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Preface

Seed biology, a fascinating aspect of plant sciences, covers all the crucial aspects of seed de-
velopment, germination, as well as seed treatments. The need for increased seed quality has
become a priority necessary to face the current demand for high standards in the agricultur-
al market and seed industry [1, 2]. Seed producers are always looking for high-quality seeds
to fit the demands of the competitive EU seed market, which reached a value around € 7
billion, corresponding to 20 % of the global market in 2012 [3].

In this book New Challenges in Seed Biology - Basic and Translational Research Driving Seed Tech-
nology, we provide a state of the art of the current knowledge on seed biology with focus on
seed technology. A collection of eight chapters written by seed biology experts from the
field of seed physiology, ecology, molecular biology, biochemistry, and industrial seed tech-
nology was gathered.

Optimal crop performance requires rapid and uniform seedling emergence since delayed
germination exposes plantlets to unfavorable environmental conditions. Critical points in
the search for novel hallmarks of seed vigor are the metabolic changes induced by water
uptake and the response to priming or invigoration treatments. In this context, Lutts and
coworkers contributed with an updated review on the molecular mechanisms underlying
the beneficial response of seeds to priming, taking advances of the recent knowledge gath-
ered by the use of global expression profiling methods. In the same topic, Afzal looks over
the recent advances on seed treatments, highlighting the use of physical treatments as alter-
native approaches to chemical-based seed invigoration protocols.

Knowledge on the metabolic dynamics that accompany the transition from the quiescent
state of dry seeds to the active proliferating state of germinating seeds/seedlings is being
continuously updated. The signaling cross talk between the reactive oxygen species and
growth regulators implicated in the release and/or induction of dormancy was discussed by
Soundararajan et al. Mehmet et al. described the effects of the application of plant regulators
on seed germination of Lilium genus, highlighting the potential of these types of seed treat-
ments for mass propagation of both endangered and ornamental Lilium species.

Seed storage plays a major role in ensuring seed quality from the moment the seeds reach
physiological maturity until they germinate. Appropriate postharvest handling helps to pre-
serve seed viability but also ensures the economical value of the final product. In developing
countries, seed postharvest techniques are a proxy of increased food security and income for
local populations. Yousaf et al.reviewed the different postharvesting techniques available to
address the needs of not only developing countries but also the more industrialized ones.



Xl

Preface

Advanced molecular tools applied to translational research programs in seed science are ex-
pected to address key societal challenges in agriculture and industry while ensuring envi-
ronmental protection. Kanai et al. extensively described how the available fundamental
knowledge on lipid biosynthesis could be used for increasing oil production in crops. Gé-
mez-Maqueo et al. highlighted the potentialities of modulating cell wall properties to en-
hance seed germination traits. On the other side, Ruiz-Téllez et al.reviewed the potentialities
of seed technology for helophyte production to be used in green wetlands with horizontal
surface for wastewater treatment.

We hope that this book, which combines different aspects of basic and translational research in
seed biology, will attract the attention of researchers and technologists from academia and
industry, providing points for interactive and fruitful discussion on this fascinating topic.
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Abstract

Seed priming is a pre-sowing treatment which leads to a physiological state that enables
seed to germinate more efficiently. The majority of seed treatments are based on seed
imbibition allowing the seeds to go through the first reversible stage of germination but
do not allow radical protrusion through the seed coat. Seeds keeping their desiccation
tolerance are then dehydrated and can be stored until final sowing. During subse-
quent germination, primed seeds exhibit a faster and more synchronized germination
and young seedlings are often more vigorous and resistant to abiotic stresses than
seedlings obtained from unprimed seeds. Priming often involves soaking seed in
predetermined amounts of water or limitation of the imbibition time. The imbibition
rate could be somehow controlled by osmotic agents such as PEG and referred as
osmopriming. Halopriming implies the use of specific salts while "hormopriming" relies
on the use of plant growth regulators. Some physical treatments (UV, cold or heat,..)
also provide germination improvement thus suggesting that priming effects are not
necessarily related to seed imbibition. A better understanding of the metabolic events
taking place during the priming treatment and the subsequent germination should help
to use this simple and cheap technology in a more efficient way.

Keywords: germination, omics approaches, priming, seedling growth, stress resist-
ance

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN
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1. Introduction

Efficient seed germination is important for agriculture. Successful establishment of early
seedling indeed requires a rapid and uniform emergence and root growth. Germination of
orthodox seeds commonly implies three distinct phases (Figure 1) consisting in (1) Phase I:
seed hydration process related to passive imbibition of dry tissues associated with water
movement first occurring in the apoplastic spaces; (2) Phase II: activation phase associated
with the re-establishment of metabolic activities and repairing processes at the cell level; and
(3) Phase I1I: initiation of growing processes associated to cell elongation and leading to radicle
protrusion. Phases I and III both involve an increase in the water content while hydration
remains stable during Phase II. It is commonly considered that before the end of Phase II,
germination remains a reversible process: the seeds may be dried again and remain alive
during storage and able to subsequently re-initiate germination under favorable conditions.

Water
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Figure 1. Seed hydration curves and germinating phases in unprimed and primed seeds.

Water-based seed priming is defined as a pre-sowing treatment that partially hydrates seeds
without allowing emergence [1]. Various treatments may indeed be applied during the
reversible phase of germination (point 3). They widely differ according to the osmotic potential
of the priming solution, the duration, the external temperature, and the presence of specific
chemical compounds. The efficient treatments trigger metabolic processes activated during
the phase II of germination, which are then temporally stopped before a loss of desiccation

occurs (Figure 1) [2].
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The overall consequence of seed priming consists in an increased seed vigor defined as the
whole set of properties conditioning seed lots performance in a wide range of environment [3].
Priming strategies may afford several economic and agronomic advantages to cultivated
plants (point 4). Numerous data published in the literature indeed reported an improvement
in the rate and uniformity of germination but also an obvious improvement in the behavior of
the obtained seedlings in terms of plant growth and stress resistance.

Although priming is used since decades by farmers and seed companies to improve germi-
nation, it can also occur under natural plant conditions. This is more especially the case in
serotinous plants growing in deserts and able to retain their seeds for a long time. These seeds
indeed undergo several hydration-dehydration cycles enhancing subsequent germination
after final seed dispersion caused by heavy rain [4]. From a general point of view, the priming
process not only concerns seeds but also the whole plant system itself and may be defined as
an induced state whereby a plant reacts more rapidly and more efficiently to a stress [5]. In
this acception, plants exposed to a primary constraint are triggering a set of temporary
metabolic adaptation leading to a stress memory and allowing them to adapt more efficiently
to subsequent episodes of stress [6, 7].

Although the interest of seed priming has been demonstrated since a long time, the underlying
physiological and biochemical basis of this fascinating process remain poorly understood.
Holistic approaches related to omics tools now provide new opportunities to elucidate the
molecular components of the priming phenomena. Similarly, nondestructive and noninvasive
methods such as digital image technology may be used in a more precise way to study the
kinetics of imbibition in relation to the modification of the seed ultrastructure. This chapter
reviews the most recent progresses accomplished in the understanding of the seed priming-
induced modifications.

2. A brief history of seed priming

Man established contact with seed physiology since the beginning of agriculture and quickly
realized that many seeds do not germinate easily and uniformly. Ancient civilization was
fascinated by the capacity of an apparently « dead seed » to resurrect and to produce a viable
young and healthy seedling after germination. The Greek Theophrastus (ca. 372-287 BC)
already focused on seed physiology and suggested that germination process may be tempo-
rarily interrupted [8]. Pre-hydration of legume seeds before sowing was performed by Roman
farmers in order to increase the germination rate and synchronize germination as reported by
the Roman naturalist Gaius Plinius Secundus. Several centuries later, these techniques were
still used for a wide range of species according to the French agronomist Olivier de Serres
(1539-1619) [8]. In 1664, Evelyn [9] mentioned that temperature prior sowing may have an
impact on further germination while one century later, Ingenhousz [10] analyzed the impact
of light on seedling emergence.

During the nineteenth century, numerous botanists started to describe morphological proc-
esses associated with seed germination [11, 12]. Sachs [13] experimented the impact of various

3
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compounds (including tyrosine and asparagine) before and during germination. The discov-
ery of plant hormones in the 1920s underlined the crucial role of these compounds in seed
desiccation tolerance, reserve mobilization, as well as cell division and cell elongation occur-
ring during germination. The possibility to influence final germination as a consequence of
pre-sowing treatment has led to a wide range of empirical methods for numerous cultivated
plant species during the year 1970s [14].

3. Priming methods and priming agents

Several methods of seed priming have been developed in order to invigorate seeds and
alleviate the environmental stresses. A common feature of water-based priming techniques,
which distinguishes them from other pre-sowing treatments, is partial seed pre-hydration and
the activation of early germination events in seed. Priming efficiency is affected by many
factors and strongly depends on treated plant species and chosen priming technique. Physical
and chemical factors such as osmotica and water potential, priming agent, duration, temper-
ature, presence or absence of light, aeration, and seed condition also influence priming success
and determine germination rate and time, seedling vigor, and further plant development [15,
16].

3.1. Hydropriming

Hydropriming is the simplest method of seed priming, which relies on seed soaking in pure
water and re-drying to original moisture content prior to sowing. No use of additional chemical
substances as a priming agent makes this method a low-cost and environmentally friendly.
The main disadvantage of hydropriming is uncontrolled water uptake by seeds. This is a
consequence of free water availability to seeds during hydropriming, so that the rate of water
uptake depends only on seed tissue affinity to water [17]. Moreover, this technique may result
in unequal degree of seeds hydration thus leading to lack of simultaneous metabolic activation
within seeds followed by unsynchronized emergence [18]. Considering these limiting factors,
it is highly important to define accurate treatment duration, temperature, and water volume
used in hydropriming to ensure desired level of seed hydration and to prevent radicle
protrusion. Despite the aforementioned limitations, many reports indicated beneficial effect
of hydropriming on seed germination and seedling growth under both optimal and stress
conditions, in various crop plants such as chickpea, maize [19], wheat [20], Indian mustard
[21], canola [22], sunflower [23], rice [24], mung bean [25], capsicum [26], and durum wheat
[27].

One of the commercially used types of hydropriming is the system named “drum priming”,
patented in the early 1990s [28, 29]. In this technique, seeds are gently rotating in drum and
gradually hydrated by addition of water in vapor form. Drum priming allows seed imbibition
in a controlled manner and could be an attractive alternative to conventional hydropriming.
Specially designed apparatus enables monitoring of the seed weight, precise regulation of time,
and water amount during hydration process, what ultimately results in an appropriate and
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uniform moisture level of the seeds [30]. Drum priming with 24-epibrassinolide shows positive
effect on germination time and seedling growth of bell pepper concomitant with improved
superoxide dismutase (SOD), catalase (CAT), and peroxidase (POX) activities [31]. Another
variant of hydropriming, so-called “on-farm priming”, consist of seed soaking in water
followed by surface drying and subsequent sowing. The duration of treatment obligatorily
cannot be longer than “safe limit” (maximum time of priming without risk of seed or seedling
damage by premature germination) [32]. The positive impact of this method on crop emer-
gence and yield was confirmed by Harris et al. [33]. On-farm priming is especially useful for
resource-poor farmers in marginal tropical environment [34].

3.2. Osmopriming

Osmopriming involves soaking seeds in osmotic solution with low water potential instead of
pure water. Due to low water potential of osmotic solutions, water enters seed slowly which
allows gradual seed imbibition and activation of early phases of germination but prevents
radicle protrusion [35]. Usually water potential of priming agent varies from -1.0 down to -2.0
MPa [36]. However, values of water potential together with duration of the priming treatment
should be always adjusted to species, cultivar, and sometimes seed lot. Different compounds
are used in osmopriming procedure including polyethylene glycol (PEG), mannitol, sorbitol,
glycerol, and inorganic salts such as NaCl, KCI, KNO,, K,PO,, KH,PO,, MgSO,, and CaCl, [37].
Priming with salt solutions is often referred as “halopriming”. Most common chemical
employed in osmopriming treatment is PEG, mainly owing to its specific characteristic. Large
molecular size of PEG prevents its penetration into the seed thus avoiding induction of
potential cytotoxic effect and reduction of osmotic potential within seed [35]. Nevertheless,
PEG exhibits some undesirable features including high viscosity, which restrict diffusion of
oxygen in the solution so in PEG priming aeration system is preferred [2]. Seed priming with
PEG has been shown as an effective method to improve seed germination, seedling emergence,
and stress tolerance of several crop plants under unfavorable conditions such as salt, water,
chilling, and nano-ZnO stresses [1, 3, 36-38].

3.3. Solid matrix priming

Solid matrix priming (SMP, matriconditioning), in which water uptake by seeds is controlled,
has been developed as an alternative method to osmopriming because of high cost of osmotic
agents and technical problems with aeration [2]. During solid matrix priming, seeds are mixed
and incubated with wet solid water carrier for a certain period. Afterward, seeds are separated
from matrix, rinsed, and back-dried. The use of solid medium allows seeds to hydrate slowly
and simulates natural imbibition process occurring in the soil [18]. To successfully accomplish
SMP, materials utilized as matrices should possess specific physical and chemical features such
as low matrix potential, minimal water solubility, high water holding capacity and surface
area, no toxicity to seeds, and ability to adhere to seed surface. In fact, vermiculite, peat moss,
charcoal, sand, clay, and some commercially offered substrate such as Celie or Micro Cell are
exemplary solid carries applied in solid matrix priming [2, 35]. In order to obtain the best
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priming performance, time of treatment and optimal water content must be determined
separately for each matrix [39].

Positive effects of SMP on crop seeds have been noted in many reports. Solid matrix priming
enhanced field performance of carrot [40] as well as improved germination and seed vigor of
soybean [41]. Study on onion showed that matriconditioning improved seed germination rate,
seedling emergence, and growth under optimal and low temperature conditions [42]. Sand
priming increased the activities of antioxidant enzymes such as catalase (CAT), peroxidase
(POX), and soluble sugar content in waxy maize concomitant with improved rate of germi-
nation and seedling growth under high-salt stress conditions [43].

It is well established that integration of SMP with biological and chemical factors may greatly
enhance seed performance [18]. Adoreoli and de Adnrade [44] indicated that inclusion of
gibberellins/fungicide/Bacillus subtilis to matriconditioning leads to improved stand establish-
ment and productivity of some vegetable crops under tropical conditions. Similarly, matri-
conditioning with GA; enhanced the quality of hot pepper seeds [45]. More recently published
data demonstrated that solid matrix priming with Trichoderma viride improved seedling
emergence and yield of okra under low temperatures [46].

3.4. Hormopriming

During hormopriming, seeds imbibition occurs in the presence of plant growth regulators,
which can have direct impact on seed metabolism. The following regulators are commonly
used for hormopriming: abscisic acid, auxins, gibberellins, kinetin, ethylene, polyamines, and
salicylic acid (SA). Gibberellic acid (GA;) and PEG priming improved photosynthetic proper-
ties, antioxidant system, seedling emergence, and growth of white clover on heavy metal
polluted soil [47]. Priming spring wheat seeds with GA; increased grain yield and salt tolerance
by modulating hormone homeostasis together with alterations of ion uptake and accumulation
between shoots and roots [48]. Enhanced salt tolerance, growth, and grain yield of wheat were
also observed after kinetin-priming [49]. Among the different techniques of seed priming
(hydro-, osmo-, and halopriming), spermidine pretreatment appeared to be the most effective
method for induction drought tolerance in rice [50]. High efficiency of polyamines-priming on
the improvement of rice tolerance to drought has been demonstrated also by Farooq et al. [51].
Critical role of phytohormones exogenously supplied into seeds for plant response to salinity
stress was stated in wheat seeds primed with ascorbic acid and salicylic acid, as this pretreat-
ment method increases the ability of wheat to grow successfully under salt stress, whereas
hormonal priming with ABA was not effective in this case [52].

3.5. Biopriming

Biopriming involves seed imbibition together with bacterial inoculation of seed [53]. As other
priming method, this treatment increases rate and uniformity of germination, but additionally
protects seeds against the soil and seed-borne pathogens. Hydration of seeds infected with
pathogens during priming can result in a stronger microbial growth and consequently
impairment of plant health. However, applying antagonistic microorganisms during priming
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is an ecological approach to overcome this problem [54]. Moreover, some bacteria used as
biocontrol agents are able to colonize rhizosphere and support plant in both direct and indirect
way after germination stage [55]. It was found that biopriming is a much more effective
approach to disease management than other techniques such as pelleting and film coating [56].
Nowadays, the use of biopriming with plant growth-promoting bacteria (PGPB) as an integral
component of agricultural practice shows great promise [57, 58]. In pearl millet, biopriming
with Pseudomonas fluorescens isolates enhanced plant growth and resistance against downy
mildew disease [59]. Biopriming with rhizobacteria improved germination parameters of
radish seeds under saline conditions [60].

3.6. Others

Chemical priming refers to seed treatment with different chemical solutions used as priming
agents. This approach includes priming with wide range of both natural and synthetic
compounds such as antioxidants (ascorbic acid, glutathione, tocopherol, melatonin, and
proline), hydrogen peroxide, sodium nitroprusside, urea, thiourea, mannose, selenium,
chitosan, fungicide etc. Positive impact of chemical priming with various priming agents in a
wide range of environmental conditions was indicated by numerous studies [26, 61-64]. Seed
priming with 3-amino butyric acid increased drought and salt tolerance of green gram [65].
Application of ascorbic acid as a seed priming agent induced drought and salt resistance of
wheat [66, 67]. Analysis conducted by Fercha et al. [67] revealed that priming with ascorbate
counteracts the negative effects of salinity stress by changes in abundance of proteins involved
in metabolism, protein destination, and storage.

Nutripriming is a technique in which seeds are soaked with solutions containing the limiting
nutrient instead of pure water. The idea of this method is to obtain nutritional effect together
with biochemical advantages of priming in order to improve seed quality, germination
parameters, and seedling establishment [68]. Seed priming with Zn improved productivity of
chickpea and wheat [69], germination and early seedling growth of rice [70], development and
root growth of maize seedling exposed to low root zone temperatures [71], while K-priming
brought favorable effect on growth and nutrient status of cotton seedling under saline
conditions [72]. Some nutripriming techniques are commonly used by seed companies in the
process of seed production and preparation for growers. One of this methods, broad spectrum
nutrient seed priming (BSN), is based on imbibing seeds in mixture of minerals, such as zinc,
copper, manganese, molybdenum, and phosphorus, which has been proved to fertilize the
seed and provides the nutrients for early growth, which positively affects germination,
seedling vigor, and root system development (http://seedprimer.com/).

4. Seed priming and agriculture

Pre-sowing priming induces a particular physiological status in seeds and has emerged as a
promising strategy to improve plant behavior in the field. There is a strong interest for farmers
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and seed companies to find suitable cheap priming treatments but also to precisely identify
the agronomical properties improved as a result of priming in cultivated species.

4.1. Hastening and synchronization of germination

Primed seeds often exhibit an increased germination rate and greater germination uniformity.
An enhanced and uniform seedling emergence may contribute to regular crop establishment.
Priming may enhance events taking place at the beginning of the germination, but the whole
process is interrupted at a given state, which is the same for all concerned seeds. Priming may
also induce structural and ultrastructural modifications that could facilitate subsequent water
uptake and attenuate initial differences between the seeds in terms of imbibition, thus resulting
in a more uniform germination [47].

A faster emergence may help to improve competitivity of cultivated plants against weed
species as recently demonstrated by Jalali and Salehi [73] for sugar beets. In mung bean plants,
a faster seedling establishment resulting from priming may contribute to a total increase in
yield up to 45% [74].

Priming-induced increase in germination may be associated to a change in plant hormone
biosynthesis and signaling. Priming has been reported to increase gibberellins (GA)/abscisic
acid (ABA) ratio [75], and this may be a direct consequence of a priming impact in gene
expression pattern [76]. A more uniform GA endogenous concentration in primed seeds may
help to synchronize endosperm weakening, embryo cell elongation, and reserve mobilization
[77]. Ethylene also directly influences germination speed and percentage. Increase in ethylene
production during priming may promote endo-f3-mannase activity facilitating endosperm
weakening and post-priming germination [78]. Priming has been reported to initiate repair
and reactivation of pre-existing mitochondria and to initiate the biogenesis of new ones [79].
It may thus afford a higher level of energy over a short time to sustain final germination [80].

4.2. Plant growth

Plants issued from primed seeds often exhibit a faster growth than those issued from unprimed
ones. Determine whether such growth stimulation is the consequence of a more rapid seedling
establishment or result from a long-term specific physiological status induced by priming still
remains an unresolved question. In numerous cases, the beneficial impact of priming on plant
growth is more obvious under nonoptimal than under optimal conditions, leading to the global
concept that a major advantage of priming consists in an increase in stress resistance (point
4.10). Thus, in direct relation to memory events, the main question is related to the remanence
of priming-induced modifications. Imram et al. [71] showed that such modifications remain
intact several weeks after germination in maize.

Inrice, priming with 5-aminolevulinic acid improved shoot elongation [81] while priming with
picomolar rutin augmented both root and shoot length in relation to an increase in photosyn-
thetic pigments, phenolic and flavonoid contents [82]. In wheat, priming with sodium prusside
stimulated plant growth as a consequence of improved capacity to scavenge free radicals by
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antioxidants [83], and a similar observation was reported for rice as a result of an increase in
glutathione peroxidase (GPX) activity [24] and other antioxidant enzyme activities [84].

The beneficial impact of priming on plant growth may be due to an improved nutrient use
efficiency allowing a higher relative growth rate [85] and to an improved regulation of the
plant water status [86]. Jisha and Puthur [65] confirmed that the priming effect of 3-aminobu-
tyric acid on seeds of Vigna radiata further get carried over the seedlings. A higher growth of
seedlings issued from primed seeds may also be analyzed in relation to a direct impact of
pretreatment on cell cycle regulation and cell elongation processes (point 7) [77, 78].

4.3. Mineral nutrition

Modification of nutrient uses efficiency by young seedlings may be a consequence of priming-
induced overexpression of genes encoding for specific transporters, although only few
transporters appear specifically induced by priming itself [36]. An efficient strategy to improve
mineral nutrition of young seedling is to use nutrient-based seed priming strategy. Phospho-
rous seed priming supported crop development at early stages and may compensate for P
deficiency in the soil [87, 88]. Jamil et al. [89] demonstrated that improvement of mineral status
of P-primed cereals reduced strigolactone exudation and thus sensitivity to the parasite weed
Striga hermonthica. Muhammad et al. [85] recently performed experiments using Zn, Mn, B,
and P priming. These authors demonstrated that nutrient seed priming allowed maize plants
to maintain Zn and Mn supply for at least 3 weeks in highly calcareous soils characterized by
a low nutrient availability. Similarly, Pame et al. [90] showed that P accumulation in rice may
be increased by using P-primed seeds, which is of special interest in Asia where about one-
third of the area of rainfed rice is situated on P-deficient soils. Such a higher absorption could
not be explained only by nutrient accumulation in the seeds during the primed phase since it
is still observed in plants several weeks after sowing. It may therefore be hypothesized that
priming interferes with regulation of acquisition mechanisms and further research is crucially
needed to identify the molecular mechanisms involved in these processes. Priming with boron
improves seedling emergence in rice and, on a long-term basis, increases panicle fertility in
relation to an improvement in stigma receptivity [91]. Seed priming may also contribute to
improve N nutrition, mainly through an enhanced nitrate reductase activity in plants [40].
Priming with nonessential beneficial elements, such as Si, leads to an increase in Si content of
cultivated plants and has a protective impact on plant development [86].

Beside the improvement of essential elements uptake, priming also helps to reduce accumu-
lation of putatively toxic elements. Chromium (VI) accumulation is reduced in maize seedlings
issued from salicylic acid primed seeds and cultivated in the presence of this toxic element [82].
Osmopriming with PEG and hormopriming with GA improved germination and early
seedling growth of white clover maintained on a heavy metal-contaminated soil, but the
impact on Cd accumulation by plants may differ according to the considered treatment since
GA, increased Cd accumulation while PEG reduced it [47]. Liu et al. [92] demonstrated that
PEG increases Ca* cytosolic concentration through hyperpolarization-activated calcium
permeable channels, which could explain a lower Cd accumulation as a consequence of an
improved selectivity toward calcium.
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Numerous data are also available concerning the priming effect on the plant behavior exposed
to salinity. It is frequently reported that priming-induced stress resistance may be a conse-
quence of an improved discrimination for K* over Na* nutrition. Both osmo- and hydropriming
were efficiently used to influence K* selectivity of seedlings, but the underlying molecular basis
of this improvement still needs to be identified, especially in terms of regulation of monovalent
cation transporters.

4.4. Yield-related parameters

A huge amount of studies is devoted to the impact of seed priming on the seed germination
phase and early seedling growth. Most of those studies are conducted under controlled
environmental conditions in plant growth chambers or greenhouses. Data reporting a real
improvement under field conditions remain rare. Yield effect may be linked to a faster plant
establishment allowing a longer growth period. Khan et al. [93] reported that plant issued from
primed seed benefits from a longer period of assimilates accumulation in sugar beet. Con-
versely, in some cases, phenological evolution of cultivated plants may be modified by
priming: in chickpea, plants issued from priming encountered an earlier seed maturity
allowing them to escape disease or heat terminal stress in the season [94]. Yield increase may
also result from a higher plant density observed as a consequence of priming-induced increase
in germination percentage [95].

Since less than a decade, several data started to be available for priming-induced yield
improvement in rice. Shah et al. [96] demonstrated that priming had a positive effect on the
weight of 1000 grains in this species. Boron priming induced an obvious decrease in panicle
sterility and consequently improved the number of grains per inflorescence [91]. Binang et al.
[97] also demonstrated that priming had a significant effect on the number of tillers, number
of fertile panicles, and consequently grain yield of new NERICA rice varieties. Promising yield
improvement has also been reported for maize [85, 98], onion [99], okra [100], and sugar beet
[73]. Beside its impact on quantitative parameters, priming may also improve the quality of
harvested plants, as recently reported by Janecho et al. [101] for the vitamin content and
nutritional value of legumes.

4.5. Stress resistance

Most of the studies performed on the seedlings issued from primed seeds demonstrated a clear
improvement of resistance to environmental constraints. Table 1is providing a nonexhaustive
list of recent publications dealing with stress resistance improvement on cultivated plant
species. Frequently, such improvement is obvious just after emergence at the seedling level,
but progressively disappears at the adult stage. For example, some young plants issued from
priming treatments displayed improvement of resistance to chilling [84], low temperature [75],
salinity [43, 102], high temperature [80], drought [24, 65, 103], and UV exposure [82]. Some
interesting studies also demonstrated that priming may afford resistance to biotic stresses such
as Fusarium oxysporum in tomato [104], viral disease in Brassica rapa [105], and downy mildew
in pearl millet [106]. Such a large set of data suggests that seed priming may elicit numerous
pathways contributing to stress resistance. The molecular basis involved in this stress resist-
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ance remains intact during the dehydration phase following priming and may contribute to
stress resistance during the final germination step. Moreover, some data suggest that a single
priming treatment may induce resistance to various stresses.

Environmental constraint Plant species Priming treatment Reference
Salinity Brassica juncea hydro/osmopriming [21]
Brassica napus PEG [120]
Halopriming [22]
Helianthus annuus KNO, [23]
Triticum durum ascorbic acid [27]
Medicago sativa PEG [37]
Zea mays Sand priming [43]
Triticum aestivum ABA +SA [52]
NO (nitroprusside) [63]
Ascorbic acid [67]
Biopriming [102]
KClI + CaCl, [167]
Raphanus sativus Biopriming [60]
Gossypium arvense Potassium [72]
Citrus sinensis NO (nitroprusside) [185]
Drought/water stress Oryza sativa KH,PO, [24]
Dry priming [50]
Polyamines [51]
Salicylic acid [134]
Zea mays Urea; KNO3 [64]
Vigna radiata BABA [65]
Triticim aestivum Ascorbic acid [66]
Silicon [86]
Brassica napus PEG [178]
Hydropriming [117, 118]
Glycine max Osmoconditioning [187]
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Environmental constraint Plant species Priming treatment Reference
Cicer arietinum Osmo/hydropriming [170]
Chilling and low temperatures Vigna radiata Hydropriming/proline [25]
Zea mays chitosan [62]
Nutrient priming [71]
Glycine max Osmopriming [79]
Oryza sativa Salicylic acid [84]
Beta vulgaris Osmopriming [93]
Spinacea oleracea Osmopriming [107]
Nicotiana tabacum Putrescine [166]
High temperatures Lactuca sativa Hydropriming [76]
Daucus carota PEG [80]
Heavy metals Trifolium repens PEG [47,179]
Poa pratensis PEG, Gibberellins [179]
Biotic stresses
Phythium ultimum Zea mays Biopriming [53]
Verticillium Brassica napus Biopriming [56]
Downy mildew Pennisetim glaucum Biopriming [59]
BABA [106]
Yellow mosaic virus Vigna radiata On farm priming [75]
Fusarium oxysporum Solanum lycopersicum Methyl jasmonate [104]
Double-stranded DNA virus Brassica rapa Biopriming [105]

Table 1. Nonexhaustive list of recent studies devotes to priming-induced increase in the stress resistance of cultivated
plant species.

The priming procedure itself implies frequently the use of stressing agent, as it is the case for
PEG and salt. In some cases, priming may be performed at low temperature to reduce the
kinetics of seed hydration. A slow hydration may be considered as a stressing process since
the water content is too low to allow radicle elongation (see point 5). It may thus induce defense
responses within embryos. This is especially the case for biochemical processes involved in
protection against reactive oxygen species (point 8). Several components of the ROS-mediated
signaling pathways are activated during the first hydration phase of the priming process. The
ultimate stress resistance in the seedlings may then be linked to the persistence of the antiox-
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idative defenses after final germination. Since management of oxidative stress is an important
component of resistance to a wide range of stress, this observation may, at least partly, explain
the cross-resistance phenomena.

The dehydration step that follows the partial hydration phase is also a major stressing phase.
Numerous studies focus on late embryogenesis abundant proteins (LEA) normally involved
in the acquisition of desiccation tolerance. Chen et al. [107] showed that the major dehydrins
disappear during osmopriming while Maia et al. [108] conversely suggested that PEG may
induce LEA synthesis. Water deprivation associated with the dehydration phase may also
trigger accumulation of transcription factors, some of them being specifically involved in stress
resistance [109, 110]. Molecular chaperones such as heat shock proteins (HSP) also explain a
priming-induced improvement of stress resistance [78]. It may also be hypothesized that
priming-induced modification of the seed hormonal status, mainly an increase in ABA, may
somewhat influence the seed and young seedling response to environmental constraints in
relation to a faster activation of ABA-responsive genes involved in stress acclimation [108, 109].

The beneficial impact of priming treatments relies on numerous properties as indicated in
Figure 2.
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Figure 2. General overview of biochemical and physiological basis of priming effects. Priming modifies seed ultra-
structure, reserve mobilization, regulation of oxidative status and cell cycle, and seed water content. The obtained
seedlings may be improved for growth, mineral nutrition, and stress resistance. The components of priming effect may
be revealed through an integrated convergent proteomic, transcriptomic, and metabolomics holistic approach.
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5. Priming and seed water content

Seed germination is characterized by triphasic kinetic of water uptake with a rapid initial
uptake (imbibition), followed by an apparent lag phase. A further increase in water uptake
occurs only after germination is completed, as the embryonic axis elongates [111] (Figures 1
and 2). Early imbibition of seeds involves the fastest and most drastic changes in tissue
hydration observed during germination. The water content of seeds and tissues within seeds
depends of the composition of stored reserves. Seed imbibition and subsequent embryo
growth depend on water exchanges and water potential gradients represent the motive force
for water flow and finally tissue expansion. Water transport across cell membranes is essential
for the initiation of metabolism. This intracellular water transport is mediated by aquaporins.

Aquaporins (AQPs) are transmembrane proteins, members of the major intrinsic protein (MIP)
family that facilitate rapid and passive water transport across cell membranes and play a
crucial role in plant water relations [112-114]. Plant aquaporins are remarkably diverse with
several subfamilies of MIPs identified in dicots and monocots. Among them, the plasma
membrane intrinsic proteins (PIPs) and the tonoplast intrinsic proteins (TIPs) subfamilies
constitute the largest number of AQPs and correspond to AQPs that are abundantly expressed
in the plasma and vacuolar membranes, respectively. Both PIP and TIP subfamilies are
believed to play a key role in transcellular and intracellular plant water transport.

To gain insight into the role of water channel in germination, the expression profiles of AQP
genes were studied in Arabidopsis [115], Oryza sativa [116], and Brassica napus [117] during seed
imbibition and early embryo growth. These results have demonstrated the possible role of
several AQPs in seed germination also in response to abiotic stresses. Moreover, Liu et al. [116]
have shown the reduced seed germination rate via OsPIP1;3 silencing and the promotion of
seed germination via OsPIP1;3 over-expression under drought conditions demonstrating that
OsPIP1;3 is required for normal seed germination.

Seed priming involves imbibing seeds with restricted amounts of water to allow hydration
sufficient to permit pre-germinative metabolic events to proceed while preventing radicle
protrusion. This treatment can extend phase II of water uptake while preventing seeds from
entering into phase III. The completion of radicle emergence is prevented by restricted amount
of water provided to the seed (hydropriming, solid matrix priming) or decreased water
potential (P'w) of the imbibition medium by the use of osmotic solutes such as PEG or salts
(osmopriming) [111]. In a study on Brassica napus osmopriming, Kubala et al. [36] revealed that
at the beginning of the soaking period and at the end of drying phase, the seed water content
was as low as 5%. The soaking treatment allowed seed imbibitions up to 50%, which should
be enough to re-initiate metabolism.

As AQPs regulate water movement, it can be supposed that these proteins play an important
role both in priming treatment (seed soaking) and post-priming germination under both
favorable and unfavorable conditions. A role for aquaporin-controlled water transport across
cell membranes in primed seeds of Brassica napus during germination was demonstrated by
Gao et al. [118]. Seed priming with PEG or ABA resulted in an enhanced germination,
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particularly under salt and osmotic stresses at low temperature. Priming treatment induced
expression of BnPIP1 but had no effect on transcript level of Bny-TIP2. However, transcripts
of both BnPIP1 and Bny-TIP2 genes during germination were present earlier in primed seeds
than nonprimed ones. Gao et al. [118] speculated that BnPIP1 was involved in water transport
required for the activation of enzymatic metabolism of storage nutrients in the early stages of
rapeseed germination, while Bny-TIP2 expression was correlated with cell growth during
radicle emergence. Changes in the expression pattern of SoPIP1;1, SoPIP1;2, SoPIP2;1, and
SodTIP during Spinacia oleracea seeds osmopriming and post-priming germination under
optimal conditions, chilling and drought have been reported by Chen et al. [119]. The authors
have stated that all these genes were up-regulated within 2—4 d of priming (phase II-imbibi-
tion). Therefore, the high expression of those AQPs might contribute to water transport across
plasma and vacuolar membranes to facilitate water supply to expanding tissues and to increase
germination potential of primed seeds. The down-regulation of all AQPs genes expression was
observed under chilling and drought. However, the expression of some AQPs genes was
elevated in primed seeds that also exhibited greater chilling and drought tolerance [119].
Kubala et al. [36] revealed up-regulation of two genes encoding tonoplast AQPs (TIP4.1 and
TIP1.2) in Brassica napus seeds in relation to osmopriming. In this study, expression of TIP1.2
increased approximately 20 fold during post-priming germination as compared to unprimed
seeds. In addition, the same authors have also stated facilitated water uptake and higher stress
tolerance of germinating primed Brassica napus seeds [26, 120]. The above-mentioned results
have demonstrated that water transport and sufficient water supply for embryo during post-
priming germination regulated by AQPs may be one of the crucial components modulated by
pre-sowing seed priming that influences germination rate and stress resistance.

As PIPs, but not TIP, are generally found at the plasma membrane, PIPs are thought to play a
key role in seed water uptake. Nevertheless, both microarray [121] and macroarray experi-
ments [115] with the complete set of genes encoding major intrinsic proteins revealed that out
of 13 PIPs encoded by the Arabidopsis genome, transcripts for only three isoforms (PIP1;2,
PIP1;4, and PIP1;5) were detectable in seeds. Mapping of TIPs in germinating Arabidopsis seeds
has revealed that isoforms TIP3;1 and TIP3;2 detected in embryos, appear to localize to both
the plasma membrane and tonoplast [122]. Vander Willigen et al. [115] have observed that
during germination, very high level of TIP3 protein was coincident with decreased level of
PIP1;2 and PIP2;1 polypeptides until phase III of water uptake. As stated by Vander Willigen
et al. [115], it is intriguing how such low concentrations of PIP protein during the early phases
of germination can achieve basic transcellular water transport in the seed. Gattolin et al. [122]
have speculated that TIP3 may be the only AQP involved in seed water intake, and that the
presence of TIP3 at the plasma membrane may compensate for the absence (or low concen-
tration) of PIPs. In the light of these results, the enhanced germination potential of primed
Brassica napus seeds could be partially explained by the up-regulation of TIPs during priming
and post-priming germination [36]. However, the involvement of apoplastic water movement
and simple diffusion of water across membranes during seed imbibition cannot be ruled out.
The treatment of Arabidopsis seeds with mercury, a general blocker of aquaporins, reduced the
speed of seed germination but did not affect its developmental sequence or basic aspects of
seed water relations. Vander Willigen et al. [115] suggested that aquaporins functions are not
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involved in early seed imbibition but would rather be associated with water uptake accom-
panying expansion and growth of the embryo.

The transmembrane water transport via the regulation of AQP quantity and activity endows
seeds with a remarkable capacity to modulate water absorption, transport, and compartmen-
tation within tissues. Nuclear magnetic resonance (NMR) spectroscopy has provided insights
into changes in the physical states of seed water during germination [123-126]. In particular,
magnetic resonance imaging (MRI) has revealed a precise spatial distribution of water within
tissues of germinating seeds and different patterns between species [125, 127, 128] highlighting
the tight control of water transport. Water status of primed seeds was characterized by
Nagarajan et al. [129] in study on tomato halo-and osmopriming. Nagarajan et al. [129] pointed
out that better performance of primed seeds may be attributed to the modifications of seed
water-binding properties and reorganization of seed water during imbibition, so as to increase
the macromolecular hydration water required for various metabolic activities related to the
germination process. In the future, it will be crucial to see how the spatial pattern of aquaporin
expression can fit the hydration pattern revealed by MRI during both priming and post-
priming germination, therefore enabling a comprehensive understanding of water transport
in seeds.

Several studies have reported that water uptake is improved by priming treatment as primed
seeds exhibited a faster imbibition in comparison with nonprimed ones, although pre-treated
seeds were dried after priming to reach the same water content as nonprimed ones [36, 47,
107]. Although MRI studies revealed that water penetrates seeds through the hilum and
micropyle [125, 130], Galhaut et al. [47] did not observe any particular modification of these
structures after Trifolium repens priming, despite a faster seed hydration. However, scanning
electron microscopy analysis showed that primed seeds of Trifolium repens exhibited seed coat
tears and circular depressions that can favor seed imbibition. Moreover, X-ray photographs
revealed tissue detachment in dry primed seeds that formed free space between the cotyledons
and radicle, making water flow easier, thus contributing to tissue hydration [47]. Similarly,
formation of free space surrounding the embryo in dry primed seeds of tomato was noticed
by Liu et al. [131]. In brief, these observations suggest that structural modifications might
contribute to rapid seed germination by improving water uptake.

The maintenance of favorable water status is critical for survival of germinating seeds under
environmental stresses leading to tissue dehydration. The accumulation of nontoxic, compat-
ible solutes within seed tissues, that is, osmotic adjustment is a major trait associated with
maintenance of high cell turgor pressure potential in response to stress conditions. Priming
treatment itself may generate a moderate abiotic stress during soaking (e.g. osmotic stress, salt,
and drought created by the priming agents) [36, 132]. The accumulation of osmotically active
solutes such as amino acids (e.g. proline) ammonium compounds (e.g. glycine betaine), sugars
(e.g. glucose, fructose, sucrose) during priming was noticed in several species and was shown
to improve seed germination under subsequent water stress [3, 21, 133, 134].

Seeds can also experience dehydration in the course of priming treatment, that is, during
drying after soaking. Late embryogenesis abundant proteins (LEAs) can stabilize cell structure
and macromolecules upon cell dehydration by preventing inactivation and aggregation of
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proteins and the loss of membranes integrity. This could be realized due to the ability of most
LEA proteins to either coat intracellular macromolecules with a coherent layer of water or to
interact with the surface of proteins and thus acting as water replacement [135]. As LEA
proteins accumulate at a high level in response to cell/tissue dehydration, they may contribute
to acquisition of tolerance to drought and related stresses such as osmotic, salt, and cold stress.
In support of this, several studies revealed changes in the pattern of expression/accumulation
of LEA transcript/protein in seeds caused by priming treatment and suggested their associa-
tion with improved stress tolerance of primed seeds [36, 107, 136-138]. For example, the
transcripts of two genes: Em6, encoding LEA group 1 protein and RAB1S, encoding responsive
to ABA 18 protein, belonging to LEA group 2, declined during osmopriming (soaking in PEG
solution), reaccumulated after slow drying and again degraded during Brassica oleracea seeds
germination [138]. The up-regulation of RAB18 and Em6 expression during slow seed drying
suggests that they play a role in drought tolerance. Chen et al. [107] reported transient
accumulation of four dehydrins-like proteins (32, 30, 26, 19-kD) in seeds of Spinacia oleracea
during early stages of osmopriming followed by progressive degradation to a lower level in
primed dry seeds compared to unprimed ones. A similar trend was confirmed to cold
acclimation protein CAP85. In contrast to protein concentration, relative expression of CAP85
was greater in primed dry seeds than in unprimed ones. Recently, Kubala et al. [36] revealed
accumulation of LEA transcripts (LEA4-1, LEA4-5) and LEA3 proteins during soaking in PEG
solution. The authors proposed that soaking in PEG with a low osmotic potential should not
be considered only as a rehydration phase: water uptake may be sufficient to reinitiate a
physiological activity from a previous quiescent stage but water content of 50% remained low
enough to represent a water stress situation, especially when it is maintained during several
days [36].

6. Priming and seed ultrastructure

In general, the ability of seeds to germinate seems to be critically determined by a change in
the balance between growth potential of the embryo and the mechanical resistance of the
surrounding tissues. In many species, the endosperm tissue enclosing the embryo restrains
the germination process acting as a physical barrier, which restricts radicle emergence.

Weakening of tissues surrounding elongating radicle by cell separation due, for instance, to
the activity of cell wall hydrolases may occur as a consequence of priming (Figure 2). It was
determined that osmopriming induced hydrolysis of the endosperm tissue of Cucumis melo
seeds [139] and increased the endo-f3-mannanase activity in the endosperm cap and decreased
its mechanical restraint on the elongating tomato embryo [140]. A strong correlation was
observed between lowering of the mechanical restraint and the activity of endo-f-mannanase
[141].

Penetration of the structures surrounding the embryo is a consequence of radicle cells
elongation. Up-regulation of the gene encoding xyloglucan endotransglucosylase/hydrolase
(XTH) in response to osmopriming and accumulation of transcript for extensin-like protein
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(ELP) during post-priming germination was observed in rapeseed [36]. As XTHs have the
ability to cleave xyloglucans and rejoin the cut ends with new partners, they are engaged in
cell wall loosening during growth and in the restructuring of the cell walls after extension.

Cytoskeleton reorganization is also necessary to achieve large rates of cells elongation that
precedes radicle protrusion. The component of microtubules (B-tubulin) accumulated in
tomato seeds during germination and priming and the expression preceded visible germina-
tion [142]. Higher level of 3-tubulin protein accumulation was shown in rapeseed during PEG
soaking, drying, and post-priming germination. The up-regulation of genes encoding - and
B-tubulins was also noticed during post-priming germination [36].

Ultrastructural observations performed during the 6-d period of solid matrix priming (SMP)
of carrot (Daucus carrota) seeds indicated the breakdown of storage materials, specific to the
catabolic phase of germination sensu stricto, both in the axis and in the micropylar endosperm
covering the radicle tip [143]. It was found that complete degradation of storage protein and
lipid bodies and subsequent starch accumulation occurred in the radicles of carrot seeds after
8-d SMP. In the endosperm, the catabolic changes were limited to the micropylar area, where
extensive breakdown of storage cell walls, partial degradation of protein bodies, and no
storage lipid hydrolysis were observed [144].

During seed germination, storage proteins, which provide a source of reduced nitrogen, and
inorganic minerals need to be mobilized to support seedling growth. In addition, a lytic
aqueous vacuolar compartment building up the turgescence necessary for cell expansion and
to promote radicle protrusion and embryo elongation has to be formed (Figure 2). Bolte et al.
[145] investigated the features and the dynamics of the vacuoles during the early stages of
Arabidopsis seed germination and indicated the successive occurrence of two different lytic
compartments in the protein storage vacuoles (PSV). The first one corresponds to globoids
specialized in mineral storage and the second one is at the origin of the central lytic vacuole
in these cells [145]. Different mechanisms for the transformation of PSV into lytic vacuole in
the root tip cell of germinating tobacco (Nicotiana tabacum) seeds were proposed by Zheng and
Staehelin [146]. Ultrastructural studies demonstrated that the radicle cells of tobacco contain
only one type of vacuole at particular time of development. Upon rehydration, the radicle cells
only contain PSVs, but during subsequent root development, the PSVs are systematically
transformed into lytic vacuoles via cell type specific pathways.

At present, we do not have a complete view of ultrastructural changes occurring during seed
priming. One would expect that similar vacuole remodeling might occur during priming,
especially in embryonic axis. The maintenance of metabolism over, for instance, several days
of seed priming requires mobilization of embryo reserves. It is speculated that accumulation
of endogenous osmotica, cell vacuolization, together with cell wall loosening initiated during
priming, might determine the embryonic axis extension and radicle protrusion during post-
priming germination. Deeper and more detailed studies should be continued in order to
completely clarify this phenomenon.
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7. Seed priming and cell cycle regulation

Some of the hypotheses proposing explanation for priming-induced improvement are based
on its effect on DNA in relation to activation of DNA repair mechanisms, synchronization of
the cell cycle in G, and preparation to cell division (Figure 2). During seed maturation, most
of the embryo cells are stopped at G, or G, phase of cell cycle and only some species have a
small proportion of cells in the G, phase [111]. During seed imbibition, meristematic activity
is limited; however, some preparation to cell division occurs. In embryos of dry tomato seeds,
most cells have 2C DNA level and are in G1 phase of nuclear division [147]. The authors
observed that DNA synthesis preceded germination as during imbibition in water, 4C signal
was found mostly in the embryonic root tip, which suggests that cell enters S phase. They also
primed seeds for 14 d in PEG-6000, which enhanced the rate and uniformity of germination.
The 4C DNA signal of root tip cells increased during priming starting from 3 d incubation in
PEG and was constant after re-drying the seeds to the initial moisture content. This observation
suggests that priming increased the ratio of cells in G, phase to G, phase and indicates that the
beneficial effects of priming on seedling performance are associated with the replicative DNA
synthesis prior to germination [147]. This is accompanied by increase in a- and d-like DNA
polymerase activities in primed seeds and during germination.

The initiation of cell cycle and proceeding the cell to S phase may depend also on a G,
checkpoint control. Most, if not all, cell cycle proteins responsible for cell cycle control appear
to be already present in dry mature seeds, although some of them should be synthesized de
novo. However, not only protein synthesis but also their modification may play a regulatory
function for cell cycle control [148]. Cell division starts just after radicle protrusion, thus, seed
priming, which prolongs Phase II of seed germination and is finished just before Phase III,
does not affect cell division in itself [16]. Seed priming extends Phase II, when DNA repair
mechanisms and expression of genes encoding proteins needed in cell cycle control and
commencement are activated and overreach the level observed in unprimed seeds. Pre-
activation of cell cycle by priming could be through regulation of the activity of cell cycle
proteins such as cyclin-dependent protein kinases and proliferating-cell nuclear antigens [16].
It was found that osmopriming of Brassica napus seeds induced expression of cell division
control protein 48 homolog C, cyclin P4;1, cyclin like protein and topoisomerase Il in dry seeds,
as well as proliferating-cell nuclear antigen 2 and cyclin dependent kinase 3;2 during imbibi-
tion [36]. Accumulation of proliferating-cell nuclear antigen during maize seed imbibition was
associated with transition of the cells from G, to G, [149]. Moreover, microtubules, apart from
cytoskeleton formation, cytoplasmic streaming, organellar movement, and cell wall formation,
function in mitotic spindle formation during mitosis. Microtubules in dry seeds are depoly-
merized and form discrete granular bodies, which become organized into the cytoskeleton
during imbibition [111, 142]. Higher expression of genes encoding microtubule-associated
protein 65-1 and 70-2 as well as tubulin subunits y-1, 3-1, 3-3 and microtubule motor activity
proteins belonging to kinesin family was also observed during PEG soaking and in dry
osmoprimed Brassica napus seeds [36]. Enhanced expression of tubulin genes was associated
with accumulation of 3-tubulin protein during osmopriming and subsequent germination [36].
Also in pre-hydrated seeds of Arabidopsis thaliana and Solanum lycopersicum accumulation of
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tubulins (mainly B-tubulin) was stated during germination as compared to unprimed seeds
[136, 142].

During Phase II of seed germination, when water uptake is severely limited, major metabolic
processes are activated [111]. One of the most important events undergoing during Phase Il is
DNA repair, which precedes cell cycle activation [142, 150]. The process of DNA replication is
preceded by repair of DNA damage caused mainly by reactive oxygen species, which are
accumulated during seed storage and aging [151]. DNA repair covers first period of DNA
synthesis, while the second period of DNA synthesis (replication) is observed before cell
division. DNA synthesis in Phase II of germination and also during seed priming corresponds
rather to DNA repair, mainly in organelle such as plastids and mitochondria [152]. Increased
number of mitochondria in leek embryo cell of osmoprimed seeds was observed by Ashraf
and Bray [153]. Mitochondria biogenesis before mitochondria division involved the transition
of promitochondria to mature mitochondria. This process is accompanied by the expression
of genes of nucleotide biosynthesis, transport, and organelle RNA- and DNA-related functions
[154, 155]. Pre-sowing seed osmopriming induced higher expression of genes corresponding
to mitochondria biogenesis such as translocases of the inner membrane (TIM) complex TIM10
and TIM23-1, mitochondrial ribosomal protein and translational elongation factor EF2, which
is targeted into mitochondria [36].

There are still some gaps in comprehensive understanding of pre-sowing seed priming impact
on DNA repair and cell cycle regulation. Activation of different DNA repair mechanism has
been observed during seed imbibition preceding germination and they are believed to be
essential for successful reactivation of cell cycle [111]. They include a and p tyrosyl-DNA
phosphodiesterase 1, o and § DNA topoisomerase I [156], 8-oxoguanine DNA glycosylase/
lyase and formamidopyrimidine-DNA glycosylase [157], transcription elongation factor II-S
[158], DNA ligase VI and IV [159]. Varier et al. [16] have suggested that in primed seeds DNA
damage is repaired before replication, primarily through DNA synthesis. However, in a study
on Cicer arietinum primed seeds, the role of DNA repair genes in enhancing the physiological
quality of seeds was postulated [160]. The authors tested the expression level of genes encoding
proteins with already proved function on DNA repair mechanisms in relation to priming
methods and seed size. Moreover, enhanced accumulation of transcripts was found in dry and
imbibed osmoprimed Brassica napus seeds [36] for genes involved in DNA repair according to
function description in databases, such as DUTP-pyrophosphatase-like 1, endonuclease V
family protein, ribonucleoside-diphosphate reductase subunit M2 (TSO), casein kinase II,
replicon protein A2, DNA glycosylase DEMETER (DME), BARD1, RECQ helicase L4B, and
MUTS homolog 2. Thus, activation of DNA repair mechanisms in seeds occurs prior to their
germination and contributes to enhanced germination rate and better quality of seeds under-
going pre-sowing seed priming.

8. Management of oxidative status

Management of oxidative status is also considered as an important part of primed seeds
physiology [18, 36, 161, 162] (Figure 2). Beginning with the seed development through
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maturation and germination, the seed moisture content as well as seed metabolic activity is
subjected to dramatic changes. The biochemical and cellular events triggered by water uptake
and subsequent loss are accompanied by a generation of reactive oxygen species (ROS) [151,
163]. During seed imbibition and early stages of germination, ROS production occurs mainly
through respiratory activities of mitochondria, activities of 3-oxidation pathways and enzymes
such as NADPH oxidases, extracellular peroxidases, and oxalate oxidases [163]. ROS accu-
mulation and associated oxidative damage can be regarded as a source of stress that may affect
the successful completion of germination. As ROS, particularly H,0O, can act as signaling
molecules, seeds must be endowed with a ROS removing system that tightly regulates their
concentration. Scavenging of ROS is carried out by antioxidant system, a multifunctional
machine, which includes enzymes (i.e. catalase (CAT), superoxide dismutase (SOD), and
ascorbate peroxidase (APX), monodehydroascorbate reductase (DHAR), and glutathione
reductase (GR)) as well as nonenzymatic compounds (i.e. ascorbic acid (AsA) or reduced
glutathione (GSH) [1, 151]. Metabolism of ROS, mainly H,O,, which is believed to play a central
role in oxidative status signaling, is strictly associated to other reactive species and signaling
molecules such as nitric oxide and hydrogen sulfide, which contribute and regulate the
transition from dormant to germination phase [151, 163, 164].

Kubala et al. [36] have considered the priming as a process, which consists of two main phases:
controlled hydration of the seeds and drying back to the initial moisture content. Seed pre-
hydration followed by re-drying during priming treatment, similarly to seed maturation and
germination, exerts changes in moisture content, which leads to ROS production and activation
of the antioxidant system. The activation of APX and the accumulation of AsA and GSH during
osmopriming of spinach seeds (Spinacia oleracea) were accompanied by the repression of SOD
and CAT activity [1]. These results indicated that activation of AsA-GSH cycle during
osmopriming of spinach seeds can decrease the level of lipid peroxidation products in primed
seeds. Moreover, the same authors have suggested that the renewal of antioxidant defense
system, possibly required by seedling establishment, occurred during the late stages of
germination as a result of up-regulation of CAT activity after initial reduction and overall
antioxidant activation [1]. Kubala et al. [36] have indicated through an integrated transcrip-
tomic and proteomic approach that the priming-induced germination can be linked with the
activation of antioxidant system. The authors showed that during osmopriming of Brassica
napus seeds CAT2 and PER21 encoding peroxidase 21 were up-regulated and GR protein was
accumulated. Moreover, the same authors have observed up-regulation of PER13 gene and
accumulation of peroxidase 12, DHAR and peroxiredoxin proteins during post-priming
germination. Furthermore, Kubala et al. [162] have postulated a correlation between activation
of antioxidant metabolism in osmoprimed Brassica napus seeds and increased tolerance to salt
stress during germination. The enhanced activity of APX, SOD, and CAT corresponded with
increased expression rate of APX, SOD, and CAT genes. Similar result has been obtained by
Nouman et al. [165], who showed that priming of Moringa oleifera seeds with Moringa leaf
extract (MLE) improves growth under saline condition mainly by activation of antioxidant
system (SOD, CAT, and POD). Priming of mung bean seeds (Vigna radiata L. Wilczek) with (3-
amino butyric acid (BABA) enhanced the activities of SOD and POX leading to improved
tolerance to NaCl and PEG 6000 stresses [65]. Enhanced chilling stress tolerance in two tobacco
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varieties (MSk326 and HHDJY) was due to increased activity of antioxidant enzymes (SOD,
POD, CAT, and APX) as a result of priming seeds with putrescine [165]. Results obtained by
Islam et al. [167] showed that in haloprimed wheat (Triticum aestivum) seeds, increased activity
of CAT, POD, and APX enhanced tolerance to salinity stress. Osmopriming with PEG has
improved sorghum (Sorghum bicolor) seed germination and seedling establishment under
adverse soil moisture conditions and has been correlated with antioxidant system activation
(APX, CAT, POD, and SOD) [3]. Rice (Oryza sativa) seeds primed with polyethylene glycol
(PEG) showed increased activity of APX in parallel with decreased activity of SOD, POD, and
CAT under ZnO nanoparticles stress [38]. The same authors have also observed down-
regulation of genes encoding the antioxidant enzymes (APXa, APXb, CATa, CATb, CATc,
SOD2, and SOD3) in PEG primed seeds under nano-ZnO stress. They have concluded that
priming with PEG significantly alleviates the toxic effects of nano-ZnO through improved cell
structures of leaf and roots.

Seed aging during storage is associated with ROS production. Appearance of oxidative stress
resultsin a decrease of seed quality. Kibinza et al. [161] showed that priming plays animportant
role in seed recovery from aging through CAT activation. Their results revealed accumulation
of hydrogen peroxide (H,0,) and reduction of CAT at the gene expression level and protein
content during sunflower (Helianthus annuus L) seed aging. Interestingly, the adverse results
of aging were recovered by seed osmopriming, which led to induction of CAT synthesis by
activating gene expression and translation of the enzyme.

Summing up, the management of oxidative status in primed seeds plays a very important role
as a machinery, which leads to protection against oxidative stress, recovery from aging, and
regulation of ROS production/accumulation. Alleviation in ROS level exerts a signal, which
could be perceived, transduced, and crosstalk with other signaling pathways, thus executing
physiological response by activation or repression of molecular processes.

9. Reserve mobilization

Recent transcriptome and proteome study of cabbage (Brassica oleracea) and Arabidopsis seeds
as well as integrated transcriptomic and proteomic approach in study of rapeseeds (Brassica
napus) osmopriming revealed that germination and priming altered similar processes [36, 136,
138]. Indeed, it is proposed that germination-related processes such as respiration, energy
metabolism, and early reserve mobilization can also occur during priming [16] (Figure 2).
Faster and uniform rice (Oryza sativa) seed germination due to priming was related to im-
proved activity of a-amylase, resulting in increased level of soluble sugars in primed kernels
[168]. Sung and Chang [169] have shown that priming of maize (Zea mays) seeds leads to
increased activity of enzymes for carbohydrates (ot and (3 amylases) and lipids (isocitrate lyase,
ICL) mobilization. Priming of chickpea (Cicer arietinum L. Cv PBG-1) seeds with mannitol led
to increased activity of amylase, invertases (acid and alkaline), sucrose synthase (SS), and
sucrose phosphate synthase (SPS) in shoots of primed seedlings. The higher amylase activity
in shoots suggests a rapid hydrolysis of transitory starch formed in the shoots of primed
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seedlings leading to more availability of glucose for seedling growth. [170]. Higher content of
soluble protein, aldolase, and ICL activity has been observed in haloprimed pepper (Capsicum
annum L) seeds than in control seeds [171]. Moreover, the a-glucosidase accumulation and
increased level of globulin degradation products were observed during the priming process
of sugar beet (Beta vulgaris L.) seed [172]. Similar observation on primed sugar beet seed has
been done by Capron et al. [173] who showed increased solubilization of 11S-globulin-f3-
subunit in response to hydro- and osmopriming. Gallardo et al. [136] have also observed higher
polypeptides content in both hydro- and osmoprimed Arabidopsis seeds. They were identified
as products of 125-cruciferin-f3-subunit degradation.

Kubala et al. [36] have shown that during Brassica napus seeds osmopriming and post-priming
germination accumulation of transcript and proteins for seed storage proteins occurred. The
authors have observed up-accumulation of cruciferin CRU1. The group of six genes encoding
GDSL-like lipases, playing a role in triacylglycerols (major storage lipids in rape seeds)
catabolism, were strongly up-regulated during post-priming germination while the other three
genes for GDSL-like lipases as well as extracellular lipase 6 were up-regulated in osmoprimed
seeds [36]. The activation of lipid catabolism-related genes was correlated with the activation
of genes involved in lipid transport such as genes encoding bifunctional inhibitor/lipid-
transfer protein/seed storage 2S albumin superfamily protein [36]. Priming can also reduce a
level of oleosins-proteins, which surround oil bodies. In osmoprimed Brassica napus seeds as
well as during post-priming germination, down accumulation of oleosin 54-3 protein and
down-regulation of OLEOSIN2 gene were observed, respectively [36].

Activation of respiration and rapid ATP production is primary metabolic events occurring
during priming [18], and higher respiratory activity is required to cover energy pool for speed
up germination. The increased ATP level/energy charge after priming was observed in tomato
(Solanum  lycopersicum), eggplant (Solanum melongena), araucaria (Araucaria columnaris),
spinach, oat (Avena sativa), and cabbage (Brassica oleracea) [174, 175]. Primed seed needs a large
amount of fuel, which supplies energy required for higher reserve mobilization rate. All
together lead to improved energy turnover and increased metabolism rate of primed seed and
contribute to better germination and stress tolerance.

10. Holistic “omic” approaches of seed priming

The identification of biomarkers of seed priming effect is a relevant goal for plant physiologists.
The sequence of events associated with water-based priming involves a limited hydration step
during the soaking period followed by a more or less rapid dehydration phase (Figure 1). It
may be considered that each phase has its own profile of activation/deactivation. Transcription
is not necessarily coordinately associated with translation, resulting in some cases in a limited
correspondence between mRNA levels and protein abundance. Some proteins synthesized
during incubation may also be degraded during dehydration, although the rate of degradation
might somewhat be influenced by the rate of drying. Finally, protein synthesis may also occur
as a result of the translation of long-lived mRNA previously synthesized during seed matu-
ration [17, 37, 103, 110].
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The advantage of these complementary holistic approaches is that they provide a large set of
data allowing physiologist to obtain a global view of all parameters of the metabolism
associated with priming. The major disadvantage, however, is that these techniques are rather
expensive. As a consequence, samples are frequently analyzed after a given duration of
treatment and the time-dependent evolution of parameters are rarely considered. It is still
difficult to reconstitute a kinetic approach, but published studies rather provide a large set of
information at a given moment while the priming procedure is a dynamic process.

10.1. Transcriptomics

Transcriptomics is the study of the transcriptome —the complete set of RNA transcripts that
are produced by the genome under specific circumstances —using high-throughput methods.
Several techniques are available for transcriptomic approaches, including microarray, c-DNA
amplified fragment length polymorphism (cDNA-AFLP), expressed sequence tag sequencing,
serial analysis of gene expression, RNAseq, and massive parallel signature sequencing [176].
According to Buitink et al. [109], more than 1300 genes may be differentially regulated during
priming with PEG at -1.7 MPa in Medicago truncatula. Genes whose expression are regulated
during the priming process are commonly categorized according to the function of the
corresponding protein (metabolism and regulation of metabolism, cell cycle regulation, DNA
processing, transcription regulation, cellular transport and communications, stress responses,
etc.). However, a consistent part of the identified genes is still not annotated.

In Brassica napus, numerous priming-regulated genes are involved in gluconeogenesis, which
is essential for triacylglycerol breakdown into small molecules. Another important category
of genes involved in water-based priming of rapeseed encodes for transcription factors, and
this is especially the case after hormopriming with ABA [138]. In the same species, it was
demonstrated that germination of primed seeds involves a specific set of genes comparatively
to germination of unprimed ones [36]. In young seedlings obtained from primed seeds, the
expression of stress-related genes is often more rapid than in plants from unprimed ones, as
recently exemplified for cold tolerance [26]. Not only genes related to protein synthesis but
also genes involved in protein degradation may be induced by priming. Some transcription
factors may be down-regulated during soaking and up-regulated during drying [36]. Genes
involved in the synthesis of osmoprotectant, such as proline, may also be regulated at various
steps of priming [120].

In Brassica oleracea, transcripts that are abundant in dry seeds rapidly decline during osmo-
priming and germination expression programs are initiated during osmopriming [138]. For
these authors, genes expressed during slow drying following the soaking period are correlated
with the stress resistance properties of primed-material. This may especially concern cell-cycle-
regulated genes, enzymes involved in C metabolism, and components of the translation
machinery. Acquisition of the desiccation tolerance after the soaking period is a crucial trait
for priming. Transcriptomic data demonstrated that the molecular determinism associated
with such trait may be, at least partly, similar to those involved during a « normal » seed
dehydration process during maturation. In Medicago truncatula, several regulatory genes
expressed during drought stress are also up-regulated during seed maturation. During
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priming, these genes are involved in post-soaking dehydration while genes conditioning cell
cycle, cell wall biogenesis, and energy metabolism are repressed [109]. Transcripts accumu-
lated after PEG-priming treatment comprise those encoding for LEA and seed storage proteins,
or genes controlling seed dormancy while genes involved in photosynthesis and cell wall
modifications are commonly repressed [108].

Beside involvement of transcription factors, it could be of primary importance in the future to
analyze the priming-induced epigenetic changes. Indeed, DNA methylation may be directly
involved in « stress memory » and some changes, such as cytosine methylation or overex-
pression of histone deacetylase was reported to occur during germination [78].

10.2. Proteomics

Proteome is the entire set of proteins present at a given moment in a given biological sample
and proteomic is the large-scale study allowing identification and quantification of these
proteins. Proteomics has now been practiced in different plant systems through the separation
of proteins by two-dimensional gel electrophoresis followed by peptide mass fingerprinting.
Tandem mass spectrometry can get sequence information from individual isolated peptides.
Quantitative proteomics represent an important extension enabling the comparison of changes
in protein levels across different samples [177]. Gel-free shotgun proteomic is an alternative
for identification and quantification of protein in large-scale studies. This method was recently
used to reveal potential biomarkers of priming-induced salt tolerance in durum wheat with a
concomitant use of protein fractionation and hydrogel nanoparticles enrichment technique
[27]. According to these authors, hydropriming was accompanied by a significant change in
72 proteins. Most of them are involved in proteolysis, protein synthesis, metabolism regulation,
and disease or defense response. Priming with ascorbic acid changed the pattern of proteome
signature and most of identified proteins are involved in metabolism regulation, antioxidant
protection, repair processes, and methionine-related metabolism.

Cycloheximide, a potent inhibitor of protein synthesis, may be added to priming or to
germination solution to analyze the precise requirement of protein synthesis during these
steps. It appears that protein synthesis is not necessarily required for normal germination
process, which could be related to the fact that in some cases, germination relies only on
translation of pre-stored long-lived mRNA produced during seed maturation [14, 178].
Cycloheximide may drastically affect osmopriming-induced improvement of Cd resistance in
Poa pratensis and Trifolium repens in relation to a decrease in a and B-amylase [179]. Protein
concentration in primed seeds is the result of two contrasting pathways: the first implies
specific protein synthesis while the second involves the breakdown of storage proteins through
protease activation. It was demonstrated that priming may act on protease activities and also
influence the expression of protease encoding-gene [180].

Some strategies are also used to separately identify proteins in embryos and in embryo-
surrounding tissues. In monocots, a special attention is often paid to aleurone layers involved
in hydrolytic enzyme synthesis [181]. Aleurone layer is easily separated in some plant material
such as wheat or barley but is more difficult with other monocot such as turfgrasses with very
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small seeds. In wheat, it was demonstrated that the set of proteins regulated by priming is
quite different in embryos and in surrounding tissues and the number of proteins affected by
priming was by far higher in the embryos than in the other parts of the seed. Proteins regulated
in embryos involve those directly linked to metabolism regulation (especially methionine
biosynthesis, glutamate/glutamine metabolism, amino acids synthesis, etc.), energy supply,
cell growth and maintenance of cell structure while proteins up-regulated in surrounding
tissues are mainly involved in reserves mobilization or in the management of the oxidative
stress [67]. In barley, however, ascorbate peroxidase was observed only in the embryo while
several other redox-related proteins differed in spatio-temporal patterns at the onset of radicle
elongation [181].

Priming is considered as an invigoration treatment and several proteomic approaches were
performed to unravel the biomarker of seed vigor. Catusse et al. [182] found that 18 proteins
are accumulated during hydropriming of sugarbeet seeds and that the same proteins appear
directly reduced during aging. Seed vigor appears directly related to lipid and starch mobili-
zation, protein synthesis and methionine cycle. In poplar, more than 81 proteins showed a
significant change in abundance when comparing the proteomes among seed with different
vigor [183]. According to these data, the decrease in seed vigor is an energy-dependent process,
which requires protein synthesis and degradation as well as cellular defense and rescue.
Salicylic acid (SA) was proposed as an invigorating elicitor promoting seed germination under
saline conditions: SA re-induced the late maturation program during early stages of germi-
nation, induced the synthesis of antioxidant enzymes, and improved the quality of protein
translation [184]. Similarly, the “prime-ome” approach performed by Tanou et al. [185]
confirmed the importance of redox proteomic and processes such as N-nitrosilation, tyrosine
nitration, and mitogen-activated protein kinase MPK3 signaling in priming effects.

Osmotic priming was reported to trigger desiccation tolerance in Medicago truncatula [110].
Proteomic analysis demonstrated that such trait is directly linked to the synthesis of late-
embryogenesis abundant proteins from different groups. Secondary structure of some proteins
was compared in the hydrated and dry state after fast or slow drying using Fourier transform
infrared spectroscopy, which confirms that these proteins adopted o helices and [-sheets
conformation during drying process.

Some proteomic approaches are conducted on plant species whose genomes are not se-
quenced. A recent 2DE-MS/MS-based proteomic study was conducted on pearl millet seeds
primed by 3-aminobutyric acid and showed an over-representation of proteins belonging to
glucose metabolism, and a majority of induced proteins are directly related to energy [106].
Seedlings issued from those seeds are more resistant to downy mildew (Sclerospora graminico-
la). It is interesting to note that several of the elicited proteins are present in the extracellular
space and in organelles (mainly mitochondrion and chloroplast).

10.3. Metabolomics

Metabolome refers to the complete set of small-molecule metabolites present within a plant
tissue or organ at a moment. Metabolomic should thus be considered as the quantitative
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measurements of the whole set of compounds involved in the metabolism of a given biological
sample. Plant metabolomics has become an essential part of functional genomics. It often
appears difficult to analyze the entire range of metabolites by a single analytical method, and
several tools are thus commonly combined for this purpose: high performance liquid chro-
matography (HPLC), gas chromatography (GC), electrospray ionization coupled with mass
spectrometry, capillary electrophoresis, atmospheric pressure chemical ionization (APCI), and
secondary ion mass spectrometry (SIMS). Metabolomic approach, however, still remains
difficult to perform on seed material considering the high proportion of molecule issued from
reserve mobilization. An excess of soluble sugar in graminaea and an excess of small lipids
issued from oil digestion in oleaginous plant material may greatly hamper isolation of other
compounds involved in hastening the germination of primed seeds. Similarly, some important
compounds might be present only in specific tissues or cell compartments and react with
sugars during extraction processes; this is especially the case of gibberellins which play a
crucial role in germination but are believed to conjugate with sugar or phenol compounds,
which greatly compromise isolation of and identification procedures of numerous metabolites
[186].

Priming process may drastically modify the synthesis and accumulation of endogenous
antioxidant such as glutathione, ascorbic acid, and even a-tocopherol. A modification in
reducing sugars concentration, such as glucose resulting from partial starch digestion during
priming, may influence protein glycation, a nonenzymatic reaction between reducing sugars
and amino groups in protein [150]. The amount of proline was reported to be modified in
osmoprimed seeds [120]. Some other data reported modifications in aspartate, leucine,
threonate, glutamate, fumarate, or pinitol content in primed seeds from different species [1, 2,
35, 104, 152]. Methionine may also play a key role in priming process, mainly as a precursor
of both ethylene and polyamine synthesis. Polyamines are small aliphatic molecules influenc-
ing all aspects of plant metabolism and development, including the germination processes.
Ethylene is also involved in various aspects of seed germination, and priming was reported
to modify the kinetics of ethylene synthesis from its precursor 1-aminocyclopropane-1-
carboxylic acid (ACC) [186]. Other phytohormones are expected to assume important func-
tions in priming effect (ABA, gibberellins, cytokinins, auxin, etc.) [50, 52], but the quantitative
impact of priming procedure on these compounds is still not well established.

11. Main limitations of priming techniques

Seed priming has emerged as an effective approach for increasing seed vigor. The optimal
treatment differs between species, cultivar, and seed lots. Such variability is a major limitation
of the priming method since numerous trials are required to identify the most appropriate
strategy for each situation. There is no “general rule” concerning modalities of seed priming
and there is no clear trend of priming response according to the taxonomic position of the
species [188]. This, undoubtedly, limits the commercial implementation of priming treatments.

Some priming treatments may imply a risk of medium contamination by fungi and bacteria,
which may heavily impair subsequent seed germination [189]. This may especially be the case
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for PEG and sometimes requires the simultaneous use of pesticide, although the impact of
these compounds on the priming efficiency remains unknown. After priming treatment, seeds
are dried back to their initial moisture content, but this dehydration phase is usually performed
rapidly and occurs faster than classical dehydration of maturing seeds. It has been hypothe-
sized that this brutal desiccation procedure alters the beneficial effect of priming [2].

The major drawback of priming is that it reduces the longevity of primed seeds as compared
with the nonprimed seeds [190-192]. Storability of primed seed material is consequently
reduced, and this results in higher costs for material maintenance for farmers and seed
companies. The loss of viability, however, appears quite variable depending on the species,
cultivars, and seed lots. In extreme cases, priming-induced advantages may even disappear
after only 14 d of storage and the obtained seedling may then perform worse than those issued
from unprimed seeds [193]. One of the limitations of these studies, however, is that experi-
ments are commonly performed on artificially aged seeds using short-term exposure to high
temperature in a moist environment, which is not necessarily fulling relevant from a real aging
process. Some studies, using classical long-term strategies, reported that longevity is not
necessarily affected or may even be increased by priming treatments [194]. Hussain et al. [195]
recently demonstrated that post-priming temperature plays a key role in maintenance of seed
longevity, which is indeed rapidly compromised in rice seeds maintained at room temperature
while it remains intact when the material is stored at 4°C. According to these authors, the
deleterious effect observed at 25°C storage was related to hampered starch metabolism in
primed seeds. It was also suggested that maintenance of the seed longevity at 4°C may be due
to a high viscosity that strongly reduces molecular mobility in the cytoplasm and thus limits
the impact of deteriorative process even in seeds exhibiting low water content [196]. Oxygen
during storage may trigger metabolic processes in primed seeds, which did not re-establish a
true quiescent stage after dehydration when stored at room temperature while oxygen had no
influence at low temperatures [195].

In some cases, repeat priming treatment after storage may partly remove the damaging effect
on seed viability [193] while, in other cases, such a loss is permanent and not reversible [194].
Whatever, the fact that an additional treatment may be required to restore full germination
potential represents an additional cost and source of variability.

12. Conclusions

Seed priming is an old empirical strategy used since centuries by farmers, and since decades
by seed companies, to improve germination processes in cultivated plant species. The
underlying mechanisms involved in this positive impact of pre-sowing treatments remained
obscure for a long time. The present review aimed to summarize recent information provided
by various tools allowing the identification of molecular cues conditioning priming efficiency.

Data obtained from molecular approaches applied to some well-known plant species (rice,
rapeseed, tomato, etc.) are now available. The role of genes associated to metabolic and cell
cycle events now starts to be deciphered, mainly those encoding for translational components
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such as ribosomal subunits, translational initiation factor, enzyme involved in carbon metab-
olism, histones, and transcription factors. A putative epigenetic basis of priming effects should
also be considered. Some authors identified enzyme activity changes in relation to priming
while others also reported numerous changes in the seed storage protein. Priming has also
been reported to increase proteins related to the cell cycle activities such as a- and d-DNA
polymerase. Protecting proteins like dehydrins or HSP is expected to assume protective
functions during the dehydration step. Similarly, proteins involved in water transport, cell
wall modification, cytoskeletal organization, and cell divisions, may be to some extent
regulated during priming. Gene expression and enzyme activities involved in osmocompatible
solute synthesis may be of primary importance to regulate tissue protection during the
dehydration step and water fluxes during the final germination phase. Measurements of water
uptake by primed seeds suggest a reduction in the lag time of imbibition. Water uptake and
its subsequent cell-to-cell movement during germination might be controlled by aquaporins
and expression of the corresponding genes constitutes a specific target of the priming treat-
ment.

Among the different hypothesis proposed to explain the biochemical basis for germination
improvement, DNA replication and cell cycle advancement during priming treatment as well
as synchronization of the cell cycle at the G2 phase are supported by some experimental
evidences. DNA synthesis is involved during priming treatment itself but also during post-
germinative events. Changes are also observed with the modification of the membrane
structure and reorganization of mitochondrial integrity. Activation of antioxidative properties
by priming treatment may also explain the improved behavior of plant material, especially
when final germination and/or growth occur under stress condition.

The priming-induced decrease of the storage capacity is a major limitation for the application
of the priming technique by seed companies. Partial vacuum storage may be useful for
extending the longevity of primed seeds. Improved longevity may be related to enhanced anti-
oxidative activity that minimizes the accumulation of total peroxide during long-term storage.
Another challenge for private seeds company is to identify appropriate treatments able to
restore vigor of old dry seed lots in order to increase their mean percentage of germination to
values compatible with commercial purposes.

If priming may undoubtedly be considered as a valuable strategy to improve stand establish-
ment, its impact on final yield and crop production has not be always confirmed. Most studies
devoted to “omics” approaches of seed priming are performed on young seedling cultivated
under fully controlled environmental conditions. The link between seedling behavior in plant
growth chambers and the adult plant performance in field conditions is far from being clear.
As a consequence, there is an urgent need to focus on transcriptomic, proteomic, and metab-
olomics of adult plants issued from primed seeds, especially at the reproductive stage, in order
to assess the long-term impact of priming on cultivated plants throughout the plant cycle.

In cultivated plant species, a given priming treatment also has contrasting effects on various
cultivars. It may be hypothesized that the ability to respond to priming treatment might be
genetically controlled but, to the best of our knowledge, no data are available concerning
this important aspect. Thus, further progresses are needed not only to identify the set of
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genes that are regulated by priming, but also the set of genes that putatively regulate pri-
ming response and efficiency themselves.
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Abstract

Seed quality is vital to sustainable crop production and food security. Seed enhance-
ments include physical, physiological and biological treatments to overcome germina-
tion constraints by uniform stands, earlier crop development and better yields.
Improved germination rates and seedling vigour are due to reduced emergence time
by earlier start of metabolic activities of hydrolytic enzymes and resource mobiliza-
tion. Nutrient homeostasis, ion uptake, hormonal regulation, activation of antioxidant
defence system, reduced lipid peroxidation and accumulation of compatible solutes are
some mechanisms conferring biotic and abiotic stress tolerance. Several transcription
factors for aquaporins, imbibitions, osmotic adjustment, antioxidant defence and
phenylpropanoid pathway have been identified. However, the knowledge of molecu-
lar pathways elucidating mode of action of these effects, reduced longevity of primed
or other physical and biological agents for seed treatments and market availability of
high-quality seeds are some of the challenges for scientists and seed industry. In this
scenario, there is need to minimize the factors associated with reduced vigour during
seed production, improve seed storage and handling, develop high-tech seeds by seed
industry at appropriate rates and integrate agronomic, physiological and molecular
seed research for the effective regulation of high-quality seed delivery over next
generations.

Keywords: seed priming, biopriming, coating, magnetic seed stimulation, seed vigour
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1. Introduction

Good-quality seed has a significant potential of increasing on-farm productivity and enhanc-
ing food security [1]. Seed quality is the foundation for profitable production and marketing
[2, 3]. High-quality seeds are genetically and physically pure, vigorous and free from insect
pests and pathogens [4]. High-quality seeds with enhanced vigour contribute nearly 30% of
the total production. Plant uniformity is an expression of high seed quality achieved by high
vigour of seeds [5]. Seed quality is influenced by several factors during seed development,
such as maturation, harvesting, drying, cleaning, grading, packing and storage. Farmers and
growers are constantly looking for high-quality seeds to ensure uniform field establishment
and increased production [6].

Availability, quality and cost of seeds influence the global production and ultimately food
security [7]. The informal seed systems (farmers organized and managed without legal
documentation) constitute for 75-90% of their food crop cultivation [8]. In the developing
world, informal seed systems remain the prevailing source of seed for smallholder farmers.
Improper storage environment, sensitivity of germinating seeds and young seedlings to
dehydration stress lead to loss of desiccation tolerance with seed hydration [9-11] and
predicted climate change (erratic rainfall patterns and unpredictable temperature extremes)
may further exacerbate seed quality. Low-vigour seeds can be improved using a variety of
seed technologies that will thrive under small holder cultivation conditions and also improve
the supply of good-quality seed in the local seed industry.

Efficient seed germination and early seedling establishment are important for commercial
agriculture because they represent the most susceptible stages of the life cycle of crop plants
[12]. Rapid and uniform seedling emergence leads to successful establishment as it produces
a deep root system before the upper layers of soil dry out, harden, or reach supra-optimal
temperatures [13]. Germination begins with water uptake by seed and ends with the emer-
gence of the embryonic axis, usually the radicle [14]. A wide range of techniques are now used
to help sowing seeds and to improve or protect seedling establishment and growth under the
changing environments and seedbed constraints. These techniques constitute the postharvest
processing necessary to prepare seed for sowing and optional treatments that are generally
described in the industry and scientific literature as ‘seed enhancements’ or ‘seed treatments’.
Many scientists have suggested techniques for improving crop germination performance in
the field keeping in view the responses of seed to temperature and water availability in the
soil. These techniques may be differentiated into physiological (seed priming, coating and
pelleting), physical (magnetic, radiation and plasma) and biological (seed enhancements)
aspects [15-20]. In 2015, the projected value by global chemical seed treatment industry was
up to $ 5.4 billion. Bayer Crop Sciences and Syngenta have 75% share in seed treatment market.
In this chapter, we will focus on physiological, biological and physical enhancements of seeds.

Several reports are available, for instance, Heydecker and Coolbear [15] had reported on seed
treatments to break dormancy, improve germination and impart stress tolerance and subse-
quently Taylor et al. [17] continued this work. Halmer [18, 21] focused on practical aspects of
seed treatment technologies and categorized it into conditioning, protection and physiological
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enhancements. Bray [22] and McDonald [23] further continued work on exploring the
mechanisms of physiological enhancements especially seed priming. Regarding physical
enhancement, only one key review [24] addressed the effect of magnetic field on growth and
yield of crops without primarily focusing on seed germination. Up to now, 1253 research
articles have been published on seed priming and out of that almost 100 articles are being
published every year since 2010. While there is no consistency in publications on magnetic
field treatments, i.e., on this topic roughly 3-4 publications per year and a total of 164 articles
have been published up to now [25]. With the recent advances in molecular biology of seeds,
here we presented conceptual insights into physiological, biochemical, morphological and
biophysical markers that can be used for further improvement of seed quality of crop plants.
In addition, in-depth mechanisms of seed germination promotion by physiological, biological
and physical seed treatments have also been discussed.

2. Seed enhancements

Seed enhancements or seed invigoration are the post-harvest treatments used for improving
the germination and growth of seedlings required at the time of sowing [17]. Many shotgun
approaches are being used for seed enhancement for the last 24 years, which includes seed
priming, magnetic stimulation, seed pelleting and coating [17, 26, 27].

2.1. Seed enhancement using physical agents

Physical treatments are applied externally without any hydration or application of chemical
materials to the seeds. The main purpose is to enhance germination and seedling establish-
ment. The mechanism of seed invigoration with physical techniques is still unknown. The work
on exposure of seeds to radiation was started in early 1980s and now a number of studies have
been focused on the use of plasma technology for seed invigoration of agronomic and
horticultural crops. Magnetic field treatments are being considered as effective seed enhance-
ment tools for agronomic and horticultural crops; however, their application is limited at large
scale. Among physical methods, magnetic field and irradiation with microwaves or ionizing
radiations are the most promising pre-sowing seed treatments [28]. Thus, physical seed
enhancements are an alternative approach to other chemical seed invigoration treatments,
which provide better solution for the growing world seed market.

2.1.1. Magnetic fields for seed treatments

Magnetic seed stimulation involves identifying the magnetic exposure dose to affect the
germination, early seedling growth and subsequent yield of crop plants [29]. The magnetic
exposure dose is the product of the flux density of magnetic field and of the time to exposure.
The flux density of magnetic field varies with static or alternating magnetic fields exposure to
seeds. Magnetic field ensures the quick germination, uniform crop stand establishment and
yield of many agronomic and horticultural crops [30, 31]. These not only increase the rate of
germination, growth and yield [32] but also reduce the attack of pathogenic diseases [33, 34].
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Magnetic field exposure increases the germination of non-standard seeds and also improves
their quality. Magnetic field influences the initial growth stage of the plants after the germi-
nation [35]. In recent years, work on magnetic-treated water revealed that plant growth and
seed germination were improved by priming [36].

2.1.2. Plasma seed treatments

Plasma application in agriculture and medicine is a recent advancement [37-40]. The agricul-
tural aspects include seed germination and plant growth. Many researches report that
germination and growth enhancement mechanism is affected by use of plasmas with several
gases as aniline, cyclohexane and helium [41, 42]. To enhance seed development and plant-
growth microwave plasma, magnetized plasma and atmospheric plasma are adopted treat-
ments [43, 44]. The effect of gases is much commonly studied in plasmas treatments. Various
reports revealed that the quality of plant development controlling thiol groups is diversified
by redox reaction persuaded by the active oxygen species of water vapour plasma [45].

Non-thermal plasma radiations are applied in agriculture as alternative to scarification,
stratification and priming helped to improve the plant growth [46]. Plasma helps to attain zero
seed destruction, no chemical use and environment friendly treatments to seeds [41, 46, 47].
Plasma treatment improves seed quality and plant growth [43, 48]. Seed exposure to plasma
also resulted in alterations of enzymatic activity [45] and caused sterilization of seed surface
[47].

Plasma chemistry can tune seed germination by delaying or boosting with application of
plasma-treated deposits on seed surfaces [41]. The recent important plasma-related investi-
gation includes the practice of microwave discharges [43] and low-density radio frequency
(RF) discharges [49, 50]. The discharge of atmospheric pressure and the discharge of coplanar
barrier have been assessed in recent studies [41, 48]. The investigation of various seed germi-
nation patterns was implemented on different seeds including wheat, maize, radish, oat,
safflower and blue lupine [43, 46, 48, 50]. Safflower seeds expressed 50% greater germination
rate when treated with radio frequency plasma for 130 min with argon [46]. Soybean seeds
were treated with cold plasma treatment with 0, 60, 80, 100 and 120 W for 15 s and found
positive effects of cold plasma treatments on seed germination and seedling growth of soybean
[51].

2.1.3. Radiation seed treatments

With recent advancements in agriculture, gamma radiations can improve plant characteristics
such as precocity, salinity tolerance, grain yield and product quality in suboptimal environ-
ment depending upon the level of irradiation [52]. Second, gamma radiation can also sterilize
agricultural products to prevent pathogen infestation thus increasing conservation time
during storage and trading [53].

The biological effects of radiations is based on chemical interaction with biomolecules and
water to produce free radicals that can manipulate biomolecules and induce cell to switch on
antioxidant system [54] that prepared the defensive shield against upcoming stresses [55, 56].
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In spite of the conventional seed enhancements, physics has manipulated radiation dose to
trigger biochemical reactions necessary for seed germination without affecting seed structural
integrity and collateral DNA damage [57]. It was found that the low dose of gamma radiation
(up to 20 Gy) on germination of three varieties of Chinese cabbage shows a positive impact [58].

2.2. Physiological seed enhancements

2.2.1. Seed priming

Seed priming is a pre-sowing approach for influencing the seedling development by stimu-
lating pre-germination metabolic activities prior to the emergence of radicle and improvement
in the germination rate and performance of plant [16, 17]. Seed priming is a controlled
hydration process in which seeds are dipped in water or any solution for a specific time period
to allow the seed to complete its metabolic activities before sowing and then re-dried to original
weight [15, 16].

Priming treatments include osmopriming by polyethylene glycol (PEG) or a salt solution [59],
hydropriming [16, 60], solid matrix priming in which seeds are soaked in inert medium of
known matrix potential [63] and hormonal priming [62]. A balance of water potential between
osmotic medium and seed is necessary for conditioning, and different non-penetrating agents
such as organic solutes and salts are used for this purpose [63]. Furthermore, these priming
treatments show positive response only at sub-optimal or supra-optimal field conditions such
as drought [64], excessively high or low temperatures [60, 65] and salinity [59].

2.2.1.1. Hydropriming

Hydropriming is a controlled hydration process that involves seed soaking in simple water
and then re-drying to their initial moisture [59, 63]. No chemical is used during this technique
but some cases of non-uniform hydration causes uneven germination [66]. Among the different
seed enhancement techniques, hydropriming could be a suitable treatment under salinity
stress and drought-prone environments [67].

Hydropriming as a risk free, simple and cheap technique has become popular among farmers,
with promising effects in the context of extensive farming system [68]. Hydroprimed seeds
produced healthy seedlings, which resulted in uniform crop stand, drought resistance, early
maturity and somewhat improved yield.

2.2.1.2. Osmopriming

Osmopriming involves seed hydration in an osmotic solution of low water potential such as
polyethylene glycol or a salt solution under controlled aerated conditions to permit imbibition
but prevent radical protrusion [67]. For osmopriming, mostly polyethylene glycol or salt
solution is used to regulate water uptake and to check radicle protrusion [64]. Most commonly
used salts for osmopriming are potassium chloride (KCl), potassium nitrate (KNO;), sodium
chloride (NaCl), magnesium sulphate (MgSO,), potassium phosphate (K;PO,), calcium
chloride (CaCl,) and potassium hydrophosphate (KH,PO,). All these salts provide nutrient
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like nitrogen to the germinating seed, which is required for the protein synthesis during the
germination process. However, these salts rarely cause nutrient toxicity to the germinating
young seedlings [63]. Osmopriming induced more rapid and uniform germination and
resulted in decreased mean germination time.

2.2.1.3. Hormonal priming

Plant-growth hormones or their derivatives contained by several products are indole-3-butyric
acid (IBA), an auxin and kinetin type of cytokinin. Cytokinins play a vital role in all phases of
plant development starting from seed germination up to senescence [70]. Priming with
optimum concentration of cytokinins has been reported to increase germination, growth and
yield of many crop species [16]. Gibberellic acid (GA;) is known to break seed dormancy,
enhance germination, hypocotyl growth, internodal length, and cell division in the cambial
zone and increase the size of leaves. GA has stimulatory effect on hydrolytic enzymes, which
speed up the germination and promote seedling elongation by degrading the cells surrounding
the radicle in cereal seeds [69, 71].

Various naturally occurring growth promoting substances such as moringa leaf extract,
chitosan, sorghum water extract and seed weed extract [62, 65] are commonly used for seed
priming. Moringa (Moringa oleifera L.) as a natural source of plant-growth regulators contains
cytokinins as zeatin [72]. In addition, moringa leaf extracts contain higher concentrations of
various growth enhancers such as ascorbates, phenolic compounds, K, and Ca. Priming maize
seed with moringa leaf extract reduces mean germination (MGT) and Tj, with increased
germination index and germination count that ultimately improved seedling growth by
increasing chlorophyll content, amylase activity and total sugar contents under chilling
conditions [62]. Moringa leaf extract diluted up to 1:36 with water was applied on various field
crops and 35% increase in the yield of sugarcane, sorghum, maize, turnip and bell pepper was
observed [72]. Nonetheless, moringa leaf extracts being low cost can be a viable option for
improving the productivity of resource poor farmers.

2.2.1.4. Nutrient priming

The application of micronutrients with priming can improve stand establishment, growth and
yield; furthermore, the enrichment of grain with micronutrients is also reported in most cases
[73]. Many researchers proved the potential of nutrient priming in improving wheat, rice and
forage legumes. Among micronutrients, Zn, B, Mo, Mn, Cu and Co are highly used as seed
treatments for most of the field crops [74-76].

Seed treatment with micronutrient is a potentially low-cost way to improve nutrition of crops.
Farmers have responded in South Asia in a positive way in the seed treatment, which is a
simple technique soaking seeds in water overnight before planting [77]. Seed priming with
zinc salts is used to increase growth and disease resistance of seedlings.
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2.3. Biological seed enhancements

2.3.1. Bacterial seed agents

Plant-growth-promoting rhizobacteria (PGPR) are free-living, soil-borne bacteria, which
when applied to soil, seeds or roots promote the growth of the plant or reduce the inci-
dence of diseases from soil-borne plant pathogens. PGPR can influence plant growth either
directly or indirectly through fixation of atmospheric nitrogen, solubilization of phospho-
rus and zinc and producing siderophores, which can solubilize/sequester iron, synthesize
phytohormones, including auxins, cytokinins and gibberellins to stimulate plant growth,
and synthesize ACC-deaminase enzyme by modulation of ethylene level under stress
conditions [78, 79].

Among various genera of PGPR endophytes are good priming agents because they colonize
roots and create a favourable environment to develop and function with their hosts —symbiotic
partner.

Biopriming is a new technique of seed enhancement integrating biological (inoculation of seed
with beneficial organism to protect seed) and physiological aspects (seed hydration) to
promote plant growth, development and suppression of diseases. It is used as an alternative
approach for controlling many seed- and soil-borne pathogens. Seed priming with beneficial
microorganisms (bacteria and fungus) often result in more rapid growth and increase plant
vigour and may be useful under adverse soil conditions. Besides diseases control, the appli-
cation of PGPR as a biopriming agent for biofertilization is an attractive option to reduce the
use of chemical fertilizers [80, 81]. PGPR that have been tested as co-inoculants with rhizobia
include strains of the following rhizobacteria: Azotobacter [82], Azospirillum [83], Bacillus [84],
Pseudomonas [85, 86], Serratia [86] and Streptomyces [87].

2.3.1.1. Role of a bacterial biopriming agent in plant-growth promotion

The Plant growth promoting bacteria (PGPB) are a heterogeneous group of beneficial micro-
organisms present in the rhizosphere, on the root surface or inside plant tissues, and are able
to accelerate the growth of plants and protect them from biotic and abiotic stresses [88-90].
Beneficial effects of biopriming have been reported in several vegetable seeds [91]. Priming of
tomato seed with beneficial bacteria improved the rate of germination, seedling emergence
and growth of plant [92]. The beneficial response of biopriming on seed germination and
seedling vigour in chilli was reported [93]. Similarly, improvement in okra growth and yield
was reported up to 60% when seeds were bioprimed with P. fluorescens culture [94]. In
experiments where lettuce plants were treated with Bacillus strains, it was observed that after
two weeks the tissues of roots and shoots contained a greater amount of cytokinin than control
plants [95, 96]. The accumulation of cytokinins was associated with a 30% increase in plant
biomass
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2.3.1.2. Role of a bacterial biopriming agent in plant disease control

Seed enhancement by biopriming agents involves coating/soaking the seed with one biological
agent or microbial consortium, then incubating the seed under optimum (temperature,
moisture) conditions.

Bacterial strain Target plant Condition Proposed Effects References
mechanism
Rhizobium Faba bean (Vicia ~ Green house and Improved Increased nodulation [19]
leguminosarum bv.  faba) field nitrogenase activity and nitrogen fixation
Viciae and production of  under drought and
IAA salinity stress
Pseudomonas spp. ~ Wheat (Triticum  Pot Auxin Stimulated the shoot [149]
NUU1 and P. aestivunt) experiment production and root length and
fluorescens dry weight
NUU2
Pseudomonas Rice (Oryza Green house Production of Increased plant [150]
fluorescens sativa) osmolytes growth and
MSP-393 vigour
Pseudomonas Sunflower Field Production of increased the survival,[151]
putida GAP-P45 (Helianthus experiment exopoly saccharides, plant biomass, and
annuus) biofilm root adhering soil/
root tissue ratio of
sunflower seedlings
under drought
stress
Rhizobium and Maize (Zea mays) Pot experiment decreases in osmotic Promote plant growth [152]
Pseudomonas potential, and and increased relative
species increase in water contents
osmoregulant
(proline) production,
maintenance of
relative and selective
uptake of K ions.
Pseudomonas Cucumber Green house Antibiosis Stimulated shoot [153]
chlororaphis isolate (Cucumis sativus) growth, dry matter
TSAU13 and Tomato and the fruit yield of
(Solanum tomato and
Lycopersicum) cucumbers under
saline conditions
T. Harzianum T22 ~ Onion (Allium Axenic trial Osmotic adjustment Increased germination [20]
Rifai KRL-AG2 cepa L.) through ‘J0age, shoot length
physiological and seedling fresh
responses weight under saline
conditions
Piriformospora Chinese cabbage Pot experiment Involved in Promotes rootand ~ [154]
indica (Brassica rapa expression of shoot growth, and
subsp. pekinensis) diverse stress- promotes lateral root
related genes formation
Neotyphodium Arizona fescue Green house Regulate stomatal ~ Increased relative [155]

(Festuca arizonica
Vasey)

conductance

growth rates, High
W.U.E and biomass
yield under
drought

Table 1. Observed effects of plant-beneficial bacteria in regard to plant-growth promotion and stress tolerance.
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Biopriming of seeds with different bacterial strains particularly rhizobacteria have been shown
to be effective in suppressing disease infection by inducing a resistance mechanism called
‘induced systemic resistance’ (ISR) in varied agronomic and horticultural crops [97]. Among
various bacterial genera, Bacillus and Pseudomonas spp. are ubiquitous rhizosphere inhabitant
bacteria that are the most studied biopriming agents reported as disease suppressing in plants
[98]. Priming seeds of many crops with biological control agents (BCA), Bacillus subtillus and
Pseudomonas fluorescens are the most effective approach for controlling seed and root rot
pathogens [99, 100] and as a substitute for chemical fungicides without any risk to human,
animal and the environment.

2.3.1.3. Seed enhancement by alleviating abiotic stresses using biopriming

Seed priming with beneficial microorganisms may promote plant growth and increases abiotic
stress tolerance in arid or semiarid areas [101]. PGPB are adapted to adverse conditions and
protect plants from the deleterious effects of these environmental stresses, thus increasing crop
productivity [102]. Bioprimed seeds with Enterobacter sp. P-39 showed maximum improve-
ment in germination and seedling growth of tomato under osmotic stress [103]. Table 1 shows
the selected examples of beneficial response of biological inoculants for enhancing growth and
yield of various crops under normal and stress conditions.

2.3.2. Fungal seed agents for biopriming

In this approach, beneficial bacterial and fungal agents are exploited for the purpose of
biopriming of seeds to enhance growth, yield and mitigation of biotic and abiotic stresses. It
is an environmental friendly, socially accepted approach and also offers an alternative to the
chemical treatment methods gaining importance in seed, plant and soil health systems. Seed
biopriming enhanced drought tolerance of wheat as drought-induced changes like photosyn-
thetic parameters and redox states were significantly improved by Trichoderma sp. under stress
conditions over control. Very recently, Junges et al. [84] compared the potential of biopriming
(Trichoderma and Bacillus spp.) with commercial available products Agrotrich plus® and
Rhizoliptus® for enhancing growth and yield of beans. Results revealed that biopriming with
spore or bacterial cell suspensions promoted bean seedling growth compared to other
techniques.

2.4. Seed coating and pelleting

Seed film coating, pelleting, priming and inoculation are globally practiced seed treatments
[104] used with the objectives of enhancing plantability, distribution, germination and storage
of seeds. These techniques aim to apply adhesive films, fungicides, herbicides, growth
promoters and biological agents [3, 91, 105]. Seed coating is carrier of chemical materials to
support seedling growth [106]. Compounds such as growth regulators, inoculants, micronu-
trients, fungicides, insecticides and other seed protectants are applied to the pellet to enhance
seed performance [107].
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Seed coating demands uniform application of inert material over the seed surface. This also
helps to protect the seed from soil and seed-borne pathogens [17]. Pharmaceutical industry
uses seed polymer coating for a constant application of numerous materials to seeds. The
commercially available plasticizers, polymers and colourants (commercially they are readily
available to be used as liquid) are applied as film formulations [108]. However, the exact
composition of coating material is a carefully guarded secret by the companies who develop
them. Usually, coating material contains binders, fillers (e.g., polyvinyl alcohol, gypsum and
clay) and an intermediate layer (e.g., clay, polyvinyl acetate and vermiculite). Seed agglom-
eration is an alternate coating technology with the purpose to sow multiple seeds of the same
seed lot, or multiple seeds of different seed lots, varieties or species [109].

3. Mechanisms of seed enhancements

3.1. Physiological and biochemical aspects

Improved crop performance through pre-sowing treatments depends on the nature of
compounds used for priming and their accumulation under abiotic stresses. These compounds
include inorganic salts, osmolytes, phytohormones, tertiary amino compounds such as
glycinebetaine, amino acids and sugar alcohols including bioactive compounds from micro-
organisms. For instance, the application of compatible solutes as seed priming improves
salinity resistance by cytosolic osmotic adjustment indirectly by enhancing regulatory
functions of osmoprotectants [110, 111]. Chilling-induced cross-adaptation salt tolerance in
wheat is associated with enhanced accumulation of beneficial mineral elements (K* and Ca*)
in the roots and reduced uptake of toxic Na* in the shoots through ionic homeostasis and
hormonal balance with greater concentrations of indoleacetic acid, abscisic acid, salicylic acid
and spermine in chilled wheat seeds [112]. In flooded soils, improved stand establishment in
rice through seed priming is related to enhanced capacity of superoxide dismutase (SOD) and
catalase (CAT) activities to detoxify the reactive oxygen species in seeds and greater carbohy-
drate mobilization. These effects are more pronounced in tolerant genotypes that emphasize
to combine crop genetic tolerance with appropriate seed treatments to improve seedling
establishment of rice sown in flooded soils [113].

Such enhanced remobilization efficiency in seed embryos of cereals coated with hydro-
absrobers is related to change in activities of enzymes for sucrose breakdown upon moisture
absorption. Coated seeds absorb more moisture that creates anoxic conditions in developing
embryos but genetic difference are found for sucrose breakdown in rye, barley and wheat with
change in invertase activities due to difference in timing of imbibitions [114].

Beneficial effects of magnetic seed stimulation are associated with various biochemical, cellular
and molecular events [115]. Pre-sowing magnetic seed treatment also increases ascorbic acid
contents [33] by stimulating the activity of the enzymes and proteins [116]. Physiological and
biochemical properties also increase due to enhanced metabolic pathway by the free move-
ment of ions [117]. However, its biochemical and physiological mechanisms are still poorly
understood [118].
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3.2. Molecular aspects

Favourable effects of priming at cellular level include RNA and protein synthesis [22]. Seed
priming induces several biochemical changes within the seed needed for breaking seed
dormancy, water imbibition, enzymes activation, hydrolysis of food reserves and mobilization
of inhibitors [119]. At cellular level priming initiates cell division transportation of storage
protein [120]. Higher germination rate and uniform emergence of primed seed is due to
metabolic repair with increased production of metabolite required for the germination [121,
122] during the imbibition process. Priming increased the production and activity of a-amylase
within germinating seeds, thus increased the seed vigour [65].

Several proteins and their precursors for regulation involved in different steps of seed
germination or priming have been identified using model plant Arabidopsis. The expression
of these proteins such as actin isoform or a WD-40 repeat protein occurs in imbibition and
cytosolic glyceraldehyde-3-phosphate dehydrogenase in the seed dehydration process [123].
Priming-induced changes in proteins levels have been identified as peroxiredoxin-5, 1-Cys
peroxiredoxin, embryonic protein DC-8, cupin, globulin-1 and late embryogenesis abundant
protein. The expression of these proteins led to improved seed germination and the expression
of these embryo proteins remained unchanged even after priming [124].

A major quantitative trait locus (QTL) Htg6.1 of seed germination responsive to priming under
high temperature stress using a recombinant inbred line (RIL) of lettuce (Lactuca sativa L.) has
been identified. The expression of this QTL at high temperature is coded by a gene LsNCED4
encoding the key enzyme, i.e., 9-cis-epoxycarotenoid dioxygenase, of the abscisic acid
biosynthetic pathway and maps precisely with Htg6.1. However, LsNCED4 gene expression
was higher in non-primed seeds after 24 h of imbibition at high temperature compared to the
expression of LsGA3o0x1 and LsACS1 genes encoding enzymes of gibberellins and ethylene
biosynthetic pathways, respectively. LsNCED4 gene expression was reduced after priming and
when imbibition was carried out at the same temperature . The seed response to priming in
terms of germination and temperature sensitivity is associated with temperature regulation of
hormonal biosynthetic pathways [125].

Osmopriming induced quantitative expression of stress-responsive genes such as CaWRKY30,
PROX1, Osmotin for osmotic adjustment, Cu/Zn SOD for antioxidant defence and CAH for
phenylpropanoid pathway. The same genes were induced earlier or at higher levels in
response to thiourea priming at low temperature. The expression of these genes imparts cold
tolerance in capsicum seedlings [126]. Notably, high levels of other plant-growth hormones,
such as indolyl-3-acetic acid (IAA) and abscisic acid (ABA), were also observed. The authors
suggested that Bacillus strains have dual effect on plant-growth promotion and accumulation
of cytokinins by increasing other routes of synthesis of hormones such as IAA and ABA, as
well as interfering in other hormonal balance synthesis such as gibberellins (GA).

Using advanced molecular tools such as proteomics may help to detect protein markers that
can be used to unravel complex development process of seed vigour of commercial seed lots,
or analysis of protein changes occur in industrial seed priming treatments to accelerate seed
germination and improve seedling uniformity.
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4. Seed enhancements and plant development

4.1. Modulation of seedling growth

Seedling vigour is important to help ensuring good crop establishment. Pre-sowing seed
treatments offer pragmatic solution to poor seedling establishment by overcoming the
germination constraints under normal and adverse conditions. Several researches have shown
the potential of chemical priming, use of macro- and micronutrients, natural compounds of
plant origin and plant-growth-promoting bacteria including water under greenhouse and field
conditions. Most of the priming techniques such as osmopriming and on-farm priming have
been optimized for specific crops for soaking duration and concentration. For chemical
priming, polyamines including spermine, spermeidine and putrescine, calcium chloride
(CaCly), potassium chloride (KCl), NaCl, KH,PO,, KNO;, PEG, hydro-absorbers such as humic
acid and biplantol for seed coating and naturally occurring molecules such as nitric oxide (NO),
hydrogen sulphide (H,S), H,O,, ascorbate, salicylic acid, indoleamine molecule melatonin
(Mel) and most recently growth promoting cytokinin-rich moringa leaf extracts are commonly
being evaluated. The endogenous levels of naturally occurring molecules when applied as seed
priming may increase initially and later with subsequent improved growth.

The beneficial effects of seed priming have been documented in cereals, sugar crops, oilseeds
and horticultural crops. Early seedling growth by pre-sowing seed treatments is due to
improved germination rate, reduced time of germination or emergence, and uniform and
enhanced germination percentage contributed by enhanced mobilization of germination
metabolites from endosperm towards growing embryonic axis. However, variation in
germination rates with seed coating thickness and composition has been found which
ultimately affects the mobilization efficiency of seed reserves. Therefore, the use of hydro-
absorbers is suggested for coated seeds to enhance the efficiency of germination metabolites
which may differ among species [114].

Seed priming with nutrients usually increases the seed contents of primed nutrients, which
may be translocated to the growing seedling to support the seedling development [127].
Improved seedling growth and dry mass may be attributed to enhanced nutrient uptake and
enzymes associated under deficient conditions and offer perspective for improved seed quality
at crop harvesting [128]. Priming mediated by manganese (Mn) has also significant effect on
the growth and yield performance of crops. In comparison to soil application, Mn priming
improved stand establishment, growth, yield and grain contents [129]. Another researcher also
noticed that priming with cobalt nitrate had increased growth attributes and subsequent yield
of pigeon pea [130].

The concentration of these nutrients may be toxic when used in relatively higher concentration.
For instance, priming with 0.5% Boron solution completely suppressed the germination and
growth in rice [27] and 0.1 M ZnCl, and 0.5 M ZnSQO, in wheat [131]. Seed priming induced
early vigour indices have been associated with suppression of weeds in primed stand of aerobic
rice [132]. Germination, shoot biomass and total root length were increased in seeds of cultivar
IR74 containing Pupl QTL after water priming. This suggests that seed management ap-
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proaches may be combined with genetics to improve the crop establishment in different crops
including rice under P-deficient conditions [133].

Pre-sowing magnetic seed treatment of wheat seeds has an effect on the germination, and the
growth rate was increased to 23% while the germination rate was 100% in the laboratory and
less time was taken with 15 min treatment [134].

4.2. Effects on crop phenology

Plants grown by primed seeds usually emerge faster and complete other developmental stages
such as tillering, flowering and physiological maturity earlier than seeds without priming [27,
73,107, 131]. This developmental plasticity of priming may be beneficial when crop planting
is delayed due to adverse climatic conditions such as low temperature or high rainfall at
sowing, high temperature at reproductive stage and may help plant to avoiding detrimental
conditions by earlier maturity [135] without yield decrease. In fact, earlier and vigorous crop
stand usually captures more resources of water and nutrients through better root system and
had larger leaf area and duration with enhanced photo-assimilation that subsequently
contributes towards better yield [73, 131]. However, integrated studies combining seed
priming with other crop husbandry practices such as planting geometry, irrigation and
fertilization may be interesting in crop stress and nutrient management for improved resource
use efficiency.

4.3. Yield improvement

Seed priming benefits are not usually end up with improved crop stand. Several studies report
long-lasting effects on yield-associated advantages in terms of increased growth rates, high
dry matter production and produce quality by improving crop resistance to biotic and abiotic
stresses. A very few reports showing no yield improvement by seed priming are available
[136, 137]. Seed priming improved yield is due to reduced weed biomass, higher leaf area index
and panicles/m? in aerobic and submerged rice, respectively [132, 138, 139], improved crop
nutritional status of nutrients primed in maize under low temperature stress [127], compara-
tively better dry matter production with higher tissue Zn concentration with Zn seed priming
inrice [140], reduced spikelet sterility in direct seeded rice irrigated with alternate wetting and
drying (AWD) [131] and under system of rice intensification (SRI) condition with improved
crop growth and higher tillering emergence [141]. Likewise, early planting spring maize
stimulated seedling growth due to increased leaf area index, crop growth and net assimilation
rates, and maintenance of green leaf area at maturity [135], better stand establishment in no
tilled wheat under rice-wheat system [142], with enhanced tillering emergence and panicle
fertility and with B nutrition under water saving rice cultivation [143], GA, priming induced
modulation of ions uptake (Na*, K*) and hormonal homeostasis under salinity in wheat [144],
in combination with gypsum + FYM treatment by ameliorating effects on plant growth [145]
and improving performance of poor quality wheat seeds under drought stress [146]. None-
theless, another researcher observed improved yield due to stand establishment and increasing
panicle number by coating rice seeds with Zn-EDTA or ZnO or Zn lignosulfonate [147].
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Physical treatments Mode of application Plant species Effects References
Magnetically treated Magnetized water (0.32 T), 20 Chickpea (Cicer  Increase in plant length, [156]
water ml of water daily arietinum) increased photosynthesizing
property of plant
Non-uniform 120 mT (rms) for 3 min, 160 mT  Lettuce (Lactuca Improved growth and final [157]

magnetic field

Magnetic seed

stimulation

Magnetic seed

stimulation

Stationary magnetic
fields

Magnetic seed

stimulation

Magnetic seed

stimulation

Magnetic seed

stimulation

Low-temperature
cold Plasma

Treatment

Low-temperature
cold plasma

treatment

(rms) for 1 min, and 160 mT

(rms) for 5 min.

150 mT for 0, 3, 6, 9 and 12 min

160 mT MF strength for 1 min

125 and 250 mT for 1, 10 and 20
min, 1 and 24 h and continuous

exposure

25, 50, 75, 100 and 125 mT for 3

min

150 mT for 3 min

25, 50, and 75 mT for 15, 30 and

45 min each

Seeds were coated with tetra
fluoride (CF,) or octa deca fluoro
decalin (ODFD)

Seeds were coated with tetra
fluoride (CF,) or
octadecafluorodecalin (ODFD)

sativa)

Lentil (Lens

culinaris)

Tomato (Solanum
lycopersicum)
Pea (Pisum

sativum)

Marigold
(Tagetes)

Maize (Zea

mays)

Bitter gourd
(Momordica

charantia)

Radish (Raphanus

sativus)

Pea (Pisum

sativum)

yield

Improved growth of the plant, [30]
increased stem length and total

mass. Increased root length

Improved germination [158]
Stimulating effect on the first  [159]
stages of growth

The results suggest that [118]

magnetic field treatments of
French marigold seeds have the
potential to enhance
germination, early growth and
biochemical parameters of

seedlings

Induced chilling stress [60]
tolerance primarily by

improving stand establishment,
phenology, allometry,

agronomic traits and yield

components

Improved emergence, growth, [61]
yield and yield related

parameters

60% in the sprout lengths of ~ [41]
radish exposed to oxygen RF

plasma

The germination rate was [41]
increased by 30% whereas no
change was seen in the seeds
treated at higher pressure

relative to control for the same

treatment time
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Physical treatments Mode of application Plant species Effects References
Gamma rays 0.17 kGy with dose rate 2.18 Wheat (Triticun  Increase in percentage [160]
kGy/h) aestivum) emergence
UVv-C 254 nm for 60 min Ground nut Effect on seed germination, [161]
(Arachis seedling growth and
hypogaea) productivity
Gamma rays 10, 15, 20, 25 and 30 Krad doses  Brassica napus An increase was noticed for  [162]

number of seeds/siliqua,

protein and oil contents

Table 2. Effect of magnetic and radiation treatments on germination, growth and yield of crop plants.

Crop emergence, crop growth and development of two pea varieties with a significant increase
in the seed yield have been reported. It was reported that contents of sugar were increased
with magnetic seed stimulation in sugar beet roots, and gluten contents were also increased
in wheat kernals when magnetic field was applied to the seeds before sowing [148]. Similarly,
many researchers had reported higher grain yield due to improved stand establishment,
growth and development in agronomic and horticultural crops (Table 2).

Nonetheless, priming effects are not only limited to stand establishment and yield, water
productivity and uptake of beneficial minerals with reduction in harmful ion but the quality
of harvested produce is also improved [60, 131, 135]. Thus, it offers promising and economical
solution to improve crop resistance against low and high temperature, flooding and drought,
salinity and nutrient stress and effective strategies for agronomic biofortification when
combined with soil management and crop genetics.

5. Conclusions and future prospects

Seed enhancements have a wide range of commercial applications from improved crop stands
through better germination rates and seedling vigour effective in crop stress management, and
improved crop yields together with efficient use of resources such as fertilizers, water and
seeds. Sustainable crop production requires the adoption of low-cost and environment friendly
seed enhancement techniques. Biological seed enhancement with bacteria and fungi is one of
the most appropriate techniques in disease control and growth promotion which can be
exploited by seed industry.

The biochemical pathways by which these techniques affect different processes regulating
growth and development need to be elucidated.

Longevity of primed seeds during storage remains a problem, which needs to be re-addressed,
and work should be extended on other physical or biological seed treatments for their
storability.
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Nutrient priming with micronutrients not only help to overcome seedling constraints but can
also be applied as a complementary approach for biofortification to harvest grains high in Fe,
Zn and Mn. Priming invokes stress tolerance and improves performance of varieties containing
QTL for stress tolerance such as Swarna containing Sub1 for submergence tolerance and IR74
containing Pup1 for high phosphorus uptake. The integration of molecular approaches with
seed enhancement may significantly contribute to seed vigour and results may be delivered
to the next generation of seed.
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Abstract

Dormancy and germination of seeds are determined by various factors such as vitality,
genotype, hardness, and other environmental cues, such as moisture, air, tempera-
ture, and light. Metabolic activity of seeds varies between the quiescent and imbibi-
tion state. In the dry state, longevity of a seed is determined by the reactive oxygen
species (ROS) such as lipid peroxyl radical (LOO®) and lipid hydroperoxide (LOOH)
that are generated nonenzymatically due to lipid peroxidation (LPO). During rehydra-
tion phase, enormous amount of ROS, such as superoxide (O,), hydrogen peroxide
(H,0,) and hydroxyl (¢OH) radicals, are generated from the metabolically active
compartments such as mitochondria, chloroplasts, and peroxisomes. The progressive
conditional, temporal, and spatial distribution of ROS is tightly controlled by the
effective antioxidant system that leads to the successful germination of seeds and this
phenomenon is defined as ‘oxidation window.” Gibberellins (GAs) and abscisic acid
(ABA) are the key phytohormones involved in the germination/dormancy. Former
promotes germination, whereas the latter induces dormancy. Genes involved in the
synthesis and signaling of GA, such as gibberellin 3-B-dioxygenase (GA3ox), GA200x, and
GA-insensitive dwarf (GID), are responsible for the conversion of GA from an inactive to
a bioactive form. On the other hand, DELLA, an important protein family acting as the
repressors for GA-regulating genes, is activated by ABA. Function of genes, such as
SLEEPY, PICKLE, SPINDLY, SECRET AGENT, AMYLASE, GAMYB, and LEAFY, are
interrelated with the GA/ABA metabolism. By inducing the ubiquitin-26S proteolysis
pathway, GA overcomes the DELLA-mediated effects on germination. The E3 ubiquitin
ligase SCF'Y! (skp1-cullin-F-box-Rbx15:¥!) complex was reported to be involved in the
degradation of DELLA proteins. Additionally, cell differentiation and elongation
process sustained by the ROS were also linked with the ethylene, brassinosteroids, and
auxins. Hence, this chapter provides the heuristic framework on the phenomenon of

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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systemic cross-talk between the ROS and phytohormones during the transition period
of quiescent seeds into the metabolically active organisms.

Keywords: dormancy, germination, metabolism, oxygen radicals, signaling, mecha-
nism

1. Introduction

After pollination (double fertilization), the typical diploid embryos are covered by the triploid
endosperm and the diploid testa. The triploid endosperm consists of nutritive tissues and
living cells, while the diploid testa includes seed coat, maternal tissue, and dead cells. Seeds
are the vital component allowing embryo dispersion and its consequent development into
mature plants [1]. The seeds of monocots and dicots differ in their structure and method of
emergence [1, 2]. However, here we comprehensively focus on the signaling pattern of the
reactive oxygen species (ROS) and its interaction during the germination and dormancy
condition.

Although the dispersal of seeds is absolutely dependent on various cues such as vitality,
genotype, hardness, moisture, air, temperature, light, and duration of seed storage, endosperm
weakening is one of the key factors that determine the protrusion of radicle. The term “coat-
associated dormancy” refers to the mechanical constraint that can impair germination, while
“embryo dormancy” is characterized by the embryo failure to develop [1-3].

After imbibition, the weakening of endosperm is dependent on the gas exchange/respiration.
Loosening of the endosperm was suggested to be influenced by the proper localization of ROS
and its fine regulation by the antioxidant systems [4, 5]. The proper reduction/oxidation of the
ROS (redox homeostasis) plays a key role in the transition from quiescence to active state [6].
Gibberellins (GAs) are involved in the promotion of the endosperm weakening and, on the
other hand, abscisic acid (ABA) at least partly inhibits this process either directly or indirectly
[2, 3, 7]. Induction/inhibition of the genes responsible for the endosperm weakening is
controlled by the ROS-GA-ABA [7-11]. Substantially, cross-talk of other phytohormones, such
as ethylene, brassinosteroids and auxins, with GA and ABA were reported to be inevitable for
the seed development [12].

Although research in seed biology has reached significant advancements, apparent continuum
still lies in the mechanisms underlying germination and dormancy, which needs to be
disclosed. In this chapter, the heuristic network on cross-talk between the ROS and phytohor-
mones involved in the release and/or induction of dormancy has been discussed.

2. Seed Respiration

To fulfill the higher energy requirement during the transition period (from quiescent to active
state) of the seed, cellular respiration is rapid, high, and synchronized with the mitochondrial
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activity [13]. According to Law et al., proteins required for the biogenesis of mitochondria were
already present in the dried seeds and this process is activated upon imbibition. Although the
import of mitochondrial proteins is highly required for the biogenesis, amount of ATP
consumption by mitochondria is limited as compared with other processes. On the other hand,
amount of ATP required by the mitochondria for the protein import is lesser than the energy
required for protein synthesis [14]. In the transition period, oxygen (O,) released by the
respiration governs the internal communications between the cell organelles and the rapid cell
division and expansion [15]. The excessive generation of ROS is extremely harmful to the cells.
Although the O, has very limited half-life (2 ps), the reduction in O, (superoxide dismutation)
results in the production of hydrogen peroxide (H,O,). Hydrogen peroxide can travel long
distance and reaches the target as its half-life was determined to be about 1 ms. Other free
radicals formed during the enzymatic reduction of O,” and H,O, is *OH [16]. The formation
of *OH radical is mediated by iron in the Haber-Weiss and Fenton reactions. The uncoupled
electrons present in the ROS cross-react with other essential metabolites or cellular compo-
nents, affecting the normal cell physiology. However, a proper antioxidant system detoxifies
the excessively generated free radicals and leads to the nondormant phenotype [16]. Detailed
mechanisms on the involvement of ROS in seed germination are discussed below.

3. Oxidation Window

During the embryogenesis and the seed-filling process, seeds possessed maximum water
content [17]. Subsequently, dramatic water loss takes place in the postmaturation stage [2].
According to the recent reports, ROS do not play a detrimental role during development under
controlled conditions [18]. The ROS-mediated signaling is majorly involved in the endosperm
weakening, mobilization of seed reserves, programmed cell death (PCD), and also protection
against the pathogens [4]. Hence, it can be ascertained that the ROS cannot be simply consid-
ered as a hazardous material. Controlled production of ROS and ROS-related molecular
interactions represent key factors in various central components of plant biology [16]. In the
nondormant seeds, O,” and H,0, radicals were uniformly distributed within the radicle, while
in dormant seeds irregular patterns were observed. Only seeds with a proper redox homeo-
stasis display nondormant phenotype [7, 11]. Success of the seed germination is apparently
associated with the equilibrium between the ROS and its scavenging antioxidant system [1, 4-
6]. Uncontrolled generation of ROS is extremely harmful and can lead to several lethal effects.
Meanwhile, the tight control over the ROS helps in various developmental processes including
germination. This process is generally termed as ‘oxidation window’ [19].

3.1. Quiescent seed

Quiescent seeds, characterized by low moisture content (5-15%), do not possess active
metabolism. During the late embryogenic state, seeds are actively involved in the storage of
reserves, while enzymatic activities are gradually decreased. However, during the storage,
lipid peroxidation (LPO) occurring on the polyunsaturated fatty acids (PUFA) in the cell
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membrane constantly releases the ROS [2, 3]. Longevity of seeds depends on the free radicals
generated by the LPO. In the dried condition, ROS are released from polyunsaturated fatty
acids by LPO [4]. The free radicals focused on the H-atom in the methyl group of lipids. The
single cleavage leads to the release of LOOe®, and the double cleavage leads to the release of
LOOH [16]. Depending on the aging extremity, ROS affects the viability of the seed. Most of
the enzymatic activities are arrested in the dried state of the seed. Damages caused by LPO
cannot be retained during the transition from a quiescent to an active state [19, 20]. From the
epigenetic study of Nakabayashi et al., it can be suggested that more than 12,000 stored mRNA
species or transcripts were detected in the desiccated seeds of Arabidopsis. This number is
almost a half of the whole genes present in Arabidopsis. Moreover, promoters of the highly
expressed genes overrepresented the abscisic acid-responsive elements (ABREs) containing
motif ACGT that are sufficient for the ABA-induced transcription [4, 21]. During the increase
in a desiccation rate, the accumulations of late embryogenesis abundant (LEA) proteins are
also increased to enhance the tolerance against water loss. Among various LEA proteins
identified, group-2 LEA-dehydrins are highly involved for the desiccation tolerance [22]. Jiang
and Kermode reported that nondormant and dormant phenotypes of the seeds were defined
by their desiccation tolerance level. Seed storage proteins play important roles during the
dehydration processes. If the desiccation process is imposed prematurely or deterioration
takes place and then synthesis of storage proteins will be terminated. Consequently, seeds
become more sensitive to stress and lose their vigors [23]. The processes of maturation drying
are associated with the ability of seed for germination.

3.2. Imbibed seed

In general, germination normally begins with the imbibition of seeds by 70-80% of water. El-
Maarouf-Bouteau and Bailly reported that high levels of ROS are accumulated during the
imbibition phase [5]. This might be due to the resumption of metabolically active sites such as
mitochondria, chloroplasts, peroxisomes, glyoxysomes, and plasma membranes. The mito-
chondrial electron transfer chain (ETC) was considered as a primary source for the ROS (O;).
Foyer et al. reported that 2-3% of oxygen from the mitochondria was the source of O, and
H,0,. In addition, chloroplast, a vital site for photosynthesis, and ETCs from the photosystems,
such as PSI and PSII, produce O, 'O,, and H,0,. Meanwhile, the mobilizations of the lipids
stored in the embryo carried out by the glycolate oxidase are another source of O,” and H,O,.
Due to the catabolism of lipids and purines in the glyoxysomes and peroxisomes, the release
of O,, H,0,, and nitric oxide (NO) is inevitable [24]. The H,O, is majorly released in the
peroxisomes during the conversion of glyoxylate catalyzed by the glyoxylate oxidase.
Subsequently, fatty acid p-oxidation by the flavin oxidase generated the ¢OH and NO.
Meanwhile in the peroxisome, xanthine conversion to uric acid, catalyzed by the xanthine
oxidase, releases enormous amount of O, Recent attention on the cell-wall-dependent
peroxidases, oxalate oxidases and NADPH oxidases, and their involvement in the transfer of
electrons indicate the plasma membrane to be another important site for the ROS synthesis
[25]. The NADPH oxidase, amine oxidase, chytochrome p450, cell wall peroxidase, and
germin-like oxalate oxidases disperse the H,O, from cell to cell [4, 24].
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The hydrated state of seeds allows the longer shelf life H,O, to reach the targets distant from
the production sites [16]. As mentioned earlier during the unfavorable condition, ROS lead to
the breakdown of essential macromolecules such as lipids, nucleic acids, proteins, and other
deleterious activities [19]. In the favorable condition, the ROS stimulates the mobilization of
reserves and selectively interact with the targets by oxidation. This oxidation triggers a gene-
specific signaling pathways and also activates the transcription factors (TFs) either directly or
indirectly [15, 19, 20]. The cleavage of cell wall-polymers of endosperm can be correlated with
the over-expression of cell wall-peroxidases [26]. During the putative shift from the desiccation
to the germination state, exogenous application of optimal H,0, increased the regulation of
113 genes and decreased the regulation of 62 genes in Arabidopsis [27]. Initial imbibition
conditions determine the fate of the subsequent metabolic pathways that are required to
complete seed germination.

3.3. Temporal and spatial regulation of ROS accumulation

The metabolically active sites are the source of ROS. As the range and action of ROS are limited
by diffusion, ROS production source determines its molecular mobility and viscosity [28]. The
rate of metabolic activity and the source of ROS production govern the process of seed
development. Leymarie et al. reported that after imbibition, the ROS are first localized in the
cytoplasm followed by the nucleus and lastly in the cell wall [29]. In the cytoplasm, ROS
modulates the redox homeostasis which triggers the protein oxidation and mRNA synthesis
is the first sign of seed germination process [30-32]. Antioxidant systems are concordantly
involved in maintaining the ROS level. The fine tuning of the ROS is achieved by the direct or
indirect interaction with the transcription factors of the genes responsible for the redox status.
Finally, the NADPH oxidase located in the cell wall helps in cell-to-cell propagation [33]. In
the dormant phenotype, ROS production is high and also scattered. In the dormant phenotype,
the ROS is properly diffused from cytoplasm to nucleus and cell wall [19]. The role of ROS
(either beneficial or deleterious) is dependent on its distribution. Therefore, the temporal and
spatial accumulations of the ROS are inevitable for proper germination [15, 29].

3.4. Protein carbonylation

Seed vigor is mainly affected by the protein oxidation process such as carbonylation and
decarbonylation. Protein carbonylation is the oxidation of proteins caused by the ROS,
especially on the side chains of lysine, arginine, proline, and threonine [34]. Decrease in the
carbonylation of proteins is known as decarbonylation [35]. Activation on the oxidation phase
of pentose phosphate pathway (oxPPP) modulates the carbonylation of proteins. Modulation
of redox potential in the glycolysis and oxPPP were observed during the release of dormancy
[36]. The interaction or signaling of the ROS determines or fine tunes various translation and
posttranslation processes during the seed development. Job et al. reported that in the dry seed,
proteins, such as 12S-cruciferin subunits, aldose reductase and the LEA, undergo carbonyla-
tion. After imbibition, protein carbonylation specifically targets glycolytic enzymes, mito-
chondrial ATP synthase, chloroplastic ribulose carboxylase large chain, aldose reductase,
methionine synthase, translation factors, and molecular chaperones [37]. The NADPH-oxidase
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also known as respiration burst oxidase homolog (rboh) plays an important role in the transfer
of electrons from cytosolic NADPH or NADH to apoplastic oxygen and posttranslational
modifications of proteins. In Arabidopsis, AtrbohD mutant showed reduced superoxide
production and protein carbonylation in dry seeds. However, after imbibition the protein,
oxidation level of AfrbohD mutant was slightly higher than wild [38]. The posttranslational
modifications, especially mRNA oxidations, are governed by the ABA [32].

3.5. Antioxidant enzymes

As mentioned earlier, improper desiccation as well as storage increases the LPO and affects
seed vigor. Increased production of ROS from the metabolically active sites during the
transition from a quiescent to imbibition state could possibly cause stress. The deleterious
effects of the ROS can be overcome by the proper antioxidant system. Both enzymatic and
nonenzymatic antioxidants play a vital role in the maintenance of level of the ROS. Rather than
complete alleviation, proper activation of antioxidant enzymes directs the ROS to the signaling
process [24-27]. Muller et al. reported that ROS are important components in the endosperm
weakening [26]. Exogenous application of H,O, or menadione (to generate superoxide) to 3-
day old maize seedlings enhances tolerance against the chilling stress [39]. Meanwhile, Pulido
et al. found that nuclear localization of peroxiredoxin and thioredoxin prevents nucleic acids
from oxidative damage occurring during the maturation and germination in wheat seeds [40].
The detoxification of H,O, in the seed filling is catalyzed by the isoforms of catalase (CAT).
The isoform CATS3 is involved highly in the early postpollination, whereas CAT1 and CAT2
isoforms play a crucial role during the seed development [41, 42]. Recently, Leymarie et al.
clearly demonstrated the necessity of the ROS and the antioxidant enzymes for successful
germination using mutant seeds. In the Arabidopsis cat2-1 mutant, intracellular H,O, and redox
perturbation were increased. In case of the vtel-1 mutant lacking a gene that encodes the
tocopherol cyclase, an increase in the redox active biosynthetic intermediate was observed [29].
Tocopherol is generally involved in the protection of lipids from oxidation. Tocopherols, also
called vitamin E, functions as terminators of a PUFA recyclable chain reaction. The tocopher-
oxyl radical can be recycled back to the tocopherol by the reaction of ascorbate or other
antioxidants [43]. The lack of the vtel-1 function in the seeds releases lipid peroxy radicals.
Although the cat2-1 and vtel-1 affect the seed germination to a certain level, plants lacking the
rbohD gene can successfully complete germination (with time delay). The rbohD gene is
involved in the conversion of the O, and NADPH to form superoxide and plays a vital role in
the cell-to-cell propagation of the ROS and generation of the *OH. The ¢OH is essential for
the cell wall loosening of endosperm [29].

3.6. Nonenzymatic antioxidants

Nonenzymatic antioxidants that actively participate in the ROS equilibrium are ascorbate,
glutathione, and preoxiredoxins [44—47]. Low moisture content decreases the molecular
mobility and the accessibility of substrates for the catalysis of antioxidant enzymes [44].
Ascorbate plays a major role in the progression of cell cycle, cell growth, hormonal signaling
pathways, and embryogenesis. Ascorbate content of the seed decreased the H,O, by increasing
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the peroxiredoxins [45]. Nonenzymatic antioxidants also determine the protection of cells
against the ROS, particularly at the desiccation stage. Tocopherol is involved in the prevention
of membrane damages by the LPO during a prolonged seed storage [4]. Peroxiredoxins protect
the nuclear integrity and prevent against the oxidative damages of DNA under high levels of
*OH radicals [46]. Involvement of the ascorbate-glutathione cycle alone in the seeds could be
another vast area, which needs to be discussed separately.

3.7. Interplay between ROS, GA, and ABA

It has been proven that an inhibitor of the ROS, sodium benzoate, decreases the germination
rate of the seed [47]. Diphenylene iodonium (DPI), an inhibitor of NADPH oxidase, also affects
the germination rate [29]. On the other hand, methylviologen, involved in the release of
superoxide from the mitochondrial respiratory chain breaks the seed dormancy [10]. Capacity
of seeds to germinate or remain dormant is determined by the two important phytohormones
such as GA (dormancy release) and/or ABA (dormancy induction). Bailly et al. reported that
GA and ABA are interlinked with the ROS and the scavenging capacity of antioxidant enzymes
[19]. Generally, GA is mainly used for the dormancy release, while ABA induces the dormancy.
The GA is involved in the stimulation of ® OH production, especially in the radicle, and it also
downregulates the enzymes involved in the ROS detoxification. Contrastingly, ABA inhibits
the Fenton reaction, where the iron (II) is oxidized by the H,O, to form the iron (III) and the
release of ®OH [38]. The processes of seed germination and dormancy are linked with ROS
accumulation [48]. The productions of H,O, in the sunflower are higher in the germinating
seeds than the dormant seeds [5]. Similar results have been observed by comparing the
dormant and nondormant seeds of many plants, such as Arabidopsis [29], Triticum aestivum [49]
and Pisum sativum L. [50]. Moreover, the H,O, stimulates the signaling cascade which induces
the expression of specific genes [24]. In addition to H,O,, accumulation of other ROS species
such as O, and *OH has also been observed in various plant species [50-53]. Bazin et al.
mentioned that the germination of sunflower seeds was associated with the mRNA oxidation.
The oxidation level of mRNA was higher in dormant seeds as compared with the nondormant
seeds [32]. Genes such as GA30x1 and GA30x2 are involved in the synthesis of active GA [54].
Ishibashi et al. observed the induction of H,O, in the aleurone layer by the GA in Hordeum
vulgare, whereas ABA suppresses the production of H,O,. Furthermore, exogenous addition
of H,O, degrades Slender1 (SLN1), a well-known repressor of GA. Due to the induction of a-
amylase (a-amy) and GAMyb, we can consider that H,O, acts as an antagonist to ABA [55].
Cross-talk of the ROS with the phytohormones was reported to be mediated by the influx and
efflux of Ca* ions [56, 57]. Bethke and Jones stated that H,0, was involved in the programmed
cell death [58]. Contrastingly, ABA increased the tolerance against the PCD [59]. Recent report
suggested that the NO is also involved as a signaling messenger during the seed germination
and dormancy process [60].

3.8. Protection against pathogens

The release of the ROS in the seeds during the development period protects the seeds against
pathogens. It also induces the systemic-acquired resistance (SAR) and PCD. Especially when
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the ROS is mobile toward the seed coats, aleurone layers, and embryonic axis, the attack of
microorganism is prevented by the induction of SAR and PCD [19, 61]. Briefly, the plasma
membrane NADPH oxidase produces O,, which is converted into H,O, by SOD during the
infection. Subsequently, H,O, induces a hypersensitive reaction which leads to PCD of the
infected cell. Eventually, H,O, can also directly affect the pathogens [62, 63]. The main
categories of genes involved in the H,O, induction are related to defense, transcription,
signaling (e.g., phosphatases, kinases), and importantly ROS synthesis and degradation.
Perturbation of endosperm for the radicle emergence leads to the induction of defense-related
genes. It helps to protect the newly germinating seeds from the pathogens [64]. During the
seed germination process, lower concentrations of the ROS are involved in the cell signaling
process, whereas higher concentrations trigger the PCD to facilitate the radical protrusion [65].

3.9. Endosperm weakening

Proteolytic cleavage of cell wall polymers is induced by the hydrolases such as mannose,
glucanase, and cellulose. The scission of polysaccharides is a vital step to determine the radicle
emergence. According to Muller et al., *OH accumulation is the main factor, which influences
endosperm weakening by the breakdown of H-bonds in the cell wall-polysaccharide required
for the radicle protrusion. Generally, ® OH is extremely reactive and is considered as the most
aggressive form of oxygenated derivatives [26]. Uncontrolled ROS accumulation affects the
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integrity of DNA, causing changes at the sequence level that impair proper seed germination
and could be able to change the genetic code of the seeds. The O, and H,O, seem to be less
reactive toward nucleic acid as compared to *OH [38]. However, cellular dysfunctions caused
by ROS accumulation can be prevented by the antioxidants [40].

Oxidative damages caused by excess ROS are irreversible. The progressive conditional,
temporal, and spatial distribution of the ROS tightly controlled by the antioxidant system
leading to seed germination are also defined as ‘oxidation window’ (Figure 1).

4. Molecular Network of Gibberellins and Abscisic Acid in Germination/
Dormancy

As mentioned earlier, germination and dormancy release of seeds are governed by the GAs
and ABA. According to previous reports, although there are many factors involved in seed
germination, GA and ABA biosyntheses have been considered as an important internal factor
for the release as well as the induction of dormancy [9]. Metabolisms of ABA and GA is always
interrelated [2]. Seo et al. reported that Arabidopsis aba2-2 (ABA inducer) mutant showed a
higher level of GA biosynthesis as compared to the wild type. Contrastingly in the gai (GA
insensitive) mutant, i.e., GA repressor, synthesis of ABA was higher, and also the degradation
of ABA was lesser as than the wild type [11]. Antagonistic effect of GA and ABA is also cross-
linked with other phytohormones such as ethylene, brassinosteriods, and auxins [9].

4.1. Dormancy breakage

Gibberellins are majorly responsible for the breakdown of dormancy [54]. However, in the
later phase of embryogenesis, i.e.,, during the maturation drying, GA production must be
reduced and ABA synthesis is upregulated for the proper maturation and to preserve seed
vigor. During the imbibition stage, the endogenous GA, is released from the viable nondorm-
ant embryo to its endosperm. It increases the activities of several enzymes, such as amylase,
proteases, ribonucleases, and p-glucanase, which induce the hydrolytic cleavage in the
aleurone layer [66]. Moreover, hydrolytic enzymes are also involved in the transcription,
transportation of metabolites, and PCD. Along with the GA biosynthesis, genes encoding for
various functions are either overlapped or attributed toward the germination, and this process
is controlled by the GA [66, 67]. Moreover, genes encoding gibberellin 3-oxidase (GA30x) (GA
biosynthesis) and the soluble GA receptor (GA-insensitive dwarf, GID) are vital for the induction
of seed germination. During the germination, the GA30x2 is involved in the fast phase of GA
synthesis by catalyzing the conversion of GA from an inactive to a bioactive form. In the GA
synthesis, genes, such as gibberellin 3-p-dioxygenase 1 (GA3ox1) and gibberellin 20-B-dioxygenase
1 (GA200x1), play as the positive regulators and GA 2-oxidase, especially GA20x1, is involved
in the negative regulation [67]. The GA20x1 gene is engaged with the catabolism of GA. The
Leafy cotyledon 1(LEC1) encodes for the katanin p60 subunit, which promotes the cell elongation
in the microfibrill. Kroj et al. reported that the lec2 and fusca3 (fus3) directly influence the
expression of the GA3ox2 by binding on its 253 promoter region, particularly on the RY cis-
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element motif. The RY motif also regulates the expression of genes encoding seed storage
proteins (SSP) such as 2S albumins and 125 globulins. Four genes, such as abi3 (ABA insensi-
tive), lecl, lec2 and fus3, are responsible for the conditional dormancy of embryos and are
regulated by the ABA for proper maturation [68].

Higher expressions of cell wall-remodeling enzymes (CWRE) is associated with the radicle
protrusion. Endo-B-mannanase, 3-1,3-glucanase, expansin, xyloglucan endo-transglycosylase,
pectin methylesterase, polygalacturonase, and galactanase are the notable major enzymes
involved in the cell-wall modification [12]. In Arabidopsis, the application of GA induced the
expression of the extension-like gene 1 (eprl). The eprl is involved in the strengthening of
micropylar endosperm cell wall to elongate the radicle of seeds [69]. Cell-wall-associated gene
expression under the imbibition is preferentially linked with ABA and GAs in the endosperm
weakening. During the rehydration, increased oil bodies and protein storage vacuole packed
in cells start to mobilize from the endosperm cells to radicle tip. Penfeild et al. reported that
lipids and proteins produced in the endosperm following the imbibition are higher than those
produced in the embryo [70]. Consequently, the proteolytic activities are also at higher rates.
The GA suppresses the activation of DELLA proteins to enhance the process of seed germi-
nation [66, 67, 71]. The E3 ubiquitin ligase SCF (skp1-cullin-F-box-Rbx) complex was reported
to be involved in the degradation of DELLA proteins via the ubiquitin-26S proteasome
pathway [72]. Perception of GA and its signal transduction determines various other mecha-
nisms in the plant along with the seed germination (Figure 2).
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4.2. Dormancy induction

Enhanced dormancy occurred when the ABA content was increased in the Arabidopsis seeds
due to the overexpression of ABA biosynthesis genes [73]. Abscisic acid biosynthesis gene (aba2),
9-cis-epoxycarotenoid dioxygenase (NCEDs), Glc-insensitivel (GIN1), and short-chain dehydrogen-
ase/reductasel (SDR1) are the major genes regulating the synthesis of ABA [74]. Increase in the
seed dormancy is also associated with the expression levels of the gene delay of germination1
(DOG1). Among the four regulatory genes, abi3 and fus3 are able to form the feedback loops.
The LecI and lec2 mutants failed to express the abi3 and fus3, suggesting the strong underlying
molecular network between the regulators [75].

The ABA was involved in the vacuolation process to inhibit the endosperm loosening rather
than the lipid breakdown [70]. Recently, it was found that the loss of function of the gene
coding for E3 ligase ABI3-interacting protein 2 (AIP2) and ABI3-binding factor protein (AFP)
leads to the ABA insensitivity and the nondormant phenotype even in the presence of ABA.
Major receptors of the ABA are pyrabactin resistancel (PYR1), PYR1-like protein (PYL), and
regulatory components of ABA receptors (RCAR). Those loci encoding the main players in the
ABA metabolism are also associated with the RNA translation and metabolism, protein-
degradation pathways, and phosphatase components of the signaling pathways [69-75].

4.3. DELLA proteins

The DELLA proteins [GA insensitive (GAI), repressor of gal-3 (RGA), and RGA-like proteins
(RGL 1-3)] belong to the subfamily of plant-specific Glycyl-TRNA synthetase (GRAS) proteins.
The name of GRAS proteins was derived from the initially identified members such as GAI,
RGA, and SCARECROW (SCR) [76]. Potential of GA was repressed by the DELLA-domain
containing members such as GAL RGA, and RGL 1-3. Among them RGL2 has the major
influence on seed dormancy. Most of DELLA proteins act as the repressors of the GA biosyn-
thesis [55]. Seeds of DELLA mutants show the symptoms of irregular shape and proportion,
especially in the protruded radicle [77].

Recent research found that the GA signal inactivated the functional domain of DELLA protein.
The GA induced repression of the RGA through protein degradation rather than the blocking
of translational process [71]. The deletion of the conserved motif VHYNP presentin the DELLA
region or the region between the VHYNP-DELLA, releases the dormancy by enhancing GA
metabolism. Additionally, GA-dependent degradation of proteins is also associated with
SLENDER RICE 1 (SLR1), especially S/T/V, a regulatory region. However, in the wild type the
function of the SLR1 was not clearly distinct from the mutant. On the other hand, phosphor-
ylation of SCF-E3 ligase and the ubiquitin-26S leads to the proteasome pathway of SLEEPY1
(SLY1) and GA-INSENSITIVE DWARF?2 (GID2). Bioactive GA mainly focuses on the inactiva-
tion of RGA, GAI, and RGL 1-3 during the seed germination process [78, 79].

4.4. DWARF, SLEEPY, PICKLE, SPY, and SECRET AGENT

The presence of GA at higher levels makes the plant thin and watery. Contrastingly, lack of
GA-biosynthetic genes or lesser amount of endogenous GA produces the thicker leaves with
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dwarf shoots. It was previously reported that GA-unresponsive dwarf phenotypes were
observed in mutants such as drwafl (d1) and gid2 in rice, and sly1 in Arabidopsis [80, 81]. The
GID1 and SLY1 encoding for the F-box proteins are the subunit of the SCF complex belonging
to the E3 ligase [78]. Genes (SLR/RGA) involved in the repression of GA were controlled by
GID2 and SLY1 [82].

The PICKLE (PKL), an important positive regulator involved in the control of radicle protru-
sion, encodes a CHD3 chromatin remodeling factor. The PKL was reported to be actively
involved in the later stage of seed germination, particularly on the root differentiation.
Additionally, expression of the PKL was reported to be higher under an abiotic stress condition
[83]. The gene SPINDLY (SPY) encodes the O-linked-N-acetyl glucosamine transferees (OGT),
which negatively regulates the GA signaling (GA1-3) pathway [84]. The SPY decreases the GA
effect by the suppression of the SLR1 [85]. It is worthy mentioning that GA1-3, a precursor, is
involved in the first step of the GA synthesis. Another gene, SECRET AGENT (SEC) which also
encodes the OGT gene, found in Arabidopsis, did not show obvious phenotype alteration in the
sec mutant (single mutant), whereas the mutant with both spy and sec (double mutant) showed
the lethal effect in the gamete and also deeply affected the seed development. This double
mutant could result from the alteration of not only the GA, but also the cytokine pathway [86].
The increased expression of tetratrico peptide repeats (TPRs) in Arabidopsis and Petunia,
resulted with the repression of the SPY. The TRPs could either block directly by forming the
inactive heterodimers or indirectly via proteins interacting with the SPY [87].

4.5. AMYLASE, GAMYB, and LEAFY

The enzyme amylase plays an important role in the hydrolysis of endosperm starch into usable
sugars. This provides the necessary energy for the emergence of radicle. Plants possess both
alpha (ar)- and beta (f3)-amylases. The expression of a-amylase in the aleurone layer is induced
by GA. Activation of the a-amy1 gene is mediated by GA-responsive elements (GARE) along
with the C/TCTTTT and TATCCAT [66, 78]. For the a-amy2 gene, along with the factors
required for a-amy1, the BOX1/O2S-like elements are required [88]. The KGM, a Ser-Thr kinase,
could repress the a-amy1 by blocking the expression of the HYyGAMYB [89]. Translation and
stability of the GAMYB plays a major role for GA signaling. Meanwhile, interaction of novel
zinc finger protein HRT (H ordeum ordeum repressor of transcription) with the GARE is able to
repress the a-amy2 gene expression [90]. After the inhibition for 12 h with GA,, the Arabidopsis
gal-3 mutant showed that 138 genes were upregulated and 120 genes were downregulated.
The 20% of the upregulated genes possessed the TAACAAA-like sequences, indicating the
importance of GARE in the cleavage of endosperm [91]. The LEAFY genes in the shoot apex
are linked with the GAMYB-like genes. The GAMYB gene is also present in the anthers and
expressed on the epidermis, endothecium, middle layer, and tapetum in the initial stages of
development [92]. The GA activates the Ca* signaling for the synthesis of hydrolases. Decrease
in the suppression of the SLENDER1 (SLN1) increased the cytosolic Ca* level. The ABA inhibits
the hydrolase by blocking the sln1, which directly affects the a-amy. By increasing the Ca*,
GA activates the hydrolases via calmodulin signaling for successful emergence of the radicle
[57-59, 82] (Figure 3).
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5. Role of Other Phytohormones in Seed Germination/Dormancy

5.1. Ethylene

Ethylene was reported to be involved in various metabolisms such as dormancy breakage, root
induction, defense against pathogens, and signaling [93]. Precisely, 1-aminocyclopropane-1-
carboxylate oxidase (ACC oxidase), a precursor of ethylene synthesis, is required for higher
synthesis of H,O,. Mutant lacking the GA synthesis gene (gal-1) possessed lower ethylene
levels. Meanwhile, the exogenous supply of ethylene induced seed germination. The ETR1
(ethylene receptor) was reported to be involved in the activation of serine/threonine kinase to
overcome the dormancy in the abil-1 mutant [94]. In the straightway, mutants of ein2 (ethylene
insensitive2) and etr1 (ethylene receptor1l) showed higher degree of dormancy than the wild type.
Especially, increase of dormancy ratio in the ein2 mutant is directly proportional to the
increased ABA content in the seeds. Meanwhile, decrease in the root ethylene content also
decreased the ABA level [95].

5.2. Brassinosteroids

Brassinosteroids are well known for their functions in the cell elongation, cell cycle, and various
other metabolisms. They are involved in the enhanced expression of GA5, a GA biosynthesis
gene [96]. In the mutant of GA biosynthetic gene, gal, and GA-insensitive mutant, sly1,
application of brassinosteroids partially improved the seed germination under a light-
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deprived condition [97]. Meanwhile, brassinosteroid receptor mutants such as det2 (deettiolated
2) and bril (brassinosteroid insensitive) were more sensitive to the ABA. Consequently, synthesis
of GAs was also deeply affected [98]. This result signifies the importance of brassinosteriods
in the GA synthesis for successful seed germination.

5.3. Auxin

Auxins are generally known for their roles in the root induction. Ogawa et al. reported
upregulation of a number of auxin biosynthetic genes and genes encoding for auxin-carrying
proteins in response to exogenous GA, application [91]. The GA was well known to promote
the auxin synthesis and the transportation of ethylene. Chiwocha et al. (2005) evidenced that
the interaction of ethylene biosynthetic genes with the auxin signaling genes such as axr1 and
axr2 was mediated by GA [99]. The BIG-gene, named due to its large size, encodes the calossin/
pushover protein involved in the efflux transportation of auxin [100]. Repressor of RGA
proteins by the GA can be delayed by the attenuating auxin transportation or signaling [101].
Contrastingly, recent study in Arabidopsis by Lui et al. observed that the mutants of auxin
receptors or biosynthesis genes showed the dramatic release of seed dormancy. This auxin-
mediated seed dormancy was coordinated with ABA signaling [102]. Both GA and ABA have
strong influence on auxins during germination and dormancy, respectively. This kind of cross-
talk between the hormones helps in the flexibility of the embryo/seeds in response to the
environmental stimuli.

6. Conclusions

During the developmental stage of embryos into the vigorous photoautrotropic organisms,
numerous metabolic processes are activated and they include oxidation of proteins, cellular
structural changes, and synthesis of macromolecules. The cascade of metabolic process ceases
with the development of the radicle governed by the well-directed ROS accumulation.
Interlinked relation between the GA and ABA aids in the proper development of the embryo,
seed filling, desiccation tolerance, imbibition, hydrolysis, temporal and spatial distribution of
ROS, proteolysis, and radicle protrusion. The recent evidences suggest that ABA-GA cross-
talk with other phytohormones, such as ethylene, brassinosteroids and auxin, could play a
vital role in the development of the seed. The important components other than the free radicals
such as O,, H,0,, and ¢OH pertaining to the seed potential is the NO. Tapping of the NO
linked with the GA-ABA and their responses to the light and temperature could be one of the
interesting areas getting more attention on the seed research.
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Abstract

Lilies are economically important plants because of their large and attractive flowers.
Thus, many wild species of lilies have been cultivated to produce Lilium bulbs or flowers.
This work was conducted to analyse the effect of hormone applications on Lilium
artvinense (Syn: Lilium ponticum K. Koch., Lilium ponticum var. artvinense (Miscz.) P.
H. Davis and D. M. Hend.,, Lilium carniolicum var. artvinense (Miscz.) P. H. Davis and
D. M. Hend and Lilium pyrenaicum var. artvinense (Miscz.) V.A. Matthews) seeds on
germination percentage and seedlings morphological traits. In the research, 1000, 3000
and 5000 ppm doses of IAA, IBA, NAA and GA3 hormones were applied to L. artvi-
nense seeds and approximately 180 days later, the number of roots, root length, offset
stem height and diameter were assessed. As a result, while the control group except 5000
ppm NNA application achieved an increase in the percentage of germination (40%) of all
the applications. Germination frequency up to 100% was obtained using 5000 ppm GA3.
Effects of hormone applications on other key morphological characters (rooting
percentage, root height, number of scions, scion height and width) are described in terms
of growth rate between 1.27 and 2.44.

Keywords: Lilium artvinense, hormone, seed, germination, morphological characters,
endangered species, root height, scion height, scion width
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1. Introduction

In2000,47% of world population (2.9billion people) waslivinginurbanareas, whileitisexpected
that 60-90% of the world’s population will be living in urban areas by 2030 [1, 2]. In European
countries, more than two-thirds of the whole population are living in urban areas [2, 3].

Rapid urbanization and industrialization caused human beings to distance themselves from
nature more and more with each passing day and disrupted humanity’s harmony with
landscape. As a part of the natural world, humans have brought a piece of universe to every
single place they have lived —be it a houseplant, a small garden or a carefully organized park
[4]. In today’s modern life, vegetation is recognized as an indicator of life quality and livability
in cities [5].

In the place they grow, plants reduce air pollution [6-10], reduce noise [11], increase aesthetic
value [12], have a positive psychological effect [13, 14], provide energy conservation [15],
prevent erosion [16], reduce wind speed and hold the soil with their roots, thus preventing
washing away of the soil with rainfalls and streams, and protect wildlife and hunting resour-
ces. Open-green areas with plantation are important activity areas for both adults and children
[17, 18]. Besides, indoor plants increase the productivity of people working in the environment
they grow in [19] as well as relieving physiological stress and reducing negative emotions [20-
22].

Such functional use of plants led to the development of ornamental plants market, which
finally has reached a point which is economically significant. In 145 countries around the
world, the cultivation of ornamental plants is carried out on a total area of 220,000 ha, and the
trade volume of ornamental plants is around $50 billion USD [23].

Such advancement of the ornamental plants market made the researchers to be interested in
various issues such as defining the distribution areas [24, 25], protection [26-30], cultivation
[31, 32], resistance to stress factors [33, 34], various applications [11, 35, 36], genetic variability
[16, 37-40], their relationship with the environment [41-44], raising awareness about plants
and legal dimension of the issue [45-47], thus resulting in various works on these issues. In
addition to these, a large number of reports were conducted on especially the generative [48—
55] and vegetative cultivation methods, and the studies are still going on [56]. However, it is
of particular importance to define new species, variations, forms, cultivars or hybrids that can
be launched especially to the ornamental plants market, as all plants are of high economic
importance.

One of the species that can be dealt with in the ornamental plants market is Lilium. Lilium
belongs to tribe Lilieae of Liliaceae and contains about 120 species [57]. Lily is one of the most
important horticultural plants, and many wild species and cultivars have been cultivated for
bulb and ornamental flower production [58]. Thus, many wild species of lilies have been
cultivated to produce Lilium bulbs or flowers. Almost all cultivars of lilies are used in orna-
mental flower. Especially Asiatic and oriental hybrids receive a great deal of attention in the
international market [59]. Due to the demand for Lilium in recent years, the production of Lilium
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has rapidly increased. For example, Lilium was being grown in the Netherlands in an area of
102 ha in 1960, which rose to 2412 ha in 1990 [60, 61].

However, picking especially rare and endemic species in some countries damages the
populations of the species in the natural world. The easiest and the most effective way of
picking the species from the natural environment is the identification of methods for producing
the species in nursery conditions. If such methods are easy, cheap and practical, they can be
put into practice more effectively. Seed-based production is of vital importance so as not to
damage the natural populations of endangered species in particular.

‘IUCN Red Data BOOK” and ‘National List of European Threatened Plants List’ contain three
Lilium species from Europe. Lilium artvinense (Syn: Lilium carniolicum var. artvinense, Lilium
ponticum K. Koch., Lilium ponticum var. artvinense (Miscz.) P. H. Davis and D. M. Hend., Lilium
carniolicum var. artvinense (Miscz.) P. H. Davis and D. M. Hend and Lilium pyrenaicum var.
artvinense (Miscz.) V. A. Matthews) [62] is one of them [63]. Exposed over a limited area, L.
artvinense draws attention with its yellow flowers. Its natural population is severely damaged
when its bulbs are picked from the natural world. To protect the natural population of the
species, easy and cheap means of producing this species should be taught to locals, thereby
preventing them from picking the species from the natural environment.

Previous research has mostly attempted to determine the microculture techniques of produc-
ing lilies. However, these techniques are difficult, expensive and impracticable for locals. This
report examines the production of L. artvinense by the use of seeds.

The present review aims to define the effect of some plant growth regulators (hormones) on
germination and certain morphological traits of L. artvinense seeds. Plant growth-regulating
substances are organic chemical compounds, produced naturally in plants or applied exter-
nally, and that, even in small amounts, can have positive and negative effects on growth,
development and other physiological functions, alone or in combination with other growth
regulators. They can be effective in the tissue where they are synthesized, or transported to
other parts of the plant and sustain this effectiveness in other organs of the plant [64, 65].

Since 1930s, plant growth regulators have been investigated for their function in agricultural
products [64]. Today, there are many works with the aim to define the effects of external
application of hormones commonly used to affect the growth rate and development of a plant
from the stage of germination to the harvest and post-harvest treatment, and to determine
proper type, concentration and time for the application of hormones. The use of hormones is
so common today that they are investigated and used in agriculture, forestry and production
of various plant species from ornamental to medicinal and aromatic ones [66-68].

The most relevant role of hormones is related to the control and coordination of cell division,
growth and differentiation [69]. Plant hormones including ethylene, gibberellins, auxin
(indole-3-acetic acid (IAA)), abscisic acid (ABA), brassinosteroids and cytokinins are biochem-
ical substances controlling many biochemical processes and physiological in the plant [69-
71]. These key molecules are produced not only by plants but also by soil microbes.

The hormones can be said to be mainly used to ensure propagation by cutting, to increase
germinating power of seed, to promote and inhibit blooming, to increase plant resistance
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against cold, to increase seed formation in fruits, to increase fruit size, to extend fruit storage
time, to increase plant resistance against diseases and pests, to control weeds, to prevent
lodging in cotton and cereals, to prevent pre-harvest fruit drop, to synchronize maturity of all
plants, to hasten maturity, to remove dormancy and to initiate the growth of suckers and tubers
especially during the tissue culture studies [64].

Among all hormones, auxins and gibberellins are the most widely used hormones with usage
rates of 20 and 17%, respectively [64]. Auxins, which were firstly used in 1929 [72], mostly
cause the expansion and growth of cells and initiate cell elongation, tissue growth and root
formation. Auxins are synthesized in all higher plant species, and the most commonly found
auxin is indole-3-acetic acid [73].

Other commonly found auxins other than IAA are indole butyricacid (IBA), naphthalene acetic
acid (NAA), naphthoxyacetic acid (NOAA), phenoxyacetic acid (POAA), 2,4-D, phenylacetic
acid (PAA), para-chlorophenoxyacetic acid (4-CPA) and 2,4,5-trichlorophenoxyacetic acid
(2/4,5-T) [64].

The oldest and most common use of growth-regulating hormones is to stimulate rooting
process. Among the hormones in the auxin class, IAA, IBA and NAA are used for stimulating
the rooting of cuttings. However, the most commonly applied hormone in agricultural
practices is IBA [74]. IBA is applied as a highly concentrated (1000-8000 ppm) and dilute (10—
250 ppm) solution. In achieving successful rooting, temperature, light conditions and water
supply are also effective parameters [75].

The findings of this study are in conformity with other reports in the literature. Guney et al.
[61] reported that hormone treatment caused a significant increase in the rooting percentage
of Lilium martagon seeds, and the rooting percentage of 28.40% in the control groups could be
increased with IAA, IBA, NAA and GA3 treatments. They found the highest rooting percent-
age in the seeds treated with IAA at 5000 ppm (86.6%).

Turhan [65] reported that the effect of hormone treatment on the rooting percentage of L.
martagon was statistically significant. He stated that the highest rooting percentage was 66.67%,
which was obtained with 3000 ppm IBA + 1000 ppm IAA treatment. In his report, the rooting
percentage was found to be 61.73% with 3000 ppm IBA + 3000 ppm NAA treatment and 59.26%
with 1000 ppm IBA + 1000 ppm GA3 treatment, while it was 45.83% in the control group. Sevik
and Cetin [76] also reported that 3000 ppm IAA treatment in L. artvinense seeds increased the
rooting percentage from 28.57 to 80.22%.

Rooting percentage can be said to be one of the most important morphological traits that have
been examined in the researches. The main focus of the works conducted so far has been the
treatments that can increase rooting percentage. The effects of auxins on rooting and plant
growth have been so far widely demonstrated [77]. These hormones have been proven to
increase rooting percentage in the seeds of Robinia pseudoacacia [78), Pseudotsuga menziesii [79],
Oryza sativa [80], Pisum sativum [81] and many other plant species.

IBA is one of the most commonly used and studied hormones. Its impact on rooting is
continuous and extremely high [82]. There are many works showing that IBA treatments alone



Effects of Some Hormone Applications on Germination and Morphological Characters of Endangered Plant Species
Lilium artvinense L. Seeds
http://dx.doi.org/10.5772/64466

are highly effective in increasing rooting percentage. Polat et al. [83] reported that the rooting
percentage of 5% in the control group of plum cuttings increased up to 60% with 500 ppm IBA
treatment and to 62.50% with 2000 ppm IBA treatment. In another work, it was revealed that
the rooting percentage of 6.7% in the control group of plum cuttings increased up to 46.7%
with IBA treatment [84].

Edizer and Demirel [85] reported that IBA treatments at 2000, 3000 and 4000 ppm significantly
increased rooting percentage in cuttings of cherry, peach and two different plum species. They
indicated that the rooting percentage of 15% in the control group of peach cuttings increased
up to 80, 85 and 86.67% with IBA treatments at 2000, 3000 and 4000 ppm, respectively. In the
same work, the rooting percentages of 46.67 and 60% in the control groups of plum cuttings
and the rooting percentage of 48.34% in the control group of cherry cuttings were found to be
90% with 3000 ppm IBA treatment [85]. Similarly, there are studies reporting that IBA
significantly increased rooting percentage in sage cuttings, and the rooting percentage of
16.25% in the control groups was increased up to 78.75% with 100 ppm IBA treatment [86].

Naphthalene acetic acid, which has a significant effect on rooting, was used in this report. It
is a synthetic hormone that has been used in orcharding for many years for thinning heavy
fruit set. With the effect of thinning, fruit size and quality can be increased [64]. However, the
positive effect of NAA on rooting was also proven by many reports. In a study, the rooting
percentage of 51.14% in the control group of Schefflera arboricola L. was found to have increased
to 75% with 5000 ppm NAA treatment [87]. Similarly, a 6-h NAA treatment at 250 ppm was
reported to increase the rooting percentage from 0 (control group) to 23% in cuttings of Capparis
sipinosa L. [88].

Among the natural plant-growing regulators, gibberellins are the third most widely used class
(estimated rate of 17%) [65], especially for horticultural applications. GA3 is mostly produced
by fermentation from the fungus Gibberella. Today, there are approximately 100 known GA
molecules, more than 50 found in plant seeds. GA3 is the most widely used one for commercial
purposes [64].

There are many reports examining the effect of GA3 on rooting such as the one by Hepaksoy
[89] on Prunus avium L. and Prunus mahaleb L., the work by Aygiin and Dumanoglu [90] on
Cydonia oblonga Miller., the research by Cosge et al. [91] on Capparis ovata Desf. and Capparis
ovata L., the work by Selby et al. [92] on Picea sitchensis (Bong.) Carr, the study by Sevik et al.
[87] on S. arboricola L. and the research by Sevik and Guney [93] on Melissa officinalis L. Although
it has not been determined that GA3 has a significant effect in many species, there are studies
showing that it increases rooting percentage to a considerable extent [61, 94].

This work found that hormone treatments affected root number to a considerable extent. The
root number, which was 1.3 in the control group, increased to 1.5 and 1.7 with 5000 ppm IAA
treatment and 5000 ppm NAA treatment, respectively.

The findings of this report are in conformity with other works in the literature. Sevik and
Turhan [95] reported that all hormone treatments increased the number of roots, and they
found that the average root number of 0.97 in the control group of L. martagon was increased
to 1.33 with 3000 ppm IBA + 1000 ppm NAA treatment. They also reported that the average
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root number of 1.14 in the control group of L. artvinense was increased to 2.50 with 1000 ppm
IBA treatment [76]. Guney et al. [61] also reported that the root number of 1.2 in the L.
martagon seeds increased up to 2.0 with 3000 ppm GAS3 treatment.

The reports conducted on other plant species also show that root number can be increased
with hormone treatments. Sevik and Guney [93] reported that the root number of 2.67 in the
control group of M. officinalis L. was increased to 5.5 with 5000 ppm IBA treatment. Yildiz [96]
also reported that the root number of 1.67 in the control group of plum was increased to the
average number of 2.3 in the seeds treated with IBA, whereas Ayanoglu and Ozkan [86]
indicated that the root number of 4.22 in the control group of Salvia officinalis L. was increased
to 22.35 with 100 ppm IBA treatment. Similarly, there are studies revealing that IBA treatment
can increase the number of roots four to five times in peach, plum and cherry cuttings [85]. In
the work by Demiral and Ulger [97], the root number of 4.40 in the control group of cherry
cuttings was increased to 16.29 with 6 mg/l NAA treatment, while in the research by Sevik et
al. [87] the average root number of 5.82 in the control group of S. arboricola L. was increased to
9.63 and 12.33 with 1000 ppm NAA and GA3 treatments, respectively. In the report by Polat
et al. [83], the root number of 0.38 in the control group of plum cuttings was increased to 10.43
with 2000 ppm IBA treatment, while in the research by Sevik and Guney [98], the root number
of 4.8 in the control group of M. officinalis L. could be increased to 12.5 with 1000 ppm IAA
treatment.

The findings of this study also reveal that hormone treatments have affected the root length
of the plants to a considerable extent, increasing the root length of 27.153 mm in the control
group up to 66.419 mm with 5000 ppm IBA treatment. However, more importantly, root
lengths were found to be higher than those in the control groups after all hormone treatments.
Therefore, the treatments can be said to have a positive effect on the root length.

The highest root lengths were obtained with 3000 ppm IBA treatment in the work by Turhan
[65] on L. martagon, in the report by Guney et al. [61] on L. martagon seeds and in the research
by Topacoglu et al. [99] on Ficus benjamina cuttings.

The works conducted show that the root length can be increased to 2.75 times in L. artvinense
with 3000 ppm GA3 treatment [76], 16.17 times in plum cuttings with 2000 ppm IBA treatment
[83], 2.34 times in cherry cuttings with 4000 ppm IBA treatment [85], 1.63 times in S. arborico-
la with 1000 ppm IBA treatment [10] and 2.26 times in sage with 100 ppm IBA [87], as compared
to the control group.

Besides, results also show that, just like the root length, the highest stem height and diameter
values have been obtained with 5000 ppm IBA treatment. Stem height and diameter values
are 34 and 27% higher than those of the control group, respectively. Therefore, the treatments
can be said not to have such a huge effect on stem formation as to make a significant difference.
Similar results were also obtained from L. martagon seeds. The stem height of 7.16 mm in the
control group of L. martagon increased to 8.17 mm with 3000 ppm IBA treatment, and the stem
diameter of 2.93 mm increased to 3.78 with 5000 ppm IBA treatment [61]. Likewise, Turhan
[65] reported that the stem number of 0.82 in the control group of L. martagon increased to 0.91
with 1000 ppm IBA +1000 ppm IAA treatment, the stem height of 9.05 mm increased t0 9.19 mm
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with 1000 ppm IBA + 1000 ppm NAA treatment and the stem diameter of 2.40 mm increased
to 2.81 mm with 3000 ppm IBA + 1000 ppm NAA treatment.

However, it was indicated that, in L. artvinense plants treated with hormones, the stem number
of 0.43 was increased to 0.92, the stem height of 1.53 mm was increased to 6.55 mm and the
stem diameter of 0.97 mm was increased to 4.3 mm [76].

Apart from these, several other studies have been carried out on Lilium cultivation; however,
most of them focus on microculture techniques. There are also works conducted on L. davidii
var. unicolor [100] and L. longiflorum with IBA and NAA treatment [101], on L. davidii var.
unicolor [102], L. oritential and L. longiflorum with IAA, IBA and NAA treatment [103, 104], on
L. longiflorum with IAA and IBA treatment [105] and on L. japonicum with BA and GA3
treatment [106]. However, it is difficult to compare results of these reports with those obtained
in the present work, due to rather different experimental approach.

2. Conclusions

Collecting of endangered Lilium species for commercial purposes is a great harm to the natural
populations. The most effective way to prevent the collection of endangered species from the
wild is to establish simple, cost-effective and reproducible methods of cultivation. To date,
most studies focus on Lilium cultivation using microculture techniques, which are costly and
hard to apply for the villagers who collect the flowers from the wild. Therefore, the question
is still open.

This report attempted to define simple, inexpensive and effective cultivation methods for
Lilium species. The work found that hormones applied using simple mechanisms could
increase rooting process to a great extent, as well as enhancing the morphological traits of
newly generated plants.

The results of this study show that all hormones have been extremely effective especially in
increasing germination percentage. The germination percentage of 40% in the control group
increased up to 60.66, 75.34, 82.66 and 84% in the seeds treated with NAA, IAA, IBA and GA3,
respectively. Besides, 100% germination percentage was achieved with 5000 ppm GA3
treatment.

In addition, the results also reveal that hormone treatments affect each treatment differently.
For example, the highest rooting percentage was obtained with 5000 ppm GA3 treatment. On
the other hand, the highest number of roots was obtained with 5000 ppm NAA treatment,
while the highest root length, stem height and stem diameter values were obtained with
5000 ppm IBA treatment. In practice, it would be best to use the hormone which has the greatest
effect on the treatment that is desired to be enhanced.

Similar works may be repeated especially on species that are important in terms of mass
cultivation, such as ornamental plants or medicinal or aromatic plants, and important data
may be acquired as a result. Thus, further studies will help innovating effort, time and cost-
saving practices in plant cultivation.
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Abstract

Healthy seeds and grains are the demanding enterprise of the recent era for the
production of high yield in the next season. The seeds must be stored for the mainte-
nance of high-yielding crop. During storage, major losses of seeds are caused by various
biological and nonbiological factors. There is a need to examine reasonable factors of
these crop losses, which ultimately affect the market value and quality of the seed. The
quality of seeds can be maintained by using careful postharvest handling techniques.
There is need to establish the well-suited methods to assess the losses during the process
and to use the best technique to minimize the loss and to ensure the quality and safety
of the crop. The target is to achieve the high-quality seeds of the national and interna-
tional standards that could meet the demand of the supplier. This chapter emphasizes
on the aspects and postharvest techniques that are used to maintain seed quality. A
comprehensive review of the better, economical, convenient, and productive methods
is provided, focused on the needs of developing countries but also with relevance in
more industrialized countries.

Keywords: crop maintenance, handling techniques, storage losses, postharvest

1. Introduction

Seed industry survives for the sake of better quality of seeds and postharvest storage techni-
ques.Itisaseed quality programthatseeks thehighachievementand gives the quality assurance.
Seed quality is one of the most demanding enterprises of present days. The majority of the seeds
especially cereals and legumes by small-scale farmers are produced and stored on the farms.
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The major problem is the damage due to biological factors such as molds, and insects can be
alleviated by implicating effective storage techniques [1-4]. It is the foremost priority of the
farmers to prevent the crop losses and storage of seeds/grains. Farmers often purchase the new
seeds/grains from the market to produce the next crop for higher yield due to the risk of crop
loss. There is a need to develop the effective strategies for seed storage that can give the
confirmation of better crop yield and reduce the risks of storage losses [5].

1.1. Valuable seeds: achieving seed quality

The value of the seeds allows the farmers to produce high-yielding crops from good quality
healthy seeds. Seed quality is the measure of the potential to produce desired quality, healthy,
and high-yielding crops at low planting rates [5]. Seed quality can neither be obtained
automatically nor by a permanent process. There is nature’s pressure against the quality of the
seeds. Efforts are being made to produce best quality seeds for the farmers. Any handling or
production stage can reduce the quality of the seed. To alleviate these losses, careful technical
management is required for all seed operations [6].

1.2. Principles of seed storage

Seeds when stored in natural environment or ambient temperature respond readily to
temperature, available oxygen, and relative humidity. Metabolic activities, age, and longevity
of seeds can be manipulating by controlling the humidity temperature and oxygen [7].
Reduction of seed moisture content up to an appropriate limit is prerequisite for storage as
seed could be damaged because of desiccation. Seeds can be stored for a longer period due to
lower level of humidity. According to the thumb rule, the life of the seed doubles by decreasing
the moisture content to 1% in case if seed moisture content is between 5 and 14%. Higher
moisture content is more affected by higher temperature so seeds need to be stored in cool
location. The life of the seed doubles by decreasing the temperature to 5°C and is applicable
between 0 and 50°C [8].

Oxygen level can be controlled by hermetic storage in a sealed container which reduces the
physiological aging of the grains as well as reduces the physical damage due to insects and
fungal growth [8].

2. Postharvest techniques of seed storage

2.1. Drying

Physiological maturity attained by the cereal and legumes at moisture content between 35 and
45% is crop dependent. Temperature affects the storage of seeds at moisture content between
10 and 14%. For high-quality yield of crops, timely harvesting and drying are necessary.
Biologically active seeds deteriorate readily under most of the circumstances due to fungal
contamination and attack of insects and other pests. The main purpose of drying is to reduce
the respiration in seeds [6, 9]. The process also impedes qualitative damage due to fungi and
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other insect pests. Drying can itself affect the quality of the seeds. Extensive drying under very
high temperature can damage the seed. In summer season, simple drying methods are used
through exposure to sun and adequate wind. The alternative drying methods have been
devised for high-yielding varieties and improved farming practices and irrigation to deal with
increased production or harvesting in wet season in multi-cropping [10, 11].

2.2. Sun drying

Sun drying of seeds is the drying method in the tropical developing countries. The method is
employed when crop is ready for the harvest. Some seeds like maize can be sun dried although
during drying, crops get sensitive to insect infestation, rodent or birds’ attack, and mold
damage. A threshed seed drying by spreading on sheets or tray is a common phenomenon but
has a risk of soil or stone contamination. For example, paddy at rice mills is at large quantity
[6]. Rice is dried on especially build drying floor that allow easy run off of rain water. The
seeds are dispersed in thin layer and turned at regular intervals to facilitate drying and covered
at night with the help of sheets. There are some disadvantages of the process that temperature
is an uncontrollable factor. In paddy rice, high temperature can cause stress or cracks in the
seeds which lead to high level of damage during milling. Yield can be contaminated by dust,
atmospheric contamination or insect infestation, or human or animal disturbance [6, 9].

2.3. Solar drying

It is the modification of sun drying in which sun rays are collected in an especially designed
unit for air removal in adequate ventilation system. The unit has 20-30° higher temperature
than open drying, and less time is consumed in the process [12]. In solar dryers, solar collector
is used to heat air which then allowed to pass to the seed beds. It comprises two basic designs:
natural convection dryers use thermal gradients and forced convection dryers force the air
through solar collectors and seed layers. These dryers are suitable for farm use. The former
design of the Asian Institute of Technology in Bangkok has been used as blueprint for several
convection dryers and comprises a drying bin, a solar chimney, and a solar collector [13]. The
solar collector consists of black polythene sheet or layer of burnt paddy husk; it is covered with
clear polythene sheet. Perforated platform presents in drying bin. The disadvantages of the
process are as follows: high structural profile, stability problem in windy condition, and the
need of replacement of polythene sheets at regular intervals [6].

2.3.1. Mechanical dryers

The same principle of drying is used by mechanical dryers as forced convection solar dryer;
the dryer forced the air through the seed bed and the air is heated with the help of a flat plate
instead of conventional means. In modern automated storage system, drying takes place at
one of the two points either in prestorage dryers (prior to loading seeds in freestanding
loading) or in store dryer (after loading in final storage compartment) [9]. In prestorage dryers,
ambient air is used in continuous flow dryers, and heat is generated by thermostatically
controlled furnace which is powered by electricity, diesel, or gas. Heat may be supplied by
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direct or indirect way. Indirect way is preferred due to the separate outlet for the combustion
product not through seeds. In the batch dryers, seeds are fed into properly defined batches,
whereas in continuous flow dryers, the grains are flowed into the system and recovered at
desired moisture content [6].

2.3.2. Tray dryers

Tray dryers are batch dryers of flat beds. The seeds are dispersed on the mesh tray at the depth
of 600-700 mm, and warm dried air is passed through seeds to sufficiently dry them [6, 14].

2.4. Radial drying bin

Radial drying bin comprises two vertical metal mesh cylinders, one inside the other. Seeds are
loaded between these two cylinders, and air is blown to the inner cylinder and passed from
the inner to the outer mesh cylinder. By reversing air through seeds, air can be sucked from
the central cylinder. However, there is the risk of overdrying of seeds in the inner cylinder
which are in direct contact with the hot air. Air is wetter and cooler at the leaving side toward
outside [6].

2.5. Continuous flow dryers

Moisture content of the seeds can be removed by sucking or blowing hot air by top-to-bottom
passage through the system. Bin is present at the top of the drying section with cooling system
at the base. Seed beds can be horizontal, vertical, or inclined. Seeds are moved by conveyors,
scrapers, vibration, or gravity. The degree of drying depends upon the speed, size, and rate of
flow of outlet conveyor of the dryer. Continuous flow dryer is varied by relative direction of
air stream and seed flow [15]. Several continuous flow dry techniques are described below.

2.5.1. Cross flow

The seed passes through the two perforated sheets downward to the column by allowing
horizontal passage of air through the seeds. The advantage of the dryer is that the moisture
gradient can be defined at any stage of drying seeds [6].

2.5.2. Counterflow

A round bin is used to unload seeds with the upward flow of air. Little evaporative cooling
takes place when hottest air passes through the driest seeds.

2.5.3. Concurrent flow

In concurrent flow, wettest seeds are exposed to the hottest air during passage of air through
seed bed. High temperature improves the efficiency of the dryer and cools the seeds by
moisture evaporation [6, 16-18].
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2.5.4. Cross flow

Cross-flow dryers have been used widely in recent years, but mixed-flow dryers have
advantages over cross-flow dryers. Mixed flow dryers, combination of concurrent, counter
and cross flow dryers has great advantage of efficient fuel consumption. But reduction in
output because of uneven flow of seeds leading to uneven drying is one biggest hindrance in
adaption of mixed flow drying [6].

2.5.5. Tower (mixed flow)

They consist of tall rectangular bins for storage, and triangular ducts are present along the
width of the dryer at horizontal position. Half of the ducts are used for induction of warm air
and removal of damped and cooled air is done by remaining ducts. It has multiple directions
of seed flow and air flow [16-18].

2.5.6. Louvered bed dryer

The seeds are passed through different types of batches; the hot air is blown to the seeds to
dry them. The dryers work on the principle of cross-flow dryer. The speech and depth of the
drying beds depends upon the degree of drying. The two basic designs of the dryers are
conveyor dryer and cascade dryer. The cascade dryers are gravity fed cross-flow dryers. The
seed depth is controlled by roller dams and speed is controlled by output elevators. There can
be incorporated changes to vary the length of the dryer. In conveyor dryer, air is blown to
seeds through inclined louvered bed and the seed flow is controlled by variable speed, roller
chain conveyor and heavy duty. These dryer can be one directional, two directional, or
multidirectional; the variation in direction assists in removal of waste material and reduction
in size of the dryer [6].

3. In store drying

This is an alternative method of drying in which seeds are load into bulks floor storage or in
bin and then they are dried in stores [19].

3.1. Bulk on floor storage

They consist of especially strengthened wall which can bear the weight of seeds. The seeds are
loaded in uniform depth. At one side of the building, fan is present for the aeration purpose
and the plenum chamber runs along the center of the store or walls with perforated lateral
ducts, below or above the floor level under the bulk of seeds [6].

3.2. In bin drying

This type of drying comprises one or more bins for drying purpose and other bins for storage.
The dryers reduce the chance of physical damage due to the lesser handling. The shallow layer
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of seed along the bins for drying reduces time consumption and makes the process safer. The
semi-dried batches free the space for incoming seeds and consist of lateral ventilated system
or ventilated floors about 0.5 m above the base [6, 20].

3.3. Bag dryers

The drying in bags is difficult because there is not proper insurance of passage of air through
the seeds. In sack platform dryers air is blown through the floor of air duct whereas in fan
blowers heated air is blown from the floor apertures and sacks are placed on them. Larger bags
are stacked in the center of tunnel in moisture extraction unit. Through the air ducts, hot air is
blown with the help of a fan. One must be careful of correct dimension to avoid uneven drying.
However this system is not appropriate for even drying of seeds because of short circuit over
certain areas. [6].

4. Storage losses

It is reported that a total of 30% crop losses take place due to harvest. However, this is the
“worst case” figure to cite for the crops in priority area of development. Storage losses cannot
be predicted before harvest. There can be many biological, climate, handling, harvesting,
storage, and distribution and social and cultural factors which can cause crop losses. By careful
handling, 50% postharvest and storage losses can be disseminated. There is no such method
to predict the exact figures of such losses. Efforts have been made to determine the reliable
baseline methods to figure out crop loss activities. A methodology has been made to estimate
the standardized postharvest losses by crop activities [21]. Loss assessment and loss reduction
programs have been prompted by the Food and Agricultural Organization (FAO) of the United
Nations. The focus of these programs was to obviate the reduction of crop losses of staple
foods. The methodology for assessment of seed loss during harvest was summarized [22],
although there was no universal method to assess storage losses. Sampling procedures, varied
handling and storage produce, and irregular movement of batches make the loss assessment
phenomena non-generalized especially for perishable commodities. Care should be taken in
designing a methodology with positive aims to make it acceptable, economical, and mean-
ingful. The methods are varied for perishable commodities due to their different nature
whereas relatively uniform for cereal seeds. To find out standard moisture content and dry
matter, the weight loss of undamaged and damaged seeds can be compared. The purpose of
storage is to avoid both biological and financial losses of yield. To obviate these losses, we
must have known the root causes of these deprivations [9].

4.1. Loss and damage

The term damage and loss can be confusing sometimes when used synonymously. Loss is
defined as the measurable qualitative or quantitative decline in foodstuff. Superficial depri-
vation of commodities is defined as the damage, in which physical spoilage results in loss of
commodity. Damaged commodity can either be used but loss is a permanent decline. [6, 7].
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4.2. Categories of storage loss

Categories of qualitative or quantitative storage loss have economic impacts. Physical weight
or volume loss which is considered as quantitative loss can be figured out readily. Quality
losses can be measured by the simple judgment of commodity and comparing with standard
quality items. Commodities can be rejected by changes in taste, texture, appearance, loss of
nutritional value, and the presence of contaminants. The following categories can be listed to
demonstrate the storage losses of crops [23].

The primary cause of losses directly affects the stored crops. They may be biological, chemical,
or biochemical in nature.

4.3. Biological losses

Biological factors responsible for crop deprivation are rodents, insects, birds and microbes
(fungi and bacteria). Microbes grow on the crops and cause the weight loss, crop spoilage, and
other defects which reduce the market demand of the yield. Development of infestation can
make trouble if produce is stored for longer period. The damage or loss caused during storage
in the cereal seeds by birds, rodents, and the condition can be harsher by microbial (fungi and
bacteria) attack in the field. There will be quality loss, if the disease is superficial; it can be
quantitative loss if infections penetrate into deeper layers of seeds. In case of superficial
disease, it is possible to remove damaged area and use the rest of the portion [14, 24, 25].
Chemical losses involve loss of flavor, color, texture, and nutritional value due to pesticides and
chemical reactions [26]. Biochemical losses can be softening, discoloration, and bad flavor due
to enzyme-activated reactions. Mechanical losses are due to bruising, breakage, processing, and
injury during handling or harvesting. Physical losses are related to climate condition such as
low or high temperature, improper storage atmosphere, and high humidity. Physical factors
can also mediate chemical and biochemical losses [7]. Physiological losses involve weight losses
due to respiratory heat loss. Susceptibility of infection and damage by pathogen increases
during wilting, senescence, ripening, and wilting. Microbiological and biological factors are
important in seed, whereas mechanical, physiological, and microbial factors cause losses in
perishable crops. The factors that encourage primary crop losses are secondary losses by
inappropriate handling of equipment, technology, and control. The factors are lack of har-
vesting equipment, skills, packaging, handling, adequate containers, appropriate transport,
drying and storage conditions, proper processing technique, and adequate management [6, 9].

4.4. Weight loss

Weight loss is not necessarily the sign of loss of crops. Reduction in moisture content can be a
reason of weight loss. Shrinkage factor is a tool to recognize for commercial transactions.
Moisture loss can lead to economic loss if it is not taken into account by grading for price
control. Weight loss can be due to feeding of birds, insects, rodents, and microorganisms.
Weight loss can be measured by comparing the weight before and after storage in the sack.
There can be also an increase in moisture content due to water production in seed by insect
infestation and can lead to an increase in weight. If insect infestation increase the moisture
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content of seed or insect may consume seed, leaving behind dust, weight loss cannot be
detected easily [27]. To detect these losses, a useful mass of infested and noninfested seeds is
ground into flour, and their weight is compared. A decrease in flour yield of infested mass
than sound mass will be observed. Be aware of malpractices to compensate weight loss by
adulteration of stones, earth, or sand and water. So there is a need to assess not only moisture
changes but also the quantity of foreign matter present in the yield [23, 28].

4.5. Quality loss

Quality is an important trait considered by the consumers, and local traders have different
criteria for assessment according to circumstances. Biochemical factors (acidity, sugars, flavor,
and smell) involve size, shape, and appearance. Quality loss can also be due to contamination
and foreign matter (insect fragments, rodent hair, excreta, weed seeds, earth, glass, stones, and
parts of plants) content. Contaminants that are difficult to remove comprise soluble excretion
of insects, pesticides, oils, toxins produced from fungal infections, and pathogenic organisms
spread by rodents. Loss potential will be increased by raising the standard rules by consumers
[24, 29].

4.6. Nutritional loss

The loss depends upon the qualitative and quantitative loss of nutritional value to the human
population which affects the nutritional status of that population. This is mainly caused by
feeding of pest on selective part of seed. Plodia and Ephestia feed selectively on the seed
embryo and remove the vitamin and protein content. Many pests feed on bran of cereal seeds
as a result reduced vitamin content. Liposcelis spp. selectively feeds on bran of rice and
embryo (Pike, 1994). Weevil is an endosperm feeder and declines the carbohydrate content
[6, 30].

4.7. Loss of seed viability

The loss of seed viability is linked with. The reasons of the losses may be temperature, excessive
respiration, moisture content, infestation, light, and infestation-controlling methods. Insects
that are selective to attack the embryo cause great losses in germination as compared to others.
Seed loss can be detected by standard germination tests [31].

4.8. Commercial losses

Commercial losses are either due to direct consequences (foregoing factors) or indirect
consequences (cost of preventive action or equipment). There may be a loss of goodwill,
monetary loss, and loss caused by legal action. Intercountry trade might be affected by
commercial loss. Losses can be rapidly reduced by experience and knowledge. Postharvest
losses not necessarily take place due to inappropriate storage. There may be biological,
physical, or mechanical factors in deterioration of cereal seeds. There is a need to broaden the
intervention techniques to deliver high-quality product from the field to the market. For
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example, after the Tanzania outbreak of pest in the maize crop, Somalia and Malawi refused
to take the maize due to insect spreading [32].

4.9. Temperature-dependent injury

High-temperature solar radiation on exposure deteriorates the fresh commodities rapidly. By
increase of temperature, respiration also increases; there should be proper ventilation and
cooling of the crops to obviate the problem. In similar way, there can be crop injury due to low
temperature between 0 and -2°C. However some crops of tropical and subtropical origin
showed tolerance for chilling injuries at 12-14°C. Chilling injuries (skin pitting, discoloration,
uneven or abnormal ripening, and sensitivity to rapid deterioration) are apparent when
commodity is removed from the environment [7, 29].

5. Assessment of losses

5.1. Assessment of seed losses in storage

The agents causing seed loss during storage are insects, rodents, and molds. In past this issue
gained attention of many scientist but still there is a need to find some more effective technique
to avoid seed loss due to insects. Insects can cause both qualitative and quantitative loss by
boring or feeding on seeds; weight loss has got more attention [6].

5.2. Weight losses caused by insects

The assessment is made through collection of samples of seed and various intervals after
storage and comparing the samples to observe the changes in subsequent samples. Assessing
quantity loss with subsequent samples at different intervals will be used to estimate storage
losses at different occasions. Sample collection from each batch of seed and their quantity loss
are estimated accordingly. Sample should be collected without disturbing the pattern of
infestation in the bulk stores. Three samples must be collected when subsequent regular
sampling is not possible: first, at time of storage; next, in the midway of storage period; and
last, at the final few weeks of seed storage.

The pattern of used seed and quantity loss is noted [22, 27].

5.3. Methods of estimation of weight loss

There are two methods used for estimation of weight loss by the insects, when subsequent
sampling is possible: volumetric method and thousand grain mass (TGM) method.

In this case, when subsequent sampling is impossible, count and weight and converted
percentage methods are used [6].
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5.4. Volumetric method

Volumetric method is commonly known as the standard volume weight (SVW) or bulk density
method. This is used to measure the bulk density of clean sample by the use of equipment.
SVW is figured out from the sample of the seeds at the beginning of the storage period, and
losses are determined. This method strictly calculates the weight loss by grain boring of insects
and moisture difference over a subsequent time period in standard volume container. In stand
volumetric method to determine accurate ratio for moisture content and dry weight of seed,
moisture can be taken as constant term and the crop as dry matter. However, volume and
frictional characters can also be affected by changes in moisture content. There is direct relation
between moisture content and volume of the sample therefore seed should be packed loosely.
To make the moisture constant, it is necessary to calculate the standard volume of dry matter
at different moisture contents. The process is time-consuming and needs care and equipped
laboratory [33]. Another factor affect the volume of sample is weight of insecticidal dust,
adheres to the seed surface increase the volume of seed and frictional character. Sieving can
be a useful phenomenon to remove dust. However, volumetric phenomena are less helpful
due to overassessment of losses [6, 34].

5.5. Thousand grain mass method

This method differs from volumetric method in comparison with fixed number of seeds instead
of fixed volume. This means that weight of seeds is multiplied by thousand and corrected by
a dry matter. It is calculated by weighing and counting the seeds in a given sample. Standard
reading is made by taking measurement at the beginning of storage of seeds, and then
subsequent readings are compared with baseline reading [35].

5.6. Count and weight method

The method, sometimes called gravimetric method, is applied where the baseline readings of
seed storage are not obtained in the start of the season. A sample of 1000 seeds and minimal
medium are used in this estimation. Weight and number of seeds in each sample fraction is
determined after isolation of damaged seeds. The results are then calculated by putting the
values in the following equation:

(UxNy) - (DxN,)
U(Ng+N,)

x 100 = % weight loss (1)

where U = weight of undamaged seeds, D = weight of damaged seeds, N, = number of
undamaged seeds, and N, = number of damaged seeds.

In this method, moisture content of the separate fraction is unnecessary for a single sample,
and differences of assumption are likely small. The method does consider hidden infestation
in damaged category, and it considers seed infestation that is random by the insect which is
not necessarily to be true [36]. The method can cause misleading results for low level of
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infestation and multiple infestations in large seeds. The method is useful in field level for quick
estimation at extremes. To overcome the biased estimation, several refinements have been
made. For example, different-sized seeds have different moisture contents and can have
hidden infestation. These seeds are graded according to size and categories before counting
and weighing [22]; severely attacked grains are separated, and reading of hidden grains is
taken after emergence of infestation [37, 38]. There is another way to know the hidden
infestation by dissecting seeds, but the method is tedious and has a chance of change in
moisture content of seeds, for the sake of calculations that are needed to be made on dry matter.

5.7. A count and weight method modification

In this modification of count and weight method, highly infected grains have also been taken
into account. To avoid the underestimation of losses, the number of infected seeds is counted
for sum of the seeds in whole sample [39]. To assess the weight loss, the following equation is
used:

[TND(D + U) | + FW(N,U - N,D)
[TND(D + U)U]| + [FW(N,+ N,)U]

x 100 2

where U is the weight of undamaged seeds, D is the weight of damaged seeds, N, is the number
of undamaged seeds, and N, is the number of damaged seeds.

The weight loss is calculated by averaging weight loss of two subsamples.

The percentage weight loss is calculated by deviation in Eq. (3):

Undamaged weight (UW ) — final weight (FW)
Undamaged weight (UW)

x100 3)

The undamaged weight of the sample (in the absence of missing seeds) is figured out by
applying assumption in count and weight method. The average unit weight of undamaged
grains in the original sample will be equal to the average unit weight in the remaining
undamaged grain subsamples. The undamaged weight of the whole original grain sample is
figured out as the product of the total number of seed estimated in the original sample and
unit weight of undamaged seeds in the subsamples. The total number of seeds is the sum of
the damaged and undamaged seeds. The final step will be the ratio of the final sample weight
to the average unit weight of the seeds. The method focuses on missing seeds of the sample
instead of underestimating lost samples as in conventional count and weight method [39].

5.8. The converted percentage damage method

The method is suitable for quick estimation of loss by boring insects without using equipment
such as during a rapid field appraisal. Weight loss is assessed by taking percentage damage
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seed as sample. A study has been made to find out the relationship of damage and weight loss
[23]. A conversion factor can be used subsequently to estimate the weight loss of same type to
seeds in different samples. The conversion factor is calculated by the following formula by
using same count and weight method and so faces same type of errors:

0,
% damage sceds = Conversion factor (4)

% weight loss

To overcome the error of count and weight method, 10% or more damaged sample seeds are
used. The sample size should not be smaller than 500 seeds taken as the percentage of the total
seeds present. Rapid loss technique is a rapid weight loss assessment in the field based on the
damage and weight loss relationship. Standard graphs are used in this technique to relate
percentage damage and weight loss of samples under study [6, 21]. For preparing reference
graph, ten samples of 500 seeds are required in the laboratory. Weight loss is estimated by
count and weight method, and percentage damage is calculated. The graph is plotted between
percentage weight loss and percentage damage. In the field, clean sample of 200 seeds is
gathered, percentage damage seed is determined, and loss figure of reference to graph is read
off. For a sample of 200 seeds of Bambara or cowpeas, the technique depicts accuracy on +7%.
The method is better than percentage damage method and allows good assessment of weight
loss by taking many individual samples in short time period at the field. Visual scales are rapid
loss assessment methods. The abovementioned techniques are time-consuming and need
appropriate equipment and well-trained technicians. Visual scale has benefit in assessing
damage in fields, is ideal for field use and rapidity, and is required only for reference scales
and operator unbiased. This technique enables wider coverage in small time and small sample
error. On-site loss assessment avoids extra spoilage and anomalous results by double checking
on the site before leaving. The visual scale should be calibrated according to the objective of
the study, weight loss, and farmer perception of value [6, 21].

5.9. Losses by vertebra pests

Vertebra pests such as rodents and birds remove the whole seed from the sample so it is
impossible to estimate loss by vertebra pests. The loss can be assessed by comparing the
reference percentage of seed loss and average seed weight [40]. Population studies and feeding
trials are used to calculate the losses by pests and rodents, but these are often with small
accuracy in comparison to efforts expanded [41]. Pests used stored grains only as their part of
diet; feeding trial can overestimate the loss of stored seeds. The quantity of seed loss by rodents
is questionable. Loss of crops due to rodents goes behind when compared with loss of storage
container, personal property, buildings, and potential health risks.

5.10. Weight loss by molds

Seeds infected by molds will cause weight loss; the weight loss can be assessed by the same
method that is used to calculate weight loss by insect. The moldy seed weight loss increased



Postharvesting Techniques and Maintenance of Seed Quality
http://dx.doi.org/10.5772/64994

due to the absorption of moisture so the loss by mold can be compensated. The method is not
that good to assess the real loss of seeds, and the seeds may be misled as undamaged seeds
due to no apparent indication of infestation on surface. To estimate the weight loss due to
mold, damaged seeds are separated from undamaged seeds, and then moldy seeds are
discriminated from damaged seeds. The weight loss due to mold will be equal to the weight
of mold [21, 27].

5.11. Total loss in a season

The above losses are the seed losses at a given point in a time. The picture can be mislead-
ing; there must be a relation in the pattern of seed used in a season. In an undisturbed stored
crop, if the sample loss is 10% throughout the storage seasons, the total loss will be due to
insects. The seeds will loss at different quantities at different intervals of time due to insect
exposure at different time lengths throughout the season [27]. The percentage loss of seeds
increases gradually with time due to increase in insect infestation. After permitting changes
in moisture content, the loss in seeds can be calculated by measuring the weight of seeds at
the time when the seeds are still in the store and when taken out from the store. The loss
other than insect damage can be obtained by subtracting the loss caused by other insects.
The overall losses of the seed after store are considerably lower than the suggested value.
Many loss assessment protocols at commercial and farm level have been reported [22]. The
key to get the best assessment result is to draw an acceptable methodology for each com-
modity.

There were small figures for losses in commercial operations and none for cooperative level
storage. The condition reflects the buying and selling of seeds in the developing world in short
time period. This gives the picture of private sector (market liberation and parastatal market-
ing) involvement, but there is few information about storage loss. Entrepreneurs could store
large quantity of seed for longer time period. However private sector has increased this level
for farm storage. Many efforts, time and money was invested to measure the storage losses in
farm storage, but the effort was not fruitful like the earlier projects. Moreover, the study should
be undertaken with the postharvest sector as a whole, and precise measurements should be
avoided. Social survey can be helpful to discover the farmers’ problem for loss assessment and
appropriate measurement techniques [42].

6. Harvesting and maturity indices

Harvesting and improper handling of commodities can cause bruises and injuries which
directly affect their market value and make them unattractive. Injuries give the open space for
microbial attack, that cause rotting, respiration increase, and shortage of storage life. Improper
harvesting can cause crop loss and severe damage in seeds [9, 43].
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6.1. Harvesting and handling

Harvesting is the first step of postharvest and is the last step of crop production. The meth-
od and condition of the harvest affect the further handling, processing, and storage of crops.
Premature harvest causes loss of quality of seeds, and due to high water content, they will
deteriorate in the store. Overmature crop harvest causes biological and physical losses of
crops by consistent wetting and drying of crops [9]. Damp seeds need to be threshed quickly
and dried after harvest. Different parts of plant are harvested by different harvesting meth-
ods; in case of forage, the whole plant is trimmed off; in case of cereal seeds, partial or part
of the plant is threshed and cleaned; and straw or chaff is removed for further processing.
Small scale produces performed threshing and harvesting by threshing combines harvesters
(equipped through community groups) while in developing countries threshing and har-
vesting carried out by hand unlikely cause damage or deterioration of crops in store. Large-
scale commercial producers use mechanical harvester equipment; their use is limited due to
the production of cash crops. Post-harvest risk of crop damage in storage is reduces by man-
ual harvesting Small scale produces performed threshing and harvesting by threshing com-
bines [9, 21]. Conventionally, seeds are beaten with stick or against hard surface (wooden
bar, log of wood, stone, and wooden metal or tub) for the sake of threshing. The methods
can cause damage or cracks on the seeds, while seeds that are trodden under foot will be a
less damaging method for the seeds. Grain heads or ears of sorghum, millet, or wheat are
commonly beaten with sticks. However, manual harvesting is laborious, and economical
process has the risk of physical damage. Maize cobs are beaten with sticks or shelled by
hand, which result in high-level damage. Mechanized threshers are made to reduce the
damage of seeds; the models are highly sophisticated.

Seed harvesting is carried out by a combination of various steps of threshing, cleaning, or
combine harvester. Large-scale harvesting is carried out by mechanical equipment that is
especially designed to harvest cereal seeds [6].

6.2. Storage structures for seeds

Seeds/grains are durable crops that usually require simple systems in their storage.

6.3. Farm-level storage

For protective outdoor or indoor storage, the seeds must be guarded for physical damage such
as high temperature, adverse weather, snow and rain, and biological factors which include
microorganisms, birds, rodent, mites, and insects. The process of farm storage is used by
various countries to store major part of seeds [44, 45]. The storage structure varies in capacity
and has range of 100 kg to few metric tons. Modifications in locally prepared storage structure
could be done according to climatic conditions. There are some traditional storage structure.
The bins are commonly made of ferro-cement, plywood, metal, and high-density and high-
molecular-weight polyethylene. Plywood is the most suitable storage structure and under-
ground structures of different shapes and sizes, which work on the principle of hermetic
storage. This builds the higher level of carbon dioxide and low oxygen level which is lethal to
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pest and microbial attack during seed storage [46]. Traditional methods are cheaper, but they
are not effective against pest and microbial attack. Silos or metal bins are also used at farm

level to store seeds.

6.4. Bagged storage

In developing countries, seeds are stored in gunny or woven polypropylene bags in traditional
warehouses, whereas silos for bulk storage, seeds elevator, and flat storage structure are used
in developed countries [45, 47]. Bag storage is a laborious and costly process and has greater
chance of seed spillage and biological losses. There may be water seepage and humidity
problem due to inappropriate flooring of warehouses. Bags do not need any fumigation
facilities or aeration system. In developing countries, the system will be uneconomical due to

small farm size and cheaper manual labor.

6.5. Bulk storage

There are two types of bulk storage of seeds; it may be vertical (silos or bins) or horizontal (on
floor stores). Horizontal stores comprise especially constructed floors of warehouses contain-
ing proper ventilation on the floor and walls that are strengthened to withstand the weight of
the seeds. Bins and silos are especially designed stores, either round or square, in grouped or
freestanding form, and incorporating unloading and loading usually of aeration systems. The
alternative forms of bulk storage are belowground or partially belowground storage or
enameled, sealed silos, for the storage of high moisture content seeds. The process is appro-
priate to bulk handling or storage of seeds [48, 49].

6.6. Hermetic storage

The traditional methods of storage in the natural build of oxygen and lower level of oxygen
protect the seeds from biological damage. This traditional storage method is not effective for
the seeds that have lesser moisture content, and infestation is less than insects per kilograms
of seeds. The controlled atmosphere treatment and fumigation have to be supplemented in
hermetic storage [50].

6.7. Outdoor storage

This is the temporary measure of storage in case of lack of permanent storage. The godowns
and silos are built on plinth, and the stacks of seeds are covered with polyethylene covers. The
stacks must be properly aerated in a week by raising the cover to the seventh or eighth layer.
The cover and plinth (CAP) technique is used commonly for wheat and paddy. However, there
is a chance of damage of cover by wind or rain, and effective fumigation cannot be achieved
[44].
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6.8. Storage practices for quality seeds

Quality of seeds can be maintained by especially designing the small stores to silo or ware-
houses which play a protective role against adverse temperature conditions, ground water,
rain water, pests, and thefts. The structure and contents of the store should be managed [9].

7. Moisture control

A water disposal system and well-designed roof are required (overhung or gutter) to hinder
the water running to the store. Drains move the water away from the stores. In large ware-
houses, side by side joining of stores should be avoided to prevent the water run into the store.
Raised floor and proper drainage system protect against the risk of the flood, and water-proof
floors and walls guard against ground water. There must be proper ventilation system to
control the humidity inside the storage structure [27].

7.1. Protection against temperature

It is difficult to control temperature in the storage structures; it needs special design elements
to control temperature. Temperature can be ascertained by the use of controlled ventilation.
In the cold night, temperature can be manipulated by insulated stores. Stores can be built in
east-west direction, and using shiny material outside the stores can be an effective strategy to
control heat. Thick wall and wide roofs (for shade) can further reduce the heat of the storage
structure. Heater and refrigerators can be installed to modify temperature in stores; the
equipment will perform well in case of insulated stores. However in these stores, degree of
insulation depends upon atmospheric condition outside of it. [6, 51].

8. Modified atmosphere storage (MAS) and controlled atmosphere storage
(CAS)

In modified atmospheric condition, the gases are added or removed from surrounding to make
a controlled atmospheric composition around seeds, which differs from air (78.08% nitrogen,
20.95% oxygen, and 0.03% carbon dioxide). This includes the reduction of oxygen and elevation
of carbon dioxide concentration. CAS and MAS are different in level of control although CAS
is more exact. The process is used to facilitate whole-store fumigation [52, 53].

8.1. Protection against theft

Security guard or fence may be needed to guard the store. Lights are installed to illuminate
the stores [6].
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8.2. Protection from birds and rodents

Bird and rodent contact can be hindered by avoiding the free spaces for the access to the seeds.
Rodent guards are commonly tight-fitting shelves, or conventional methods could be tying of
thorn bushes to the stores as barrier. Walls of the stores should be smooth, and roof should be
rodent proof to avoid their contact inside the storage structure [54].

8.3. Protection against insect

The small size insects can easily enters the storage buildings therefore it is difficult to make
insect-proof walls and roofs because they can enter from even small cracks. For protection
against insects, smooth walls, controlled ventilation, cleaned stores, floor without cracks, and
curved floor wall can be effective. For protection against termites, termite-resistant material
should be used (concrete, stones, fire bricks, and termite-resistant wood) [55].

9. Transport

The transport of commodities from field to storage houses can produce some injury, which
can later cause deterioration of produce. This main focus is to keep the produce dry and
moisture-free. The risk of insect infestation of seeds from the contaminated container has insect
residual. Mechanical injury is produced from vibration during transport, poor condition of
vehicle and roads, poor driving, insecure container stacking, the use of unsuitable container,
and careless handling. Overheating is produced from the sun or vehicle engine that results in
moisture loss of produce, and this leads to natural breakdown and decay [6].

10. Quality and safety

The quality of a product defines the class, degree, excellence, or superiority of the crop. The
quality of the durable commodity is the combination of characteristics, properties, and
attributes that give the commodity value as the food or a source of next crop yield. Foreign
material or high moisture content can affect the marketing quality of the crop. High moisture
may encourage the shrinkage or biological and biochemical damage in seeds. Low moisture
in pulses and paddy rice can break or damage the seeds. The discolored and broken seeds
lower the marketing quality and increase the chance to insects and microorganism attack [14,
27]. The main objective of a farmer is to produce apparently good product with few visual
defects, and product must score high on yield, disease resistance, ease of harvest, and shipping
quality and achieve the national and international quality standards. For the buyer or con-
sumer, the appearance is more important; they are eagerly concerned in healthy seed and
lifelong storage. The product should be assured safe for the distribution to suppliers and
market [7].
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11. Postharvest quality assessment techniques

There are two methods to assess the quality of crop after harvest such as analytical or objective
and subjective or sensory method [56]. There are limitations for subjective method in quality
evaluation of hazardous material [57]. Objective method is destructive or nondestructive in
nature. Manual sorting of commodities is outdated, costly, unreliable, subjective, laborious,
and slow. Food depicts complex and dynamic behavior with respect to varietal and time
dependency. Nondestructive methods classified according to physical principles are visual
inspection, x-ray imaging and computed tomography, near-infrared spectroscopy, ultrasonic
testing, thermographic testing, electromagnetic testing, liquid penetrant testing, magnetic
particle testing, acoustic emission testing, infrared and thermal testing, magnetic resonance
imaging, electronic nose, etc. [58].

Quality assessment or grading has the following benefits:

i It helps to facilitate the purchase of an unseen product.

ii. Quality and safety improvement incentives.

iii. Grading makes the market information meaningful.

iv. It helps in facilitating quality and price comparison.

V. It reduces the deception and fraudulent marketing risk.

vi. Diverse marketing mechanism can be enabled through the process such as commod-

ity exchange, future trading, inventory credit, credit letters, and facilitating resolution
of disputes regarding composition or quality [6].

12. Future challenges for postharvest technology

In increasing urban population and shifting lifestyle in developing countries, demand for food
has increased many times. Seed is a unit which not only is used as food but also responsible
for production of the next generation. The most attention-demanding perspectives in seed
biology are postharvest management and quality maintenance of seed. Although in past years,
great success has been achieved in development of novel packaging, storage and transport
systems, pests, and seed-borne disease control for market access. However, to achieve future
goals, further research and technology development should be dedicated to explore genetic
aspects of quality traits like stress resistance, resistance to postharvest diseases, and pest
management. Researchers should try to work on integrated approaches for postharvest
management of seed. Nanotechnology is an emerging field which is leading to tremendous
achievements in crop sciences. Seed biologist should also try to explore this field so that seed
could be preserving for longer time without altering the genetics.
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13. Conclusions

Seed quality should be maintained for the better quality crops. Maintenance of the seeds is the
major problem in the developing countries these days. There is a need to establish better,
economical, convenient, and productive methods for postharvest handling and seed storage.
Researchers should focus on translating knowledge into agricultural outputs. The chapter
deals with the value of healthy seeds, factors affecting the seed quality, postharvest techniques
for the seed storage, and techniques and safety measures for their quality assessment for the
maintenance of good quality seeds to meet the international standards emphasizing on the
needs of developing countries. This could be achieved by opting more sensitive and advance
technologies with special emphasis on seed response to environmental and maternal factors.
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Abstract

Seeds are storage organ in plants and main resource of plant oils to human civiliza-
tion and the demand of plant oils are increasing yearly and expansion of the produc-
tion capacity is an urgent issue worldwide. Thus, it is necessary to improve oil yields
per unit area and generation of crops with high-oil content is needed. Arabidopsis thaliana
plays a vital role in advancement of genetics and molecular biology in plant sciences.
The forward and reverse genetic approaches with Arabidopsis have provided an
overview of triacylglycerol metabolism. The elucidation of the overview contributes to
understanding of spatiotemporal regulation of a metabolic flow of triacylglycerol
metabolism in plant cell. This understanding sheds light on bottlenecks in triacylgly-
cerol biosynthesis and provides novel clues for increasing seed triacylglycerol content.
Recent advance in metabolic engineering approaches demonstrate several evidences
that triacylglycerol metabolism is coordinated with other metabolisms. Most notably,
triacylglycerol biosynthesis competes with biosynthesis of starch or seed storage
proteins. These studies indicate that alterations of the metabolic pathways to avoid the
competitions could be a novel concept for increasing seed oil content.

Keywords: Seed, oil, Triacylglycerol, Metabolic engineering, Arabidopsis thaliana

1. Introduction

Seedsarestorage organsin plantsthataccumulate massive quantities of carbohydrates, proteins,
and oils, which are collectively referred to as seed storage reserves. Seed storage reserves are
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utilized to supply energy and nutrients to the embryo during postgerminative growth until the
plant acquires the ability to perform photosynthesis. Hence, seed storage reserves are an easily
degradable source of organic matter for organisms.

Seeds are widely used as industrial materials. For example, plant oils are mainly derived from
seeds. In 2014, the overall consumption of plant oils was 170,980 kt, which is nearly double
that consumed in 2004. This increase is attributed to a greater demand for dietary oil, as well
as industrial materials for use as carbon-neutral oils, representing an alternative to petroleum.

To improve oil productivity in plants, it is essential to increase seed yields in crops. However,
the agricultural area worldwide has been flat for 40 years. Therefore, improving seed yield per
plant has become increasingly important. Since increasing seed yield is one of the major issues
in plant science, effective strategies for increasing yield have been investigated. Considering
the many successes in the field of metabolic engineering of microorganisms, metabolic
engineering represents a promising approach for increasing oil yields in seeds. Lipid metab-
olism has been extensively studied, and its metabolic pathways and regulatory systems have
been elucidated. Additionally, in-depth analysis of crop genomes has been greatly expedited
by recent advances in life science technologies (next-generation sequencing technology,
genome editing, and so on). Therefore, numerous translational studies of model plant species
have been performed, which have shed light on crop species. This chapter summarizes recent
advances in our understanding of oil metabolism in seeds and introduces promising strategies
for increasing oil production in crops.

2. Main components of seeds

Seeds accumulate carbohydrates, proteins, and oils as seed storage reserves. The ratios of these
components dramatically differ among plant species, representing a major factor that deter-
mines the usage and application of seeds [1].

2.1. Cereal seeds

Starch consists of carbohydrates, which comprise polysaccharides composed of glucose [2—4].
Major cereal seeds, such as rice, wheat, and maize, contain large amounts of starch. Barley and
rye seeds also accumulate starch as their main storage reserves. The starch contents in these
cereal seeds are over 70%, whereas the contents of proteins and oils are less than 20% (Table 1).
Therefore, cereal seeds represent an important energy source for animals.

2.2. Oil seeds

Oil seeds mainly accumulate lipids. Oil seeds are one of the major sources of plant oils. These
seeds are compressed and heated to extract oils from their cells. Oil crops, which produce oil
seeds, are cultivated worldwide. Oil palm, soybean, and rapeseed, the “big three”, represent
three-quarters of total plant oil production (Table 2). Palm oil and olive oil are extracted from
fruits, whereas many other oils are extracted from seeds (Table 2).
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Grain Carbohydrates Proteins Oils
wheat 72.2 10.6 3.1
rice 73.8 6.8 2.7
maize 70.6 8.6 5.0
barley 72.1 10.9 2.1
rye 70.7 127 27

Table 1. Carbohydrate, protein, and fat contents in cereal seeds. Values (%/w) in this table were extracted from the
Food Composition Database of the Ministry of Education, Culture, Sports, Science, and Technology in Japan (http://
fooddb.mext.go.jp/index.pl).

Plant species Production (kilotons, 2013-2014) Rate (% total plant oil production) Storage organ
1 oil palm 59,360 34.09 fruit
2 soybean 44,439 25.52 seed
3 rapeseed 27,029 15.52 seed
4 sunflower 16,169 9.29 seed
5 cotton 4,859 2.79 seed
6 peanut 3,548 2.04 seed
7 olive 3,416 1.96 fruit
8 corn 3,148 1.80 seed

Table 2. Major oil crops and worldwide oil production in 2013-2014. The rates of total production and % total plant oil
production are summarized for major oil crops; the values were obtained from FAOSTAT (http://faostat.fao.org/).

Species Concentration (%) Variety

Oil Protein
soybean 20.1 414 Kariyutaka
rapeseed 41.0 25.6 Kizakinonatane
sunflower 33.8 30.4 Mammoth Russian
peanut 42.6 25.8 Omasari
sesame 49.9 21.6 -

Table 3. Oil and protein concentrations in major oil seed crops. The oil and protein concentrations were measured
following the methods of Kanai et al. (2016). The variety of sesame used in this experiment was not identified.

2.2.1. Oil contents of oil seeds

Of the major oil crops, the oil content of oil palm fruit is over 50%, whereas that of soybean
and rapeseed is 20.1% and 41%, respectively (Table 3) [5, 6]. The seed oil content in sunflower,
peanut, and sesame is 33.8%, 42.6%, and 49.9%, respectively (Table 3). Thus, the seed oil
contents of typical oil crops range from approximately 20-50%. These values are relatively low
compared to the starch contents of rice, wheat, maize, and so on, suggesting that there is strong
potential for increasing oil contents in seeds.
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2.2.2. Protein contents of oil seeds

The protein content of major cereal seeds is less than 15% (Table 1), whereas the protein content
of soybean and rapeseed, which are major suppliers of plant oils, is 41.4% and 25.6%, respec-
tively (Table 3). Most oil seeds accumulate more proteins, i.e., seed storage proteins (hereafter
referred to as SSPs), than cereal seeds.

3. Triacylglycerol metabolism in seeds

Lipids are essential components not only for animals, but also for plants. Various species of
lipids are biosynthesized throughout plant organs. Some lipids, such as membrane lipids [7],
cuticular waxes [8], and volatile oils, comprising fatty acids [9-11], alcohols, terpenes, and so
on, are produced in plants in response to changes in the external environment. On the other
hand, seed oils, the primary subject of this chapter, are composed of triacylglycerol (referred
to hereafter as TAG) [12-14]. Except for palm oil, major seed oils are liquids at room temper-
ature (Figure 1A). One molecule of TAG is composed of a glycerol backbone and three fatty
acids (Figure 1B).

3.1. Triacylglycerol biosynthesis

TAG biosynthesis primarily involves two steps, i.e., fatty acid biosynthesis and the assembly
of fatty acids with a glycerol backbone (Figure 1C).

A C"_') c FA biosynthesis TAG biosynthesis
- plastid ER
j.-;.
sucrose - - acetyl-Cod, G3p
i v\
malonyl-Cod | | LPA
vy
malonyl-ACP | PA
\J : \J
acyl-ACP ' DAG
R
FA senfem TAG
.-‘. '_‘\

TAG accumulation

hvoeral - Tee e i apecie

Figure 1. Triacylglycerol in plant seeds. (A) Plant oil extracted from seeds. (B) Structure of TAG. TAG is produced by
the assembly of one glycerol with three fatty acids. (C) Schematic diagram of TAG biosynthesis in plant cells.
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3.2. Fatty acid biosynthesis

In plant cells, fatty acids are synthesized in plastids. Fatty acid biosynthesis begins with the
carboxylation of acetyl-CoA to malonyl-CoA by acetyl-CoA carboxylase (reaction (1) in
Figure 2). The malonyl group in malonyl-CoA is transferred to acyl carrier protein (hereafter
referred to as ACP), producing malonyl-ACP (reaction (2) in Figure 2). Next, 3-keto-butyryl-
ACP is synthesized via the condensation reaction of malonyl-ACP with acetyl-CoA (reaction
(3) in Figure 2). The 3-keto-butyryl-ACP molecule is converted to butyryl-ACP via reduction
and dehydration (reaction (4) in Figure 2). The provision of C2 units, reduction, and dehy-
dration are repeated, leading to the elongation of the carbon chain of acyl-ACP (carbon chain
elongation in Figure 2). Synthesized acyl-ACP is catalyzed by thioesterase to form free fatty
acids, which are again converted to acyl-CoA and imported to the endoplasmic reticulum
(hereafter referred to as ER).

acatyl-CoA malonyl-CoA malonyl-ACP
(o] (o] 0

o o0
e
CoA CoA cP
Hac)Ls" HO 57 ° HO s’A

co
ACP-SH ' ACP-SH CoA-SH
CoA-S|

(3)

HyC S
3-ketobutyryl-ACP M
CP
o o HsC S’A
ACP
acyl-ACP ll“)
‘ b -
carbon chain elongation o
ACF
ch/\)j\ﬁ/
butyryl-ACP

Figure 2. Fatty acid biosynthesis in plastids: (1) acetyl-CoA carboxylase, (2) malonyl CoA:ACP transacylase, (3) 3-ke-
toacyl-ACP synthase, and (4) 3-ketoacyl-ACP reductase, 3-hydroxyacyl ACP dehydrase, and enoyl-ACP reductase.

3.3. Assembly of fatty acids with the glycerol backbone

Acyl-CoA is a donor of the acyl-group for TAG biosynthesis. De novo synthesis of TAG begins
with the transfer of the acyl-group to the sn-1 position of glycerol 3-phosphate, leading to the
production of lysophosphatidic acid (reaction (1) in Figure 3). Subsequently, phosphatidic acid
is produced by the transfer of the acyl group to the sn-2 position (reaction (2) in Figure 3). Next,
the sn-3 position of phosphatidic acid is dephosphorylated and converted to diacylglycerol
(reaction (3) in Figure 3), and, finally, TAG is synthesized by the transfer of the acyl-group to
the sn-3 position of diacylglycerol (hereafter referred to as DAG) (reaction (4) in Figure 3). In
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addition to the de novo synthesis pathway, TAG is produced via an alternative pathway
through phosphatidylcholine (hereafter referred to as PC) [15, 16]. PC, one of the main
components of membrane lipids, is present in pools in the ER [16]. PC pools affect de novo TAG
synthesis and the acyl-CoA pool in the cytosol to supply DAG as a precursor for TAG [16].
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[s] o
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Figure 3. Triacylglycerol formation in the ER: (1) acyl-CoA:G3P acyltransferase, (2) acyl-CoA:LPA acyltransferase, (3)
PA phosphatase, and (4) acyl-CoA:DAG acyltransferase.

3.4. Triacylglycerol accumulation

Synthesized TAGs accumulate in compartments in the ER (Figure 1C), which are converted
to vesicles through budding. The vesicles then develop into oil-accumulating organelles, i.e.,
oil bodies [16-19]. Oil bodies are TAG storage organelles with a single layer membrane, whose
major membrane protein is oleosin [18, 20, 21]. Oleosin blocks adhesion between neighboring
oil bodies, which allows small oil bodies to be packed tightly together without adhesion in the
cells of oil seeds [22].

4. Strategies for improving oil content by modifying triacylglycerol
metabolism in oil seed crops

Since plant oils are commercially important, improving oil seed crops has long been a focus
of breeders. Such breeding efforts, which began in ancient times, have led to the improvement
of oil contents in several crops. In addition, the oil contents of the seeds of modern cultivars
are significantly higher than those of wild species [23, 24]. Currently, many plant breeders
have undertaken the challenge of further increasing seed oil contents. However, recent studies
using quantitative trait loci analyses revealed that seed oil contents are controlled by many
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genes with additive effects [25-28], suggesting that traditional breeding methods based on
cross-fertilization may be inadequate for further increasing seed oil contents.

Figure 4. Seeds of Arabidopsis thaliana. (A) Microscopic image of Arabidopsis seeds. (B) Electron microscopic image of
Arabidopsis seed cells. OB: oil body, an oil storage organelle in seeds. PB: protein body, an organelle that accumulates
seed storage protein.

By contrast, genetic transformation may be an effective tool for increasing seed oil contents.
The model plant Arabidopsis thaliana, a close relative of the major oil crop Brassica napus,
produces typical oil seeds (Figure 4A and B). The use of Arabidopsis drastically simplifies both
the processes of screening mutants with abnormal phenotypes and generating transformants,
in which genes of interest are introduced. The use of Arabidopsis has accelerated the process
of uncovering TAG metabolic pathways in plants. In fact, most genes encoding enzymes
involved in TAG metabolism have been identified based on characterization of Arabidopsis
mutants defective in TAG metabolism [29, 30]. Elucidating TAG metabolic pathways has
revealed the limiting factors and key enzymes in this process and has led to the development
of novel strategies for improving seed TAG contents. In this section, we review important
strategies for improving TAG contents in seeds based on metabolic engineering approaches.

4.1. Enhancement of TAG biosynthesis

The TAG biosynthetic pathway, which extends across plastids, the cytosol, and the ER,
involves many enzymes [30]. Additionally, DAG biosynthetic pathways include the de novo
synthetic pathway and the phosphatidylcholine-derived pathway (hereafter referred to as PC-
derived pathway), whose activities greatly differ among plant species [15, 16]. Thus, increasing
the activity of enzymes in the de novo or PC-derived pathway does not always increase seed
oil contents in every plant species. On the other hand, TAG production from DAG by acyl-
CoA:DAG acyltransferase is a common pathway among plants. Overexpressing acyl-
CoA:DAG acyltransferase significantly increases seed TAG contents in Arabidopsis [31] and
in other plants species [32-37]. These findings indicate that the conversion of DAG to TAG is
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one of the rate-limiting steps in the production of TAG in seeds, and they suggest that the acyl-
CoA:DAG acyltransferase gene would be a promising target gene for increasing TAG contents.

4.2. Suppression of TAG degradation

Synthesized TAG is stored in oil bodies and degraded during germinative growth [17, 38, 39].
The TAG degradation pathway has also been uncovered, and most genes encoding enzymes
in this pathway have been identified [17, 39]. The expression of these genes is upregulated
after seed imbibition, and TAG degradation activity rapidly increases in imbibed seeds [40-
42]. These genes are also expressed during seed development in several plants [43, 44]. In fact,
TAG degradation occurs in developing seeds [45—47]. Therefore, the TAG degradation
pathway is activated during seed development, and seeds lose some of the TAG synthesized
during seed development. This finding suggests that suppressing TAG degradation would be
a promising strategy for improving seed oil contents. Oil degradation begins with TAG
hydrolysis via TAG lipase. TAG lipase was genetically identified as SUGAR DEPENDENT 1
in Arabidopsis [48] and was subsequently identified in rapeseed and Jatropha [47, 49].
Suppressing SUGAR DEPENDENT 1 expression significantly increases seed oil contents [47,
49]. These reports indicate that suppressing TAG degradation via suppressing SUGAR
DEPENDENT 1 expression may represent an effective strategy for increasing seed oil contents
in oil seed crops.

5. Novel strategies focused on carbon flux in seeds

In production systems that utilize microorganisms and cultured cells for metabolic engineer-
ing, individual cells synthesize organic compounds, providing a limitless source of carbon in
the medium. By contrast, the seed, representing only one of many plant organs, synthesizes
storage reserves using a limited carbon source provided by photosynthesis. This limited
carbon source is thought to represent another limiting factor to the use of seeds as production
systems, in addition to the limited activities of metabolic enzymes. To utilize seeds for oil
production, it is important to obtain a comprehensive understanding of the factors that
regulate TAG production, including carbon flow, metabolite transport, TAG metabolism,
compartmentation, competition between other reserves, and so on. Recent studies identifying
other factors that limit oil production in seeds have opened up the possibility of developing
novel strategies for improving seed oil contents.

5.1. Effective utilization of “the window” during seed development

Fertilized embryos grow into mature seeds through sequential development. Seed storage oils
are produced only during a short period of seed development; high TAG biosynthesis activity
only occurs for a short period of time. The master transcription factor of TAG biosynthesis,
WRINKLED1 (hereafter referred to as WRI1), is expressed during this short period and induces
the expression of genes related to fatty acid biosynthesis [50-54]. Although WRI1 positively
regulates TAG biosynthesis, the overexpression of WRI1 fails to increase TAG contents in seeds
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[51, 53]. These findings suggest that, in order to increase seed TAG contents, it is necessary to
reconsider the timing and duration of WRI1 expression. Arabidopsis seeds initially accumulate
TAG, followed by proteins [1]. A detailed analysis of seed development revealed that there is
a time lag between the termination of TAG biosynthesis and the initiation of protein biosyn-
thesis, i.e., there is a “window” period in the middle phase of seed development during which
the activities of the TAG and protein synthesis pathways are low (Figure 5) [54]. Additionally,
strong expression of WRI1 during this window extends the duration of TAG biosynthesis and
increases TAG contents in seeds [54], indicating that WRIT expression during this window
effectively induces the TAG biosynthesis pathway. This finding has important implications
for developing novel strategies for increasing seed TAG contents. The timing and duration of
TAG and seed storage protein synthesis differ greatly among plant species. Therefore,
identifying the window phase and fine tuning of WRI1 expression are essential for generating
oil crops with increased TAG contents in seeds.
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Figure 5. Oil and protein biosynthesis during seed development. (A) Phases of oil and protein biosynthesis during
seed development in Arabidopsis thaliana. (B) Schematic diagram of oil and protein biosynthesis during seed develop-
ment in Arabidopsis thaliana.

5.2. Concentrating the carbon source into triacylglycerol biosynthesis by reducing the levels
of other organic materials

Seeds accumulate various organic materials, including carbohydrates and proteins, in addition
to TAG. Therefore, reducing carbohydrate and protein levels would help direct the carbon
source into TAG biosynthesis.
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5.2.1. Reducing polysaccharide biosynthesis

Seeds are generally covered with seed coats. Members of the Brassica family, including
Arabidopsis, rapeseed, and so on, accumulate large amounts of mucilage consisting of pectin
[55, 56]. Therefore, a considerable volume of the carbon source is consumed by mucilage
production. Shen et al. reported that knockout of GLABRA2, which encodes a WRKY tran-
scription factor controlling epidermal development, increases seed oil content in Arabidopsis
[57]. Subsequent research demonstrated that increasing oil contents by suppressing GLA-
BRA2 expression reduces mucilage biosynthesis [58]. These findings indicate that reducing
mucilage biosynthesis causes the carbon source to be directed into TAG biosynthesis. This
transfer of the carbon source via reduction of polysaccharide levels has been verified in leaves.
Starch comprises one of the main storage reserves in leaves. On the other hand, TAG biosyn-
thesis activity is quite low in leaves. Therefore, to accumulate TAG in leaves, it is essential to
both suppress starch biosynthesis and activate TAG biosynthesis. Sanjaya et al. found that
overexpressing WRI1 while suppressing the production of a small subunit of adenosine
diphospho (ADP)-glucose pyrophosphorylase, a key enzyme for starch biosynthesis, signifi-
cantly increases TAG contents in leaves [59]. These results indicate that reducing polysacchar-
ide biosynthesis leads to the funneling of the carbon source into TAG biosynthesis,
representing a possible novel strategy for increasing seed TAG contents in oil crops.

5.2.2. Reducing seed storage protein biosynthesis

As described above, oil seeds accumulate large amounts of seed storage proteins in addition
to TAG. Crop breeders have reported a negative correlation between TAG and protein
contents, especially in soybean [60, 61], suggesting that reducing the levels of seed storage
proteins increases TAG contents in seeds. However, in Arabidopsis, knockout of genes
encoding major seed storage proteins has little effect on TAG contents in seeds, although the
protein content is reduced [54, 62]. These results may be due to the time lag between TAG and
protein biosynthesis (Figure 5): little of the surplus carbon source derived from the suppression
of protein biosynthesis is utilized for TAG biosynthesis because the TAG biosynthesis activity
is quite low when protein synthesis is active in the late phase of seed development [54].
Therefore, simultaneously overexpressing WRII and reducing protein synthesis greatly
increases seed TAG contents due to effective utilization of the surplus carbon source [54]. This
finding indicates that reducing protein synthesis indeed provides the surplus carbon source
required for TAG production which, when combined with the simultaneous activation of TAG
biosynthesis, leads to increased TAG production. This finding also demonstrates that the
combination of these functional strategies has an additive effect on seed TAG content
(Figure 6) [54, 63]. Breeding lines with reduced SSP content have been established in several
crops [64, 65]. Introduction of WRIT into these breeding lines represents a potentially important
strategy for high-oil seed production.
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Figure 6. During the enlargement of seeds, the activation of TAG biosynthesis and the reduction of protein synthesis
occur simultaneously. FUS3pro:WRI1; seeds from transgenic plants harboring WRI1 under the control of the FUS3 pro-
moter in wild-type plants (Col-0): WRII is expressed during the window phase. FUS3pro:WRI1/12s1.4; seeds from
transgenic plants harboring WRII under the control of the FUS3 promoter in a double knockout mutant of 1251 and
1254, encoding major seed storage proteins in Arabidopsis thaliana.

6. Conclusion

Molecular genetic analysis of Arabidopsis has led to the incredibly rapid elucidation of the
mechanisms underlying the metabolism and regulation of seed storage reserves. The results
from these basic studies provide powerful clues to help solve important issues in crop
breeding. Optimizing the strategies developed based on the results of basic studies for use in
crops will lead to crucial innovations for improving crop yields.
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Abstract

Seed germination is a complex process in which the embryo, enclosed within the
surrounding tissues, must quickly switch from a maturation program to a germination-
driven developmental process that will prepare the embryo for seedling growth and
establishment. The germination process initiates with water uptake by the dry seed and
culminates, usually, with the radicle protrusion. The radicle emergence from the seed
is a highly regulated process that involves discrete and coordinated changes in plant
cell wall extensibility and rearrangements of its components, among other processes. In
this chapter we will review current knowledge of the physiological process of controlled
cell separation and expansion, which give the primary cell wall its plastic properties by
“loosening” of the main components of the cell wall during seed germination. We will
focus on the physiological importance of primary cell wall constitution and modifica-
tion by the activity in muro of a broad variety of cell wall-modifying enzymes that
include hydrolases and transglycosylases, as well as non-enzymatic processes such as
expansin-mediated loosening during seed germination.

Keywords: cell wall modification, primary cell wall, seed germination

1. Introduction

Seeds constitute a critical stage in the life cycle of embryophytes. In this stage, the plant embryo
remains in a quiescent state until the proper conditions of temperature, water availability, and,
in some species, light are met in order for the processes of germination and seedling establish-
ment to occur [1, 2]. The mature seed contains the embryo, which is surrounded by the seed coat
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(testa) that is derived from the maternal tissues and in some species by one or more layers of
storage tissue (endosperm) [2]. Seeds can function as resistance structures. Several mecha-
nismshaveevolved, intightrelationwiththeenvironment, toensure thesurvival of the quiescent
embryo [3]. Part of these mechanisms includes the modification of the structure and composi-
tion of plant cell walls.

One characteristic feature of plant cells is that they are enclosed in a polysaccharide and protein
matrix, denominated as cell wall [4]. Plant cells can have two different types of wall. Primary
walls, produced during cytokinesis, are flexible structures that regulate cell growth and shape.
The secondary walls are deposited after the cell has achieved its final size and shape, by the
inclusion of lignin and other phenolic compounds, thus making the cell wall rigid and usually
impermeable. Cell walls have several functions that include the regulation of cell-cell adhesion
and abscission, apoplastic transport, mechanical support and maintenance of turgor pressure,
and defense against pathogens [2, 5]. In seeds, cell walls are modified in order to generate hard,
and in some cases impermeable, coats that protect the embryo from the environmental
conditions. Also, seed cell walls can store energy that can be mobilized to feed embryo growth
and development. Finally, cell walls regulate the timing of seed germination by fine-tuning
the processes of matrix polysaccharide loosening/breakage, as well as the integration of
environmental cues with the hormonal and physiological status of the embryo [4, 6]. In this
chapter we will focus only on primary cell walls and their importance on seed germination.

2. Seed germination

Seed germination is a physiological process initiated with water uptake and culminating with
the emergence of the embryo through its protective tissues, which might include the testa,
endosperm, perisperm, or pericarp [2]. The testa and the endosperm rupture must be coordi-
nated with environmental seasonality to facilitate germination in the most favorable conditions
[1, 6]. Several mechanisms have evolved to ensure proper synchronization of germination with
environmental cues; among these is the interplay of hormonal signaling pathways via abscisic
acid (ABA), gibberellins (GA), ethylene, and jasmonates [7-10]. These hormones exert their
regulation on germination through different pathways including cell wall remodeling [7, 11].

In the classical model of seed germination described by Bewley et al. [12], the process of
germination is divided into three phases, distinguished by the rate of water absorption by the
seed tissues. The phase I, or imbibition phase, is characterized by a rapid water uptake rate
driven by the difference in water potential between the seed and the environment. In this phase
also the reactivation of primary metabolism and DNA repair pathways starts. Next, in phase
IT or activation phase, the imbibition rate decreases, water content remains stable, and major
changes in the metabolic pathways and activation of other cellular processes take place. In this
phase the integration of environmental cues with the internal status of the seed that will
determine whether or not the seed will enter into the next phase occurs. Finally, in phase III
there is another rapid water uptake driven by radicle protrusion and is mainly related to
seedling growth. Germination is completed once the radicle has emerged at the onset of phase
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II. This triphasic model of imbibition can be applied to all seeds analyzed thus far [12, 13]. The
imbibition time needed for completion of germination is highly variable among species and
even within seed lots, and it depends on several factors like seed history and environmental
conditions experienced by the mother plant at the moment of seed dispersion and during the
after-ripening period [12, 14, 15].

It is now generally accepted that radicle protrusion occurs by two nonexclusive processes [2,
13]. The first process involves a decrease in the mechanical resistance of the enclosing tissues,
especially in the micropylar region of the testa and endosperm [2, 10]. The second process deals
with an increasing growth potential of the embryo, driven by turgor pressure and cellular
expansion in the embryonic axis [2, 13]. Most of the knowledge generated about the regulation
of radicle protrusion comes from endospermic seeds, where testa and endosperm rupture can
occur in two easily distinguishable stages (Arabidopsis thaliana —Arabidopsis—, Chenopodium
album, Lepidium sp., Nicotiana sp., to mention a few) [2].

In recent years, with the advent of whole genome/transcriptome analysis, it has been possible
to study the process of germination with high spatial-temporal resolution. Transcriptomic
analysis allows a comprehensive view of seed germination by dissecting “early” or “late”
germination processes, the first being the initial response to water and the second correspond-
ing to the interval from the imbibed seed to the radicle protrusion [14, 15]. Also, in endospermic
seeds, an important landmark is the distinction between the processes that occur prior to testa
rupture and after it that leads to endosperm rupture [8, 16-18].

Several studies demonstrate that the main transcripts, enzymes, and other proteins accumu-
lated in dry seeds participate in primary metabolism, starch and storage protein mobilization,
reactive oxygen species (ROS) scavenging, and cell wall synthesis [14, 15]. Aside from
providing building blocks to sustain protein production and cell growth, the reactivation of
primary metabolism in the early stages of seed germination plays a major role in the generation
of the proper redox state to promote the activity of different enzymes and produce energy to
support processes essential for radicle protrusion [14, 19].

In Arabidopsis, the seed development and maturation programs are regulated by the LAFL
transcription factor network (LEAFY COTYLEDON 1 (LEC1) and LEC1-LIKE (L1L), ABA
INSENSITIVE 3 (ABI3), FUSCA 3 (FUS3), and LEC2), which activates other downstream
transcription factor networks in concerted action of hormone, sugar, and light signalization
pathways. Some target genes are involved in ABA, GA, ethylene, brassinoesteroids (BR), auxin,
jasmonic acid (JA), and cytokinin (CK) signalization pathways [20]. The ABA signalization
pathway participates in the regulatory networks of seed maturation, reserve accumulation,
and desiccation tolerance acquisition [21]. GA blocks the LAFL and ABA networks during
germination. The degradation of transcripts and enzymes related to seed maturation, which
accumulated in the dry seed, has been described to occur in the first 6-12 h of seed imbibition
in Arabidopsis [22] and within the first 24 h in rice and barley [14, 23].

Gibberellins play a major role in promoting a myriad of developmental programs, and its
antagonistic role in ABA-mediated block of germination has been described [24]. GA stimu-
lates seed germination by enhancing embryo growth; embryos of Arabidopsis GA-deficient
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mutant seeds exhibit reduced growth rate phenotypes [25]. Also, GA enhances seed germina-
tion by overcoming the mechanical restraint to radicle protrusion of the surrounding tissues.
In Solanum lycopersicum (tomato), GA-deficient embryos (unable to germinate unless incubated
with exogenous GA) can grow into dwarf plants when the testa and the endosperm were
removed mechanically [26]. This role of GAs in stimulating germination can be linked to the
upregulation of several cell wall-modifying proteins (CWMPs) detected in whole-seed
Arabidopsis transcriptomes of ga1-3 mutants treated with GA, [24]. Jacobsen and Pressman [27]
suggested that the embryo of celery (Apium graveolens) seeds does not secrete CWMPs but
rather promote the activity of GA-inducible CWMPs in the endosperm. The depletion of the
endosperm in this species generates a space where the embryo cells can expand and eventually
penetrate the micropylar endosperm.

An overrepresentation analysis (ORA) of gene ontologies showed that transcription regulation
is enriched in both the endosperm and the embryo transcriptomes of Arabidopsis seeds. The
ORA analysis also showed that in the endosperm, the main biological processes are associated
with cell wall metabolism, cell death, response to biotic stimulus, and defense and response
to ABA. The main biological processes in the embryo include phosphate metabolic process,
protein amino acid phosphorylation, hormone metabolic process (particularly auxin synthesis
and transport), cell division and cell cycle, post-germination regulation of growth and organ
development, and signaling [17].

3. Cell wall structure and composition

Plant cell walls are complex and highly dynamic structures composed of a variety of polysac-
charides, proteins, and aliphatic or aromatic compounds [28, 29]. They are continually being
modified throughout development and in response to environmental stimuli [30, 31]. Primary
cell walls of flowering plants can be classified in two main groups depending on its general
architecture and composition, as well as their biosynthetic processes [32, 33]. Type I cell walls
are the most common, present in dicotyledonous and the non-commelinoid monocotyledo-
nous plants (a more basal group of aroids, alismatids, and lilioids). Type II cell walls are found
only in the commelinoid monocots that include the Poales (members of the families Poaceae,
Bromeliaceae, and Cyperaceae) [32, 33].

3.1. Primary cell wall polysaccharides

Primary cell wall polysaccharides constitute the majority of the wall dry mass in land plants
and can be grouped in three main classes: cellulose, hemicelluloses, and pectins [30]. Cellulose
is a linear 1,4-B-p-glucan that assembles into partially crystalline microfibrils, each of which
contains about 36 parallel polysaccharide chains [34]. Cellulose is synthesized in muro by the
cellulose synthase complex (CSC), embedded within the plasma membrane and formed by 6
rosette subunits that contain 6 cellulose synthase proteins (CESA) [35]. Aside from cellulose,
all other cell wall polysaccharides are synthesized and processed for wall targeting in the trans-
Golgi system [5].
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Hemicelluloses are polymers whose backbones consist of 3-glucose, B-xylose, or f-mannose,
with short side chains. In all vascular plants with type I walls, the most common hemicellu-
loses are xyloglucans (XyG), whereas type II cell walls contain less XyG, being the most
abundant glucuronoarabinoxylans (GAX) and 1,3:p1,4 mixed glucans [33]. Hemicellulose
chains adhere to cellulose microfibrils, in a rope-like manner, to restrain cell expansion [30,
34]. Also, in type I cell walls, hemicelluloses bind and cross-link with pectin and form the
hydrated matrix [30].

The group generally known as pectins comprises over 30% of the cell wall total mass in
dicots [31, 36]. Pectins are acidic heteropolymers that form a hydrated gel, in which cellulose
and other molecules are embedded in the plant cell wall. Their main defining feature is 1,4-
linked a-p-galacturonic acid residues (GalA). Pectins interact covalently and non-covalently
with other pectin molecules or with hemicellulose xyloglucan or arabinogalactans [31]. Several
studies support the hypothesis that the three major pectin classes, homoglacturonan (HG),
rhamnogalacturonan I, and rhamnogalacturonan II, are covalently linked in the cell wall [29,
37], forming a hydrophilic macromolecular network. Pectin is deposited on the cell wall matrix
in a highly methylesterified form [28]. The methyl group is removed by pectin methylester-
ases (PMEs) in muro, providing an anionically charged matrix and changing the mechanic
properties of the cell wall. Increasing evidence shows that the regulation of the degree of
methylesterification of the pectic matrix plays a fundamental role in plant growth, develop-
ment, morphogenesis, cell-cell adhesion, cell expansion, seed hydration, and seed germina-
tion [5, 16, 36, 38].

Other polysaccharides present in primary cell walls of various species are the mannans,
arabinoxylans, and arabinogalactans. Mannans are formed by mannosyl residues linked by -
1,4-glycosidic linkages. This mannosyl backbone can contain glucose residues (glucomann-
ans) or be further substituted by single galactose residues with a-1,6-linkages
(galactomannans). Arabinoxylan consists of a (1,4)-linked -p-xylan backbone decorated with
arabinose branches. Other residues, such as glucuronic acid and ferulic acid esters (FAE), are
also attached in arabinoxylans that are particularly abundant in cereal grasses. Arabinogalac-
tan and storage xyloglucans are used as reserves in cotyledons. The basic structure of storage
xyloglucans differs from the primary wall xyloglucans in that it is not fucosylated [39].

3.2. Cell wall proteins

Primary cell walls are mainly constituted by polysaccharides; however, proteins account for
about 10% of the total dry mass of the wall [40]. Proteins that contain a secretion signal peptide,
which targets them to the secretory pathway and in most cases is excised to allow activation
or proper protein function, are commonly referred as classical cell wall proteins [40—42]. In
Arabidopsis, about 17% (~5000 genes) of the genome encodes for proteins targeted to the
secretory pathway, and of this, about 1000-2000 genes could be cell wall proteins (CWPs). Cell
wall proteins have several functions as structural, enzymatic, and defense and have been
grouped in functional categories by different authors. The proteins with a structural func-
tion or those acting on polysaccharides are the two main functional categories [30, 42]. These
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proteins are expressed in a tissue-specific and process-specific manner, contributing to the
regulation of cell wall stabilization and rigidity [41].

3.2.1. Structural proteins

Structural proteins are usually classified by the predominant amino acids in their sequence,
although some of them can belong to more than one category. The most common include the
hydroxyproline-rich glycoproteins (HRGPs), the glycine-rich proteins (GRPs), the proline-rich
proteins (PRPs), and the arabinogalactan proteins (AGPs). These proteins vary greatly in
abundance within plant species, cell tissues, and environmental conditions [4]. Arabinogalac-
tan proteins, that are widely distributed among plant families and comprise about 2-10% of
the total protein in the wall, are highly glycosylated. Also, AGPs are rich in hydroxyproline,
serine, alanine, threonine, and glycine, and resistant to proteolysis in their native state [41].
Extensins are a family of HRGPs particularly abundant in dicots that have been involved in
modification of wall extensibility in elongating tissues [43].

3.2.2. Proteins acting on polysaccharides

Within the CWPs acting on polysaccharides, there are a broad variety of activities. For instance,
the group of glycosyl hydrolases (GHs) include glycosidases (3-glucosidase, 3-galactosidase,
[-xylosidase, and a-xylosidase, and exo-polygalacturonases) and glycanases like 3-manna-
nase, B-xylanase, (1—4)-pB-glucanase “cellulase”, endo-polygalacturonases, and xyloglucan
endo-hydrolase (XEH). The combined activity of these kinds of enzymes is theoretically
capable of hydrolyzing most of the glycosidic bonds in the cell wall polysaccharides but do
not imply that all enzymes are active at the same time or tissue. The glycosyltransferases
(GTs) activity involves the formation of a glycosyl-enzyme complex that is attacked by an
acceptor substrate (another oligo/polysaccharide). This activity allows the integration of
recently secreted polysaccharides into the matrix and the grafting of polysaccharides al-
ready present in the wall matrix [44]. This category includes the xyloglucan endotransglyco-
sylase (XET). Both XEH and XET proteins are commonly grouped within the xyloglucan
endotransglucosylase/hydrolase family (XTH) due to some of their members (like B-xyla-
nase) that can have both GH and GT activities [30].

Polysaccharide lyases (PLs) promote cell separation by calcium-dependent de-polymeriza-
tion of wall polygalacturonides. Plant pectate lyases are a group of enzymes that catalyze the
cleavage of de-methylesterified pectin. PL activity has being described in cell wall degrada-
tion that occurs during fruit ripening [45], and Penfield et al. [7] report 34 pectate lyases that
were downregulated in the endosperm of Arabidopsis imbibed seeds after treatment with ABA.

Carbohydrate esterases (CEs) include two enzyme families that have activity over pectins, the
PMEs and pectin acetylesterases (PAEs), and the family of xylan acetylesterases. These
enzymes cleave methyl or acetyl groups from the HG or Xyl backbone of polysaccharides [30].

PMEs catalyze the reaction by which methylesters are cleaved from a HG chain, producing a
free carboxyl group and the release of a proton and methanol [46]. Plant PMEs are mainly
alkaline isoforms bound to the wall matrix, while some isoforms are neutral and easily



The Dynamics of Plant Cell Wall In Muro Modifications and its Physiological Implications on Seed Germination
http://dx.doi.org/10.5772/64085

solubilized or free apoplastic acidic isoforms. Alkaline isoforms seem to be the PMEs with
most de-methylesterification activity, but the kinetics of PME activity is affected by the ionic
composition of the matrix, thus influencing PME activity and mobility [47]. PME activity can
lead to two different cell wall fates: the first one would be the formation of a rigid, stable
structure by Ca? interaction with de-methylesterified GalA residues (>10) in the HG chains.
The second fate of HG would be their degradation by polygalacturonases, where only small
stretches or individual GalA residues are de-methylesterified, thus leading to a more re-
laxed matrix [28, 46]. Also, PME activity acidifies the cell wall; this acidification would allow
expansin activity (“acid grow”) [5]. PMEs are antagonistically regulated in the cell wall by
proteinaceous PME inhibitors (PMEIs) meanwhile PGs by PG inhibitors (PGIPs) [28].

Expansins regulate cell wall loosening in a pH-dependent manner by disruption of the
hydrogen bonds between xyloglucans and cellulose. Sequence analysis indicates that expan-
sins contain an N-terminal domain slightly similar to the catalytic domain of the family-45
endoglucanases; however no catalytic activity has been reported.

In Arabidopsis, about 10% of the total CWPs described in cell wall proteomes from different
tissues and plants correspond to gene families with domains of unknown function (DUF) [42].
Mewalal et al. [48] have pointed out the relevance of these DUF families on cell wall dynam-
ics. In particular, the two plant-specific families DUF231 and DUF642 could be involved in
pectin modification [49, 50].

3.3. Cell wall modification

The molecular modification of the wall network can result in the relaxation of wall stress or
“wallloosening” by the controlled rearrangement of cellulose/matrix polymers, which involve
sliding of a cross-link along a scaffold or the breakage of stress-bearing cross-links without
substantial changes in wall dimensions. These rearrangements could include three processes:
(a) the cleavage of the backbone of major matrix polymers, (b) the weakening of the non-
covalent bonding between polysaccharides, and (c) the breakage of cross-links [5]. Follow-
ing cell wall loosening, there are three main types of outcomes: cell expansion, cell separation,
and wall stiffening. Cell wall enlargement occurs secondarily as a result of water uptake and
the reduction of turgor pressure resulting from wall loosening [44].

Reactive oxygen species (ROS) like hydrogen peroxide (H,O,), hydroxyl radical ( OH), and
superoxide radical (O,~) have been proposed to play a major role in germination by partici-
pating in defense against pathogens, signaling, and promotion of cell wall loosening [2, 9].
ROS can negatively affect germination by reacting with almost all macromolecules stored in
the seed, causing oxidative damage and cleavage of polysaccharide chains in the cell walls [5,
9]. The participation of ROS in cell wall loosening and promotion of germination might be
indirect, through the ethylene signaling pathways that involve ROS production and down-
stream activation of CWMPs [9]. Cosgrove [5] suggests the revision of ROS participation in
the process of wall loosening, since in most studies reporting ROS-mediated extensibility
comprises only a small fraction (about 1% extensibility) and the assays with higher ROS
concentrations provoke wall breakage.
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3.4. Role and regulation of cell wall enzymes and proteins during germination

The study of plant cell wall structure and physiology has achieved a major progress from the
input of “-omics” technologies in the past two decades. These -omics technologies are able to
capture the complexity of biological processes, like seed germination and cell wall modifica-
tion, with high sensitivity and spatial-temporal resolution. A tissue-specific transcriptome
analysis in Arabidopsis showed that both endosperm and embryo share gene expression
patterns and biological processes during seed germination. About 10,800 transcripts (~84% of
total genes expressed) are present in both endosperm and embryo. Endosperm-specific genes
comprise about 415 genes that were highly expressed [17]. Of this gene set, 154 are cell wall-
related genes, with most of them being expressed at the onset of testa rupture. Transcript
abundance of several CWMPs shows a transient peak with a 6-24 h interval in tomato [51],
Arabidopsis [17], and Lepidium seeds [16]. Although a change in transcript levels does not
necessarily correlate to changes in protein abundance or enzymatic activity, it has been
demonstrated that during rice germination, most cell wall-related transcripts, as well as the
resulting metabolites from cell wall modification, accumulate about 12-24 h after imbibition
(HAI, although some metabolites can be detected by 3 HAI) [23].

Cell wall modification can occur at five different stages during seed germination: (a) during
the cellular expansion process triggered by rehydration of tissues, (b) at the onset of testa
rupture, (c) during endosperm weakening and rupture, (d) during cellular expansion related
to radicle elongation, and (e) during wall degradation and mobilization of stored reserves in
both living and nonliving storage tissues.

3.4.1. Rehydration-driven cellular expansion

Seed imbibition is given by the difference in water potential between the seed and the
environment. Nonviable seeds swell faster than viable seeds, as viable seeds develop turgor
pressure that restricts further water uptake [2]. However, rapid imbibition can still occur and
lead to solute leakage and damage of membranes. Gradual rehydration of seed tissues has
been detected in legumes like peas and beans, where hydration starts in the tissues near to the
micropyle. As water diffuses in the outermost tissues, a waterfront is formed between imbibed
tissues and those about to be imbibed. The testa plays a significant role in modulating
imbibition kinetics and the waterfront formation [2]. The seeds of mutants with altered testa
structure or altered deposition of protecting substances (like flavonoids, cutin, suberin, and
lignin) have increased permeability and lower longevity than the wild type [52]. Testa structure
usually consists of several layers of highly compressed dead cells where protective substan-
ces are deposited during seed development and maturation. Plant cell walls of living cells can
also function as an interface that modulates water intake by changing wall porosity, thus
allowing a gradual swelling of all tissues. This regulation could be achieved by rapid changes
in wall extensibility as the ones generated by expansins. In support of this view, in whole
unstratified Arabidopsis seeds, the upregulation of EXPA1, EXPA2, EXPA3, EXPAS, EXPAY,
EXPA15, and EXPA20 transcripts from 0 to 12 h has been reported. This induction was evident
in seeds imbibed in the light and during moist cold stratification at 4°C in the dark [11]. Also,
in whole-seed transcriptomes, the expression of AtXTH5, AtXTH6, and AtXTH33 transcripts
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within the first 6HAI and AtXTH3 and AtXTH33 transcripts at 12HAI [24] was detected. The
activity of XTHs from chickpea seeds has been detected in imbibed seeds from 1HAI until
24HAI when the rate of radicle elongation slows down [53].

In many species from the Brassicaceae, Solanaceae, Linaceae, and Plantaginaceae, among
others, the epidermis of the testa contains specialized cells that accumulate abundant pectins
and heteroxylans, as well as some xyloglucans or arabinans during seed development. Upon
imbibition these polysaccharides expand and burst out of the testa, generating a gel-like
structure. This phenomenon, known as myxospermy, has been used as a model to study
several hydrolases and PME activity [54, 55]. Although there is still uncertainty about the actual
role of myxospermy, the proposed roles include regulating hydration, preventing desicca-
tion, being an oxygen barrier, or allowing the seed to attach to the substrate and animals [54-
56].

3.4.2. Testa rupture

In many plant species, testa rupture starts at the micropylar seed end. In tobacco (Nicotiana
tabacum) seeds, the testa ruptures at the micropyle and follows predetermined breaking points
due to the presence of channel-like structures underlying ridges in the testa [57]. In pea seeds
the presence of xylogalacturonan in the inner walls of the testa was described, which coin-
cides detached cells or with the junction sites between cells that are destined to detach, as
described in other plant tissues [37]. In Lepidium seeds, HG composition shifts at the onset of
testa rupture: while the seeds imbibe, non-esterified HG is ubiquitously distributed in all
tissues, but by the time of testa rupture, this non-esterified HG is detected mostly on the
endosperm and testa, meanwhile esterified HG is detected in the endosperm [38].

The seed testa is composed of several layers of nonliving cells, and thus the regulation and
enzymes that facilitate cell separation in the testa must come from the living tissues under-
neath. At the onset of testa rupture (~25 HAI), it is possible to identify 90 cell wall-related
genes from the 501 upregulated genes (~18%) in the micropylar endosperm and 58 from 282
genes (~20%) upregulated in the radicle. Also, about 8 (~8%) and 5 (~4%) genes were
downregulated in both tissues, respectively [17]. In Lepidium seeds, tissue-specific transcript
abundance patterns between the micropylar endosperm and the radicle accompany testa
rupture, further supporting the view of this process as a decisive step in germination and in
the regulation of cell wall-related genes [38]. In Table 1, these transcripts and its predicted
biological/biochemical function are enlisted.

Endosperm (HAI) RA Endosperm (HAI) RA
Function Gene ID TS 0-12 16 25 31 25 Function Gene ID TS 0-12 16 25 31 25
EXPA10 AT1G26770 No 6-12 24 TR* B-Gal AT1G45130 EM Not specified
EXPA1  ATI1G69530 No 3 TR* B-Gal AT5G08380 No Not specified
EXPA15 AT2G03090 No 12 24 TR* 3-Gal AT1G77410 EN 24 3lc

EXPA6  AT2G28950 EM TR B-Gal AT2G28470 No léc 24 24
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Endosperm (HAI) RA Endosperm (HAI) RA
EXPA4  AT2G39700 No 16 [3-Gal AT4G26140 No 31
EXPA2  At5g05290 No 3 24 B-Glu AT1G61820 EN Not specified
EXPA8  At2g40610 No 3-12 24 B-Glu AT1G70710 No 16 TR*
EXPA3  At2g37640 No 6-12 24 B-Glu AT4G16260 EN Not specified
EXPA9  AT5G02260 No 12 24 B-Glu AT1G26560 EM Not specified
EXPA20 AT4G38210 No 6-12 24 B-Glu AT3G62750 No 3c
EXPB1  At2g20750 No 12 B-Glu AT2G44450 No TR 31
EXLA3  AT3G45960 No TR 3-Glu AT4G34480 No 12*
EXLA1 AT3G45970 No 16 TR TR MAN5 AT4G28320 No Not specified
EXLA2  AT4G38400 No 6-12* TR TR MAN6 AT5G01930 EN Not specified
EXT3 AT1G21310 EM Not specified MAN7 AT5G66460 No 6 24
EXT10  AT5G06640 EM Not specified GH AT5G49360 EN TR
EXTL AT3G54590 EM Not specified GH AT5G57560 No 16 TR
EXTL AT4G38770 EM Not specified GH AT5G08370 No 16c TR 3lc
EXTL AT2G27380 RA Not specified GH AT3G55430 No TR 31 24*
XTH5 AT5G13870 No 6 24 24 GH AT3G07320 No 24 31 24
XTH33  AT1G10550 No 12 16 TR TR GT AT3G10320 EN 31c
XTH AT1G11545 No 16 TR GH AT3G13790 No 16 31
XTH AT1G32170 No TR GH AT5G64570 No 24 TR
XTH17  AT1G65310 No TR GH-DUF3357  AT1G12240 No 31 TR
XTH AT2G06850 No 16 TR 31 TR GH AT3G47010 EN 24
XTH AT2G36870 No 31 KOR2 AT1G65610 No 31
XTH AT3G23730 No TR TR CESA5 AT5G09870 No TR 31 24
XTHI1  AT3G48580 No 16 24* 31 CSLC AT4G07960 No TR TR
XTH AT4G03210 No TR TR AGP AT3G11700 No TR TR
XTH AT4G14130 No TR TR AGP AT5G44130 EN TR
XTH24  AT4G30270 EN 16 TR TR AGP AT1G28290 No 16 31
XTH18  AT4G30280 No 16 TR TR PRT AT3G54400 No 16 24
XTH AT4G30290 No 16 31 PRT AT3G61820 No TR* 31 24
XTH AT4G37800 EM Not specified PRT AT4G16563 No TR TR
XTH25  AT5G57550 No 6* TR TR PL AT3G24670 EM 24
XTR8 AT3G44990 EN 16c 24 PL AT3G27400 No TR 24
XTR6 AT4G25810 No TR TR PL AT4G13710 EN Not specified
PL AT4G24780 No TR* PMEI AT5G20740 No TR TR
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Endosperm (HAI) RA Endosperm (HAI) RA
PL AT5G48900 EM Not specified PMEI AT5G46940 EN TR
PX AT1G14540 EN TR PMEI AT5G62340 No 16 TR
PX AT1G14550 EN Not specified PMEI AT5G64620 No 31c
PX AT1G30870 EM Not specified PG AT3G59850 No 16 TR* 31
PX AT2G18980 No TR 31 PG AT3G61490 EM Not specified 24
PX AT2G43480 RA Not specified PG AT4G23820 No 12 TR 24
PX AT3G01190 EM Not specified Kinase AT1G33590 No TR 31 TR
PX AT3G21770 EN 3lc Kinase AT2G23770  No TR
PX AT3G28200 No TR 31 Kinase-DUF26 ~ AT3G22060 MI 16 31
PX AT4G08770 EM Not specified Kinase AT1G51940 No TR TR
PX AT4G31760 EM Not specified LRR-p AT4G26690 No TR TR
PX AT5G05340 No 31 LRR-p AT5G16590 No 16 TR 31 TR
PX AT5G39580 No 3 TR LRR-p AT2G34930 No 16 TR 31 TR
PX AT5G40150 EM Not specified DUF642 AT1G80240 EM Not specified
PX AT5G64100 No 16 TR 31 DUF642 AT2G34510 EM Not specified
PX AT5G64120 EN TR 31 DUF642 AT2G41800 RA Not specified
PME AT3G14310 No 6-12 24 24 DUF642 AT3G08030 No 3 31
PME AT1G04680 No 31 TR DUF642 AT4G32460 No 16 31
PME AT1G57590 EM Not specified ~ 24 DUF642 AT5G11420 No 3 31
PME AT3G09410 EM Not specified DUF642 AT5G14150 EM Not specified
PME AT3G10720 No 16 TR 31 TR OX AT1G62380 No 16¢
PME AT3G62060 EM Not specified 24 OX AT1G76160 No TR
PME AT4G19420 EN Not specified OoX AT2G46740 EN 16 TR 31
PME AT5G26670 RA Not specified OX AT4G22010 No TR
PME AT5G45280 No 3 31 OX AT4G38420 No TR TR
PME AT5G62330 EM Not specified 24 OX AT5G21105 No 16 TR 31
PME2 AT1G02810 No 12 16 31 OoX AT5G44380 No TR 31
PME2 AT1G11580 No 16 24 PTRI AT1G17860 No TR 31 TR
PME2 AT2G26440 No 16 31 24 PTRI AT2G38870 No 31 TR
PME2 AT3G47400 No 31 24 PTRI AT4G22470 MI TR 31
PME2 AT3G49220 No TR TR GT AT1G64390 No 16 TR* 31
PME2 AT4G02330 No 16 TR 31 TR GT AT2G02990 EN TR
PME2 AT4G33220 EM Not specified GT AT2G14610 EN Not specified
PME2 AT5G64640 EM 12 24 GT AT1G05170 EM TR*
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Endosperm (HAI) RA Endosperm (HAI) RA
PMEI AT1G62770 RA Not specified GT AT1G08280 No 31
PMEI AT2G47670 EM 3-12* 24* PGIP AT5G06860 No TR
PMEI AT4G00080 No 31 TR PG AT2G43860 MI 24 31
PMEI AT4G12390 EM Not specified PG AT3G06770 No TR 24

The endosperm expression profiles are subdivided by hours after imbibition (HAI) and testa rupture (TR, ~25HAI),
whereas the radicle (Rad) expression only shows the moment of TR. Abbreviations: T-S, tissue-specific expression; EM,
embryo; EN, endosperm; RA, radicle; MI, micropylar endosperm; EXPA, expansin; EXT, extensin; EXTL, extension-like
protein; XTH, xyloglucan-transglycosylhydrolase; GH, glycosyl-hydrolase; 3-Glu, $-glucosidase; 3-Gal, -
galactosidase; AGP, arabinogalactan protein; CESA, cellulose synthase; PRT, protease; PL, pectate lyase; PX,
peroxidase; CSLC, cellulose synthase-like; LRR-p, leucine-rich repeat protein; DUF, domain of unknown function;
PME, pectin methylesterase; PME2, PME with an inhibitory domain; PMEI, PME inhibitor; PTRI, protease inhibitor;
GT, transglycanase; PG, polygalacturonase; PGIP, PG inhibitor. The * means downregulation for that particular gene
and time. The letter “c” beside a number means the expression was upregulated in the chalazal endosperm.

Table 1. Expression of some upregulated cell wall-modifying genes in Arabidopsis tissue-specific microarrays described
by [17, 22] and expression profiles at http://bar.utoronto.ca/.

In Arabidopsis and Lepidium seeds, total PME activity increases gradually with imbibition time
and peaks at the onset of testa rupture. ABA treatment does not affect testa rupture but
endosperm rupture is delayed and PME activity fails to decrease following testa rupture [16,
38]. Two DUF642 genes, BIIDXI (BDX, At4¢32460) and At5¢11420, are expressed in the embryo
and micropylar endosperm, respectively, during germination. In overexpression lines, testa
and endosperm rupture of matrix-primed seeds occurred earlier compared to wild type. The
germination performance of overexpression seeds was accompanied by an increase of total
PME activity, compared to the wild type [50].

In non-endospermic seeds, testa rupture marks the end of germination. In this type of seeds,
the testa rupture is accompanied by radicle elongation whose continued pressure in the inner
face of the testa promotes cell separation [53].

3.4.3. Endosperm weakening for radicle protrusion

The endosperm functions as a barrier to control radicle protrusion as it can impose primary
dormancy in many species like Arabidopsis, Lepidium, and yellow cedar, among others [2].
Endosperm structure of mature seeds varies greatly within species, where it can comprise one
layer of cells as in Arabidopsis, Lepidium, and cucumber or to several layers as in tomato or
tobacco [58, 59]. Structural studies in hard-seeded species like fenugreek (Trigonella foenum-
graecum) and coffee (Coffea arabica) have demonstrated that near the micropyle a zone of thin-
walled cells that can be a low-resistance area for radicle protrusion exists. Endosperm cell wall
composition varies considerably among species: in the closely related species, Arabidopsis and
Lepidium are rich in cellulose, non-esterified HG, arabinans, and XG. However, these polysac-
charides are not uniformly distributed in the endosperm: in Lepidium, an epitope for arabin-
ans (LM13) was localized in the inner and outer walls of the cells, but absent from the traverse
walls. The endosperm of tomato seed contains mannans that have been shown to contribute
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to the control of radicle protrusion and general endosperm hardness rather than a storage
function [39].

The hydrolytic activity of 3-glucanases or endo-f-mannanases can contribute to endosperm
cell wall weakening in Brassicaceae and Solanaceae species, which have cell walls rich in
mannans [59]. In Arabidopsis seeds the activity of AtMAN5, AtMAN6, and AtMAN7 and
regulation of their activity by the basic leucine-zipper 44 transcription factor, AtbZIP44, whose
knockout mutants have delayed germination have been described [60]. In hard-seeded species,
there was a negligible activity in the radicle and micropylar endosperm of endo-B-mannanas-
es that could not be associated with endosperm weakening to allow radicle protrusion [61].
However it is still unexplored the activity of other CWMPs that could contribute to wall
rearrangements during germination in these species. The upregulation of wall-related genes
in the endosperm has been reported; this includes a-expansins (AtEXPA2, AtEXPAS, and
AtEXPAY), B-expansin (AtEXPBI), expansin-like protein (AtEXPLI), cellulose synthase-like
proteins (CSLA2 and CSLC4), xyloglucan endotransglycosylases (AtXTH11, AtXTH17,
AtXTH1S8, AtXTH33, AtXTH31, AtXTH23, and AtXTH?24), and mannanase (AtMAN?) [62].

Several reports indicate that endosperm weakening and rupture are inhibited or delayed by
ABA, in a dose-dependent manner, in some species of the Brassicaceae family [8, 16] and
tobacco [63]. Microarray analysis of Arabidopsis seeds treated with exogenous ABA at the onset
of radicle protrusion has shown a downregulation of several wall-related transcripts in the
endosperm, including PMEs, AGPs, and PLs [7]. In tobacco, ABA delays the accumulation and
activity of 3-1,3-glucanase in the micropyle before radicle protrusion [63]. PMEs contribute to
seed germination in several species by modulating the degree of methylesterification of pectins
in the endosperm [16, 38, 64, 65]. In yellow cedar a loss of the internal structure of the
megagametophyte surrounding the radicle during germination was described. The resulting
decrease in the mechanical strength of the megagametophyte would allow radicle protru-
sion. There is a positive correlation between dormancy alleviation and PME activity, as well
as with germination performance and PME activity in both the megagametophyte and the
embryo. PME activity has also been demonstrated to positively correlate with germination
performance in Arabidopsis [64]. The LeXET4 gene transcripts, which are restricted to the
endosperm cap, are detected in tomato seeds within 12 h of imbibition and reach a maxi-
mum at 24 h [66]; they decline after radicle emergence despite a continued degradation of the
lateral endosperm cell walls. PG At2¢43860 is expressed within the endosperm cells of the seed
adjacent to the site of the emerging radicle [67]. In germinating tomato seeds, several reports
indicate the expression of expansins [51], PGs (LeXPG1) [68], and XTHs (LeXET4), which
accumulate in the endosperm region adjacent to the expanding radicle (~40HAI). Tran-
scripts are detected within 12HAI and generally peak by 24HAI, consistent with the endo-
sperm weakening.

3.4.4. Embryonic axis elongation

Cell elongation, rather than cellular division, is the main process that drives embryo growth
[14]. Cell division occurs after radicle protrusion and contributes to the rapid growth of the
embryonic axis by generating new elongating cells [2]. Cell elongation that drives radicle
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protrusion occurs at the transition zone, which comprises the cells between the last proximal
root hair cell in the radicle and the lower basal cells of the hypocotyl [69]. In Arabidopsis Col
seeds that have been previously stratified, the radicle protrusion can initiate as early as 32 HAI.
By this time, and immediately prior to the radicle emergence through the endosperm, the cells
in the transition zone had incremented their size by 44% while the cells in the radicle 10% and
in the hypocotyl 30%. By 40HAI, the radicle has already protruded and the elongated cells in
the seedling have increased their size by 15% in the radicle, 52% in the hypocotyl, and 108%
in the transition zone. Elongation is often accompanied by an increase in DNA content without
subsequent mitosis (endoreduplication) [69].

In the micropylar endosperm of tomato seeds, an important mobilization of protein bodies
occurs, but it seems that there is no cell degradation as the radicle protrudes. Instead, a process
similar to cell separation to allow radical protrusion was suggested [70]. A similar process was
observed in celery seeds, where the radicle tip also seems to penetrate the micropylar
endosperm by separating the endosperm cells, but, since the embryo needs to grow before
germination is completed, cell degradation for storage mobilization occurs in the endosperm
adjacent to the embryo [27]. The expression of LeEXP8 and LePG1 in the embryo elongation
zone of tomato seeds has been reported at the onset of radicle protrusion [51, 68].

3.4.5. Cell wall participation in the mobilization of stored reserves

Major reserve mobilization occurs once germination has concluded, and these reserves are
utilized to feed the growing seedling rather than to fuel radicle protrusion. However, in cereal
grains, the preparation for starch and oligosaccharide mobilization occurs within the first
hours of germination [15]. In cereals, the endosperm is a nonliving storage tissue, and the
endosperm cell walls protect its contents from enzymatic attack. Accordingly, the degrada-
tion of cell walls is a limiting step in storage reserve mobilization that is induced by the GA
produced by the embryo (at the scutellum) and secreted to the aleurone layer [2].

In most endospermic seeds this tissue is still living. Mannans in the endosperm cell walls of
date palm (Phoenix dactylifera) and coffee are mobilized to support embryo development. It has
been proposed that the mobilization of storage xyloglucans can be coupled to the growth rate
of the seedling by transglycosylation. In legumes, endosperm galactomannans seems to
function as reserves; they can constitute up to 30% of total seed dry weight. In fenugreek and
Schizolobium parahyba, the cell walls of the endosperm are thickened with galactomannan and
in some cases the cytoplasm is nonexistent. In Tamarindus indica and Hymenaea courbaril, reserve
xyloglucans are stored between two primary walls and are degraded without hydrolyzing
both walls [39]. During germination of celery seeds, the surrounding endosperm degrades
leaving a small amount of un-degraded polymers of the cell wall, except for the micropylar
endosperm, in which only some protein bodies are mobilized and the rest of the cells persist
until the radicle pushes through; once radicle protrusion has started, these micropylar cells
are degraded [27].
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4. Concluding remarks

In-depth temporal screening of cell wall-related transcripts and proteins has provided an
important overview of the possible actors involved in the five stages during germination where
wall modification is involved, as described above. In rice, a valuable integrative effort using -
omics approaches has been done to understand seed germination [23]. This analysis suggest-
ed that the changes in transcript levels during early germination (3-12 HAI) drive the
subsequent changes in the metabolome (1224 HAI) of germinating seeds, supporting that
most of the changes observed at the transcriptional level are related to the cellular processes
involved in germination. Other authors have associated transcript abundance with specific
seed compartments and some enzymatic activity assays, demonstrating the relevance of
understanding tissue-specific expression profiles [17, 38]. Much of the information available
related to CWMPs still needs to be validated through enzymatic activity or in vivo interac-
tion assays. Only about 121 (~12%) of the total cell wall-related genes are experimentally
validated [48]. Also, many cell wall-related proteins belong to families of unknown function.
The -omics approach can be useful to propose hypothesis of wall-modification complexes,
whose activity could be regulated at several levels, and coordinated by unknown function
proteins that could act as scaffolding proteins and direct this complex activity to specific
polysaccharides. Cosgrove [44] proposed that CWMPs could be functionally classified into
primary or secondary modifiers, but this idea has not being reflected in other studies.
Following Cosgrove, the analysis of cell wall modification considering an alternating activi-
ty of primary or secondary modifiers could facilitate the understanding of the dynamics of cell
wall modification during seed germination. For instance, expansins could be primary
modifiers as they affect cell wall loosening and extensibility, but they do not remove or transfer
polysaccharides into the wall during imbibition; other primary modifiers could be PMEs, as
their activity precedes PGs and promotes cell expansion or cell separation, or the resulting
exposed GAL residues can be cross-linked with Ca® and promote wall stiffening. Secondary
modifiers would include GHs and GTs that would act on exposed residues either promoting
cell expansion, separation, or stiffening. In assays to study mucilage properties, sequential
treatment with different hydrolases allows solubilization of other components, which are
masked to the activity of other enzymes [55, 71]. The alternate perspective of primary and
secondary modifiers could help in identifying potential interactions in silico and tested in vivo.

Spatial transcriptomic analyses that include the different seed compartments and the analy-
sis of cell wall composition changes using specific antibodies for in situ localization of the
different polysaccharide epitopes in seed tissues provide valuable information. Although
Arabidopsis is the best-known plant model, several authors demonstrate that comparative
analysis allows higher resolution of tissue-specific cell wall microdomains that are not
achievable in Arabidopsis [8, 10, 60]. As an example, Lee et al. [59] describe the presence of LM13
epitopes in the inner and outer cell walls, but absent in the transverse cell walls of the
endosperm in Lepidium seeds; in tobacco, which has a thicker endosperm than Arabidopsis or
Lepidium, XGs were abundant in the embryo, and at the micropyle (rich in heteromannans),
these polysaccharides were only present in the middle lamella and intercellular regions. Thus,
the analysis of cell wall-modification processes would benefit from the multispecies compar-
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ison of in situ localization of polysaccharide epitopes in seed tissues. The characterization of
wall microdomains could be combined with the valuable information generated by -omics
technologies, to propose new hypothesis of regulation and coordinated activity of CWMPs.
Ultimately, the activity of these CWMPs must be confirmed by in situ localization, in vivo
protein interactions, and enzymatic activity. By combining the resources available for model
species with the selection of other plant systems with bigger-easy-to-handle seeds, it could be
possible to achieve a comprehensive view of seed-compartment functions and regulation
during germination. The endosperm role during germination is fundamental in endosper-
mic seeds; however, in non-endospermic seeds, this role must befall on either the embryo or
the testa. Since the testa is a nonliving tissue, the radicle most certainly assumes part of this
regulatory role, but a comparative analysis is needed to ascertain this supposition and to
determine if some of the endosperm functions are developed by the testa while still in the
maturation program. The occurrence of endospermic and non-endospermic seeds within the
same taxa is relatively common in legumes such as soybean, which could offer a model for
analyzing transcriptomic differences within embryo compartments comparable to the
differences described between the endosperm and the radicle.

ROS participation in germination is supported by several reports and transcriptomic profiles
of germinating seeds [9, 14, 17]. However, the actual role of ROS and ROS-related enzymes in
promoting cell wall loosening needs to be further analyzed, since the physiological concen-
trations of ROS during germination do not seem to be sufficient to induce wall extension, and
attempts of increasing ROS concentration lead to wall breakage [5]. Miiller et al. [72] de-
scribe abnormal rupture of the micropylar endosperm of Lepidium seeds treated with H,O,,
while the treatment with myrigalone A [73], which inhibits the hormone-mediated accumu-
lation of ROS during germination, also induces abnormal endosperm breakage. These
observations further support the notion of ROS as a signaling agent that induces down-
stream activation of CWMPs than inducing wall loosening on its own.
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Abstract

Constructed green wetlands with horizontal surface for wastewater treatment are
gaining acceptance. Many countries have published innovative experiences with this
technology. A great variety of wastewaters from industries have been treated. Different
plant species have been tested. Seed technology development provides interesting tools
to produce these species in nurseries. It is a sustainable new business. But studies on
seed germination of aquatic and lacustrine plants are very few. That is why we have
made the following bibliographic review. We have summarised and analysed the state
of the art of this innovative topic, concluding that seed technology for multiplication of
helophytes needs further experimental work. But there is enough information to
produce right now, tens of different species. Significant efforts have been done. Even
though it is a challenge to produce from now on, experimental results are ready to be
transferred to those who are trading with this type of plants. Helophytes have a
promising future as sustainable elements of the upcoming sewage equipment.
Improvements on the biotechnology of these species are a worthwhile researching line.
To this aim, the following revision is an essential compilation with which to begin.

Keywords: germination protocol, green filter, helophyte, wastewater, production

1. Introduction

Constructed green wetlands with horizontal surface for wastewater treatment are getting social
recognition. They usually have plants as an essential component of the design. Many coun-
tries have published innovative experiences with this technology: the USA, Canada, the UK,
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Germany, France, the Netherlands, Switzerland, Norway, Poland, Slovenia, Lithuania, Italy,
Spain, Portugal, Australia, Japan, China, India, Taiwan, South Africa, Turkey, Kenya, Uganda
and México [1, 2]. A great variety of wastewaters from industries have been treated: chemical,
petrochemical, textile, pulp and paper, tannery, abattoir, food processing, distillery and winery
factories. Effluents from pig farms, fish farms, shrimp culture, cobalt recovery, mining or coke
plants have also been managed this way. Run-offs from airports, highways, hospitals, agricul-
tural activities or storm water have been tested as well. Finally, landfill leachate or polluted
rivers have been experimentally decontaminated using constructed wetlands with vascular
plants as the principal component [1, 3]. Uptake of rare earth elements (REEs) from obsolete
equipment of modern technologies has also been reported [4].

Different species have been used to date, all over the world. They belong to different genera
and families. Frequently they are helophytes, which means plants growing in marsh partly
submerged in water, so that they regrow from buds below the water surface. The helophytic
plants used to build wastewater green filters in constructed wetlands have in common with
these significant characteristics: (a) a rich below-ground organ, root or rhizome, as to pro-
vide substrate for attached bacteria and oxygenation (as much as possible) of areas adjacent
to the radicular apparatus; (b) a high-tolerance nutrient and organic loadings; and (c) the
production of a high amount of above-ground biomass for winter insulation in cold and
temperate regions, as well as nutrient removal via harvesting [1].

From a botanical point of view, a great list of species could be used in each country, because
plant biodiversity is high. Ad hoc species for each biogeographical region could be found,
attending to the above-mentioned characteristics. However, in practical terms, a limited
number of species have been tested by the industry. Vymazal [1] summarised the most
important, and we have taken its publication as a framework. Later references [4-12] have
also been consulted, and Table 1 shows the helophytes that we have considered most
relevant.

For the production and multiplication of plants in nurseries to the global market, it is necessary
to standardise the operations aimed at getting living plants that can be installed in the
constructed sewages. Plant reproduction can be made by vegetative way (cuttings) or by
seeds (sexual way). Nowadays international trade is essential, so those systems better adapted
to international transport and management are more competitive. For this reason seed
multiplication systems are very interesting. Seeds are more resistant and better prepared than
cuttings, to adverse environmental conditions (light, humidity, temperature), that can occur
during international transport. Thus, seed technology development provides interesting tools
to produce in nurseries good quality plants. It is a sustainable new business.

Various authors have highlighted that studies on seed germination of aquatic and lacustrine
plants are very few [13]. This topic is a much less studied subject that other aspects of seed
biology, physiology or ecology. However it has a great importance from an applied point of
view. That is why we have made the following bibliographic review. It will let us summa-
rise and analyse the state of the art of this interesting topic.
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2. Seed germination conditions for the main helophyte groups for
wastewater treatment

A prospective analysis of the publications issued in specialised databases allows us to know
the main techniques proposed for seed germination, fitting us to the scope of (Table 1)
helophyte species. We set out below the most relevant conditions for a successful germina-
tion of the genera and species internationally used, excluding palms and aquatic ornamentals.

Species Family
Acorus calamus L. Acoraceae
Arundo donax L. Poaceae
Asclepias incarnata L. Apocynaceae
Baumea articulata Gaudich. Cyperaceae
Brachiaria mutica (Forssk.) Stapf Poaceae
Canna glauca L. Cannaceae
Canna indica L. Cannaceae
Canna x generalis L. H. Bailey Cannaceae
Carex acutiformis Ehrh. Cyperaceae
Carex gracilis Curtis. Cyperaceae
Carex lacustris Willd. Cyperaceae
Coix lacryma-jobi L. Poaceae
Colocasia esculenta (L.) Schott Araceae
Cyperus esculentus L. Cyperaceae
Cyperus alterniflorus Willd. ex Kunth Cyperaceae
Cyperus articulatus L. Cyperaceae
Cyperus dubius Rottb. Cyperaceae
Cyperus flabelliformis L. Cyperaceae
Cyperus grandis C. B. Clarke Cyperaceae
Cyperus immensus C. Presl Cyperaceae
Cyperus involucratus Rottb. Cyperaceae
Cyperus isocladus L. Cyperaceae
Cyperus malaccensis Lam. Cyperaceae
Cyperus esculentus L. Cyperaceae
Echinochloa polystachya (Kunth) A. S. Hitchc. Poaceae
Eichhornia crassipes (Mart.) Solms-Laub. Pontederiaceae

Eleocharis sphacelata R. Br. Cyperaceae
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Species Family
Epilobium hirsutum L. Onagraceae
Festuca arundinacea Schreb. Poaceae
Filipendula ulmaria (L.) Maxim. Rosaceae
Glyceria maxima (Hartm.) Holmb. Poaceae
Gynerium sagittatum (Aubl.) P. Beauv Poaceae
Heliconia psittacorum L. f. Heliconiaceae
Heliconia rostrata Ruiz and Pav. Heliconiaceae
Hemerocallis fulva L. Xanthorrhoeaceae
Hibiscus moscheutos L. Malvaceae
Hymenocallis littoralis (Jacq.) Salisbury Amaryllidaceae
Iris pseudacorus L. Iridaceae

Iris tectorum Maxim. Iridaceae

Iris versicolor L. Iridaceae
Juncus effusus L. Juncaceae
Juncus inflexus L. Juncaceae
Juncus subsecundus N. A. Wakef. Juncaceae
Kyllinga erecta Schumach. Cyperaceae
Lepironia articulata (Retz.) Domin Cyperaceae
Liatris pycnostachya Michx. Asteraceae
Lobelia cardinalis L. Campanulaceae
Lythrum salicaria L. Lythraceae
Mentha spicata L. Lamiaceae
Monochoria vaginalis (Burm. f.) C. Presl ex Kunth Pontederiaceae
Panicum maximum Jacq. Poaceae
Panicum repens L. Poaceae
Paspalum distichum L. Poaceae
Pennisetum purpureum Schumach. Poaceae
Phalaris arundinacea L. Poaceae
Phragmites australis (Cav.) Trin. ex Steud. Poaceae
Phragmites karka (Retz.) Trin. ex Steud. Poaceae
Phragmites mauritianus Kunth Poaceae
Phylidrum lanuginosum Banks and Sol. ex Gaertn. Philydraceae
Pontederia cordata L. Pontederiaceae
Rudbeckia hirta L. Asteraceae
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Species Family
Sagittaria latifolia Willd. Alismataceae
Scirpus acutus (Muhl. ex J. M. Bigelow) A. Love and D. Love Cyperaceae
Scirpus americanus Pers. Cyperaceae
Scirpus californicus (C. A. Mey.) Steud. Cyperaceae
Scirpus cyperinus (L.) Kunth Cyperaceae
Scirpus fluviatilis (Torr.) A. Gray Cyperaceae
Scirpus grossus L. Cyperaceae
Scirpus lacustris (L.) Palla Cyperaceae
Scirpus maritimus L. Cyperaceae
Scirpus pungens Vahl Cyperaceae
Scirpus sylvaticus L. Cyperaceae
Scirpus tabernaemontani (C. C. Gmel.) Missbach and E. H. L. Krause Cyperaceae
Scirpus validus Vahl Cyperaceae
Silphium perfoliatum L. Asteraceae
Sorghum halepense (L.) Pers. Poaceae
Spartina alterniflora Loisel. Poaceae
Spartina argentinensis Pers. Poaceae
Spartina densiflora Brongn. Poaceae
Spartina maritima (Curtis) Fernald Poaceae
Spartina pectinata Bosc ex Link Poaceae
Stenotaphrum secundatum (Walt.) Kuntze Poaceae
Thalia geniculata L. Marantaceae
Thrinax radiata Lodd. ex Schult. and Schult. Arecaceae
Thysanolaena maxima Kuntze Poaceae
Triglochin procerum L. Juncaginaceae
Typha angustifolia L. Typhaceae
Typha capensis Rohrb. Typhaceae
Typha domingensis Pers. Typhaceae
Typha latifolia L. Typhaceae
Typha orientalis C. Presl Typhaceae
Zizania caduciflora (Turcz. ex Trin.) Hand.-Mazz. Poaceae
Zizaniopsis bonariensis (Balansa and Poitr.) Speg. Poaceae

Table 1. Synopsis of vascular plants used for constructed greed wetlands with horizontal surface for wastewater
treatment.
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2.1. Phragmites

It is one of the most used genera. Phragmites australis (Phragmites communis Trin.) has been
tested in Europe, Canada, Australia, many countries of Asia (except India and Nepal, where
they use Phragmites karka) and many of Africa (except Central Africa, whereitis used Phragmites
mauritianus). In the USA and New Zealand, it has given good experimental results, but actually
the utilisation of common reed has been limited because it is considered an invasive plant
species [1, 14].

Seed germination of P. australis reaches germinative percentages up to 96-99% under the
pretreatment of soaking the seeds with 0.1% KNO,, rinsing them with distilled water before
they are sown on layers of Whatman grade no. 1 filter paper (pH 7) in 90-mm Petri dishes.
They must be moisten for up to 10 days and maintained into an incubator, with alternating
diurnal regime of 12-h daylight at 25°C and 12 h of darkness at 15°C [15]. Fourteen hours/
25°C and 10 h/20°C regime can also be applied [16]. Watering everyday with 10 ml of 9-mM
sulphide solution increases significantly the germination speed [16]. Arbuscular mycorrhizal
(AM) fungal inocula of Funneliformis mosseae accelerate seed germination of the species and,
most important, enhance growth and development of its seedlings, performing as an effi-
cient bio-accelerator, bio-fortifier and bio-enhancer [17]. Other proposals suggest using 1%
agar as a germination medium and the following light and temperature conditions: 12-h/12-h
photoperiod and 33/19°C (86% germination), 12-h/12-h photoperiod and 26/16°C (93%
germination) and 8-h/16-h photoperiod and 35/20°C (95% germination [18]. Chemicals have a
differential effect on P. karka seed germination. In complete darkness, as well as in 12-h light,
12-h dark photoperiod and different temperature regimes (10/20°C, 15/25°C, 20/30°C), seed
germination is significantly promoted by thiourea (10 mM), nitrate (20 mM), proline (0.1 mM),
betaine (0.1 mM), GA; (3 mM), kinetin (0.05 mM) or fusicoccin (5 uM) [19]. 5- and 10-mM
ascorbic acid solutions have also given good results [20].

2.2. Typha

Cattails are very productive plants with maximum above-ground biomass values in con-
structed wetlands. Treating systems with Typha angustifolia, Typha capensis, Typha domingen-
sis, Typha latifolin and Typha orientalis have been reported in the USA, Central and South
America, Asia and several European countries [1]. In Spain, floating systems with these plants
have been developed as an interesting innovative green technology, QuarQ Enterprise [2]
(Figure 1).

Typha seeds and seed heads need to be cleaned in a seed cleaner before they are sown [21]. A
strong jet of distilled water can be used for this purpose. Afterwards seeds will be settled in
deionised water to select the most viable ones, which sink, whereas non-viable ones float [22].
An immersion for 24 h in slightly saline water with a concentration of up to 1% CINa and
pH 6.5-7.5 has also been proposed [23]. Specialised sources of seeds are recommended by the
United States Department of Agriculture (USDA) [21], who indicates typha seeds germinate
readily when they are planted in clean, moist seed bed and maintained for about 2 weeks in a
greenhouse in pots 1 cm under the soil surface. Greenhouse temperature should be 37 + 3°C.
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Figure 1. QuarQ Enterprise Water Technologies in Villafranco, Badajoz (Spain).

T. angustifolia seeds can germinate with maximum success (100% germination) watering with
distilled water, maintaining temperatures of 35/20°C and programming an 8-h/16-h photo-
period. Seed scarification does not seem to be worthwhile, because 58% of germination is
obtained with this pretreatment and the above-mentioned germination conditions. When
using 1% agar medium and germination conditions of 33/19°C, and a 12-h/12-h photoperiod,
germination can reach 85% [18]. T. domingensis seeds do not germinate without light [24].
Germination up to 100% is obtained [24, 25] using an environmental chamber or an outdoor
shade house covered by nylon netting (light: 10,764-32,292 1x). Petri dishes with paper towels
or filter paper as substrate [25] and oscillating temperatures of 32/26°C or 29/21°C for
15 days [25]. A constant temperature of 30°C and a 12-h/12-h [23] (light: 5,000 1x) or 14-h/10-
h [24] light/dark photoperiod can also be used. In the latter case, 5-mm layer of water-saturated
Sphagnum peat has been tested with good results (85+13% germinative percentage). pH peat
is adjusted to 7.0 by adding calcium carbonate (7.5 g CaCO; per pet’s litre) [24]. To remove
possible germination inhibitors and to retard the growth of microorganisms, seeds must be
previously washed with running water and sodium hypochlorite solution (10%), commer-
cial bleach [24], and furthermore immersed in a germination activator solution with ammoni-
um and phosphate, pH 6.5-7 [23]. Pretreatments with 0.1% KMnO, are also recommended [15].
Another medium quite useful to be used is 1% agar. This combined with the 8-h/16-h
photoperiod can give very interesting germination results: 90-100% germination maintain-
ing constant temperatures of 20-25°C during the germination period and 80-90% if tempera-
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ture is elevated to 30°C [18]. Alternating temperatures of 35/20°C with the same photoperiod
and germinative substrate produce 100% germination as well. Changing the photoperiod to
a 12-h/12-h rhythm can give good results (86% germination) at a constant temperature of 31°C,
and it is excellent (98-100% germination) when a 33/19°C alternating programme is applied
[18]. T. latifolin seed germination success depends on light, pH and alternating temperatures.
It is inhibited by total obscurity and limited at low levels of pH [22] but scarcely affected by
anoxic conditions [26]. Germination rates can reach 84% on mesic peat (pH 4.3), 22°C and a
16-h/6-h (day/night) photoperiod [22] and maximum rates when using 20/30°C with 12 h/12 h
photo-thermoperiod [27]. Excellent results (97% germination) can be obtained in similar
conditions (19/33°C, 12 h/12 h) on 1% agar germination medium [18]. Pre-sowing treatments
are also recommended, moist in high humidity over water for 1 day at 20°C, and then removing
and chipping the covering structure [18]. After that, seeds can be sown in 1% agar germina-
tion medium and 8-h/16-h photoperiod, obtaining 78% germination at a constant tempera-
ture of 30°C and 88-84% germination using alternating temperatures of 30/15°C and 30/20°C,
respectively [18]. In pre-sowing as above-mentioned and fitting the latter photo-thermoper-
iod (30/20°C, 8 h/16 h), 76% germination has been reported for a medium containing 1%
agar + 101-mg/l potassium nitrate (KNOs) [18]. T. orientalis seeds germinate 100% in 1% agar
and 35/20°C, 8-h/16-h photo-thermoperiod [18] (Figure 2).

Figure 2. Typha latifolia seeds.

2.3. Scirpus

Different species of Scirpus (Schoenoplectus) have been tested in the USA, China, Australia and
New Zealand (Scirpus acutus, Scirpus americanus, Scirpus californicus, Scirpus cyperinus, Scirpus
fluviatilis, Scirpus grossus, Scirpus lacustris, Scirpus maritimus, Scirpus pungens, Scirpus sylvati-
cus, Scirpus tabernaemontani, Scirpus validus) [1, 5, 6]. Mexico and France have experimented
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with S. validus and S. maritimus, respectively. Sewages wastewaters have been frequently
treated with these plants [1]. S. grossus has been tested for heavy metals content in Malaysia [3].

S. americanus seeds need light to naturally break dormancy and germinate [28] and/or to be
subjected to cold stratification (3-6°C) for 30-180 days [18]. Germination conditions of 30—
32°C, 12 h/12 h or 35/20°C are proposed [18]. When germination processes are taking place at
greenhouses, it has been suggested to sow seeds in a cold frame pot standing in three
centimetres of water. The seeds germinate quickly. When they are large enough to handle,
they must be planted into their permanent positions in early summer [21]. Alternatively, a
container (pot or flat) can be used. It should be watered from the bottom as necessary, and it
should not be covered after sowing, although a light dusting of soil can be applied. If grown
in outdoor beds, seeds are sown on level soil and covered with a single layer of burlap or cotton
sheet. Soil dry must be avoided, shading with a window screen set 30 cm [28]. Procedures to
maximise seed germination of Scirpus acutus have been studied in the laboratory [29].
Pregermination conditions included scarification and stratification at 4+1°C for 84 days [18,
29] while submerged in water [29]. Seeds were placed in night/day temperature regimes of
10/25°C under a 14-hour photoperiod (=200 pmol m™ s photosynthetic photon flux density),
and up to 97.5% germination was achieved [29]. At the greenhouse, similar requirements as
for S. americanus were reported [28]. To germinate seeds of S. californicus in greenhouse, they
must be introduced in greenhouse in 2.5 x 2.5 x 5 cm pots, 0.5 cm under the soil surface. Soil
surface needs to be moisted and maintained at 35-40°C. Seeds begin to germinate after a couple
of weeks. Plants are ready in 100-120 days to come out as plugs [21]. S. cyperinus seeds should
be imbibed on agar 1% for 20 weeks at 5°C as a pre-sowing treatment that has been suggest-
ed to have best results [18]. At greenhouses, seeds should be sown in a cold frame as soon as
they are ripe in a pot standing in three centimetres of water, and they will germinate easily [21].
A loam, peat and sand wet substrate can also be used [28]. An 8-h/16-h photoperiod is a good
option to obtain germinative success; using 1% agar as medium, 100%, 98%, 96% and 90%
germination can be reached setting the following alternating temperatures: 35/20°C, 30/15°C
or 20/5°C, 25/10°C and 40/15°C [18]. Using 1% agar + 250-mg/1 gibberellic acid (GA3), with the
same photoperiod, 100% germination is got at alternating temperatures 20/5°C and 93% at
25/10°C [18].

S. fluviatilis seeds germinate after a period of moist, cold stratification. They need to be mixed
with equal amounts or more of damp sand, vermiculite or other sterile media and intro-
duced in a plastic bag and maintained at 0-3°C for 3 months. Some seeds may sprout in the
storage bag if moist stratified too long. If sprouting occurs, seeds must be immediately planted.
Another method of breaking dormancy for this species at temperate climates or latitudes is to
sow seeds outdoors in the fall so they may overwinter [28]. S. lacustris germination is report-
ed to occur when using a pre-sowing treatment of cold stratification for 80 days and a later
germination phase with alternating temperatures of 30/5°C [18]. Presoaking seeds in sodium
hypochlorite and performing cold stratification under light conditions are presented for
consideration as a good tool to improve germination results with this species [30]. S. mariti-
mus cold stratification for 80 days is profitable before planting seeds to germinate under
30/5°C [18]. Stratification period can be reduced to 28 days if seeds are presoaked in sodium
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hypochlorite and kept under natural light conditions [30]. Mechanical pretreatment of the
seeds to evade physical dormancy has also been stated [31]. S. pungens, opposite to the above-
mentioned Scirpus species, does not seem to respond so positively to the mechanical scarifi-
cation (by squeezing with tweezers) or the stratification in cold water, although further studies
on this taxon must be performed [32]. S. sylvaticus germination works very well (80% germi-
nation), imbibing for 56 days the seeds on 1% agar at 6°C and maintaining them afterwards
on a 1% agar medium and a thermo-photoperiod of 33/19°C, 12 h/12 h [18]. Even better
results (89% germination) can be obtained replacing the pretreatment by adding to the 1%
agar, gibberellic acid (GA3) 250 mg/1 [18]. S. tabernaemontani pre-sowing treatments have been
proposed: (a) cold stratification for 80 days [18], (b) imbibing the seeds for 56 days in 1% agar
at 5°C [18] and (c) introducing them for 42 days into a sodium hypochlorite solution under
low temperatures and natural light conditions [30]. During the germination period, fluctuat-
ing temperatures are recommendable [30], 30/5°C [17] and 35/20°C [30]. In the latter condi-
tions, the use of 1% agar as medium and a photoperiod of 8 h/16 h assert germinative
percentages up to 84% germination [18]. S. validus seeds germinate after a period of [28] moist
cold stratification of 180 days [18]. They need light to naturally break dormancy [27] and
germination thermic conditions of 30-32°C [18]. They can easily be sown in flat which will be
watered from the bottom as necessary. A light dusting of soil can be applied slightly, cover-
ing the seeds. If they are grown in outdoor beds, they can be sown on level soil, covering it
with a single layer of burlap or cotton sheet, shading it with a window screen (set 30 cm) [28].

2.4. Cyperus

Several species from Cyperus genus (Cyperus alterniflorus, Cyperus articulatus, Cyperus dubius,
Cyperus esculentus, Cyperus flabelliformis, Cyperus grandis, Cyperus immensus, Cyperus involucra-
tus, Cyperus isocladus, Cyperus malaccensis) have been tested in Asia (China, Thailand),
America (Nicaragua, Brazil), Africa (Kenya) and New Zealand among other countries [1].
Some species, such as C. alterniflorus, have recently been used in a pilot scale in Italy [7]. Most
of them are not sufficiently studied in terms of the seed technology.

C. alterniflorus germinates 100% utilising 1% agar medium and alternating temperatures of
25/10°C or 35/20°C and a photoperiod of 8 h/16 h [18]. C. articulatus seed germination is easy
going if a photoperiod of 8 h/16 h is fixed and a basic 1% agar medium is used for the process.
No pretreatments are required. Maximum results are obtained at different alternating
temperatures: 100% at 40/25°C, 98-100% at 35/20°C, 96% at 30/15°C and 88% at 25/10°C. By
adding gibberellic acid (GA3) 250 mg/l to the agar medium, we can obtain 100% germina-
tion at 30/15°C, 98% at 40/25°C, 96% at 25/10°C and 92% at 35/20°C [18]. C. dubius can be
successfully germinated (76%-85%) sowing the seeds in 1% agar medium, an 8-h/16-h
photoperiod and alternating temperatures of 35/20°C and 30/15°C, respectively [18]. C.
esculentus germination of the seeds is significantly influenced by both light and temperature.
It is highest at 35°C, and poor germination was observed at other temperatures (27 and 45°C).
The plant growth regulators enhance the seed germination and radical length to a different
degree [33]. C. flabelliformis germination percentage can reach 100% when using 1% agar as
medium and temperature and light conditions of 35/20°C, 8 h/16 h. Cold-wet stratifications as
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pretreatments should not be planned because they reduce germination to 80% [18]. C.
involucratus can be propagated by seeds in temperate latitudes at 18 to 21°C in spring in
constantly moist seed compost [34]. C. malaccensis germinative process is mediated by
arbuscular mycorrhizal colonisation, which is influenced at the same time by pH and
moisture [35].

2.5. Carex

Some sedges (Carex acutiformis, Carex gracilis, Carex lacustris) have also been employed as
phytoremediators in temperate regions (East Europe) [1], with recent applications in the east
of Europe countries [12]. Very few species have been studied to date, and little is known about
the technologies to improve the germination of their seeds.

It is reported that C. acutiformis seeds should be undergone to a pre-sowing treatment
consisting in maintaining them for 2-6 months at 4°C. After that, they are placed of moist filter
paper at germination conditions of 22/10°C, and an up to 65% germination is expected [18]. C.
gracilis cold-wet stratification is suggested for a successful germination process (more than
80% germination). For that, seeds can be wetted with distilled water and introduced in 100-cc
plastic vials, which will be sealed, wrapped in aluminium foil and stored at 4°C in a refriger-
ator for 6 months. After that, seeds must be placed at an incubator with alternating tempera-
tures of 22/10°C [36]. C. lacustris has conditionally dormant seeds which require cold
stratification [37]. The species is very sensitive to storage conditions [38]. Germination
temperature regimen of 27/15°C ensures (at least 50%) discrete results [37]. Better results can
be obtained by using seeds produced earlier in the same growing season. They must be situated
into highly humid soils. Suitable soil amendments should be added to adjust the proper
organic matter content to levels found in natural sedge meadows [38].

2.6. Other Cyperaceae

Eleocharis sphacelata, Kyllinga erecta and Lepironia articulata have been locally used in Austra-
lia, Tanzania and China [1]. For Eleocharis sphacelata, pretreatment, timing and water depth
available for germination play an important part on the sexual multiplication of this plant, but
there is still much to know about the specific requirements [39]. Kyllinga erecta seeds fail to
germinate in darkness [40]. 85% germination has been recorded by the application of a pre-
sowing treatment (imbibing on 1% agar for 12 weeks at 5°C), a germination medium of 1%
agar and germination conditions of 35/20°C and photoperiod 8 h/16 h [18]. For Lepironia
articulata a 50% germination was achieved in seeds buried 4 months, exhumed and incubat-
ed in anoxic/dark conditions [41].

2.7. Bambusoid-like species

Some bambusoids as Arundo donax, Brachiaria mutica, Coix lacryma-jobi, Gynerium sagittatum,
Pennisetum purpureum, Phylidrum lanuginosum, Thysanolaena maxima, Zizania caduciflora and
Zizaniopsis bonariensis have been utilised in Morocco, El Salvador, Costa Rica, Jamaica, Central
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America, Australia, Mozambique, China and Brazil [1, 9]. But the multiplication by seeds of
most of these species is barely developed.

Arundo donax seed germination is much better known than the rest of the bambusoid-like
species. Maximum results (100% germination) are got using 1% agar medium and thermic and
light conditions of 35/20°C, 8 h/16 h. Several pre-sowing treatments (cold shock -80°C, smoke
and heat shock) have demonstrated not to be recommendable, especially if combined with
constant temperature regimes of 20°C [18]. On the other hand, hydro-seeding has emerged as
a reliable way to be employed. It consists in mixing selected seeds with colloidal substances
in an aqueous solution usually along with mulch of various origins and fertilisers. Commer-
cial names and composition are the following: Provide Verde (complete mixture of soil
microorganisms), Penicillium sp, algae, polysaccharides, mulch (1 L ha™), vegetal glue, organic
fertiliser (4.4% N, 2.2% P,0s5, 1.1% K,O, 2.1% Mg, 2.7% Ca), Envitotal-1 (total nitrogen 1.7% ,
organic carbon 11%, zeolites 38%, vegetal mulch mixture of cellulose 33% and vegetal glue),
Envitotal-2 (total nitrogen 1.7% , organic carbon 11%, zeolites 38%, vegetal mulch mixture of
cellulose 33%, soil N-fixing microorganisms 2.6%, vegetal glue), and Cellugrun (cellulose fibre
mulch of 80% cellulose content, pH 7.5, bulk density 20-35 g L, average fibre length 1400 pm,
average fibre thickness 45 um) and an adhesive hydrocolloid compound as soil control [42].
For an excellent (100%) seed germination result in the case of Coix lacryma-jobi, they need to be
placed in Petri dishes (11 cm in diameter) containing silica sand and 10-mL distilled water into
a climate-controlled incubator at 25°C, for a 10 days period, with a light (10 h) and dark (14 h)
cycle [43]. Alternating temperatures 35/20°C are not recommended for this species [18].

Pearl millet (Pennisetum glaucumy) seeds need to be washed previously with liquid soap solution
and bavistin (fungicide) for 3 min and rinsed twice with deionised water [44]. Then they must
be placed in Petri dishes (90 mm in diameter), containing one moisted piece of filter paper
Whatman no. 1, and after that they have to be covered and maintained on a lab bench at room
temperature (30 + 5°C) [44]. An incubator programme of 30/19°C 16 h/8 h has also been
successfully used [45]. Better results (100% germination) can be offered if the germination
medium is 1% agar and the conditions are constant temperatures of 21°C or 26°C and
photoperiod 12 h/12 h or 20°C and photoperiod 8 h/16 h [18]. With the same medium, 80%
germination is obtained fixing 33/19°C, 12 h/12 h, and 75% germination with 25°C, 8 h/16 h [18].
Maximum success (100%) is aimed by removing the seed coat and performing the germina-
tive process at 25°C and an alternating light regime of 8 h/16 h [18]. Finally, in selected lines
of this species ("MS 841A', 'MS 841B' and "D 23'), some pretreatments have been investigated
to ensure at least 75% germination. Thus storage containers (cloth bags, polylined cloth bags),
storage environments (ambient, controlled) and seed dressings (carbendazim, captan, thiram,
Trichoderma viride and Pseudomonas fluorescens) were tested. The germination of seeds stored
under controlled conditions (82.25%) (temperature 20°C and relative humidity 40%) and in
polylined bags (76.62%) was significantly higher than seeds stored under ambient condition
(66.43%) and in cloth bags (72.05%). Treatment with bioagent Trichoderma viride gave a
germination percentage of 77.37%, Pseudomonas fluorescens treatment 59.58% and untreated
control 74.27%. The incidence of seed mycoflora was 32.39, 28.26 and 29.14% in seeds of 'MS
841A', 'MS 841B' and 'D 23', respectively. Seeds stored under controlled conditions germinat-
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ed 35.31%, under ambient condition (24.55%) and maintained in cloth bags 31.21% and in
polylined cloth bags 28.66%. The incidence of contamination with seed mycoflora was 40.24%
in the untreated control, 6.90% in thiram treatment, 11.65% in captan treatment, 34.07% in
Trichoderma viride treatment, 39.46% in carbendazim treatment and 47.28% Pseudomonas
fluorescens treatment [46].

2.8. Non-cane-like Poaceae

In this group we have included species as Echinochloa polystachya, Festuca arundinacea, Glyceria
maxima, Panicum maximum, Panicum repens, Paspalum distichum, Phalaris arundinacea, Sorghum
halepense, Spartina alterniflora, Spartina argentinensis, Spartina densiflora, Spartina maritima,
Spartina pectinata and Stenotaphrum secundatum, which are reported to be employed in Ecuador,
Alabama, Kentucky and Washington (USA), New Zealand, Germany, Czech Republic, Jordan,
Italy and Portugal [1]. Although there is some information on the seed technology of these
taxa, many of them still require further development of proper methodologies adapted to each
species.

Some interesting improvements have been made with Festuca arundinacea, for example. To
ameliorate seed germination performance of it, hydropriming can be advised. Good results
can be obtained by maintaining them in a germinator at 15 to 25°C for a period of 8 h of darkness
and 16 h of light with a light intensity of 38 umol m™ s™ provided by cool-white fluorescent
lamps [47]. Glyceria maxima seed technology for germination has been more profusely tested.
100% germination has been obtained by sowing in 1% agar medium and maintaining one of
the following regimes: 20°C, 8 h/16 h; 15°C, 8 h/16 h; 25/10°C, 8 h/16 h and 23/9°C, 12 h/12 h
[18]. Using the same medium 95-96% germination was obtained when employing 21°C, 12 h/
12 h, and 25°C, 8 h/16 h, respectively, and 85% germination if the conditions were 21/11°C,
12 h/12 h [18]. The latter result has been improved (94% germination) repeating the condi-
tions but pretreating the seeds by imbibition on agar 1% for 4 weeks at 2°C [18]. Several tests
adding 101-mg/l potassium nitrate to the agar medium did not give extremely advisable
results, neither imbibing the seeds on agar 1% agar for 8 weeks at 6°C [18]. Opposite to this,
an imbibition on 1% agar for 1 day at 20°C and then for 2 days at 4°C (germination condi-
tions of 20/15°C, 12 h/12 h) has been reasonably recommended for it ensures 90% germina-
tion [18]. This species can also be germinated on damp filter paper into a Petri dish covered
with a colourless plastic to allow light penetration and to prevent rapid moisture loss. They
will be introduced in a grow chamber with a temperature range of 21-23°C with a 12-h/12-h
(light/dark) cycle. If cold stratification at 4°C for 8 weeks has been implemented, more than
80% germination is reported [48].

For Panicum maximum recommended method for best (100%) seed germination is to sow them
in 1% agar medium and introduce them in a room chamber at a constant temperature of
21°C and 12 h/12 h or a combined cycle 35/20°C, 8 h/16 h [18]. In the latter case, seeds must
previously be immersed in 10% Domestos solution for 5 min [18]. Other scarifying proce-
dures (shallow incisions, mechanical removing) decrease germination in this species [49] from
percentages to 92%, 85%, 78%, 72% or even 40% [18]. If the available light cycle is 12 h/12 h,
the former conditions should be maintained; increasing temperature to 26°C lightly decreas-
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es the percentage of germination to 90%, and changing to alternating 33/19°C reduces it to 75%
or 80% (in the particular case that a solution of 101-mg/l potassium nitrate has been added to
the agar medium) [18]. Panicum repens germinates 80% if seed coats are removed and seeds are
germinated on 1% agar medium and photothermic conditions are 35/20°C, 8 h/16 h [18]. Some
authors have pointed out [50] that Phalaris arundinacea germination does not occur in the
dark [50] and that this species is photoperiod insensitive in the range of 12-16 hours. Upon
them, the highest germination percentages (up to 80) can be obtained under white light and
red light (11.0 pmol s m™) and up to 40 with high red: far-red ratios [50]. On the other hand,
96-98% germination has been reported [18], scarifying the seeds and sowing them in 1% agar
at germination conditions of 23/9°C, 12 h/12 h [18], and 90% at an 8-h/16-h photoperiod and
20°C [18]. Without removing the coat, 90% germination can be reached on 1% agar medium,
fixing the incubator conditions at 25/10°C, 8 h/16 h [18], and 80% by adding to the agar a
solution of 101-mg/l potassium nitrate and choosing the cycle 23/9°C, 12 h/12 h [18].

Sorghum halepense germinates perfectly (100% germination) on 1% agar medium at a con-
stant temperature of 26°C and a day/light rhythm of 12 h/12 h or at an alternating 35/20°C, 8 h/
16 h, if seed coat has previously been removed [18]. S. halepense has neutral photoblastic seeds
and presents mechanical-type dormancy [51]. Different sorts of scarification have been
proposed: sandpaper [51], scalpel, pericarp excision from along proximal to distal ridge above
embryo and previous imbibition on 1% agar for 18 weeks at 20°C, or at 25/10°C, or for
8 weeks at 6°C [18]. In the 12-h/12-h light regime, alternating temperatures (23/9°C) reduced
germination to 80%, so it seems better to maintain it constant at the cited value (26°C) [18]. If
an 8-h/16-h photoperiod is of our convenience, we should consider that the thermic alterna-
tion of 25/10°C lowers germination to 89%, even for scarified seeds [18]. As well fixing
temperatures to 20°C or 30°C brings germination percentages down to 85%, despite the
scarifying [18]. Adding 101-mg/] potassium nitrate to the agar medium has not improved the
germination results in many tests made in these conditions. It is not a best choice, for it may
get down germination even to 78% [18]. Spartina alterniflora germination of the seeds is not
affected by light or dark, and the optimal temperature 16/26°C (night/day) gives a germina-
tion rate >90% [52]. Salinity does not reduce seed germination of this halophilous species [53]
when it does not exceed to 450-mM NaCl [54]. Improved smooth cordgrass cultivars of easy
germination, 'St. Bernard' (LA12-101) (Reg. No. CV-268, PI 665014), 'Las Palomas' (LA12-102)
(Reg. No. CV-269, PI 665015) and 'Lafourche' (LA12-103) (Reg. No. CV-270, PI 665016), are
available for implementation [55]. Good results have been obtained in climate chambers at
25°C constant temperature or alternating 20/30°C, much better [56]. In the case of the close taxa
S. pectinata, 91% germination has been reported scarifying the seed before sowing and doing
it on 1% agar at 25/10°C, 8-h/16-h conditions [18].

2.9. Juncoid species

We include here plants belonging to Juncaceae (Juncus effusus, Juncus inflexus, Juncus subse-
cundus), Juncaginaceae (Triglochin procerum) and Hemerocallis fulva (Xanthorrhoeaceae) that
have been utilised for wastewater treatment in Australia, Kentucky (USA), Portugal, Germany,
Canada, Slovenia and Spain [1, 10].
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Juncus effusus seeds need light, moisture and heat for germination. To decrease the time the
seed takes to sprout, two methods have been proposed: soaking the seeds [21] and imbibing
them on 1% agar for 8 weeks at 2°C [18]. To grow seeds in greenhouses, they will be placed
on soil surface, pressing lightly to assure good soil contact, not covering them and keeping the
soil moist. Greenhouse should be kept hot (32-38°C). Seeds begin to germinate in approxi-
mately 1 week. Soil moisture has to be maintained until plants are to be transplanted [21]. In
incubators, to ensure 97% germination, the medium suggested is 1% agar + 250-mg/1 gibber-
ellic acid (GA3). Germination conditions are alternating temperatures and photoperiod of
23/9°C, 12 h/12 h. If no scarification is made and no GAE is used, germination may be reduced
to 91% (35/20°C), 8 h/16 h, or even 88% (30°C, 8/16) [18]. ]. inflexus seed germination is a
challenge, and the best published results about their seed germination reach just 96%. Basic
1% agar has been repeatedly used as germination medium. Germination cycles of 23/9°C, 12 h/
12 h, and 35/20°C, 8 h/16 h, let to reach 95%. With the same photoperiod and medium, changes
in the thermic programme decrease the germinative success to 88% (25/15°C, 8 h/16 h), 86%
(25°C, 8 h/16 h) and 70% (25/15°C, 8 h/16 h), respectively. Moving the light plan to a 12-h/12-
h cycle and the temperatures to 23/9°C has reduced the germination to 50% [18]. Pretreat-
ments have also been tested. Chipping with scalpel has given good results (94-96%
germination) when combined with adequate photothermic programmes: 26°C, 12 h/12 h.
Other proposals have been to water the seeds in high humidity over water for 1 day at 20°C
and then imbibing on 1% agar for 8 weeks at 5°C. In this case 85% germination has been got
by applying the photothermic routine 20/10°C, 8 h/16 h, and 95% by just changing the
photoperiod to 12 h/12 h. It does not seem so recommendable to use another pre-sowing
treatments published, vg. 1% on agar imbibition for 8 weeks at 5°C at 20/10°C, 8 h/16 h, or agar
imbibition during 6 weeks at 20/10°C, 8 h/16 h, using 25°C, 8 h/16 h, and 25/10°C, 8 h/16 h,
Respectively, bacause they let to reach 88% and 75%. On this occasion, even using GA3
gibberellic acid (250 mg/l) as a complement of the agar medium [18]. Finally to germinate J.
subsecundus seeds, 1% agar medium is suggested, maintaining 20°C, 8 h/16 h, as to reach to
75% germination [18].

2.10. Flowering ornamental monocots

Decorative perennial herbs are easily available and can grow well under local climatic
conditions. Among monocotyledons, many species have been used, especially for on-site
treatments where aesthetic or look of the place is an important factor. Some of those species
are Acorus calamus, Hymenocallis littoralis, Colocasia esculenta, Canna glauca, Canna indica, Canna
x generalis, Heliconia psittacorum, Heliconia rostrata, Iris pseudacorus, Iris tectorum, Iris versicolor
and Thalia geniculata. There are reports of their use in Tanzania, Ohio, Kentucky (USA),
Mozambique, Brazil, Mexico, Colombia, El Salvador, Czech Republic, Estonia and Portugal [1,
7, 8].

Acorus calamus is an emergent macrophyte with great potential for use in wetland restora-
tion in North America. Seed germination occurs only in full light at 15/25°C or 20/35°C and
seeds fully submerged [7]. In temperate climates, they also can be planted in a greenhouse
during the fall or winter. A 5-cm deep tray filled with an organic-soil mix can be used. Seeds
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should be scattered sparsely on the surface and pressed firmly into the soil, burying them no
further than 0.3-cm deep. Soil needs to be moist to saturation. Seed does not require stratifi-
cation and germinates in less than 2 weeks. When plants get enough size, they must be
transplanted [21]. Colocasia esculenta germ plasm can be conserved as seed for at least 2 years
at constant 5°C and -20°C when seed moisture content is reduced to 10-12% and at ambien-
tal room temperature (21.5-34.4°C, mean 27.2°C) when seed moisture content is reduced to
7.3% [57]. Canna indica is an herbaceous species with ornamental and medicinal value, having
seeds with a hard seed coat. Seed germination is good at 10-40°C, being the optimal temper-
ature range between 13.84 and 34.41°C, determined by the enthalpy of activation [58]. To open
the imbibition lid, a raised incubation temperature of 50°C during 24 hours in wet surround-
ings is enough. This hydration induces germination. As a result, the integumentary part of the
seed coat softens, making it possible for the germinal root to emerge from the seed. This water-
regulating mechanism, combining an impermeable palisade layer and imbibition lid, is a
unique feature of the Cannaceae. The seed coat is mainly of chalazal origin, and the main
mechanical layer is formed by the exotesta. Other families of the Zingiberales, in contrast, open
by an operculum formed by all seed coat layers. Moreover, the seed coat in those families is
of integumentary origin, and the main mechanical layer is formed by the exo- and/or endo-
testa [59]. Heliconia rostrata seed germination is well known as difficult and problematic,
because the embryo is not yet well differenced when the seed matures, and it has a hard testa
which does not allow water to get into it. It can take from 3 months to 3 years [60]. Iris versicolor
seeds germinate 58% in the greenhouse using cold stratification; this is storing seeds in wet
paper towels at 4-5°C for 3—4 weeks [61]. Iris pseudacorus germinates 80-86% in an incubator
at 12-h/12-h light regime and 30/20°C alternating temperatures or constant temperature of
26°C. In the latter case, seeds must be pretreated by immersion in 10% Domestos solution
for 5 min and then imbibed on 1% agar for 8 weeks at 6°C, and then the seed is scarified
(covering structure removed and seed coat chipped). After that, a solution of 250-mg/l
gibberellic acid (GA3) must be added to the 1% agar medium.

2.11. Megaforbics and other groups

We have included here species as Asclepias incarnata, Hibiscus moscheutos, Filipendula ulmaria,
Liatris pycnostachya, Lobelia cardinalis, Lythrum salicaria, Mentha spicata, Rudbeckia hirta and
Silphium perfoliatum [1] that have been tested in Ohio, Kentucky and Minnesota (USA).

To germinate Asclepias incarnate seeds, they must be placed into plastic bags filled with moist
perlite or vermiculite and stored for 4-12 weeks in a cold (1-3°C) place. Good germination
results have been reported without stratification by soaking the seed twice in 87°C for
12 hours. Germination trays can also be used, filling the cells with a commercial seedling
mixture or a mix of Sphagnum peat moss and vermiculite and moistening them very well. Seeds
should be gently pressed into the soil, three seeds per cell, and covered with a very thin layer
of soil. It is recommended to keep the soil moist during germination by spraying or misting.
Ambient temperatures should remain between 18 and 23°C. This species requires light for
germination [21]. Filipendula ulmaria is successfully germinated (95%) using 1% agar as
germination substrate and incubator conditions of 25/10°C, 8 h/16 h, or 23/9°C, 12 h/12 h
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[18]. Liatris pycnostachya germinates in 1% agar medium with maximum percentages at a light-
alternating cycle of 8 h/16 h, maintaining a constant temperature of 15°C and 93% if temper-
ature is elevated to 20% [18]. Stratification is needed to obtain efficient germination in this
genus. Benzyladenine and thiourea are considered good agents for breaking dormancy. Fixing
the germination chamber at 20°C and stratification at 4°C for 10 weeks produced 98%
germination. Similar good results were obtained with the application of the following
pretreatments: aqueous solutions of benzyladenine at 10 or 100 mg/l are applied to blotter
paper; dry seeds treated for 3 minutes in benzyladenine at 0 to 1126 mg/l and dissolved in
Acetone; a 3-minute acetone permeation of seeds with benzyladenine at 225 or 1127 mg/l; or
seeds immersed in thiourea at 0.76 or 7.61 mg/1 for 24 hours. Nevertheless gibberellic acid GA3
at 1, 10 or 100 mg/l in H,O did not show significant efficiency [62]. Lobelia cardinalis seeds will
germinate without cold stratification, but they need light. For this reason they can be sown in
a flat with a damp fine grade peat light mix. If we keep the flats moist and under lights or in
a greenhouse, they should green up in a few weeks. Afterwards they can be transplanted in
4-6 weeks into individual pots [21]. At an incubator, 92% germination is reported for the
germination medium 1% agar and the germination conditions 15°C, 8 h/16 h [18]. Lythrum
salicaria pre-sowing treatments have been fully described. Imbibition on 1% agar for 8 weeks
at 6°C, 5°C and 2°C and further cultivation on 1% agar medium have given excellent results:
100% germination (21/11°C, 12 h/12 h, or 20/10°C, 8 h/16 h) and 95% germination (21/11°C,
12 h/12 h). Similar results have been reported even without that pre-sowing treatments but
fixing the specific photothermic programmes of 35/20°C, 8 h/16 h (100%), or 20°C, 8 h/16 h
(95%). Lower levels (84%) are obtained at 25/10°C, 8 h/16 h. The addition of 250-mg/1 gibber-
ellicacid (GA3) to the agar germination medium does not seem to have a clearly positive effect,
although 92% germination is reached when using 12 h/12 h and 21/11°C and 88% if applying
8 h/16 h and 20/10°C [18]. Mentha spp. cultivation has been studied from different perspec-
tives. Recent studies have explored the influence of high-frequency pulsatile electromagnet-
ic fields and ultrasound pulsatile fields to improve mint seed germination. Further studies are
needed, but there are promising first results [63]. In Mentha spicata, optimal temperature for
seed germination is 30°C. It could be affected under different light qualities and full dark-
ness conditions. White light is the most conductive to seed germination, but full darkness is
the least conductive. After soaking treatment with GA 3 0.25% KNO,, seed germination
percentage is significantly promoted [64]. Rudbeckia hirta can be easily multiplied by seeds
cultivating them on 1% agar medium in an incubator at 21°C, 12/12 (100% germination) or at
10°C, 15°C and 25°C and 8-h/16-h light cycle (84%, 89%, 89%, respectively) [18]. Finally
Silphium perfoliatum seeds germinate 79% in 1% agar, alternating temperatures of 25/10°C and
photoperiod 8 h/16 h [18].

3. Final comments

Seed technology for multiplication helophytes needs further experimental work. Significant
efforts have been done, but it is a challenge to have a set of available information ready to be
transferred to the productive sectors that are interested in this type of plants. Plants used in
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constructed wetlands with horizontal subsurface flow have a promising future as sustaina-
ble elements of the upcoming sewage equipment. For this reason improvements on the
biotechnology of these species are a worthwhile researching line, where seed technology can
play an important role.
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