame dormancy
and increased seed germination.[93a,101,102]

There is a clear need to identify more
specific ABA biosynthesis inhibitors com-
pared to the phytoene desaturase inhibi-
tors. In the biosynthetic pathway of ABA,
the 9-cis-epoxycarotenoid dioxygenase
(NCED), which catalyses the rate limit-

ing step of cleavage of an olefinic double
bond of 9-cis-neoxanthin into xanthox-
in is a very attractive downstream target.
However, NCED is a member of the ca-
rotenoid-cleaving dioxygenases which are
involved in several biosynthetic pathways,
for example that of the strigolactones.
Therefore, the inhibition of NCED should
be selective to reduce the level of ABA in
seed and stimulate germination without
interfering with other biosynthetic path-
ways.[97,103]

Thestartingpointforthedevelopmentof
the NCED inhibitors was the identification
of nordihydroguaiaretic acid (NDGA,
Fig. 11), a lipoxygenase inhibitor which
decreases ABA levels in treated plants
by inhibition of NCED.[103] Although
NDGA itself showed no beneficial effect
on seed germination, it stimulated the
search for improved derivatives.[104]
These studies led to the design of NDGA
analogues having an amine residue in the
linker between both aromatic rings as for
example abamine and abamine analogues
(Fig. 11),which displays stimulating effect
on seed germination.[104d] More recently,
derivativeswith ahydroxamicacid as linker
between two substituted phenyl rings as
NCED inhibitors have been described.[105]
However, the hydroxamic acid derivatives
arenot targetingspecificallyNCEDbutalso
other carotenoid-cleaving dioxygenases
(CCDs)which are involved, for example, in
the biosynthetic pathway of strigolactones.
Therefore, the selectivity of inhibition of
the hydroxamic acid derivatives as D4 to
reduce the level of ABA in seeds has to be
optimised.

Recently, significant progress has
been made in the understanding of ABA-
signalling at the molecular level. ABA

mediates protein–protein interactions
between its receptors PYR/PYL on one
hand and group-A protein phosphatases
type 2C (PP2Cs), thereby effectively
inhibiting the activity of the later. This
is the first step in the ABA signalling
cascade, which results in, among other
plant physiological effects, inhibition
of seed germination.[106] Several small
molecules also activate some of the ABA
receptors. Interestingly one suchmolecule,
pyrabactin (Fig. 11), was shown to be an
agonist of PYR1, one member of the PYR/
PYLABA receptor family, while acting as
an antagonist with PYL2, another closely
related member of the PYR/PYL receptor
family. The reason for this behaviour is
well understood and supported with crystal
structures of the respective complexes.[107]
Pyrabactin inhibits germination despite
its antagonistic interactions with PYL2.
However, recently a derivative of ABA,
AS6(Fig.11),wasreported toactasanABA
antagonist, which is able to suppressABA’s
seed germination-inhibiting effect.[108]
Therefore, it is now possible to promote
seed germination by directly interfering
with ABA signalling through molecules
designed to act as ABA antagonists.

Conclusions

In this review we have covered the
most representative classes of chemicals
that display strong stimulation of seed
germination already at rather low
concentration. The efficient stimulation
of seed germination under favourable
conditions could significantly increase
crop yield. Moreover, the stimulation
of seed germination under unfavourable
abiotic stress conditions, in particular at
low temperature, could offer important
economic benefits. Despite the large
efforts made to identify chemicals
displaying strong seed germination
induction properties, there are, so far,
only relatively few classes of compounds
that were shown to be effective on a
variety of seed species. Most of the seed
germination stimulation compounds act on
the biosynthesis and/or on the signalling
of phytohormones or are themselves
agonists or antagonists of these hormones.
Moreover, the recent progresses made at
the molecular level in the mechanisms of
the mode of action of the phytohormones
and on their cross-talks allow the design
of more potent and more specific synthetic
analogues. Until 2008, a major player in
the ‘phytohormones orchestra’ remained
unidentified, namely the strigolactones.
The recent data disclosed on strigolactones
and on karrikins and their interactions with
the other phytohormones provide very
promising research opportunities which

Fig. 11. Compounds used to decrease ABA level through NCED inhibition and compounds
mimicking or antagonising the perception of ABA.
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could lead ultimately to derivatives able
to stimulate specifically the germination
of seeds and the subsequent development
steps of the resulting plants.
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