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Preface

Different recent studies have discovered new exciting knowledge concerning
seed dormancy and germination. Among the most significant discoveries are
probably the epigenetic mechanisms controlling seed dormancy entry and release
and germination events. While bioinformatics and systems biology have been
employed in generating new hypotheses, experimental biology is being used to
test them using different molecular tools such as the characterization of “seed
dormancy mutants,” the research outcomes if which look very conclusive and
promising. More progress in seed dormancy and germination research will be
necessary to reach new physiological understandings. Probing new hypotheses
and using forward genetics and biochemical and molecular approaches seem to
be the chosen ways for exploring emerging mechanisms to provide an overview of
the frontier of this field.

Seed dormancy has played a significant role in the adaptation and evolution of
seed plants. Its biological significance is clear; however, much more progress

has to be made regarding the molecular mechanisms underlying seed dormancy
induction, maintenance, and alleviation, which still remain elusive. The hormonal
contribution to these processes, i.e. gibberellin and abscisic acid metabolism in
seeds, has greatly added substantial insights into the current understanding of seed
dormancy.

Interestingly, other mechanisms such as chromatin remodeling through histone
modification, i.e. ubiquitination, methylation, and acetylation, could lead to
transcription activation or gene silencing, critical for seed dormancy regulation.
Furthermore, small interfering RNA and/or long non-coding RNA might be a
trigger of epigenetic changes at the seed dormancy or germination stages.

Therefore, appropriate distribution of seed germination, in both temporal

and spatial fashion, is critical for the survival and propagation of seed plants.
Spatial distribution of germination is usually controlled through seed and fruit
morphology, which improves seed offspring spreading. In contrast, temporal
distribution of germination is mostly controlled by the physiological conditions
of seeds. A difference in the physiological status among individual seeds in

a population allows each seed to germinate at a different timing, which isan
important strategy for seeds to avoid different backward situations such as
competition with their relatives, while abolishing extinction of all individuals
due to unsuitable environmental conditions. Plants have evolved acquiring seed
dormancy and temporal suppression of germination under conditions favorable
to germination. Induction of seed dormancy during the maturation stage and its
release in a dry state after a certain period of time (“after-ripening”) are extensive
phenomena that can be observed in several species of seed plants.

There may be a universal mechanism of seed dormancy as well as a species-specific
variation in the regulatory mechanisms. The progress in basic and applied seed



science will enable knowledge translation, another frontier of research to be
expanded for food production improvements with lower inputs in agriculture.

Dr. Jose Carlos Jimenez-Lopez
Spanish National Research Council (CSIC),
Spain
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Chapter1

Analysis of the Effect of
Scarification Process on Papaya
(Carica papaya Lin.) Seeds
Germination

Sergio Rodriguez, Iramis Vargas,

Asterio Hijuelo, Frederique Loumeto,

Juan J. Silva, Jorge Pérez, Quirino Arias,

Yanexis Fonseca, Yarisbel Gomez, Michel Baldoquin
and Daliannis Oliva

Abstract

The presence of the aril (sarcotesta) in the papaya causes a slow and low
germination, being necessary to break the state of dormancy. Calcium hydrox-
ide that was applied in order to evaluate its scarifying effect was the objective.
The sample consisted of 60 randomly selected fruits of hermaphrodite plants
in a commercial production batch of approximately 1 ha (2222 plants) showing
commercial maturity, of homogeneous size (2 kg). The treatments were calcium
hydroxide Ca(OH), at three doses, dipping the seed for a period of 24 h; the
standardized sodium hydroxide (NaOH) at 25% with a 15 min immersion time.
The highest germination and vigor seeds were obtained applied Ca(OH), with
highly significant differences respect to the rest treatment, especially for the dose
of 60 g 17" of water for reasons of diminishing expenses. Significant correlations
were found, with direct relations (aril and mechanical damage) and inverse rela-
tions (abnormal seeds) between the variables evaluated related to the vigor and
germination of the seeds. It can be an ecological and not expensive methodology
to improve the germination and vigor of papaya seeds in relation to other chemi-
cal compounds to scarify.

Keywords: papaya, dormancy, seed germination, scarification, vigor, aril

1. Introduction

Fruit trees play an important role in human nutrition; and among these high-
lights, the papaya, this is a crop of tropical climate, widely appreciated for being one
of the few fruit that provide continuous production throughout the year after the
start of fruiting, to possess fruits with a high nutritional value, and to achieve high
yields; generating good income to the families dedicated to their cultivation, due to
the high prices that reaches in the market [1].

3 IntechOpen
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Carica papaya Linn belonging to family Caricaceae is known as papaya in France,
United Kingdom, Mexico, Cuba, etc., papita in India, tree melon in Holland, paw paw
in Australia and United Kingdom, and mamao in Brazil. The plant is native of tropical
America. The properties of papaya fruit and other parts of the plant are also well
known in traditional system of medicine. During the last few decades, considerable
progress has been achieved regarding the biological activity and medicinal applica-
tion of papaya and now it is considered as valuable nutraceutical fruit plant [2].

The world production of papaya occurs in more than 60 countries, according to
FAO, for the year 2010, a production of 11,568,346 tons of the fruit was registered,
with the main producing countries of the highest to lowest volume: India, Brazil,
Indonesia, Nigeria, Mexico, Ethiopia, Colombia, Thailand, and Guatemala [3].

As a crop is an important source of employment, has a good yield, earliness to
enter into production, and guarantees staggered crops throughout the year. Despite
all these advantages, it does not reach the maximum productive potential, this is due
in large measure to the problematic that it manifests in terms of the quality of seed
[4]. Is consider one of the tropical fruits more appreciated for fresh consumption
and for industrialization [5]. In Mexico like in Cuba, Maradol variety is the more
cultivated, is a Cuban variety.

Different varieties of papaya are commercially propagated through seed an easy
management and low cost, without taking into account the heterogeneity caused by
crossed polinization [5].

In the sowing of papaya, it is best to use freshly harvested seeds, because while
increasing the storage time of the seed, the germination rate decreases [6]. The
majority part of the papaya sowing is done with stored dry seeds, and in this condi-
tion, the seed germination is erratic, asynchronous, slow, and incomplete [7], which
diminishes the germination percent [5]. The desiccation produces stress in the
papaya seeds when the moisture content lowers to 8.0% [8], being the cause of the
seed dormancy or metabolic quiescence [9, 10]. In Taiwan, the papaya industry is
limited by seed germination rates [11]. This is attributed to the presence of inhibi-
tors as the phenolic compounds in the sarcotesta and seed coat [12, 13], and in some
cases, the seeds lack embryos [6].

The seed is enclosed in a gelatinous sarcotesta (aril or seed coat), which is
formed from the outer integument [14]. The sarcotesta can delay germination, and
also dormancy is observed in seeds from which the aril has been removed [15].

Papaya, like many plants, presents as one of its main problems in its reproduction,
the dormancy of the seed which influences the quality of it; because by reaching its
maximum point of maturity, it initiates a period of latency produced by internal and
external factors. It is normally interrupted when the natural conditions suitable for
germination are present or when treatments are used that help to propitiate these
ideal conditions and increase the percentages of germination [16], but in vitro condi-
tions favored germination of papaya more than in vivo environment [17].

The seed of papaya is characterized by being bitegumented, since the internal teg-
ument originates the tegumen and the external one to the testa, which is multiplicative
up to 60 layers and 3 distinctive strata: endotesta, mesotesta, and exotesta (sarcotesta).
This last one of semipermeable consistency, high humidity and concentrate phenolic
compounds that, as a whole, induce latency. This causes the inhibition of fluid and gas
exchange, delayed dehydration and colonization of pathogenic microorganisms. In
[18] are mentioned others researchers who investigated this problem [19, 20].

One of the ways to break the latency of the seeds and make them have a good
quality overall, increasing the percentages of germination is using the different
methods of scarification.

The methods of scarification include physical, mechanical, and biological treat-
ments such as dry heat, the rupture of the testa, the soaking in water, and chemical
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solutions that promote the germination of the seeds, where any treatment that
destroys or reduces the impermeability is called scarification, so in some cases, it
is only enough to destroy a single point of the cover to produce the imbibitions and
exchange of gases and thus initiate the germination [21].

Apparently, latency is a survival mechanism in the presence of certain climatic
conditions: very low temperatures, alternations of dry and humid times, and desert
climates. The exact causes of the latency phenomenon are unknown, and on the
other hand, when the latency is due to testa conditions, the lethargy ends at the
moment that it cracks or weakens by mechanical or chemical actions or by effect of
the environment [22, 23].

Different seed treatments to promote germination and to reduce germination
time are mentioned in [24], sowing seeds and at warm temperatures, exposing dry
seeds to 10°C prior to sowing, drying seeds and soaking seeds in distilled water,
potassium nitrate, thiourea, sodium thiosulfate, tannic acid or ferulic acid. The
same authors described contradictory results using gibberellins on papaya seed
germination. But in your research, they demonstrated that dehydration to 5.3% or
6.9% and 6.8% moisture content, followed by exposure to subzero temperatures
and treatment with GA3, were the most favorable combined treatments to enhance
papaya seed germination.

The used of smoke water on seed germination and seedling growth of papaya,
cultivar Tainung No. 2 consistently and significantly increased the percentage of
nitrogen in roots and shoots and significantly increased the percentage of mag-
nesium in shoots. In these experiments, smoke-water showed potent germination
promotion at low concentrations and promoted multiple growth attributes such as
chlorophyll content and seedling vigor index at all concentrations in papaya seed-
ling production [11].

Pregerminative treatments are used to break the latency status of the seeds. In
[25] are mentioned stratification and scarification. Scarification is any process that
breaks, scratches, mechanically alters or softens the covers of the seeds to make
them permeable to water and gases.

Seed scarification methods have been developed and modified over time to make
these more practical and effective. Important methods of seed scarification include
heat, freeze—thaw, mechanical, and acid scarification [16].

In the scientific literature, some types of scarification are described, such
as mechanical [26-28], physical [29-31], chemical [32, 33], and biological.
Mechanical, physical, and biological scarification have disadvantages in relation to
chemical scarification, because they require more time, are laborious and inade-
quate to condition large quantities of seed; while chemical scarification still requires
more research [18], especially with calcium hydroxide.

There are chemical substances used to scarify seeds, among the most used are the
sulfuric acid [34], sodium hydroxide, and hydrochloric acid [7, 18, 20, 31]. The positive
effect of the use of NaOH in the benefit of papaya seed is that simulates natural deg-
radation of sarcotesta and improves the conditions of the seed, so it is a viable alterna-
tive for use in conditioning seed [18]. Other results have been demonstrated that the
combination of NaOH treatment and stratification is an effective practice to break Iris
lactea var. chinensis seeds dormancy and improve germination percentage [35].

Chemistry scarification is considered as one of the most effective scarification
methods used for seed scarification. Sulfur acid is the most popular and effective
chemical product for acid scarification. The effectiveness of acid scarification
depends on concentration of acid duration of scarification and species and cultivars
used [16, 36].

Traditionally, it has been used to separate the mucilage from the papaya ferment
the seeds in water at different time intervals and the sunny one for 2 or 3 h [37].
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The objective of the research was to evaluate the scarifying effect of calcium
hydroxide on the germination and vigor quality of papaya seeds, Maradol
variety.

2. Experiment location

The experiment was carried out in the Laboratory of Seed Test of the plant
of Benefit Manuel Espinosa Ramirez of the business unit of seeds base Granma,
belonging to the company producer and marketer of seeds, using seed of papaya
‘Red Maradol, collected in areas of the Experimental Station Jucaibama of the
Agricultural Research Institute Jorge Dimitrov, Bayamo, Granma province.

2.1 Development of the experiment

The sample consisted of 60 randomly selected fruits of hermaphroditic plants in
a commercial production lot of approximately 1 ha (2222 plants), showing commer-
cial maturity (two strips), of homogeneous size (+2 kg). The seeds were extracted,
and the batch was homogenized; 200 g of fresh dough were deposited with 500 ml
plastic flasks representing each experimental unit.

2.2 Treatments

The treatments were composed of the solution of calcium hydroxide (CaOH,)
at three doses (60, 80, and 120 g 1" of water) by dipping the seed for a period of
24 h, the standardized sodium hydroxide (NaOH) at 25% with a 15-min immersion
time, for a total of four treatments plus the control and six replicates. The control
consisted in fermenting in running water the seed for 24 h.

To eliminate the sarcotesta (aril), the seeds were rubbed between two jute
cloths where the time needed to remove all the aril of the material was evalu-
ated, being the optimal time to use of 15 s for each treatment given the amount
of material to process. Immediately, they were rinsed three times with running
water, spread over a sieve in the shade and at room temperature (28 + 1°C) for
drying for 48 h.

The physical quality of the seed was determined by the effectiveness of the
product, physical appearance, and mechanical damage within 3 days of the treat-
ment, compared to the control; the physiological quality was determined by the
germination percentage 7 days after sowing (vigor), being valued by the germina-
tion rate [38], and 28 days for final germination (as indicated in the germination
standard, with the method in sand). The seed was soaked for a term of 24 h and
placed in previously disinfested aluminum trays at a temperature of 100°C.

The incubation was carried out in the germinating chamber Paul Polikeit, Model
HALLE S. A, with 80% of relative humidity, 40 + 2°C of temperature and natural
light; for the sanitary quality, it was determined by assembling all the treatments
with the method between paper (BP), evaluating by observing the evidences of the
development of microflora on the seed, during the germination test.

To carry out this test, three repetitions of 25 seeds were used by extraction, it
was put to incubated in water the seeds for a time of 24 h, after the time elapsed,
each seed was sectioned in longitudinal form leaving the cotyledons visible placed
in culture tubes wrapped with aluminum foil adding a solution of 2, 3.5-triphenyl
chloride tetrazolium to 1%, and the tubes were placed in an incubator at 35 + 1°C for
atime of 2 h.



Analysis of the Effect of Scarification Process on Papaya (Carica papaya Lin.) Seeds Germination
DOI: hitp://dx.doi.ovg/10.5772/intechopen.88012

2.3 Experimental design and evaluated variables

The experimental design used was completely randomized with bifactorial
arrangement and six replicates. The variables assessed were vigor (vigor, 120, 240,
and 360 days of conservation at 4-8°C, in percent); germination (germination,
120, 240, and 360 days of conservation at 4-8°C, in percent); the time needed to
eliminate aril (s), mechanical damage, MD (%), and abnormal plants, AP (%),
according to ISTA Methodology [38].

The data for each measured variable were statistically processed to check com-
pliance with the normal distribution of the data (Kolmogorov-Smirnov test) and
the homogeneity of the variances (Bartlett test). These two premises of the analysis
of variance were not met, even after testing several data transformation equations,
so we proceeded to the application of nonparametric variance analysis through
Kruskal-Wallis, to demonstrate the existence or not of variability between treat-
ments with a probability level of 0.05. The averages (aver.) of the treatments, the
standard deviation (sd) of the mean, and the significance are shown. The multiple
comparisons between treatments were made through the differences between the
averages of the ranges [39].

We also performed analysis of partial correlations between variables with the
use of Spearman correlating coefficient, with the aim of determining the existence
of linear relationship between selected variables. Those variables that could have a
direct or inverse relationship were selected in relation to the vigor and germination
in their different times used as the aril, the mechanical damages, and the percentage
of abnormal seeds.

Statistical processing was carried out with the use of statistical packages
MINITAB 13 [40] for the test of homogeneity of variances and Infostat 2017 [41] for
the rest of the statistical analyses.

3. Results and discussion

Significant differences were found between the different treatments in the vigor
of the seeds (Table 1). The highest level of vigor of the seed was due to the use of
calcium hydroxide, more than sodium hydroxide and fermentation. This tendency
was maintained during the different storage times of the seeds at a constant temper-
ature. Significant although not shown statistically, there is evidence of a decrease in

Vigor (%)
Compound Dose 0 days 120 days 240 days 360 days
Aver. + SD Aver. + SD Aver. + SD Aver. + SD
Ca(OH), 60gl™ 80.7°+2.8 83727 773°+23 71.7°+57
Ca(OH), 80gl™? 81.7°+ 16 81.2%+12 793023 60.0" + 6.8
Ca(OH), 100g1™ 89.3'+12 823'+22 823*+17 757 +36
NaOH 25g1" 50.3° £ 4.2 27 +37 265°+34 67+05
Fermentation 753+ 19 75.8" + 3.4 735> +35 717°+ 48

Different letters indicate significant differences to p < 0.05 through the differences between the average of the ranges.

Table 1.
Effect of calcium hydroxide and sodium hydroxide with different doses on the vigor of the seeds in different
storage times.
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Germination (%)

Compound Dose 0 days 120 days 240 days 360 days
Aver. + SD Aver. + SD Aver. + SD Aver. + SD
Ca(OH), 60gl™? 88.0" + 2.18 873"+ 16 80.2" + 1.73 8930 + 6.6
Ca(OH), 80gl™? 89.0*+19 89.0" + 1.6 818+ 1.2 705> £ 8.2
Ca(OH), 100gl™ 94.0°+2.9 92.3*£2.0 853"+ 1.8 88.8%+ 4.3
NaOH 25g17 65.3°+ 4.2 56.0°+ 3.2 42.0%:30 155+ 31
Fermentation 837> +23 837*+27 763429 84.3" + 6.08

Different letters indicate significant differences to p < 0.05 through the differences between the average of the ranges.

Table 2.
Effect of calcium hydroxide and sodium hydroxide with different doses in germination percentage of seeds.

the seeds vigor for all the evaluated treatments by increasing the conservation time
of papaya seeds, which suggests that it is more efficient to apply calcium hydroxide
in order to improve the response of papaya seeds with a minimum storage time.

The variability in the response of calcium hydroxide could be a consequence of
the fact that some seeds within the same batch have a more persistent dormancy
than others and that small and large seeds can be found in the same batch [42].

Sodium hydroxide reached lower percentages, even less than 60%, which is the
minimum value established for Cuba for this crop [43, 44].

The physiological quality of the papaya seed is characterized by a high sensitiv-
ity to several factors with respect to germination and vigor, considering that there
are integrating elements of great importance at the plantation level [45].

For the germination (Table 2), the application of calcium hydroxide obtained
the best results, with percentages over the 80% in comparison with the rest of
the treatments. Germination was more affected when the seeds were treated with
sodium hydroxide and to the extent that the storage time of the seed was increased.
Like the vigor, the germination percentage decreases in the treatments when the
conservation time increased.

Physiologically, these results could be interpreted as a sequence of events of
deterioration that begins with problems of functionality in the seminal membranes,
which causes an excessive flow of cellular constituents, evidenced this by the high
absorbance values and consequent loss of metabolites, the magnitude of which can
restrict the germinative process [46].

Cold stored papaya seeds maintained significantly higher germination and
better seedling vigor than the room stored seeds. With the increase in the dura-
tion of storage seed germination decreased after 20 mo. at room temperature,
it declined marginally during the same period when kept in cold storage.
Irrespective of the storage conditions, seeds kept in sealed polythene bags or
plastic bottles had better germination and seedling vigor than those on paper and
cloth bags. Shoot length and dry weight decreased significantly with the increase
in the duration of storage. Viability of papaya seeds can be maintained consider-
ably at room temperature up to 8 mo. by storing the seed in sealed, preferably
airtight, polythene bags or plastic bottles. Cold storage using polythene bags or
plastic bottle is recommended [47].

The storage conditions are very important. According to the classification of
seed storage behavior, the papaya seed is classified as recalcitrant seed [48], others
in intermediate seed [49]. In storage behavior ambient conditions, the papaya seeds
survive for a short period of time [50] and are considered intermediate between
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recalcitrant and orthodox attribute and deteriorate rapidly at higher storage temper-
atures and relative humidity. Fresh seeds give higher germination rate and seedling
vigor that will decline with increasing the storage time [51] and consider that the
best conditions for papaya seed storage is when containing 6.0% moisture and stored
at 0°C gave higher percentage of germination, lower dormancy, and seed death.

In [18], the treatment that most affected the germination was the application of
sodium hydroxide and the higher incidence of microorganisms, with high percent-
ages of plants affected by fungi, which remained even below the germination
approved for marketing, which requires, more than 60% [43].

In [52], described some pre-sowing treatments with the finality of increase
the germination, like preconditioned papaya seed at 24°C before transfer to 32°C,
soaked in KNO; for 30 min, soaking in gibberellic acid (GA3; 200 ppm) for 24 h
resulted in highest germination percentage in soil compared to a-naphthalene acetic
acid (NAA) and KNO; treatment, and using a protocol of sterilization and germina-
tion of papaya seeds in response to light emitting diodes and got 100% of steriliza-
tion and 100% of germination.

The efficiency of the different scarification methods has been demonstrated
in several investigations to favor the germinative process. In [53] were evaluated
several methods of scarification of pacain seeds (Chamaedorea sp.), where the
germination results indicated that the highest percentage was 77.8% and that cor-
responded to cold water treatment for 15 days (physical scarification), followed by
treatment with mechanical scarification by hammer blow with 77.17% compared to
the absolute control that obtained a 5.67% of germination.

With chemical scarification methods also obtained positive results [54],
and verified germination percentages of 97 and 94%, respectively, in seeds of
Centrosema macrocarpum for 10 min immersion.

The treatments used release the aril at different time intervals and there are
differences between them in relation to the mechanical damage and the quantity
of abnormal seeds of the Maradol variety (Table 3). The best results were obtained
when calcium hydroxide was applied at the 100 1"! dose and with sodium hydroxide.
Those compounds only needed an average time of 12 s to achieve an efficiency
in the detachment of the aril, while with the application of the control dose, the
worst results were obtained, with an average of 38 s that in some cases reached
reaching more than 420 s to achieve the release of the aril, so that with this result,
it is inferred that to work 25 kg of wet seeds, it would take approximately 38 min
if treated with sodium hydroxide or calcium hydroxide in 100 1 dose and approxi-
mately 106 min for the case fermented only with water.

Compound Dose Aril (s) MD (%) AP (%)
Aver. + SD Aver. + SD Aver. + SD
Ca(OH), 60gl™ 2127+ 13 1.0°+ 0.9 15%+15
Ca(OH), 80 gl’1 1779+ 25 1.0°+ 0.9 0.72+ 1.0
Ca(OH), 100 gI™ 1330+ 14 0506 0407
NaOH 25g17 12.0°+ 0.9 0.5'+02 33°:+1.0
Fermentation 377+ 63 92°:12 0.8°£09

Different letters indicate significant differences to p < 0.05 through the differences between the average of the ranges.

Table 3.
Effect of calcium hydroxide and sodium hydroxide with different doses in the time (s) of detachment of the
seed’s aril.
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When carrying out an essay [55], with different methods to improve the germi-
nation of four forage shrubs legumes [Tagasaste (Cytisus proliferus) and three spe-
cies of Teline (Genista)], obtained the most encouraging results for the elimination
of the aril in the treatment with concentrated sulfuric acid for 30 min, demonstrat-
ing the effectiveness of chemical compounds in the scarification of seeds.

Refs. [7, 20] observed a negative effect on the papaya germination due to the pres-
ence in the aril or sarcotesta of inhibitory substances. It is also said that the marked
decrease in germination, in the presence of sarcotesta is due to the low oxygenation of
the seeds, which is why it is recommended to remove it. Likewise, in a study carried
out in Honduras with seeds of the papaya, Maradol variety, higher percentages of
germination were obtained with freshly harvested and oared seeds (83%), while fresh
seeds with burned arils showed a lower percentage of germination, with 75% [56].

Similar results presented by [18, 20] which treated seeds with very corrosive
products not only the germination is affected, but that several plants emerged
with problems fundamentally in the radicle and hypocotyl, assuming the influ-
ence of other factors such as fluctuation in the moisture of the seed in the time of
conservation.

The variables that were selected for the multiple correlation analyses
(Table 4) showed that the release of aril seed correlated significantly with ger-
mination and vigor 360 days, positively and in a mean size. No correlations were
found between this variable and the rest of the values of germination and vigor
evaluated. Candiani et al. [57] concluded that the germination of Michelia cham-
paca L. seeds is hindered probably due to the presence of inhibiting substances
in the aril, is considered as endogenous causes of seed dormancy which include
factors such as phytohormones, or by interference with water uptake [58]. Abscisic
acid (ABA) is the key inhibitor of germination in Taxus yunnanensis seeds during
wet sand storage [59].

The mechanical damage caused to the seeds during this process in this experi-
ment did not correlate with the different levels of germination and vigor that were
studied; however, the percentages of abnormal plants in the different time intervals
evaluated showed a significant correlation, with medium to high values, but inverse
and indicates that as the percentage of abnormal plants increases in a seed lot, the
number of seeds germinates decreases and the vigor. Germination vigor is driven by
the ability of the plant embryo, embedded within the seed, to resume its metabolic
activity in a coordinated and sequential manner.

Correlations analysis

Aril MD Adnor
Ger 0 0.13ns 0.07ns -0.74
Ger120 0.24 ns 0.15ns -071
Ger240 0.25ns 0.18 ns -0.72
Ger360 046 0.34ns -070°
Vigor 0.13ns 0.08 ns -0.73"
Vigor120 0.28 ns 0.19 ns -0.70’
Vigor240 0.30 ns 0.22ns -0.69
Vigor360 046 0.34ns -0.70’

Ger is germination, MD is mechanical damage, and adnor is adnormal plants.
Indicate significant differences to p < 0.005.

Table 4.
Spearman correlations coefficient between variables.
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Was analyzed the vigor tests on lettuce (Lactuca sativa L.) seeds and their cor-
relation with emergence [60], demonstrated that saturated salt accelerated aging
and digital image analysis were the best laboratory tests for lettuce seed vigor evalu-
ation, especially for seed lots to be used for plug seedling production. In some case,
the use of seed vigor tests is used to predict field emergence in plants, like lucerne
(Medicago sativa) [61].

In studies [62] about studied the correlations of seed germination percent of
two sweet corn hybrids (Zea mays L.) with field emergence and some measured
traits related to yield, the results of correlation analysis indicated that there was a
high positive correlation between seed germination ability and vigor with seed-
ling field emergence and most of the measured traits, as the percent of the radicle
emergence.

The germination vigor depends on multiple biochemical and molecular vari-
ables. Their characterization is expected to deliver new markers of seed quality that
can be used in breeding programs and/or in biotechnological approaches to improve
crop yields [63].

Calcium hydroxide has great potential to be used as biocide in agriculture,
because it has the advantage of not being phytotoxic, is economic and easy to use
and is harmless to the environment and to humans. Decreased Ca levels in the nutri-
ent medium reduced soybean leaf dry matter during seed fill, seed production, seed
Ca concentration, and seed germination and increased the incidence of seedling
disorders such as watery hypocotyl and epicotyl necrosis [64].

In [65] performed standard germination tests, germination and growth rate,
accelerated aging, electrical conductivity, respiration rate and ATP content, to eval-
uate the vigor of the seeds of Bromus biebersteinii Roem & Schult and determined
that the correlations with the behavior in the field of that forage were accelerated
aging, respiration rate, and ATP content. The cited authors conclude that a vigor
test alone is not adequate to measure the quality of seed lots. A combination of tests
which measure both physiological and biochemical aspects should be used.

Some researches [66] showed that seed size is an important factor for germi-
nation and seedling vigor, establishing that larger seeds produce more vigorous
seedlings but with slower emergence. So it can be argued that by using the largest
scarified seeds that we have, we can help considerably to decrease the percent of
abnormal plants and at the same time increase the vigor and the percentage of
germination, variables evaluated in the present investigation.

To correlate characters related to seed germination, is important to investigate
the effects of environmental factors prevailing during seed maturation under
controlled conditions to understand exact reasons for unusual seed dormancy and
germination requirements, for example, the germination of Citrullus colocynthis
(Cucurbitaceae) is very sensitive to light and incubation temperature as well as to
the environmental conditions associated with the time of seed maturation [67]
and seed dormancy is a temporary failure of a viable seed to complete germination
under normally favorable physical environmental conditions [33].

Seed germination tests assess the ability of the seed to produce a healthy plant
when placed under favorable environmental conditions. Germination tests are
conducted for a prescribed time period under laboratory conditions that assure
optimum moisture, temperature, and light. Unfortunately, these conditions are
seldom encountered in the field, and field emergence may be overestimated by
standard germination tests. Seed lots that have low germination also are less vigor-
ous due to seed deterioration. As seeds deteriorate, loss of vigor precedes loss of
viability, so seeds with low germination usually will be less vigorous. Hence, in seed
lots with poor germination, those seeds that do germinate often produce weaker
seedlings with reduced yield potential. However, some species (such as many native
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grasses) have inherently low germination potential and cannot be assumed to have
poor vigor due to low germination. Seed vigor usually cannot be assessed by the
consumer. Germination is a good indicator of seed vigor [63, 68].

Using efficient methods to scarify papaya seeds can increase the germination
percentages of seeds, only if there is good control of environmental factors, because
papaya seed germination is affected by light, temperature, oxygen, pH, and the
moisture of the substrate [7].

It is necessary to conduct researches about the biometric and morphological
characteristics of fruit and seeds, aiming at the maximum germination capacity
and seed vigor [69], because biometric studies of seeds and their phenotypical
correlations allow the quantitative evaluation of a character’s relevance in relation
to another [70]. It continues to investigate the correlations between the different
indicators that can characterize the quality of the seeds. In adaptive correlations
between seed size and germination time [71], present a model for the coevolution of
seed size and germination time within a season when both affect the ability of the
seedlings to compete for space and show that even in the absence of a morphological
or physiological constraint between the two traits, a correlation between seed size
and germination time is nevertheless likely to evolve.

Seed germination is a complex process and we need to understand the underly-
ing molecular, hormonal, and mechanical aspects [72]. The environment during
seed production has major impacts on the behavior of progeny seeds [73]. For that
reason, the seed biology is considered the principal research topic for food security
take into consideration the climate change [72].

Nowadays, there are advances in the propagation of papaya by biotechnological
methods. Efficient micropropagation of papaya has become crucial for the multi-
plication of specific sex types of papaya and in the application of genetic transfor-
mation technologies. Significant progress has been achieved using organogenesis
and somatic embryogenesis as the shoot tip, axillary bud and single node culture,
organogenesis, anther and ovule culture, and regeneration from protoplasts, callus
induction and somatic embryogenesis and the mass propagation by ex vitro rooting
and acclimatation [74].

4, Conclusions

In natural conditions, the germination of papaya seeds has difficult by the
presence of aril (sarcotesta) that become in a physical barrier which limits the dif-
fusion of water and gases into the seeds and by the effect of phytohormones which
preventing germination of seeds, causing dormancy, limiting the development of
the embryos and causes a low and variable germination affecting the final percent-
age. This problem can be solved with the scarification of papaya seed. The results
of this research showed that the dormancy by the presence of aril is produced in the
papaya seed can be broken with the use of NaOH; but higher results were achieved
with the use of calcium hydroxide, Ca(OH),. The results suggested that chemical
scarification with calcium hydroxide can improve germination percentage and vigor
of the papaya seeds, take into account that the seed is considered the major essential
input in crop production. If the seed quality parameters (vigor, germination rate)
decrease, the yields are affected. The scarification of papaya seeds with the use of
calcium hydroxide for its proven effect in this research on the benefit of papaya
seeds and easy acquisition and will reduce the costs of seed. But a good germination
of the papaya seedlings depends on the many environmental factors and excellent
agronomy practice. Finally, the effectiveness of scarification methods could change
among cultivars within the papaya specie.
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Chapter2

Weed Seed Dormancy: The
Ecophysiology and Survival
Strategies

Jamal R. Qasem

Abstract

This chapter deals with seed dormancy of agricultural weeds, its definitions and
types from the physiological and ecological point of view, and physiological and
ecological factors inducing dormancy in different weed species. The role of differ-
ent environmental factors, agricultural practices including herbicides application,
selection pressure, and seasonal dormancy, weed density and population regula-
tion, seed phenology, polymorphism, and modifications were emphasized. Factors
induce or terminate dormancy and enhance seed germination and dormancy break-
ing have been mentioned and evaluated in addition to the ecological importance of
seed dormancy and herbicide resistance, genetic bases of dormancy, and molecular
studies were presented. The role of allelochemicals, stresses, and dormancy and
their effects on seed longevity and germination regulation were thoroughly dis-
cussed. Dormancy breaking under laboratory conditions, role of plant hormones
and other chemicals, and dormancy management in the field were reviewed in
addition to information on seed dormancy/longevity and germination stimulants.
Seed germination stimulants and inhibitors of parasitic weed and seed dormancy as
a weed survival strategy were presented and discussed.
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1. Introduction

Weeds represent a real persistent problem and can be found everywhere in
all agricultural systems. They represent one of the main factors responsible for
crop yield reductions, lower yield quantity and quality, and cause severe stresses
and shortage in the supply of growth factors as they impair or negate crop yield.
Losses caused by weeds exceed the combined losses resulting from insect and plant
pathogens [1]. Weeds compete with crop plants for water, light, nutrients, and CO,
under certain conditions. They harbor insect and plant pathogens and negatively
affect water resources and the environment. Weeds have different life cycles and are
grouped into annuals, biennials, and perennials. While perennials are mainly repro-
duced vegetatively, seed production is the main regenerative strategy involved in
the succession of annual, biennial, and simple perennial weeds through the buildup
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and persistence of their seeds in the soil seed bank. Knowledge on weed seeds and
their lifespan is essential for researchers as well as farmers in designing successful
weed control programs. Seeds in the soil represent the passive weed population that
remain viable for extended periods of time and able to re-infest agricultural lands
in spite of effective weed control measures employed against both the active weed
population found above the soil level and seed bank as well through certain control
measures such as soil-applied herbicides, tillage, soil solarization, mulching, and
flooding. Information on weed biology helps optimize weed management strategies
by prediction of weed emergence time and weed infestation level and thus avoid
unnecessary weed control input. Integration of knowledge on weed emergence and
infestation level and seed dormancy status could be used to improve weed control
strategies [2], while integrated approaches that place priority on depleting weed
seed banks through interfering with dormancy or germination requirements have a
strong potential to enhance weed management aspects of agricultural systems [3].

The main objectives of this study were to review the most recent advances on
weed seed dormancy, highlighting the importance of weeds as the main agricultural
problem, the importance of weed control and weed ecological and agricultural
significance, and their importance in the agricultural system and in food produc-
tion; emphasize the difficulties in weed control and challenges that the farmers face
on what the weed species are possessing, role of seed dormancy in weed persistence
and difficulties in weed control, role of genetic and ecological factors and their
interactions, and influence of these on seed internal structure and physiology; and
understand and introduce the readers to the recent findings on weed seed dormancy
breaking and possible management under field conditions.

2. Importance of seed production and differences between weeds and
crops

Weed seed bank is described as a reservoir at which both deposit and withdrawal
operations occur. Seed production in terms of numbers is considered as a survival
strategy that enables weeds to maintain their genetic lines and exist in the environ-
ment. It is important in agriculture since weeds can produce a huge number of
individuals for ecological invasion and survival under unfavorable environmental
conditions and thus maintain species where other regenerative propagules (e.g.
vegetative organs for perennials) fail. Weeds are characterized by their huge
number of seeds produced which is much higher than crop plants. These seeds are
equipped with different modifications that enable their disperse far distances from
mother plants to explore and invade new rich sites in growth factors and thus escape
hazards in resource-depleted habitats underneath the parent plants. These modifi-
cations facilitate seed dispersal by different agents including water, wind, animals,
machines, and packed agricultural materials and by man himself. However, the
small-size or dustlike seeds of many noxious weed species do not require specialized
agent for dispersal but can far-disperse by wind currents. In general, weed seeds
are easily spread and transport from their origin, and some have found their way
into the earth’s planetary boundary. In order to maintain species genetic line, high
seed production and seed modifications are necessary but not enough for spe-
cies existence and persistence in a changing climate. Hence these characters must
be accompanied with other mechanisms that help weed seeds remain viable and
survive, and weeds grow and flourish in their habitats away from hazards including
weed control measures. Therefore, seed production and modifications must con-
jugate with dormancy through which seeds of certain weed species such as Lupinus
and Chenopodium can exist and remain viable for thousands of years. Dormancy

20



Weed Seed Dormancy: The Ecophysiology and Survival Strategies
DOI: http://dx.doi.org/10.5772/intechopen.88015

is keeping seeds or buds safe until the cause of it is over. It is a significant feature
contributing to weed survival rate and helps them avoid herbicides and other weed
control measures along with unfavorable environmental conditions. The aforemen-
tioned weed characters are very well expressed and demonstrated when weeds also
exhibit seed polymorphism, heteromorphy, or heteroblasty. Certain weed species
produce different types of seeds per different plants or at different parts of the same
plant, different in seed colors, structures, longevity, and more importantly germi-
nation capacity and requirements. Species of Chenopodium, Amaranthus, Haloxylon,
Xanthium, Rumex, and many others are good examples (Figure 1). The ability of
certain weed species to produce seeds of different colors, size, or coat characters in
response to certain environmental conditions is very well documented. For instance,
seeds of Rumex vesicarius L. are polymorphic (light and dark of various shades) and
of a high potential viability [4]. Seeds are enclosed within showy, papery fruiting
valves at maturation. Naked seeds exhibit non-deep physiological dormancy and
usually require an after-ripening period for several months, after which they can
germinate at any time of the year in a light-dark period. Light seeds are nondormant
and show excellent germination in constant darkness; dark seeds are inhibited in
darkness but not in a light-dark rhythm. The conditional dormancy of dark seeds is
due to the pericarp that may restrict oxygen consumption by the embryo, contain
chemical inhibitors, and/or impede radicle protrusion. A range of environmental
variables is likely to affect the specific germination requirements of particular seed
types. However, environmental conditions may induce secondary dormancy, in both
light and dark seeds [4]. Cirsium arvense (L.) Scop. ecotypes showed differences

in seed germination and in reproduction methods at different temperatures: one
ecotype tends to reproduce vegetatively at high temperature (37°C), while the other
is reproduced by seeds at low (17°C) temperature [5]. Pre-chilling releases seed
dormancy of this species. Creeping thistle seeds did not show any apparent endog-
enous seasonal dormancy. Environmental conditions in the soil seed bank resulted
from variations in germination. Dormancy was completely broken when imbibed
seeds were stored for 2 months at 19°C, but at longer storage periods, dormancy was
developed. Dormancy breaking at lower temperatures was slower and incomplete.
Nitrate, desiccation, and light effects on seed germination were season-related.

In summary, prolific seed production, seed modifications, and dormancy are the
characters jointly considered for a successful efficient weed species. These, however,
are all absent in crop seeds hence exposed to different breeding programs resulting
in loss of many characters that enable them to survive and tolerate harsh conditions

Figure 1.
Rumex acetosella L. (left) and Xanthium strumarium L. (right) fruits showing modifications on fruit case.
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including plant disease, salinity, and drought resistance, and thus most crops lost
their seed modifications and dormancy. Cultivated crops are well selected, and their
seeds do not possess dormancy [6]. Therefore, the time of emergence and the num-
ber of established individuals could be simply determined by environmental factors
(mainly temperature and moisture) [7, 8]. In contrast, prediction of weed seed ger-
mination and their emergence capacity are not possible because of dormancy. The
number of established weed seedlings is strongly dependent on the dormancy level
of the seed bank, and the emergence time depends largely on the seasonal dynamic
variation in seed bank dormancy [9]. In addition to the mentioned characters, weeds
continue producing seeds throughout their life cycle, set seeds at all growth stages,
have seeds of different stages on the same plant, and show seed polymorphism.

3. Factors cause seed death in the soil

Upon the fall of mature seeds on the soil, these may be deeply deposited or remained
on the soil surface and thus exposed to different climatic conditions including light and
air temperature or to agricultural practices such as tillage, hoeing, or herbicides. Seeds
on the soil surface may be inserted in the top soil layer 2-5 cm depth which is applied to
seeds of most weed species and could be of great value facilitating rapid germination
especially photoblastic species that require light for germination, or small seeds contain
small food reserve. In addition, surface-laid seeds are liable to drift by wind currents or
water erosion or disperse by different agents to new regions and thus avoid suffering
from depleted resources under or in the vicinity of their parent plants giving them a
survival value. Other soil-deposited seeds remain in full darkness and may be at dif-
ferent soil depths. These either germinate in full darkness or stay dormant if it requires
light until brought to the soil surface by deep tillage. However, the ability of different
species to emerge from different soil depths depends on their seed food reserve whether
itis sufficient to support the seedling travel along the soil way distant or not. Some may
consume all food storage before its emergence above the soil, and thus their growth is
arrested during transit and dies. When conditions do not permit seed germination in
the soil, seeds remain dormant, viable, and ready to germinate when these permit. The
longevity of these seeds depends on the stored food and microbial attack of these in the
soil. Other factors cause seed death including enzyme action and oxidation that dena-
tures seed-stored food, protein coagulation, nuclei degeneration, and accumulation
of toxic materials. In addition, seeds may be attacked by earthworms that collect weed
seeds and move them into their burrows, while soil insects such as carabid beetles are
voracious eaters and can consume a large quantity of weed seeds that drop into the soil.

4. Types of weed seed dormancy

Seed is simply defined as a fertilized egg produced after pollination, but apo-
mixes, autogamy, and agamospermy also exist in certain weed species. The seed has
been also defined as a ripened ovule consisting of an embryo and coats [10]. The
embryo as the new plant in miniature is very well equipped structurally and physi-
ologically for dispersal, has enough stored food that provide the growing seedling at
early stages after emergence and until establishes itself for autotrophic organism or
partially or completely dependent upon other plant species in case of some parasitic
species (hemi- or holo-heterotrophic).

Dormancy in a general term is a state in which viable seeds, spores, or buds fail
to germinate under favorable conditions of moisture, temperature, and oxygen
for the seedling growth. It is referred to as an adaptive feature that optimizes the
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distribution of seed germination over time. It characterizes many weed seed popula-
tions; and this hampers efforts in predicting timing and extent of weed emergence.
Indeed, the number of established plants of a weed is strongly related to the propor-
tion of the seed bank that has been released from dormancy and the carrying capac-
ity of the environment. Dormancy due to external conditions exerts influences on
physiological and biochemical seed internal processes including enzyme activities,
food transport to embryo, and metabolism or unknown internal factors or ecophysi-
ological behavior that does not allow germination. Therefore, the causes of this sta-
tus are due to the seed and its environment. On the other hand, germination involves
the resumption of embryo growth and seedling emergence and growth. Germination
requires moisture, oxygen, temperature, and maybe light in photoblastic seeds.
Therefore, it proceeds whenever seeds are laid on a safe site to meet particular sets of
environmental conditions which, presumably, are able to support not only germina-
tion itself but also to insure the survival and success of the offspring [11].

Several types of weed seed dormancy have been recognized and described under
different terms as primary and secondary, inherent/genetic and environmental,
innate, induced and enforced, constitutive and exogenous, and seasonal and oppor-
tunistic. Nikolaeva [12] mentioned 15 types of dormancy based on germination
inhibitory and stimulatory factors. The primary dormancy (induced during seed
maturation) and secondary dormancy (induced naturally or artificially following
harvest) are mainly considered by most researchers.

However, based on the mechanism that causes dormancy, the following types are
well recognized to occur in weeds:

1. Physiological mechanism of dormancy
2.Ecological or demographical consequences of dormancy

Both are important to understand the evolutionary adaptations that weed seeds
have developed in the agricultural environment.

4.1 Physiological mechanism of dormancy
This dormancy includes the following three types.
4.1.1 Innate dormancy

Innate dormancy is also termed as a primary or genetic dormancy. It represents
seed conditions when they leave parent plants in a viable state but not germinating
although conditions are favorable mainly due to some property of the embryo or the
associated endosperm or maternal structures. It is an inherited type that characterizes
certain plant genera or families, and since genetically controlled, therefore its length
depends on environmental factors. Seeds, however, will not germinate although con-
ditions permit and dormancy period expires. The cause of such a dormancy includes a
number of morphological and physiological factors, and these are as follows.

4.1.1.1 Havd seed coat

Hard seed coat that is impermeable or mechanically resists diffusion of water,
oxygen, or both is also termed as physical dormancy [13]. It occurs in some
or all species of the angiosperm families including Anacardiaceae, Bixaceae,
Biebersteiniaceae, Cannaceae, Cistaceae, Convolvulaceae, Cucurbitaceae, Diptero-
carpaceae, Geraniaceae, Lauraceae, Leguminosae, Malvaceae, Nelumbonaceae,
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Rhamnaceae, Sapindaceae, Sarcolaenaceae, Sphaerosepalaceae, Surianaceae, and
others; but it has not yet been reported in gymnosperms [14]. Leguminosae includes
approximately 800 genera and 20,000 species that are widely distributed and
adapted to different habitats [15, 16] and has a high frequency of physical dormancy
[17]. Some examples of these are Lupinus, Prosopis, and Vicia that usually show
water impermeability. Species of Amaranthaceae, Chenopodiaceae, Oleaceae, and
Solanaceae do not possibly allow water diffusion to dissolve and transport food to
the embryo for metabolic processes. The waxy cuticle is the major impermeable
barrier to water entry (polyphenols and lignifications). It was found that seed

coat impermeability to water is the major reason for the persistence of velvetleaf
(Abutilon theophrasti Medik) seeds in the soil [18], while seed dormancy of Avena
fatua L. could be easily broken by breaking the pericarp, scarification, or abrasion
by sand. However, physical dormancy is caused by one or more palisade cell layer(s)
called macrosclereids [19].

Other seeds do not diffuse oxygen for energy and embryo respiration and
metabolic processes. Such seeds are said to be “gas-hard,” for example, Xanthium
species, at which seed testa prevents oxygen diffusion into the embryo and thus
shows undormant long seed and short dormant seed. Impermeability to oxygen
may be also due to the presence of mucilage in and around the seed coat and/or the
consumption of oxygen by the seed coat itself.

In the third type of seeds, both water and oxygen are not diffused through the
hard seed coat such as for Convolvulus arvensis L. seeds that can withstand 5 years
soaking in water and species of the Chenopodiaceae family.

Hard seed coat may restrict the diffusion of O, to enter the seed, prevents the
outward release of CO, and/or inhibitors from the seed or embryo and also embryo
protrusion and expansion, and blocks light passage to the embryo. However, seed
coat and other structures surrounding the embryo are extremely important for seed
survival and germination regulation, since they protect the embryo against external
hazards and regulate germination time.

In other cases, seed dormancy in many species is imposed by the structures
surrounding the seed. In addition to the seed coat or testa, these also include
the pericarp, glumes, palea (hull), and lemma in cereals. The palea, lemma, and
pericarp are responsible for coat-imposed dormancy in Avena fatua. These may
prevent water uptake and gaseous exchange, thus responsible on insufficient
availability of oxygen to support the level of respiration needed for germination
or to oxidize inhibitors. They contain chemical inhibitors in the seed cover that
inhibit germination process or may prevent leaching of inhibitors from the seed.
These structures also modify light reaching the embryo and blocking light pen-
etration to the embryo and act mechanically to constrain embryo expansion. In
Datura stramonium L. seeds, both the endosperm and to a lesser extent the testa
impose dormancy on the embryos, hence restricting radical growth. Removal of
the testa did not improve germination, but removal of the endosperm and testa
enhanced germination, similar to soaking of seeds in gibberellic acid or benzylad-
enine solutions [20].

In order to enhance seed germination, seed coat must be destroyed mechanically
or by microorganisms. However, in legumes the seeds are hard with thick-walled
cells of testa surrounding the waxy layer.

In other cases seeds may fail to germinate because of mechanical resistance of
the seed coat which can withstand a high pressure of 1000 Psi, such as for seeds
of Amaranthus vetroflexus L., Brassica nigra (L.) W.D.J. Koch, and Capsella bursa-
pastoris (L.) Medik. Clavaria major C.F. Gaertn is another example at which hard
pits require 623 kg to break.
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In these species, the passage prevention or difficulty of water and oxygen inside
the seed is not the cause of germination failure but may be enhanced to germinate
by partial digestion of seed coat by animals and thus overcome their dormancy
otherwise they extinct. Germination of many weed species was greatly improved
after it passed through the digestive systems of animals and dropped out with animal
feces mainly because their hard coat became lenient by secretions from the digestive
system of these animals.

4.1.1.2 Presence of endogenous inhibitors

These are allelochemicals that prevent seed germination and cause self-inhibition
(autopathy). Chemical inhibitors may be found on seed coat or its associated struc-
tures. Chenopodium spp., Lactuca, and Beta seed coats contain inhibitory chemicals.
Inhibitors are also found in the embryo, cotyledons, endosperm, and some inside the
seed. The outer coverings may prevent leaching of these inhibitors. However, when
the embryo is isolated and placed in water, the inhibitor is leached out, and germina-
tion occurs as found in wild oat (Avena fatua) and Xanthium species.

The perianth associated with the seed coat of Chenopodium murale was the cause
of its germination inhibition. Water leached from the perianth inhibited seed ger-
mination of wheat and barley [21], while water leached from the perianth-scarified
seeds had no inhibitory effect on both crops. Inhibitors are also found in structures
associated with the seed coat of Chenopodium album L. However, the period of
effectiveness of these inhibitors depends on their stability. Removal of inhibitors
may be achieved by placing seeds under running tap water or in irrigation channel
in the field and thus washing off water-soluble inhibitors.

4.1.1.3 Control by biochemical trigger

In this case seeds need to be biologically stimulated. The photoperiodically oper-
ated triggers act through modification of the phytochrome system. Seeds of Betula
pubescens Ehrh. require light and long-day photoperiod for successful germination.
Dormancy breaking requires light and dark stimuli and also temperature stimuli. The
effect of temperature on the rate of dormancy induction is not only dependent on
prevailing temperature but also on temperature experienced by seeds during previous
dormancy release and the resulting dormancy status of the seed population [22].

Chilling or temperature fluctuation may be also important. In two populations of
Papaver aculeatum Thunb. exposed to temperature fluctuation, seed dormancy was
weak, and fresh seeds germinated to nearly 100% at 20/10 and 25/15°C day/night
if provided with light and up to 50% at 15/5°C, but germination was prevented at
30/20°C [23]. In another study, Dahlquist et al. [24] reported that six different weed
species of different families showed different tolerance to lethal levels of high tem-
perature and responded differently to germinate at different temperature regimes;
however, temperatures of 50°C and above were lethal for seeds of all species.

Germination stimulants may be used under laboratory conditions but have little
relevance to field situation. Gibberellins, thiourea, or nitrate ion in the soil solution
could increase with soil temperature in the spring and thus could stimulate seed
germination of Chenopodium album and Avena fatua.

4.1.1.4 Immature or rudimentary embryo when the seeds are shed

Embryo dormancy is defined as failure of a mature embryo to germinate or to grow
even when isolated from the seed or dispersal unit and exposed to conditions favorable
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for growth. Embryo dormancy may be also exerted by cotyledons as for Fraxinus
species seed that needs removal of the cotyledons or part of them to break the embryo
dormancy. However, in this kind of dormancy, mature seeds of certain weed species
are not able to germinate after leaving parent plants because the embryo is not fully
developed. Seeds at this stage are physiologically immature when left by mother plants.
For some weed species, the seeds require an after-ripening period for the embryo to get
mature, and this requires in some cases changes in hormone contents or translocation
of stored materials. Afterripening is the loss of dormant state over a certain period
through exposure of seeds to a set of environmental conditions after maturation and
separation from the parent plant [25]. The after-ripening process, however, occurs
during a period of dry storage of freshly harvested mature seeds and is essential in
releasing dormancy and in promoting germination [26, 27]. However, dry conditions
are not always the case required, but plant species vary in environmental conditions
that facilitate afterripening, while wild oat seeds after ripening under warm, dry
conditions, and Arabidopsis and many other species respond best to cool, moist condi-
tions [28, 29]. Seeds of Acanthospermum hispidum A.P. de Candolle that born imma-
ture and grow after the seed is shed and those of Heracleum sphondylium L. require
several months after shed. Seeds of Orobanche spp. require a conditioning period of
3-4 months during which the embryo is mature enough to respond to host germination
stimulants. This status, however, is overcome when embryo growth is complete.

Other weed species exhibit polymorphism and produce morphologically and
physiologically different seeds that have different after-ripening periods such as for
seeds of Xanthium strumarium L.

Several mechanisms sometimes may operate together in a single seed to break
innate dormancy. For example, seeds of Galium cracoviense Ehrend. require lower
Ca’* ion concentration, moderate temperatures, and presence of light to germinate
[30]. Garden cress (Lepidium sativum L.) seeds only germinate in response to a
combination of light and temperature, while seed germination of Chenopodium
album requires treatment with red light, cool temperature, and nitrate. The desert
annual weed, Trigonella arvabica Delile, has a dispersal unit equipped with at least
four operating dormancy controls including water-soluble inhibitors, hard seed
coat, sensitivity to light, and temperature.

Sometimes overcoming dormancy may be highly specific and adapted to certain
conditions. Seed germination of Rhus spp. and Epilobium angustifolium L. and seed-
ling growth occurred after forest fire that causes a waterproof layer of the dispersal
unit to become permeable. Dormancy breaking may be also controlled by rain and
temperature since there is an optimum levels of both to germinate.

Cold temperature may be required for germination of certain species; it could
activate hormones and enzymes. Some seeds need exposure to alternating tempera-
ture between freezing degrees for several weeks to one or two exposures to high
temperature. This temperature fluctuation causes heat shock and activates enzymes
and hormones and enhances their mobilization and thus germination induction as
the treatment for Lithospermum arvense L. seeds. However, many chilling requiring
seeds do not show hard seed coat. Temperature can affect both germination and
dormancy. At minimum and maximum temperatures, germination does not occur
with some exceptions, while each weed species has an optimum temperature at
which it germinates. Lower or higher than that germination is affected until totally
prevented at extreme temperatures. Amaranthus sp. remains dormant at 20°C for
6 years, while raising the temperature released its dormancy breaking.

Light is another regulatory factor of seed germination for certain weed species
having a light requirement (photoplasts) before the start of germination. Light-
stimulated germination of seeds is known to involve the phytochrome system.

The photoconversion of red light (P,) to far-red light (Pg,) stimulates germination.
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Lactuca sp. is a good example on light requirements for dormancy breaking. Seed
germination occurs within a narrow temperature range, but giving light the seeds
germinate promptly and uniformly over a wide range and under a variety of condi-
tions that would inhibit germination in the dark. Dry seeds of Lactuca are insensi-
tive to light, but when moistened and exposed to few foot candles for a few seconds,
this treatment had a full effect on seeds. Moistened light-treated seeds retain their
ability to germinate when dried and restored, but when subsequently remoistened,
they germinate in darkness. However, the brief exposure to light that stimulates
germination of Lactuca seeds is not enough for Juncus maritimus Lam. seeds to ger-
minate. Continuous illumination works well with Lactuca but would inhibit seeds
of Atriplex rosea L. plant that is fully stimulated by a brief exposure.

Sensitivity to the period of light and dark may determine the season of germina-
tion and growth, the flower initiation, and the end of bud dormancy. However, the
value of light in stimulating or inhibiting seed germination may be very well dem-
onstrated on species survival and existence knowing that germination inhibition by
high light intensity may be of value in preventing germination and growth of winter
weeds during the summer time at which soil surface may be exposed to unfavorable
conditions such as drying or rapid seedling desiccation due to high temperature,
high light intensity, and long photoperiod during summer and unsuitable for winter
weeds. Conversely, germination inhibition of summer weed seeds during winter
prevents their possible death by freezing temperature, strong cool wind currents,
short photoperiod, and low light intensity which are not in favor of summer weed
growth and survival. This kind of inhibition caused by light on the two weed groups
of different growth requirements is a good example on the important value of light
inhibitory effects for the survival of these species. However, seeds of many summer
annuals at low temperatures under moist conditions provoke dormancy release,
while high temperatures induce secondary dormancy. The seed dormancy level
establishes the range of temperatures under which germination is possible [22].

4.1.2 Induced dormancy

It is an acquired condition of inability to germinate caused by some experience
after ripening. This kind of dormancy is also called secondary dormancy as seeds
are ready to germinate but may go into dormancy due to sudden changes in environ-
mental conditions such as in temperature, moisture, and oxygen levels that cause
physiological changes in seeds. Seeds, however, will not germinate, and dormancy
exists even when conditions changed to favorable. This dormancy may be resulted
from seed exposure to excessive light which lead to no germination in darkness, lack
of moisture, high CO, pressure, low O, pressure, and deep seed burying that will
not germinate until they are brought to the soil surface. However, other buried seeds
by tillage may not germinate even after they are brought to the soil surface.

4.1.3 Enforced dormancy

This kind of dormancy is maintained in or on the soil or with seeds submerged
in water. It is defined as the inability of seeds to germinate because of environmental
factors. One or more factors necessary for germination are in a short supply or absent
including the lack of moisture, low temperature, lack or low oxygen level, and poor
aeration and unfavorable atmosphere. However, percentage of O, found in the soil
depends on soil porosity, depth, presence of microbes, and amount of soil moisture.
When the external limitation is removed as seeds are brought to the soil surface by
tillage, they germinate. Sometimes this dormancy is due to placement of weed seed
deeper than 5 cm in the soil by tillage. It results from the absence of red (r) light
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under the soil surface. Red light induces germination in seeds by activating their
phytochrome system (P)-chromophore blue pigment attached to the protein molecule
in the seeds. Far-red (Fr) light deactivates the system and thus induces dormancy in
weeds. However, dormancy does not persist when the environment changes.

Both induced and enforced dormancy make the secondary dormancy. The
importance of secondary dormancy became clearer as a survival strategy prevents
seed germination when seeds are found deep in the soil and seedlings will not be able
to emerge from deep soil layers. This kind of dormancy may be regulated through the
phytochrome pigments found at low concentrations inside the seeds. These pigments
when exposed to a high percentage of P,/Py, induce germination. The exposure time
may be short enough for parts of the second dormancy. However, seeds from a single
weed species may exhibit one or more types of dormancy or all three in succession
over a period of time. Primary dormancy is found in the freshly shed seeds at which
they will not germinate under any environmental conditions until dormancy is
broken. After primary dormancy breaking, the seeds may germinate providing that
conditions are favorable. If suitable external factors are not present, then secondary
dormancy may develop. Secondary dormancy can be relieved and re-induced during
many successive years [31] until conditions for germination become favorable. This
phenomenon is called dormancy cycling [32]. However, physiological differences
between secondary and primary dormancy are unclear [33].

From the ecological point of view, seed dormancy is also termed as a dispersal
by time and is defined as an arrest in the development of seed embryo under
external environmental conditions suitable for plant growth (phase more resistant
to environmental hazards). It is critical for annuals not perennials. However, two
approaches are prevalent, and these are as follows.

4.2 Ecological and teleological dormancy

Dormancy from an ecological perspective is defined as a seed characteristic that
prevents germination, even if suitable germination conditions prevail, not involving
embryo or seed morphology or germination mechanisms. This is either as follows:

4.2.1 Seasonal dormancy

This kind of dormancy occurred at which favorable factors for germination
were found but seeds of certain plant species have winter or summer dormancy.

It occurs in an environment where favorable growth conditions are seasonal and
dormancy is usually clocked by solar rhythm. This is applied to all annual summer
and winter weeds at which day length is important, while temperature may not be
so if followed by cold weather. Day length is the best indicator of seasonal changes
because it is a rather constant feature of the macro-environment. The disadvantage
of seasonal dormancy is that seeds may not be developmentally advanced enough to
take advantage of especially good spring or summer conditions. If the environment
is not stable (rainfall in the desert, fire, soil disturbance), it may make conditions
favorable for seedling growth, but the timing and duration of these events can be
rather unpredictable.

Differences were found among populations of Solanum nigrum L. collected on
two dates from different locations. Fresh seeds were conditionally dormant and
germinated at higher alternating temperatures and in light, while seeds of Solanum
physalifolium Rusby were deeply dormant. Seed dormancy is reduced during
autumn, winter, and early spring in soil-buried seeds. The rate of dormancy release
and induction is low at lower temperatures and increases as the temperature rises.
High temperatures cause short-lasting breakage of dormancy followed by induction.
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Seedling emergence of both species showed a bi- or three-modal pattern during an
extended period in late spring and early summer. This enables the species to survive
natural catastrophes or escape weed control operations. Dormancy is mainly induced
during summer due to higher temperatures. This prevents seedlings from emerging
too late and being killed by frost in autumn before reproduction [34]. Kotodziejek
and Patykowski [35] reported that Rumex confertus Willd. Germination percentage
and rate were significantly higher in light than in darkness. Seeds incubated for

12 weeks in the dark at 4°C exhibited secondary dormancy. Weed seeds undergo

a seasonal deep dormancy in winter and early spring and a low level of dormancy
in early autumn. Germination, however, decreased with soil salinity, while NO;~
enhanced speed germination. Seeds burying at >0.5cm reduced germination.

4.2.2 Opportunistic dormancy

In this kind of dormancy, seeds of certain species are able to take advantage
from unpredictable environmental conditions or changes. It occurs when there is
only a small seasonal element in the occurrence of favorable conditions; dormancy
tends to be both imposed and released by the direct experience of the unfavorable
or favorable conditions. For instance, deep tillage brings the seeds to the soil surface
and thus would allow successful germination and establishment. Ephemerals in the
desert sometimes take an advantage from the sudden rain shower during summer
at which they germinate but later they suffer death because of the usual prevailing
conditions of drought and high temperature in the desert during that period.

The advantage of seasonal dormancy is its predictable nature, while the advan-
tage of opportunistic dormancy is its responsiveness. The differences between the
two types are not exclusive but changed when conditions are changed. However,
physiological description of dormancy may be a more valuable approach since the
conditions of the embryo are what finally determine seed germination.

5. Physiology of dormancy in weed seeds

Dormancy is an adaptive trait that enables seed germination to coincide with
favorable environmental conditions. From the physiology perspectives, gibberel-
lins, ethylene, cytokinins, or abscisic acid (ABA) play an important role in inducing
or inhibiting seed dormancy. The low level of ethylene is accumulated at the early
stage of germination in seeds of different crops (e.g., Ricinus communis, Lactuca
sativa, Hordeum vulgare) and weed species (e.g., Avena fatua) just prior to radical
protrusion. Nondormant Xanthium pensylvanicum embryos produce more ethylene
than dormant seed. Cytokinins increased in dormant seeds of Rumex obtusifolius
and Spergula arvensis during dormancy breaking and chilling periods. On the other
hand, ABA application inhibits seed germination. It has been suggested that related
or common receptors for dormancy-breaking agents are present within the plasma
membrane of the responsive embryonic cells. When triggered, these receptors initi-
ate a signal transduction cascade, perhaps involving synthesis of or sensitization
to germination-promoting gibberellins (GAs) that complete germination. Changes
in the phosphorylating activity of membrane-associated, Ca**-dependent protein
kinases that lead to dormancy or germination have been also proposed.

There is considerable circumstantial evidence that ABA is involved in regulating
the induction of dormancy and in maintaining the dormant state. However, there
is a paucity of unequivocal evidence that ABA is in fact an important controlling
factor in the dormancy of most seeds. Dormancy is induced by abscisic acid during
seed development on the mother plant. After seed shed, germination occurs due to
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reduction in the ABA level of the imbibed seeds because of ABA catabolism through
8-hydroxylation. ABA/gibberellins balance is the main environmental factor
responsible for inducing or breaking seed dormancy. However, in different species,
ethylene counteracts ABA inhibitory effects and stimulates germination. This effect
is very well demonstrated in Brassicaceae seeds, which counteracts ABA effects on
endosperm cap weakening, facilitating endosperm rupture and radical emergence.
In contrast, ABA limits ethylene biosynthesis and action. Nitric oxide has been
proposed to act against ABA inhibitory effects on ethylene and hence is produced
rapidly after seed imbibitions and promotes germination by inducing the expres-
sion of the ABA 8-hydroxylasegene, CYP707A2, and stimulating ethylene produc-
tion. The role of nitric oxide and other nitrogen-containing compounds, such as
nitrate, in seed dormancy breakage and germination stimulation has been reported
in several species. Both ethylene and nitric oxide have been shown to counteract
ABA action in seeds, improving dormancy release and germination [36]. Abscisic
acid has been also found to inhibit RNA synthesis. In seeds of Chenopodium album,
ABA has been found to inhibit the embryo growth necessary to penetrate the cover-
ings of the seed, although the initial events of embryo expansion are not prevented
[37]. ABA deficiency was found to associate with the absence of primary dormancy,
while high ABA content could promote seed dormancy. ABA is synthesized in

the embryo and endosperm, and the balance between GA and ABA determines
dormancy in weed seeds. GAs are known to obviate the requirement of seeds for
various environmental cues, promote germination, and counteract the inhibitory
effects of ABA, frequently in combination with cytokinins.

From the above information, it becomes clear that some plant hormones have
roles in dormancy induction or breaking and thus inhibit or stimulate seed ger-
mination. Ethylene stimulates seed germination of several weeds such as in Avena

fatua. Gibberellins increase in seeds, require stratification, and also facilitate degra-
dation of food reserves in the endosperm or cotyledons necessary for germination.

Some chemical compounds or secondary metabolites are also known as allelo-
chemicals such as phenolics, unsaturated lactones, short-chain fatty acids, couma-
rins, and many others have been reported as germination inhibitors present in seeds
of many weed species [38, 39]. To enhance germination, leaching and oxidative
destruction of these chemicals within the seed are necessary for dormancy termina-
tion. However, these allelochemicals may also play a positive role in seed viability
and longevity since they prevent microbial attack and maybe destruction of weed
seeds by soil pathogens and insects.

Ecological factors are involved in inducing dormancy or stimulation of seed
germination and dormancy breaking. These factors include light, temperature, O,,
CO,, and nitrate. Light causes weed seed dormancy. Some weed seeds require light
in order to germinate, for example, Galinsoga parviflora Cav., Portulaca olevacea L.,
Chenopodium album, and Amaranthus spp. breaking dormancy is related to light
that exists in promoting and inhibiting forms. Promoting form is favored by red
light and inhibiting form by far-red light. Pigment generally initiates germination
when in far-red light around 750 nm absorbing form and either prevents or has no
effect on germination when in the form of red light around 660 nm. The inactive
form (P,) and red light, 650 nm, resulted in germination promotion, while the
active form (Pg) and far-red light, 750 nm, cause germination inhibition. Leaf
canopy suppresses germination through shading effects since it promotes relatively
low-red to far-red photon flux ratio, producing relatively low Py, to P, ratios in
underlying seeds which inhibit seed germination. Great variations do exist between
weed species in pattern of development of photoplastic properties.

However, light, moisture, temperature, and O, all act physiologically in
enhancing or ending dormancy. Moisture or water is required to activate enzymes,
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compensate for water loss by the embryo through respiration, and dissolve and
mobilize food into the embryo. Oxygen is necessary for aerobic respiration to
provide energy for embryo growth, while water absorption, hormonal balances,
metabolic processes, and germination induction will not proceed but only at certain
suitable temperature. All factors, however, are required for biochemical and physi-
ological activities that occur inside the seed including the living embryo.

6. ROS production and sensing in seeds

Reactive oxygen species (ROS) play an important role in seed life cycle. In ortho-
dox seeds, ROS are produced at all stages in seeds active cells as well as in dry tissues
during after-ripening and storage. ROS, however, are widely regarded as detrimental
to seeds, but recent research results reconsider them as beneficial in seed germination
and seedling growth. ROS regulate cellular growth, protect against pathogens, or con-
trol the cell redox status. They also act as a positive signal in seed dormancy release by
interacting with plant hormones such as in transduction pathways of abscisic acid and
gibberellins [40]. Different workers emphasized ROS roles in plant physiology and
development under stress conditions mainly drought stress, and thus their produc-
tion has been long considered as detrimental since it is linked with seed aging or
seed desiccation, but they have also a positive important role in seed germination or
dormancy release. They are important in metabolic activity during cell division, seed
filling, seed survival at shedding, and seed rehydration and germination. ROS have an
essential role in plant metabolism, energy production, and enzyme activities neces-
sary to start seed germination and seedling growth. Their sensing and signaling role
in seed different stages is evident. ROS is important in cell signaling in the dry state
since it could accumulate during dry storage but would become actors of cell regula-
tory mechanisms only after seed imbibition. Oxygen is important in the guise of
reactive oxygen species in further modulating dormancy and relaying environmental
signals. Seed dry after-ripening is associated with the accumulation of ROS, resulting
in targeted mRNA oxidation and protein carbonylation of transcripts and proteins
associated with cell signaling (mRNA) and protein storage [41]. These modifications
have been linked to dormancy changes during after-ripening and could underpin a
mechanism indicating the passage of time. Recently the possibility of a further role
for ROS to inform the seasonal response of the seeds through ultra-weak photon emis-
sion (UPE) has been suggested. It was hypothesized that beneath the soil surface the
attenuation of light (virtual darkness: low background noise) enables seeds to exploit
UPE for transducing key environmental variables in the soil (temperature, humidity,
and oxygen) to inform them of seasonal and local temperature patterns.

7. Seed dormancy in response to stresses and herbicides

Seed germination is affected by many environmental factors, such as tempera-
ture, salt, light, soil moisture, oxygen concentration, and Ca* ions. Dormancy is
a status to avoid and resist adverse conditions and must be evolved as a solution to
the periodic, as well as nonperiodic, changes in the environment which impair the
proper function of the plant during certain periods [42]. It may also prevent germi-
nation under apparently normal conditions, if they occur occasionally. In this way,
it constitutes an evolutionary safeguard against the uncertainty of the environment.
Drought, salinity, alternating temperature, photoperiod, burial depth, nitrates,
nitrites and soil pH, artificial seed aging, agricultural practices, control methods,
and radiant heat all influence weed seed dormancy.
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Studies in controlled environments have already demonstrated that thermal
conditions and, to some extent, water availability during seed set and maturation
have an impact on the level of dormancy [43]. The level of dormancy in Alopecurus
myosuroides Huds. seeds depends on the magnitude and timing of temperature and
water availability during the reproductive growth phase. Water availability seems
more important during maternal environmental perception and temperature
during zygotic environmental perception [43]. Both temperature and soil moisture
content are important factors in seed germination induction. Maximum (68-100%)
and rapid (2.58 days) seed germination of Calotropis procera (Aiton, W.T. Aiton)
occurred at 30°C but declined under water stress with increasing temperature, from
92.5 + 1.1% at 20°C and O MPa to 2.8 + 1.7% at 40°C and —0.4 MPa, respectively.
Seeds were unable to germinate at ambient temperatures >40°C but remained
quiescent and viable. Planting depth also influenced seedling emergence and
water stress inducing a reduction in optimum germination temperature from 30 to
20°C. Short mean germination times increase seedling survival by rapid transition
from endosperm resources to photosynthesis, whereas seed quiescence (cf. dor-
mancy) optimizes germination opportunities in a semi-arid environment. Thus, the
germination traits are likely promoted seedling survival and its spread [44].

Velvetleaf seeds germinated over a range of constant temperatures from 10 to
40°C regardless of light conditions, but no germination occurred at temperature
below 5°C and beyond 50°C. Seeds germinated at alternating temperature regimes
of 15/5-40/30°C, with maximum germination (>90%) at alternating temperatures
of 40/30°C. Germination, however, was sensitive to water stress, and only 0.4% of
the seeds germinated at the osmotic potential of —0.4 MPa. There was no germina-
tion at 0.6 MPa. Germination was also reduced by salinity and alkalinity stresses
and did not occur at 150 mM NaCl or 200 mM NaHCO; concentrations. However,
pH values from 5 to 9 had no effect on seed germination. The maximum seedling
emergence (78.1-85.6%) occurred at 1-4 cm depth [45].

Bochenek et al. [46] reported differences between the cultivars of Brassica napus
L. seed in their potential to exhibit secondary dormancy following environmental
stress. A significant number of differences in gene expression between the cultivars
were apparent in the transition from full-size embryo to mature seed. Most dif-
ferences were apparent in the desiccation stage, and some were in genes related to
signaling processes and protein biosynthesis. Authors suggested that the propensity
of Brassica seeds to manifest secondary dormancy may be determined by changes in
gene expression that occur during late seed development [47].

Breaking primary dormancy of achenes in Cirsium arvense only took place
during the first stratification month at moderate temperature, which is mainly due
to an increase in the average water stress tolerance in seed population. The induc-
tion of secondary seed dormancy during after-ripening at all temperature resulted
mostly from a substantial loss of the seed’s ability to tolerate water stress [46].

The effects of drought and herbivory on biomass and seed quality in Vaccaria
hispanica (Mill.) Rauschert have been also studied by Cici [48]. The maternal water
stress suppressed seed mass but stimulated seed dormancy in seeds. Progenies from
the maternal stress environment were more persistent than those from the maternal
control environment after being exposed to 45°C and 100% RH for 8 days.

Nassella trichotoma Hackel ex Arech. was identified to be a non-photoblastic, with
germination percentages being similar under alternating light and dark and com-
plete darkness conditions [49]. With an increase of osmotic potential and salinity, a
significant decline in germination was observed. N. trichotoma seed dormancy break
can be triggered by favorable alternating temperatures of approximately 25/15°C
and ample water availability. Radiant heat has a positive effect on total germination.
Osmotic stress and salinity significantly reduced germination, while water appeared
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as the most important limiting factor in germination. Soil pH is not a limiting factor
on this species recruitment. Herbicide-resistant populations of the same weed spe-
cies have been studied to identify differences in important environmental factors on
its seed dormancy. The increase in osmotic potential and salinity caused a significant
decline in germination. The pH had no effect on germination. Exposure to a radiant
heat of 120°C for 9 min resulted in the lowest germination in the first population
(33%) and in the second population (60%). In the burial depth treatment, both
populations had the highest emergence of 1 cm depth. However, variation between
the two populations was observed for the burial depth of 4 cm. Differences between
populations were found in emergence and overall germination [49].

Seed germination of the salt-tolerant species, Salicornia europaea L., that
produces dimorphic seeds of high salt tolerance limits has been studied by Orlovsky
et al. [50]. Germination of large seeds was found to be 3-4 times higher than of
small seeds under control and at 0.5-2% of all salts tested. Germination and plant
growth in mixed sulfate-chloride salts were distinctly higher than in pure chloride
salts; small seeds exhibited deep innate dormancy but stimulated by 0.5-2% of
chloride and sulfate salts. Small seeds develop earlier, are more dormant, and are
less salt-tolerant than large seeds. Seed dimorphism made the species more flexible
in its response to varying salinity and more adapted to salt and temperature stresses.

GA; at concentration of 400 ppm strongly stimulated germination of C. bursa-
pastoris at 12/12 h of light/dark and continuous darkness. While KNOj; at 2 mmol
had no effect on germination, long wet pre-chilling enhanced germination. Seed
germination occurred at 10-30°C and within a range of pH of 3-11. On the other
hand, drought and salt stress strongly inhibited germination, but authors sug-
gested that weed seeds can germinate at high salinity. Sowing depth is critical for
germination, and seedling emergence decreased with sowing depth. The rates of
C. bursa-pastoris germination and seedling emergence were highest for seeds on the
soil surface [38].

8. Dormancy and agricultural practices
8.1Tillage

Tillage exposes seeds to light before reburial, allows greater diffusion of oxygen
into and carbon dioxide out of the soil, buries residue, and promotes drying of the
soil, thereby increasing the amplitude of temperature fluctuations and promoting
nitrogen mineralization. These factors are known to terminate dormancy in several
species. The effects of burial, however, on germination and longevity and of water
stress and temperature on germination and dormancy induction of the weed Sinapis
arvensis L. showed that soil-buried seeds exposed to high temperatures in summer
broke dormancy [51], but low water potential and constant supraoptimal tem-
peratures induced secondary dormancy. The threshold temperature for dormancy
induction was about 19°C when water was available but decreased with reduced
potential. Dormancy induction increased with burial depth and was induced to its
highest level (96%) at a depth of >5.19 cm. Water stress or more burial depth can
promote induction of seed secondary dormancy.

Tillage effects on seed dormancy of different weed species are very well dem-
onstrated especially on photoblastic species. Tillage may affect Pg, and P, ratios
and germination induction or dormancy. This, however, is varied for different
weed species. Chavarria [11] reported that under conventional tillage, Amaranthus
retvoflexus and Digitaria sanguinalis (L.) Scop. seeds tend to stay in primary
dormancy or develop secondary dormancy, if they become buried; further soil
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disturbance promotes germination since seeds are exposed to light. Lower germina-
tion is expected for buried Chenopodium album, Echinochloa crus-galli (L.) Beauv.,
and Setaria glauca (L.) Beauv. seeds, but they may overcome this dormancy without
further soil disturbance. Burying seeds of Polygonum pensylvanicaum L., in contrast,
may result in an enhanced germination after experiencing low temperatures during
winter, while non-geminating seeds of this species may enter into a secondary dor-
mancy as induced by increasing temperatures [11]. Under no-tillage systems, seeds
of all species except Polygonum pensylvanicaum may acquire an increased germina-
tion capacity in response to exposure to conditions such as light. For Amaranthus
retroflexus, Chenopodium album, and Echinochloa crus-galli non-buried seeds, the
germination patterns may be associated with a photoperiodic response. Accelerated
after-ripening occurred in seeds of all species except Polygonum pensylvanicaum,
when stored at increasing temperatures from 0 to 40°C. Amaranthus vetroflexus,
Echinochloa crus-galli, and Setaria glauca seeds germinated better in the dark, while
Chenopodium album and Digitaria sanguinalis germinated better in the light. These
differences, however, were less evident for seeds stored at temperatures above 20°C,
which indicates an interaction between the temperature previously experienced by
the seed and its response to light conditions during germination [11].

Weed emergence was also reported as increased following frequent, repeated till-
age. Cultivation during daylight serves to increase weed populations. Daytime tillage
increased seedling emergence of several winter annuals and doubled that in the night
time tillage due to the extreme sensitivity to P, in buried seeds of certain weed species.

Tillage modifies soil temperature fluctuations or soil nitrate concentration, and
continuous tillage depletes organic matter that leads to a change in soil color and
thus modifies soil thermal regime. Tillage changes the position of seeds in the soil,
while no-tillage leaves most seeds in the top 10 mm of the soil profile.

8.2 Fertilization and chemical applications

Nitrates affect seeds of several species and enhanced seed germination in the
field. Nitrates may influence mother plant resulting in increased nitrate level in
developing seeds. A strong correlation between nitrate concentration in the seeds and
their germination capacity was also found. Nitrate and nitrite concentrations have
been shown to stimulate dormancy release in some species although other species
are released from dormancy by ammonium. Soluble N can stimulate germination
of seeds of many weeds including Amaranthus retroflexus and Chenopodium album;
manipulation of soil fertility has been extensively explored as a tool for reducing
weed density [3]. Practices that avoid large pulses of soluble N early in crop develop-
ment, such as delayed or split N applications, or use of slow-releasing N sources, such
as mature compost, can delay weed emergence and reduce weed density in the crop.

8.3Flooding

Under irrigation and flooding conditions, the soil has low oxygen concentra-
tions. Low oxygen concentration terminates dormancy in seeds of some species
including Echinochloa turnerana and Leersia oryzoides (L.) Sw. in rice crop. Flooding,
however, causes death of unadapted species and thus facilitates the establishment of
Ambrosia tenuifolia Spreng. because of the benefits from increased R/FR ratio.

8.4 Crop residue and burning

Thick layer of residue increasingly reduces and delays emergence, decreases
temperature, and prevents light penetration [3]. Soil-incorporated crop residues
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yield allelopathic effects on weed seed germination. Decayed residues can immobi-
lize large amount of N that consequently prevents termination of dormancy in some
species. The stimulant effect of certain plant residues is also possible. Many plant-
derived smoke components have been found to have a dormancy-breaking effect,
and the role of nitric oxide has been identified.

Incorporation of legume cover crop materials and application of chicken manure
can promote weed emergence and growth. For example, ammonium released from
decomposing Vicia villosa Roth can stimulate germination of Amaranthus hybridus
L. [52]. However, the effects of N fertilization on weed emergence are varied,
owing in part to complex interactions between N and other factors such as ethylene
concentration in soil, light, and genetic differences in responsiveness both between
and within weed species [3, 53].

9. Seasonal dormancy and shift in population germination time

Seeds of certain weed species exhibit seasonal dormancy that allow them escape
hazards that occur at a certain period in the year or unsuitable environmental con-
ditions. This phenomenon is clearly demonstrated in annual, biennial, and peren-
nial weeds. In annuals, summer-grown weeds will not germinate during winter
since growth factors are not in favor of their germination, growth, and survival; the
same is true for winter-grown weeds during the summer season. This is a danger
avoidance strategy. In perennial weeds such as the woody spread Prosopis farcta
(Banks and Sol.) Macbride, it inters into dormancy by the end of fall and winter
seasons, drops all leaves, and stay dormant throughout the winter season. The weed
breaks bud dormancy by the start of spring and grows vegetatively throughout the
spring and summer seasons. The seeds of this weed also will not germinate during
dormancy period [54]. The main factors control dormancy induction, or releases in
all these species are the temperature and photoperiod.

Karssen [31] stated that seasonal periodicity in the field emergence of annu-
als is the combined result of seasonal periodicity in the field temperature and
seasonal periodicity in the width of the temperature range suited for germination.
Germination in the field is restricted to the period when field temperature (envi-
ronmental factor) and the temperature range over which germination is possible
(degree of dormancy) overlap. So, dormancy is related to the width of the tem-
perature range over which germination can proceed and not to temperature in that
range. Dormancy varies on a continuous scale, visualized by continuous changes in
the range of environmental factors under which germination can take place [55].

Seeds of the winter annual Bromus tectorum L. lose primary dormancy in sum-
mer and are poised to germinate rapidly in autumn. If rainfall is inadequate, seeds
remain ungerminated and may enter secondary dormancy under winter conditions
[56]. Maximum secondary dormancy was achieved in the laboratory after 4 weeks
at —1.0 MPa and 5°C. Seeds in the field became increasingly dormant through
exposure to temperatures and water potentials in this range. They were released
from dormancy through secondary afterripening the following summer. Different
genotypes showed contrasting responses to dormancy induction cues in both
laboratory and field. The changes in ¥b(50) can be used to characterize secondary
dormancy induction and loss in this weed species.

A complex nature of responses may be exhibited by Senecio vulgaris L. in
response to intense chemical selection. Seed germination and growth normally
occur during the spring season (May-April) at which heavy application of
simazine herbicide is practised. The repeated application of the herbicide during
this growing period forced the weed to shift its germination time and life cycle to
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the winter annual where no herbicide application is practised. This shift in weed
germination and growth is a strategy adopted by this species to avoid phytotoxic-
ity of the herbicide [57].

10. Seed morphology, polymorphism, and dormancy

Seed polymorphism is an important factor in innate dormancy. It is a significant
factor in spreading the germination of seed from the same plant over time and
keeps farmers busy with weed control throughout the whole growing season. This
phenomenon is widespread in the Amaranthaceae, Compositae, Chenopodiaceae,
Cruciferae, and Gramineae families.

Genetic seed polymorphism is very well demonstrated in Spergula arvensis L.
weed. The seed coat character is genetically controlled and associated with ger-
mination. Three different seed coat forms are found in weed seeds, each controls
different levels of seed dormancy; these are the homozygous papillate form bearing
about 120 papillae homozygous smooth coated form, and a heterozygous form
which bears 60 papillae. The papillate seeds germinate readily at 21°C, while the
reverse is true at lower temperatures [58]. This is an example of genetic polymor-
phism which is the production of seed of divergent morphology and behavior as
aresult of genetic segregation. Genetically controlled polymorphism distinctly
showed different dormancy genotypes.

On the other hand, certain weed species show somatic polymorphism which is
the production of seeds of different morphologies or behavior on different parts of
the same plant. It is not a genetic segregation but a somatic one [58]. Among weeds
showing such a phenomenon are Xanthium spp. Fruits of these species each contain
a pair of seeds large and small one deeply dormant upper seed and a lower less
dormant seed [59]. Dormancy breaking is different with the result of not less than
12 months of separate germination of the two seeds which could be regarded as an
obvious insurance strategy. Dormancy breaking requirements are different for the
two seeds.

Placement of Datura stramonium L. seeds on mother plants had a significant
effect on seed germination. The middle and lower seeds on the maternal plant
had less germination rate and seedling vigor than those in the upper part of the
plant [60].

In Avena fatua and Avena ludoviciana Durieu, the grains are born on different
parts of the individual spikelet that have different germination requirements. In
Amaranthus spp. different seeds on the same plant are produced that are different
in colors and seed coat morphology (Figure 2). Chenopodium album also pro-
duces brown to black seeds. Brown/black seed production ratio is 3-97%. Black
seeds require cold temperature or supply of nitrate for dormancy breaking, while
brown seeds are readily germinating at low temperature and are thin-walled.
However, brown seeds germinate quickly, and seedlings are killed by winter cold
or agricultural operations, but if they survive, they produce very large plants
with a higher reproductive output, and then black seeds germinate in the spring
season. Brown seeds ripened earlier giving the same ratio of brown to black
seeds which is probably environmentally governed. Brown seeds represent highly
opportunistic strategy, whereas black seeds are more seasonal and predictive in
behavior.

In Atriplex heterospermum (Greene) Nels. & Macbr weed, black seeds are
produced early in the season followed by large brown seeds to avoid unfavorable
conditions. Halogeton sp. behaves similarly at which black seeds are produced in
short days, while brown seeds in long days, and the weed shows differences in
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Figure 2.
Amaranthus vetroflexus black and brown seeds showing seed polymorphism.

dormancy-breaking requirements. Species of the Cruciferae family show seed size
and color polymorphism such as for Eruca sativa Mill. and Sinapis arvensis.

11. Seed dormancy and herbicide resistance

Under conditions of herbicide application, some of these chemicals are absorbed
by seeds or dormant buds, while others are not. These result in differences in
germination, emergence, and growth patterns of different weed species. However,
some herbicides may stimulate seed germination, while others inhibit this process
or even kill the seed embryo. Differences also exist in hardness and permeability
of the seed coat of different weed species at which species of Chenopodiaceae and
Leguminosae are good examples on hard seed coat species. These characters cause
differences in germination and growth of seedlings and may confer another cause
of herbicide resistance. Avoidance of herbicide toxicity may result from seed inter-
ring into dormancy and not further responding to the applied herbicide with no
absorption or translocation of the herbicide into the embryo. In addition, herbicide
molecules may be deactivated or degraded inside the seed itself by some oxida-
tive enzymes or may bound into certain constituent inside the seed. On the other
hand, stimulation of weed seeds to germinate using certain herbicides also exists
and allows higher seedling emergence and partitioning of herbicide molecules
among individuals of weed species. Division of herbicide molecules among the high
number of emerged seedlings would further dilute herbicide inside weed plants.

All the above mentioned factors should be considered when herbicide resistance is
discussed. These may cause great differences in weed seed germination, seedling
growth patterns, and distribution in the field. Seed germination rate was often more
rapid for herbicide-resistant Echinochloa oryzicola Vasing. than for herbicide-sus-
ceptible seeds, implying greater dormancy in the latter. Germination rate was often
more rapid for herbicide-resistant than for herbicide-susceptible seeds, implying
greater dormancy in the latter [61]. Population shift in life cycle has been previously
discussed as shown by Senecio vulgaris L. in order to avoid herbicide phytotoxicity.
Scursoni et al. [62] have shown that seeds from Avena fatua plants that had survived
the application of diclofop-methyl in barley crops had a lower dormancy level.
Moreover, an anticipated emergence timing of A. fatua was detected in plots that
had been treated with diclofop-methyl the previous year in relation to the emer-
gence timing observed in plots that had not been treated with the herbicide.
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12. Factors enhance seed germination and dormancy breaking

Dormancy is synchronized to the environment by a complex regulatory sys-
tem. This is directed by the balance between the dormancy-promoting (abscisic
acid) and dormancy-releasing (gibberellins) hormones via both hormone levels
and sensitivity. Seed dormancy is a survival mechanism underlying the life cycle
strategies of plants by controlling the seasonal timing of germination in the natural
environment.

Weed species differ widely in seed dormancy and longevity, season in which
they emerge and grow, depth from which they can emerge, and seed responsiveness
to light and other germination stimuli. Weed seeds that remain dormant in the soil
often germinate in response to changes in temperature, moisture, oxygen, or light.

Overcoming seed dormancy may be easily achieved under laboratory condi-
tions through a number of practices/treatments including seed hand scarification,
rubbing and peel/cortex/extra structure removal, alternate temperature, chemical
treatments, and dipping/soaking seed in water (legumes) or could be changed by
scarification—with acids or microbes, rubbing on a sandpaper or pricking it with a
pin or needle. As an example, Rhynchosia capitata (Heyne ex Roth) DC. seeds exhibit
physical dormancy that is mainly due to the impermeability of their coat. Mechanical
scarification and acid scarification (soaking of seeds in H,SO, for 60 and 80 min
and in HCl for 12 and 15 h) were very effective in breaking dormancy and enhanc-
ing germination [63]. Dormancy can be also overcome by alternate treatments of
wetting and drying aiming to destroy the hard seed coat. In addition, seeds may be
frozen and then dissolved, exposed to cold temperature and stratification, or washed
by water for removal of inhibitors. Seed germination of Eclipta prostrata (L.) L. was
completely inhibited in the dark, but in the dark/light, it was 93% at 20/30°C alter-
nating day/night temperature. Germination was more than 80% at 140°C followed
by incubation at 30/20°C for 14 days but declined at higher ratio until zero germina-
tion at 200°C. Germination is tolerant to salinity but highly sensitive to water stress.
Seeds germinate at pH of 4-10 and are enhanced closure to soil surface but reduced
thereafter until no germination obtained from a depth of 0.5 cm [64].

A novel method that overcomes coat-imposed dormancy has been reported
by Tiryaki and Topu [65]. In their method, seeds were stored at —80°C for certain
period and then treated immediately with hot water of 90°C for 5 s. This approach
of freeze-thaw scarification provided 84 and 75% germination compared with 3
and 26% of Lupinus albus L. and Trifolium pratense L., respectively. In other cases
genetic-controlled dormancy may not possibly overcome by physical or mechani-
cal treatments as for seeds of Nicandra physaloides (L.) Gaertn. which possess
one pair of iso-chromosomes. The presence or absence of an iso-chromosome
determines whether a seed will germinate readily (2n = 20) or is dormant
(2n = 19). Echinochloa oryzicola dormancy is possibly relieved through stratifica-
tion. Stratification temperatures, moisture levels, and durations contributed to its
seed dormancy released by decreasing hydrotime required for germination and
by eliminating any germination sensitivity to oxygen [61]. Alternating tempera-
tures nearly doubled germination rate in all weed populations of this species.
Stratification at Y = 0 MPa increased germination rate compared to stratification
at lower water potentials. Maximum germination rate occurred after 2-4 weeks of
stratification at 0 MPa; it was suggested that field soil saturation in winter would
contribute toward E. oryzicola dormancy release and decrease the time to seedling
emergence.

Phleum paniculatum Huds. seeds had a shallow dormancy (20-30 d) when stored
at room temperature (25 + 5°C). Seeds could germinate at constant temperatures
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between 10 and 25°C. Light was not essential for seed germination, and pH values
from 4 to 10 did not inhibit germination. Seeds were moderately adaptable to water
potential and NaCl concentration, and germination rates decreased by 50% when
water potential was —0.4 MPa or NaCl concentration was 130 mM. Increased soil
burial depth decreased the seedling emergence, and no seeds emerged at depth
more than 4 cm [66].

Cold stratification may be a highly selective treatment and hence did not
decrease dormancy for any of Lamium species collected in Sweden, while warm
stratification (21°C) of seed batches of all species that germinated when fresh
increased dormancy but decreased over time for all tested species. Pretreatment
with dry storage was most efficient in reducing dormancy for all annual Lamium. In
contrast to cold or warm stratification, dry storage led to germination in darkness
for all species [67]. Warm stratification increased germination, both in darkness
and at 15/5°C, but did not cause germination of any of the two Papaver aculeatum
populations tested at 30/20°C. Cold stratification reduced germination and limited
germination to the cooler temperatures. Alternating cold and warm stratifications
showed that the species undergoes dormancy cycles [23].

Seed dormancy of Polygonum persicaria L., Chenopodium album, Spergula
arvensis, and Sisymbrium officinale (L.) Scop. [68] is regulated by field temperature
and not nitrate and light. Aciphylla glacialis F. Muell. ex Benth seeds possess physi-
ological dormancy that is overcome by cold stratification. Seeds have undeveloped
embryos at dispersal but grow to germinate after 4-9 weeks at both constants 5°C
and 10-5°C (day-night) temperatures. The species exhibits morphophysiologi-
cal dormancy at which final percentage germination and dormancy status varied
significantly among natural populations [69]. In another study Rhie et al. [70]
reported that warm stratification (25/15°C) stimulated embryo growth and ger-
minated the seeds of bamboo (Nandina domestica Thunb.), but cold stratification
(5°C) was not required. Warm stratification at a constant 20°C speeds seed germi-
nation more than a fluctuating temperature at 25/15°C and shortened germination
time by 4 months compared with that under natural conditions. Gibberellic acid
(GA3) at 100 and 1000 mg L™" could substitute for warm stratification and break
dormancy in seeds incubated at 15/6°C. In addition seeds may be exposed to light
for chemical changes inside the seed or can be treated chemically with germination
stimulants such as potassium nitrate, gibberellic acid, cytokinins, and auxins.

In the field, many agronomic practices affect weed seed dormancy and germi-
nation through their effects on the microenvironmental and edaphic conditions
surrounding the seeds in the soil. Light penetration, soil water content, soil fertility,
and temperature are modified by tillage, planting, harvesting, and other produc-
tion practices that enhance or prevent weed seed germination. Changes in these
environmental factors may modify indirectly phytohormone concentrations during
seed development, which can subsequently affect dormancy status of the mature
seed [3, 71].

It has been postulated that temperature is the only factor that directly influences
the dormancy state of seeds, although the effects of other factors such as nitrate
and light cannot be excluded [72]. Germination is influenced by factors such as
temperature, light, nitrate, gaseous environment of the seed, and moisture content.
Light appears as the most suited factor to influence in the field to enhance weed
control. The behavior of weed seeds, in terms of dormancy characteristics, can be
substantially different according to the location of the seed in the soil. Much of this
response is related to a phytochrome requirement for germination, specifically,
to the interconversions between the active (Ps,) and inactive (P,) forms while the
physiological mechanism involved in this conversion is poorly understood.
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The changes in dormancy and germination of Chenopodium album L., Polygonum
persicaria H., P. lapathifolium L. subsp. lapathifolium, Sisymbrium officinale (L.)
Scop, and Spergula arvensis L. found regulated by temperature. Soil moisture and
nitrate content had no effect. Germination of C. album, S. officinale, and S. arvensis
was stimulated by light, nitrate, and desiccation. These factors all increased the
width of the range of temperatures over which germination could proceed and
therefore affected the expression of dormancy. Germination depended on the one
hand on the actual field temperature after exhumation and on the range of the
germination temperature, which was determined by the dormancy status of the
seeds and soil temperature during burial. When nitrate was added during the test,
the germination temperature range became wider, and germination could occur
during a longer period of the year [73].

Karimmojeni et al. [74] studied dormancy breaking in seeds of Thlaspi arvense
L., Descurainia sophia (L.) Webb ex Prantl., and Malcolmia africana (L.) W.T. Aiton
(Brassicaceae) and reported that burying seeds of D. sophia, at a depth of 10 cm
for 60 days, resulted in 55% germination and seeds dry-stored at 20°C for 180 days
(45%) showed the highest level of germination. In M. africana, the germination
percentage reached 95% when seeds buried at a depth of 1 cm were soaked in a GA;
concentration of 150 ppm. T. arvense had the lowest level of germination compared
to the other species. The highest percentage of T. arvense germination was obtained
in seeds treated with 150 ppm GA;. Potassium nitrate partly increased germina-
tion of M. africana, which initially was less dormant than those of T. arvense and
D. sophia. Light is the most common germination trigger, though many seeds
also respond to temperature and moisture fluctuations, increased aeration, and
increased release of nitrate and other soluble nutrients that occur in tilled soil [75].
Tillage may end dormancy stage by exposing seeds to temperature and light. In
many weed species, dormancy may be ended by treatment with a single factor or
a mixture of ecological factors such as exposure to cold or humid conditions or to
cold temperature and light.

In certain species cracking of the hard seed coat resulted from its exposure
to mechanical pressure through coldness, freezing, scarification, or abrasion or
through microbial attack that is necessary for germination. In other species seed
coat must be destroyed, modified, or partially dissolved to provide the embryo
with the necessary secondary growth factors. Embryos that are constrained by a
mechanical barrier, such as the surrounding endosperm, perisperm, or megagame-
tophyte (such as those that exhibit coat-enhanced dormancy), appear to require a
weakening of these structures to permit radicle protrusion. This weakening involves
partial enzymatic degradation of the cell walls. Seeds of Datura ferox exhibit
increased endo-p-mannanase and p-mannosidase activities in the micropylar region
of the endosperm after red light stimulation and many hours before the radicle
protrudes through it [76]. Sometimes it is necessary washing the inhibitory chemi-
cals. In other cases humid cold period or stratification is required during autumn
and late in winter.

Certain species such as wild oats will not germinate unless seeds are exposed to
warm dry conditions for dormancy breaking. Many weed species require light for
seed germination, and this occurs when they get mature or may be stimulated by
seed burying in the soil. Therefore, one effect of tillage is through dormant seed
exposure for red light even for a short time to enhance germination. Some research-
ers study the implementation of tillage during the night to prevent stimulation
of seed germination of certain weed species. The ratio of the active phytochrome
far-red (Pg) and inactive phytochrome red (P,) determines whether the seed is
dormant or not. The optimum ratio is established after exposure of the seed to
white light which converts P, to Py, in the embryo. Outer coverings form a filter to
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high incident light on the seed and modify its effectiveness in converting P, to Pg.
Chenopodium album seeds with dark seed coats are less responsive to light than their
thin, light-coated counterparts. Dark seeds filter out light and reduce the conversion
of P, to P when exposed to light; hence they remain dormant for longer periods
than thin light-coated seeds.

In general, the main factors inducing or ending seed dormancy are light including
day length, light type, dark period, and photoperiod; immature embryo; imperme-
able seed coat to water, oxygen, or both as in seeds of Amaranthus spp., Capsella
bursa-pastoris, and wild Brassica.; and chemical inhibitors such as ABA and allelo-
chemicals. Oxygen of percentages in the soil ranged between 1 and 9%. CO, with a
percentage between 5 and 15%, temperature. Low oxygen prevents oxidative stress
and germination, while high CO, induced dormancy of Brassica alba seeds. The after-
ripening needs which are irrelevant to the degree of the embryo maturation are also
involved in dormancy due to physiological changes that are not very well understood.

Soil disturbance and light stimulate germination and emergence prior to crop
planting in order to remove as many weeds from the soil seed bank as possible.
However, weed seed banks can be manipulated [75] by encouraging seed germina-
tion or trapping them to germinate, modifying their environment, placing seeds in
a position that are not able from or in others where they are much exposed to heat
and light, and using certified crop seeds.

A dense, shading plant canopy can also deepen the dormancy in some weed
seeds. The dim green light under such a canopy can actually be more effective than
continuous darkness in inhibiting the germination of light-responsive seeds [77].
Light quality under such foliage may have rendered weed seeds more dormant [78].
Dense crop canopies may also reduce subsequent weed emergence by reducing seed
production or increasing seed mortality and hence provide favorable habitat for
seed predators, resulting from reductions in the seed bank and subsequent weed
emergence [79]. This dormancy strategy works best for annual weeds whose seeds
often show conditional, light-mediated dormancy. Drought and shade were found
to reduce reproductive allocation and resulted in seed of Avena fatua with less
intense primary dormancy than the plants grown under resource-rich conditions,
but had no apparent effect on seed vigor [80].

Karrikinolide may be an efficient means of stimulating weed seeds to germi-
nate. These weed seeds would otherwise remain viable in the weed seed bank.
Karrikinolide appeared to stimulate a broad spectrum of weed species, including
wild turnip, wild radish, wild mustard, wild oat, cape weed, barley grass, and
Paterson’s curse. Germination stimulation of weed seeds was dependent on seed
dormancy state, with some species (i.e., wild turnip and barley grass) responding
differently depending on seed maturity conditions in the maternal environment.
The application of karrikinolide at relatively low rates (2 g/ha) to weeds both ex
situ and #n situ can significantly improve weed seed germination while lower rates
were inefficient. Karrikinolide seems working as a germination stimulant rather
than a dormancy-breaking agent [81]. The smoke-derived chemical karrikinolide
responses of seeds differed among populations of Brassica tournefortii, but this
variation was reduced when seeds developed in a common environment. The
KAR1 responses of each population changed when seeds developed in different
environments. Different parental environments affected germination responses
of the populations differently, showing that parental environment interacts with
genetics to determine KAR1 responses. Seeds from droughted plants were 5% more
responsive to KAR1 and 5% less dormant than seeds from well-watered plants, but
KAR1 responses and dormancy state were not intrinsically; however, the parental
environment in which seeds develop is one of the key drivers of the KAR1 responses
of seeds [82].
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13. Parasitic weeds and seed germination stimulants and inhibitors
13.1 Germination stimulants

Natural chemicals may include seed germination and growth stimulants includ-
ing those for parasitic weeds. The ability of these chemicals to modify or break
down seed dormancy and physiologically activate food transport, and embryo
growth and development, or ruling out the over wintering stage of different living
organisms, defense mechanisms, parasitic plants attachment and historian invasion
to host tissues are examples on their positive effects [83].

Several natural chemicals have been identified as seed germination stimulants
of parasitic species [84]. The main groups are the sesquiterpene lactones [85, 86];
some are alectrol from Vigna sinensis L., orobanchol from Trifolium pratense [87],
and strigolactones and orobanchol from sorghum [88, 89]. Strigol was identified
from the root exudates of Gossypium hirsutum L. plants and Zea mays L., which all
are also produced by Striga host plants [90]. Some sesquiterpene lactones induce
seed germination of Orobanche cumana Wallr. [91] better than the synthetic ger-
mination stimulant, GR24. However, Rice [39] stated that the stimulatory effect of
allelochemicals is rather very limited or even rare and usually associated with low
concentration effects of the compounds.

Strigol, alectrol, and sorgolactone are Striga germination stimulants, all pro-
duced by the parasite host plants, while different plant species have shown a strong
ability to stimulate seed germination of different Orobanche species by more than
90% [90]. Ethylene was reported by Zehar and Fer [92] to induce germination of
GR24-conditioned seeds of Orobanche ramosa, and its synthesis is required for para-
site germination. However, a large number of synthetic substances were reported
to stimulate germination of Striga species, among which are coumarin derivatives,
scopoletin, thiourea, allylthiourea, sulfuric acid, sodium hypochlorite, and inositol
[93]. Thidiazuron herbicide has been reported to activate ethylene release [94] and
thus indirectly enhance Striga seed germination, although it is regarded by the same
author as an inhibitor of haustorial development.

Ethylene- and ethephon-releasing compounds were effective in stimulating Striga
asiatica (L.) Kuntze [95], while under field conditions, it was highly efficient against
Striga hermonthica (Del.) Benth. Other chemicals have been found to stimulate Striga
germination iz vitro including several growth hormones and kinetins. Thuring et al.
[96] were able to synthesize two diastereomers of demethylsorgolactone. Nijmegen-1
was active at low concentration as a suicidal germination agent for both Striga and
Orobanche [97]. Yoneyama et al. [98] reported that jasmonates and related com-
pounds elicited seed germination of O. minor and methyl jasmonate was the most
active stimulant on several Striga and Orobanche species. The synthetic germination
stimulants, strigol analogues (GR compounds), stimulate seed germination of differ-
ent Striga and Orobanche species. Strigol has been reported for Orobanche stimulation
[99], and its analogues GR7 and GR45 stimulated germination of O. minor.

Luque et al. [100] reported that parthenolide and 3,5-dihydroxydehydrocostus
lactone significantly increased O. cumana germination and exhibited higher activity
than GR24. The positive role of this hormone was further confirmed. The activity
of germination stimulants for suicidal germination of Orobanche seeds under field
conditions could be substantially enhanced by applying brassinolide (2a, 3a, 22R,
and 23R-tetrahydroxy-24Smethyl-B-homo-7-oxa-5-a-cholesten-6-ono) and related
compounds to the infested soils [101].

The role of microorganisms (e.g., Streptomyces) has also been implicated in
Orobanche seed germination. Christeva and Naumova [102] reported different
strains of Streptomyces to induce germination of O. ramosa and concluded that
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microorganisms may take part in germination processes of this parasite. In another
study, Yoneyama et al. [103] reported stimulation of O. minor seed germination by
certain fungal metabolites including cotylenins and fusicoccins at concentrations as
low as 107> M and up to more than 50%.

Different plant species have been reported to show a strong ability to stimulate
seed germination of different Orobanche species by more than 90%, and extracts
of hundreds of plant species were tested for possibly stimulating or inhibiting seed
germination of different Orobanche spp.; many proved effective and may be consid-
ered as trap, cover, and catch species or a source of natural germination stimulants
for these parasites [104-106].

13.2 Germination inhibitors

Inhibitory allelochemicals may work at different stages of the parasite’s life cycle
from germination to growth and development. However, a reverse action may be
obtained at low concentration received by the parasite.

Serghini et al. [107] reported that coumarins affect the normal growth and
development of Orobanche cumana seedlings and the effect was more intense from
the resistant than in the susceptible cultivars. Coumarins (ayapin and scopoletin)
from sunflower plants were implicated as inhibitory allelochemicals to germina-
tion; growth and development of O. cumana [91] are both excreted by sunflower
roots into the environment and could act as toxic allelochemicals to the parasite
[108]. Bar-Nun and Mayer [109] reported the presence of large amounts of oleic
and linoleic acids and small amounts of stearic and palmitic acids in Orobanche
aegyptiaca (Pers.) Pomel. seeds. The authors expected these acids to interfere with
sugar metabolism and thus prevent parasite seed germination during the precondi-
tioning period. Sunflower seeds treated with 40 ppm of benzo(1,2,3)thiadiazole-
7-carbothioic acid S-methyl ester (BTH) for 36 h completely prevented infection
of O. cumana in root chambers [110]. In pot studies, at considerable inoculums of
O. cumana seeds, the total number of parasite shoots was reduced by almost 90%
with 60 ppm of BTH. Different Fusarium spp. were reported by Sauerborn [111] to
infect Orobanche and Striga seeds and parasite plants, and he emphasized the role of
phytotoxins in the process. He added that members of the genus Fusarium produce
toxins such as enniatin, fumonisin, fusaric acid, moniliformin, and trichothecenes
that possess a broad range of biological activities and metabolic effects. However,
some of these compounds have been already proposed and considered to be used as
natural herbicides [112]. Later studies showed fusaric acid and 9,10-dehydrofusaric
acid to be active at low doses in reducing Striga seed germination [113]. Zehar and
Fer [92] found T-2 toxin from Fusarium sp. to be the most active among 14 fungal
toxins tested, inhibiting 100% seed germination at 10~ M and was active down
to 10~ M (19% inhibition). Deoxynivalenol [vomitoxin], produced by Fusarium
spp., was also very effective, causing 100 and 69% reduction in germination when
assayed at 10™* and 107> M, respectively. The high activity shown by some fungal
toxins suggests that they may have potential as more natural and safe herbicides to
suppress S. hermonthica seed germination. The use of toxic secondary metabolites
could represent a useful alternative strategy in the management of parasitic weeds,
by interfering with the induced germination process, and that fungal culture
extracts could be an interesting source of new compounds acting as natural and
original herbicides on these parasites.

Ancymidol, uniconazole, and paclobutrazol were reported as strong inhibitors
of Orobanche ramosa germination, and CCC, daminozide, and prohexadione at 107
had a similar effect [92]. The inhibitory effect of paclobutrazol and uniconazole
could be resulted from the increased level of abscisic acid.
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Oxidative metabolism of ABA into phaseic acid and exogenous ABA is a strong
inhibitor of O. ramosa germination [89]. Germination of S. asiatica was reduced
by silver thiosulphate and COCH, inhibitors of ethylene action, and ACC oxide
[114]. Aminoethoxyvinyl glycine reduced cytokinin thidiazuron-induced parasite
germination.

14. Genetic studies on weed seed dormancy

Seed dormancy is mainly found in wild species in which weeds form the
integral part of these species and are facing extreme challenges under field
conditions. Dormancy is a strategy of weed survival and persistence that chal-
lenge farmers under all conditions. In contrast, crops lack such a trait and always
show rapid and uniform seed germination [6] with some exceptions as for cereals
that possess a moderate degree of dormancy to resist preharvest sprouting (the
germination of seeds after maturation but before harvest in moist environment)
that results in substantial yield loss. Dormancy is a genetically complex trait
controlled by polygenes, but its effects are influenced by the genetic background
and environmental factors [115]. However, genotype-by-environment interac-
tions have been reported for seed dormancy in different species [116, 117].

The growth environment greatly affects both the number and the influence of
individual quantitative trait locus (QTL) in a mapping population [118]. Gu et al.
[119] suggested the presence of genetically complex networks in the regulation of
variation for seed dormancy in natural populations of weedy rice (Oryza sativa).
Multiple loci and epistasis control genetic variation for seed dormancy in the
weed. Iso-chromosomes have been also mentioned to determine seed germination
and dormancy. However, molecular studies on dormancy genetics are clearly rare,
and there is a need for research in this aspect and genetic dormancy differences
among and between weed species and their populations and the link of these with
environmental conditions.

15. Seed dormancy as a weed survival strategy

Dormancy is a property that enables weed seeds to survive conditions hazard-
ous to plant growth, such as the periods of extreme heat and drought in certain
geographical regions or the long cold winters in temperate regions, and allows them
to germinate at some later time or in some other place [120, 121]. Similarly, Roberts
[122] indicated that seed dormancy mechanisms tend to inhibit seed germinating at
the wrong time and in the wrong place. Hence, weed seeds can persist in the soil for
many years and germinate after experiencing conditions favorable for seedling sur-
vival through maturity [120]. Such a behavior results in the accumulation of large
quantities of seeds in the soil, forming either transient or persistent banks which
constitute the regenerative strategy developed by many weed species [31, 120]. In
further support of this concept, the analysis of the composition of most seed pools
has revealed that dormant seeds are only produced in large numbers by species
whose growing populations are subject to periodic local extinction, such as in the
case of early succession. In addition, species exposed to elimination conditions
such as the use of extensive applications of herbicides or implementation of certain
other agricultural practices (flooding, soil solarization, deep tillage, and continued
disturbance) tend to show tolerance or resistance to such practices and deep seed
dormancy as a hazard avoidance strategy. Similar strategy is also expressed well
under severe stress conditions such as extreme drought and salinity.
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16. Conclusions

Seed dormancy is of different types and has several definitions; it is a highly com-
plicated phenomenon weakly understood until now in spite of the huge number of
publications available. The poor understanding of dormancy is mainly due the com-
plexity of the factors involved including mechanical, physiological, and biochemical
that may be also genetically and/or environmentally controlled. Although much is
known on dormancy induction and breaking, but the complicated and interrelated
issues occur in the seed itself including the seed coat, embryo, cotyledon, endo-
sperm, cell organelles, nuclei, and associated structures that all need much research
work on their roles and effects on dormancy. In addition, a similar work is required
on the role and influence of the external environmental factors. Weeds are of most
concern since possess different types of dormancy and challenges farmers as well as
researchers under field conditions. Literature on the causal factors of dormancy are
huge and varied including information on the seed coat and its structures, effects
of temperature, light and phytochrome system, hormones, synthetic chemicals,
enzymes, temperature, O,, CO,, seed internal structures, embryo and its surround-
ing structures, inhibitors, cell membranes, secondary metabolites and allelochemi-
cals, stresses, agricultural practices and genetics, soil moisture and relative humidity,
salinity, soil pH, and many other related factors. These factors and their interactions
influence seed dormancy and germination. The interaction between environmen-
tal factors and seed factors that determines seed germination time, periodicity,
sequences and percentages and the final density of the emerged weed population.
However, while researchers all over the world are trying to solve and reveal the
secrecy stands behind seed dormancy in order to find solutions for some problems
that the farmers facing under field conditions at which seed dormancy of weeds is
the main issue, dormancy from the weedness perspectives is a survival strategy that
these unwanted plant species adapt themselves to survive and exist free from haz-
ards and insure their generations and genetic lines. Therefore dormancy is a natural
phenomenon created through genetics, environment, or their interactions, while
research work carried out till now is just to understand this trial and to accommodate
ourselves accordingly with. Therefore, seed dormancy is one of the most important
adaptive mechanisms in plants, which protects seeds from precocious germination in
the presence of the inappropriate conditions for growth continuation.
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Abstract

Despite a large number of publications available, the control mechanisms of
seed dormancy and germination are far to be fully understood. Seed dormancy
and germination are very complex biological processes and because they involve
multiple factors (physiological, mechanical, and environmental) and their nonlinear
interactions. This explains why extremely little variations on some of those factors
and in the way they interact caused enormous variation in the obtained results.
Multifactorial process like these can be modeled using computer-based tools to
predict better results. In this chapter, some basic concepts relative to seed dormancy
and germination and the main factors (physiological, involved in seed dormancy,
particularly dormancy-inducers and dormancy-breakers, and seed germination) are
reviewed. In the next two, we describe the use of artificial intelligence computer-
based models to better understand the physiological mechanisms of seed dormancy
(how dormancy is controlled and how can be released) and seed germination.
Finally, some applications of artificial neural networks, fuzzy logic, and genetic
algorithms to elucidate critical factors and predict optimal condition for seed dor-
mancy-breaking and germination are given as examples of the utility of this powerful
computer-based tools.

Keywords: primary dormancy, secondary dormancy, dormancy maintenance,
dormancy release, germination factors, temperature fluctuations, light exposure,
moisture, day length, after-ripening, stratification

1. Introduction

The importance of the seeds began with the dawn of agriculture, around
12,000 years ago, although seeds have been collected and eaten for many thousands
of years before crop domestication (20,000-100,000 years). This domestication
involved the selection of the desirable traits, as a high yield, appropriated seed size
and good resistance/tolerance to biotic and abiotic stress, avoiding undesirable ones
(mechanism of dispersion and seed latency).

The knowledge about the storage, distribution, germination, sowing, and
harvest of seeds improved for the following centuries. The first written references
on the germination of seeds can be found in religious texts or in the “naturalist-texts
of Greeks and Romans.” In those documents, Theophrastus and Pliny, the elder
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explain various germination concerns, as the need of drying the seeds for storage or
soaking them in water or in milk to stimulate their germination [1].

Germination is a complex physiologic process, beginning with water imbibition
by the seeds and ending with the emergence of one part of the embryonic organ,
the radicle. Harvested mature seeds are usually quiescent, meaning that they may
survive many years with a standstill metabolism and low water content (<15%).
Quiescent seeds must be imbibed for being able to activate its metabolism and
germinate under suitable environmental conditions [2]. During seed imbibition,
water uptake triggers the resumption of seed normal metabolic levels, and promote
the damage repair occurred during drying. Once the seeds return to their normal
metabolic state, an expansion of embryonic cells causes the embryo emergence and
marks the end of germination. However, some imbibed and metabolically active
seeds cannot germinate under a wide range of normal environmental factors and
hence, they are considered dormant [3].

Seed dormancy plays a key role in the regulation of germination [4, 5].
Dormancy induction, maintenance, and release are determined by physiological
and morphological seed characteristics and their control are governed by many
genetic and environmental factors. Dormancy is then, a very complex biological
process that involves multiple interactive factors (physiological, mechanical, and
environmental), making it difficult to fully understand its performance despite the
large number of publications available. Therefore, understanding how dormancy
can be controlled and/or released should ensure the success of germination in desir-
able species with very interesting consequences in the socio-economic and research
fields [4].

The factors that affect dormancy release and germination are generally studied
independently, although they are obviously interconnected: a) no germination is
being possible without dormancy-breaking, b) it is almost impossible to define the
beginning and the end of each process and, ¢) many factors may interact or coun-
teract in both processes.

Traditionally, data from dormancy or germination studies were analyzed using
traditional statistical methods, nevertheless, complex biological process such as
germination and seed dormancy, cannot be fully understand by simple comparison
of means among treatments, analysis of variance, regression models or simple
algorithms, with those approaches being necessary to integrate multidimensional
data to describe complex biological interactions [6, 7].

Artificial intelligence (AI) tools have been shown as useful techniques for estab-
lishing relationships between multiple variables (factors and parameters) [8-10].
In addition, several studies have shown the effectiveness of those Al tools, such as
artificial neural networks (ANNs) combined with fuzzy logic or genetic algorithms
for modeling and optimizing complex biological processes [11, 12].

In this chapter, we describe how AI models can be used for a better understand-
ing and selection of the critical factors that stimulate the physiological mechanism
of dormancy-breaking and germination in seeds.

2. Seed dormancy and germination: some basic concepts

Dormancy is an evolutionary characteristic that has increased the survival of
plant species, through the inhibition of seed germination in adverse conditions [13].
Seed dormancy could be considered a germination absence under suitable envi-
ronmental conditions, in an intact viable seed. This germination lack has evolved
differently across the species and hence, several dormancy mechanisms have been
developed according to the diversity of climates and habitats [5].
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Nikolaeva developed the first dormancy classification scheme including just
two kinds of dormancy: endogenous and exogenous [14]. In the first one, embryo
prevents germination, while in the second one, some seed structures or chemicals
are responsible for germination inhibition [14]. Later, Bewley and collaborators
described the mechanism involved in these two dormancies [2, 15]. According to
these authors, the endogenous dormancy, re-named as embryo dormancy, can be
induced by undifferentiated embryos, immature embryos, chemical inhibitors
(present in seeds) and physiological constraints. On the other side, exogenous dor-
mancy, re-named by these authors as coat-imposed dormancy, is caused by several
covering tissues that interfered with or suppress seed germination. These tissues
inhibit water uptake, gas exchange, chemical inhibitors release or cause mechanical
restraint. Plants can exhibit one or both types of dormancy, acting simultaneously
or successively.

These different terms and definitions of seed dormancy have caused confusion
within the scientific community because they include both morphological and
physiological properties of the seeds. In the earliest years of this century, Baskin
and Baskin [3] proposed a comprehensive classification, which accurately reflects
all the points of view mentioned above, which comprise five main classes of seed
dormancy: physiological (PD), morphological (MD), morphophysiological (MPD),
physical (PY) and combinational (PY + PD).

Briefly, in PD class, seeds are water-permeable but present a physiological mech-
anism in the embryo that inhibits seed germination. Seeds with PD are affected by
the phytohormone abscisic acid (ABA) and their physiological-inhibition grade
(deep, intermediate and nondeep) varies according to their response to other
phytohormone gibberellic acid (GA) and the breaking-dormancy requirements.
Seeds showing MD dormancy have a small immature (underdeveloped, but differ-
entiated) embryo and therefore, just needing an extra incubation time and suitable
conditions for normal embryo development and following germination. However,
in the case of seeds belonging to MPD dormancy, in addition to presenting an
underdeveloped embryo, they also show PD that should be first broken to allow
full embryo development, through warm/cold stratification and /or GA treatments.
Concerning PY, it is caused by one or several cell layers that avoid the entry of water
in the seed and can be broken under natural (high and/or fluctuating temperatures,
fire, drying, digestive animal tract transit, and so on) or artificial (chemical or
mechanical scarification or abrasion) conditions. By the formation of a gap between
these waterproof coats, letting the water available for the embryo, germination
can be restored. Finally, the combination of PY and PD, make the breaking the
waterproof layers and the embryo physiological dormancy, necessary for achieving
germination.

Despite all the above, it is important to emphasize that PD is the widest wide-
spread, prevalent and abundant dormancy class for seeds from gymnosperms and
angiosperms [3-5]. The wide distribution of plants with PD seeds have triggered in
the appearance of different physiological mechanisms of induction or maintenance
of dormancy. Moreover, these mechanisms are related to the environmental charac-
teristics where the mother plant has grown [4, 5]. Many species with PD seeds show
a cyclic change in dormancy states (primary and secondary), governed by several
factors (Figure1).

Induction of primary dormancy may impose during seed development by
endogenous factors and its function is to prevent precocious germination, while
seeds are being developed in the mother plant or immediately after their dispersal
[2]. The plant hormone ABA is the main endogenous factor involved in the primary
dormancy induction; however, exogenous factors such as environmental factors
have also a high influence on this induction. In this sense, under optimal or at least
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Figure 1.

cheme of seed dormancy and germination control and regulation in response to environmental conditions.
Several factors are involved on dormancy induction (red) and release (green arrows). Germination process
can only be fully achieved if seed germination requirements (thresholds or sensitivity) overlap with adequate
environmental conditions (green dotted area).

favorable conditions, the seeds do not suffer any germination block, moving to a
nondormant state (Figure 1). Under favorable environmental conditions, germina-
tion starts with water uptake, followed by embryo expansion (embryo leave the
dormant state, mobilizes stored nutrients, full elongate) and finish when breaks the
covering coats and radicle protrusion occurs [4, 5, 16]. In any other circumstance, a
blockage will happen at any time and the seeds will return to the dormant state.

Dormancy-breaking factors promote changes in dormant seeds (they cannot
germinate in any condition) increasing their sensibility and allowing their germina-
tion under adequate environmental conditions [4, 5]. In addition, between dor-
mancy and nondormant status, seeds are in a transitional state called conditional
dormancy (CD), in which seeds are able to germinate but only in a small narrow of
environmental conditions (Figure 1). In some species, under unfavorable condi-
tions for germination, nondormant seeds may enter in a secondary dormancy status
before germination [4, 17]. These seeds may continue in the transition between
nondormant and dormant stage, which drives to a seasonal dormancy cycling
(Figure 1). The cycle may continue for several years and is related to the mainte-
nance of the soil seed bank, essential for the survival of plants communities.

The presence of nondormant and dormant seeds in a population depends on the
effect of several induction factors during their development. These factors repre-
sent the main checkpoints in the control of germination and are summarized below.

2.1 Dormancy induction and maintenance factors

Seeds dormancy induction is highly correlated to the ABA content. This induc-
tion begins during seed development in the mother plant [18, 19]. In the initial
stage, mother plant supplies ABA to seeds to prevent the premature germination
[20-22]. In fact, Arabidopsis and maize mutants with reduced input of maternal
ABA conduce to seeds germination in the mother plant [23, 24]. During the devel-
opment, seeds begin to produce ABA by themselves and several scientific evidences
demonstrated that this is the main factor required for inducing primary dormancy
[5, 25, 26]. In fact, enhanced dormancy is evident in Arabidopsis mutants with
overexpression of ABA biosynthesis genes, while ABA deficiency during seed devel-
opment fails to induce primary dormancy. Therefore, it is widely accepted that the
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ABA synthesized in the embryo and endosperm is the most critical factor inducing
seed dormancy [16, 26].

ABA has also been proposed as the main factor involved in the dormancy main-
tenance of seeds, which still are dormant after their dispersion. In fact, de novo ABA
biosynthesis has been associated to the maintenance of dormant state in several spe-
cies (Hordeum vulgare, Helianthus annuus, and Nicotiana plumbaginifolia) [27-29]. In
addition, Arabidopsis thaliana ecotype Cape Verde Island, imbibed seeds presented
high ABA content and strong dormancy [17].

Recently, another phytohormone, the auxin indolacetic acid (IAA), has been
found to regulate seed dormancy. Auxins have a similar effect than ABA, and
transgenic seeds that overproduce auxin show a strong seed dormancy compared
with wild-type seeds [30]. However, while the dormancy control of ABA by
environmental signals is well-studied, the control of auxins in dormancy is not
well-known yet [31].

The environment has a strong influence on the induction of dormancy dur-
ing seed development (Figure 1). The main environmental factors affecting ABA
content are temperature and light. They promote genetic expression changes in the
mother plant during the seed development, which modify the ABA concentration
and seed sensitivity to this phytohormone [2, 19]. Generally, low temperatures
increase the dormancy induction during seed development in the mother plant, by
increasing the expression of genes related to ABA biosynthesis, while high tempera-
tures rise expression of ABA catabolism expression [2].

Dormancy induction is also influenced by natural light quantity (daily distribu-
tion), and quality (spectrum). Light daily distribution is controlled by the photo-
periodic cycle: long days promote dormant seeds, while short days the opposite;
the light quality is regulated via plant phytochrome (Prf): red wavelengths light
(as white fluorescent) promote dormancy release, whereas far-red wavelengths
(incandescent lights) promote dormancy induction and maintenance [32].

There are other factors, such as soil characteristics, that may also affect dor-
mancy induction. Mineral nutrients such as nitrates, phosphate, sodium, potas-
sium, zinc, iron, cooper taken up by the mother plant and translocated to the seeds
has been included as dormancy inductors [2].

Finally, other mother plant physiological characteristics such as age, seed matu-
ration timing, and seed position, which also can alter the dormancy induction [18].

2.2 Dormancy-breaking factors

The effect of ABA on dormancy induction and maintenance is counteracted by
gibberellic acid (GA) since dormancy release depends mostly on ABA:GA balance
(biosynthesis and catabolism) in seeds [33, 34]. This effect was demonstrated using
plant deficient mutants. As example, Arabidopsis GA-deficient mutants present
a strong seed dormancy and need exogenous application of GA for dormancy
breaking [35], whereas mutants for genes involved in the negative regulators of GA
biosynthesis pathway decreased the seed dormancy [36, 37]. Therefore, the release
of latency depends on the concentration and sensitivity of the seeds to both phy-
tohormones. Once seeds are imbibed, an increase in sensitivity and concentration
of GA is necessary for dormancy release and some signals should trigger it. Nitric
oxide (NO) has been proposed as a release dormancy signal since is related to the
decrease of ABA sensibility and the increase of GA biosynthesis pathway in seeds of
many species [38, 39]. Therefore, the dormancy release is established by the con-
centration and sensibility of both phytohormones in seeds.

Once seeds are released from the mother plant to the soil seed bank, they begin
to behave as sensors which may detect environmental factors (signals) and change
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their dormancy status, affecting the expression of genes related to phytohormone
metabolism [40]. The combination of environmental signals and phytohormonal
metabolism provides a complex network that allows controlling the germination
according to ecological opportunities [5, 26].

The dormancy-breaking mechanisms have been modified by evolution pro-
cesses, according to the environmental signals in which the species lives. This
facilitated that plant species with PD were dispersed and adapted to different habi-
tats. Soil temperature and moisture are the major factors that indicate the seasonal
changes. Both factors trigger the main modifications in the depth of dormancy, by
changing the seeds sensibility to other environmental factors such as, light or nitrate
among others [41].

Concerning those main factors, two main dormancy patterns have been found in
the field. For species autumn-germinating, the dormancy is release during summer
under warm and dry conditions, while for spring-germinating species the pattern
shows a release of dormancy during winter under cold and wet conditions [42]. The
evolutionary usefulness of dormancy is that the seeds need going through adverse
germination conditions as a requirement to be able to break it and germinate condi-
tions become appropriate. As example of this, has been described for seeds autumn-
germinating that extend periods of warm temperature and dryness allowed release
primary dormancy. This dormancy-breaking process is termed as after-ripening,
promoting a decrease in ABA concentration in seeds, an increase GA sensitivity
and widespread the range of other environmental requirements for germination.
Ecologically, this requirement prevents germination during the hottest period
of summer, being necessary for breaking dormancy and allowing the following
germination in autumn.

The time required of after-ripening for release dormancy is highly genotype-
dependent. Moreover, using different temperatures and moisture content the
after-ripening may be accelerated [43]. In fact, the after-ripening improved the
germination of three autumn-germinating species (Anthocercis littorea, Dioscorea
hastifolia, and Z. fruticulosum) when the temperature and moist conditions were
modified from their normal summer conditions [44].

As described above, seeds spring-germinating need periods of cold temperatures
under moist conditions. This process is usually known as cold stratification or
chilling. Seed stratification, promote the expression of genes related to GA biosyn-
thesis and also decline the activity of some GA catabolic genes [45]. The stratifica-
tion is required for majority nontropical species, which are spring germinating.
Ecologically, this requirement prevents germination during their unfavorable
season (winter) and allows their germination during spring, where suitable envi-
ronmental conditions for seedling growth are settled (Figure 1). However, some
species have a long period of cold stratification as requirement for break dormancy.
In this case, a combination of after-ripening and cold stratification can be required
in order to release dormancy [3].

Once the temperature and soil moisture have modified seed dormancy depth,
seeds increase their sensibility to other breaking dormancy and germination factors.
For example, light is considered an important environmental factor for releasing
dormancy. Many species only break their dormancy by exposure to white light (i.e.,
sunlight), while other seeds only release dormancy by a change in photoperiod (i.e.,
length of the day).

Oxygen or carbon dioxide (soil gases) incorporated into the pores soil or dissolved
in soil solution may affect the dormancy of the seeds. The seed responses to soil gases
are highly variable and are dependent of the other environmental factors [2].
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2.3 Germination factors

After dormancy release, nondormant seeds increase their sensitivity to the
environmental factors favoring germination. To that end, GA stimulates germina-
tion in nondormant seeds by induction of hydrolytic enzymes, which stimulate
the embryo growth, mobilization of endosperm storage reserves and weakening of
tissues that are recovering the embryo [13]. Other phytohormones, such as ethylene
and brassinosteroids, seems to be involved in some extension and limited impact
on dormancy and germination, by reducing the influence of ABA effects in seeds
[26, 46]. Indeed, exogenous applications of phytohormones as GA, cytokinins, or
ethylene promoted germination in some species [47, 48].

Once phytohormones have induced seed sensibility, several environmental fac-
tors are involved on seed germination.

Temperature is a good seasonal indicator for seeds germination capacity and
rate, although may induce secondary dormancy too. Usually, the temperature
ranges for germinate are opposite to the ranges for release dormancy, as we
described above. The range of temperature, in which seeds are able to germinate,
falls into the next three categories: minimum, optimum and maximum. These
ranges are related with the adaption of each species to their habitat and the
favorable conditions for later seedling growth. As example, Carex sp. evidenced
different temperature requirements for seed germination since they need a cold
stratification for break dormancy but they are not able to germinate at low temper-
ature. In fact, the best germination temperature was determined around 25°C [49].
Contrary, a study with 50 autumn-germinating species with after-ripening require-
ments, dormant or conditional dormant, demonstrated that they germinated only
at low temperatures [50].

Water, particularly soil moisture, is an essential factor for seed germination.
Water availability affects to the rate and speed of germination. The imbibition
process, explained previously, allows the normal metabolic process resumption
in nondormant seeds. In addition, it allows the radicle growth and elongation for
break the seed coat [18].

Light is well known for stimulating germination in several species, since some
nondormant hydrated seeds acquire high sensitivity to this factor after releasing
their dormancy by after-ripening or chilling. The light requirement for germina-
tion prevents this process in unfavorable time or places for the seedling growth.
Natural (fire) or cultivation (agricultural management) events caused soil
disturbances, letting soil seed bank to be exposed to sunlight and favoring their
germination [2].

Nitrate, nitric oxide and nitrites may stimulate the germination of many species.
The ecological significance is that the seedling requires large amounts of nitrogen
for optimal development. However, other germination factor/s may change the
seed responsiveness to nitrate and their interaction regulates the germination
response [51].

In conclusion, dormancy release and germination are sequential processes and
it is too difficult to distinguish the end and the beginning of each one. It seems that
seeds need opposite environmental conditions to germinate that those for release
dormancy (i.e., temperature as explained above). In addition, the environmental
requirements for germination are species-dependent. Therefore, the combinations
of multiple factors (endogenous and environmental conditions) regulating seed
dormancy and germination, makes so difficult to understand and predict the best
germination conditions [2, 18, 37, 41].
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3. Integrating information to understand dormancy and germination

Seed dormancy and germination are complex biological processes, as described
previously. Understanding these processes and, subsequently predict and optimize
them is a quite difficult task due to the high number of variables (factors) involved
in dormancy and germination [7, 11]. In fact, using traditional methods, only a few
number of factors can be studied simultaneously, so the fully understanding of
dormancy and germination still remain a challenge.

Other limitation derived on the different kind of data generated by biological
processes. Then the importance of each factor needs to be determined by diverse
statistical analyses depending on data nature (binary, discrete, continuous, and so
on). In addition, the traditional statistical analysis is quite limited to the possible
interaction among factors and does not allow predicting their best factor conditions
to optimize both processes. Therefore, for these kinds of processes, simple stepwise
algorithms are useless and therefore, more complex analytical tools are required;
such as multivariable approaches (networks) using computational models [52].

To develop a model some crucial steps are needed to be followed [7]:

1.1dentify clearly the whole procedure (all steps) before built model.
2. Define and select the variables (factors and parameters) to study in the model.
3.Create a database with accurate data and select the kind of model to be built.

4. Validate the model to assure not significant differences among observed
(experimental) and predicted (by the model) data.

Ishikawa diagram (Figure 2) is a useful chart to identify the causes of a spe-
cific event in order to fix some factors as controlled variables and select some as
independent variables to be test experimentally [52]. This diagram shows the high
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Ishikawa diagram showing the large amount of factors (endogenous and exogenous) involved in seed dormancy
(induction and breaking) and germination.
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amount of factors and variables involved in the germination process and helps to
identify some relationships among these factors overall process. After detecting the
key variables (inputs) for germination, it is necessary to define the parameters for
weight their effects (outputs) and an appropriate model. Although several models
have been used to integrate data from complex biological processes, recent studies
have shown the effectiveness of artificial intelligence tools as artificial neural net-
works (ANNs), genetic algorithms and neurofuzzy logic for modeling and optimize
them [7, 12, 53, 54].

4. Artificial intelligence tools: from data to knowledge

Artificial Intelligence (AI) tools are problem-solving algorithms used when the
number of solutions of one or several problems is huge, since they are capable of
dealing with complex data in a versatile and powerful way [10]. This technology has
been applied successfully to biomedical, pharmaceutical, and chemical applications
for commercial and industrial purposes [8, 10, 55]. In addition, Al tools were used
in basic and applied science research including ecology, environmental sciences,
agriculture, food science, plant biology and biotechnology [9, 56, 57]. In this sec-
tion, we summarized the most basic and important characteristics of the Al tools

employed in plant biology [7].
4.1 Artificial neural networks (ANNs)

ANNSs are Al tools that allow discovering nonlinear relationships among fac-
tors (inputs) and parameters (outputs) data. ANNs are one of the most effective
method for revealing links among variables particularly if database are large and it
is difficult to find direct relationships. In the case of germination (Figure 2), links
between all factors and their effects on dormancy induction, dormancy-breaking
and germination seems to be very complex, and difficult to be found using tradi-
tional statistical methodologies, but appropriate for ANNs. However, this technol-
ogy has some limitations, related with the difficulties for results interpretation. In
order to avoid this problem, ANNs are usually combined with other Al tools such as
genetic algorithms or fuzzy logic (described below), which make easier the result
interpretation [55, 58].

4.2 Genetic algorithms

Genetic algorithms (GA) are a heuristic algorithms based on genetic and natural
selection. They are considered heuristic because generate useful solutions against
problems. Concerning to plant biology, these algorithms have been used for optimi-
zation bioprocess [59]. Hybrids models between ANNs and GA have been per-
formed allowing developing more accurate models for predict, optimize and control
some biological process. Models achieved with this Al tools allowed determining the
combinations of variables (factors or inputs) that provide the best results [7].

4.3 Fuzzy logic

Fuzzy logic tool is a computational tool, which allows analyzing and making
deductions from uncertain or fuzzy data. Fuzzy logic assigns qualitative values
using linguistic terms and degrees of membership called membership functions
[7]. Interaction between linguistic terms (as low, medium or high) and membership
functions allow the computer making meaning values to study [59]. Moreover, this
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tool explains the behavior of a complex system using an easy language and improves
description about any complex task or process. Knowledge acquired after modeling
with a fuzzy logic-based system, is expressed by IF-THEN rules. These rules explain
antecedent conditions of inputs variables (factors studied) and their consequent
effect on the output variables (parameters measured) [7]. In conclusion, fuzzy logic
tools have the ability for find consistent patterns or relationship between factors of
complex process and generate understandable knowledge in an explicitly format
(linguistic rules) [60, 61].

Fuzzy logic can be combined with ANNs forming neurofuzzy logic. This is a
hybrid system that combines the adaptive learning capabilities from ANNs with the
flexibility of representation of fuzzy logic [55].

5. Applications of artificial intelligence tools in seed germination and
dormancy

Al is a novel technology in plant biology, and only a very scarce literature has
published applying Al tools to germination and dormancy. However, these works
are very interesting since they suggest that Al tools may predict and optimize
germination and dormancy processes.

As previously discussed, a representative study of seed germination requires
large experimental designs to include the effect of multiple factors (Figure 2).
Therefore, the experimental design implies many treatments, replicates and, a huge
number of seeds. However, not always is available a suitable size sample of seeds
to draw clear conclusions. Under those circumstances, Al tools are an excellent
alternative to conventional statistical methods. Advantageously, neurofuzzy logic
technology allows working with not well-defined design spaces (reduced number of
treatments) and different kind of data at the same time [62, 63].

The first papers published using Al in germination [64, 65], were devoted to
predict field seed weed emergence, since is essential for minimizing economic
losses and improve crop yield and management. Then, they really focus more in
weed management and control than in elucidate the factors involved in seed weed
germination. In those works, germination of the weed Avena fatua, was predicted
with more accuracy with ANN models than with nonlinear regression analysis [64,
65]. In addition, those models were improved including some dormancy parameters
such as after-ripening and implemented a genetic algorithm to optimize them. In
this optimization process the mean square error between their experimental and
training data were minimized. Therefore, they allow to obtain more parsimonious
models and with better predictive capacity [66, 67].

Most germination research was carried out on seeds with commercial interest,
however, many wild species, that never have been cultivated by humans, have
deep dormancy and present seeds with underdeveloped embryos and with physi-
ological dormancy. Moreover, some of those plants with poor germination are
classified as vulnerable and endangered plants [68]. This is the case of Eryngium
viviparum a threatened plant belonging to Apiaceae. This family has many spe-
cies are well-known by a nonuniformity germination due to MD and MPD seeds.
Recently [68], the hybrid neurofuzzy logic tool was used to decipher the relation-
ship among several dormancy-breaking and germination factors (inputs) and
several parameters (outputs), such as germination rate and embryo growth (E:S
ratio). Neurofuzzy models allowed to found the most critical factors involved in
the seed responses. In addition, IF-THEN rules pointed out the interaction of those
factors to increase or promote the germination rate and the E:S ratio. The model
revealed that the best germination rates were obtained with the combination of
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1 mg L™ GA; (gibberellic acid) and high (24°C) incubation temperature and the
combination of long incubation (20 weeks) and short warm (25°C) stratification
periods (4 weeks) [68].

More recently, also neurofuzzy logic was used successfully in order to discover
the critical factors that break dormancy and increase the germination rate in
several kiwifruit cultivars, then allow to describe the best conditions for kiwi-
fruit seeds germination [69]. The next factors were investigated: a) the effect of
stratification time and type on dormancy-breaking and the effect of thermo-
photoperiod on germination. The results obtained demonstrated that neurofuzzy
logic models greatly facilitate the data analysis and pointed out the critical role of
cold-stratification time (long periods at 4°C) and stratification treatment (using
gibberellic acid) on kiwifruit seed germination. In conclusion, neurofuzzy was able
to model with high accuracy and predictability, to obtain a set of rules very useful
for understand the cause-effect among the studied factors and dormancy-breaking
and germination [68, 69].

6. Conclusions and future perspectives

Seed germination is a very complex bioprocess, dependent on many interact-
ing factors. This kind of processes are not fully understood due to experimental
limitations (low number of factors studied simultaneously or poorly designed
experiments), which do not allow to study simultaneously all interactions among
the factors involved. Currently, due to the emergence of computer-based technolo-
gies such as Al tools, those bottlenecks can be avoided. Artificial intelligence tools
provide useful algorithms for studying complex processes, big datasets, being a
quite novel technology in seed science.

In recent papers, ANNs combined with fuzzy logic had allowed to predict the
germination of weed species, in a much easier way than traditional methods as sta-
tistical regressions. In addition, the use of ANNs combined with genetic algorithms
allows to build up computer models to optimize, with high accuracy, the germina-
tion of these weeds, and hence, decreasing the economic losses in crop production.
Moreover, the hybrid Al tool, neurofuzzy, demonstrated to be a successful technol-
ogy to decipher the most critical factors and their interactions for increased germi-
nation and reduced the dormancy impact in some species.

In a near future, it seems that Al tools would be essential and very useful tools in
germination studies, for the selection of most critical factors, with good accurate-
ness in decipher the interaction between environment and physiological factors on
dormancy and germination.
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Chapter 4

Programmed Cell Death in Seeds:
An Adaptive Mechanism Required
for Life

Angel J. Matilla

Abstract

The regeneration of the mother plant through germinative process is the main
reason that evolutionarily justifies the existence of a viable seed. Current knowl-
edge indicates that the control of germination is a sophisticated process mainly
controlled by hormones and reactive oxygen species (ROS), among other endog-
enous factors. One of the events that directly participate in the germination is the
degradation of storage proteins (SPs). Thus, vacuolar processing enzymes (VPEs)
contribute to SPs’ degradation and mobilization due to direct proteolysis or through
the activation of other peptidases. In parallel, the relationship between VPEs and
programmed cell death (PCD) is beyond doubt. As an alternative to VPEs, the for-
mation of vesicles called ricinosomes containing papain-like Cys-proteases (PLCPs)
and located in the reserve tissues of some germinating seeds also collaborates to
protein degradation. Finally, there are increasing evidences linking nucleases to
PCD in different tissues of seed. However, its state of the art is still little developed.
Together, this current overview illustrates a part of the complexity of PCD in seeds,
a puzzle far from being solved.

Keywords: Cys-endoproteases, endosperm, lytic vacuoles, nucleases,
papain-like Cys-proteases, ricinosomes, seeds, seed storage proteins,
vacuolar processing enzymes

1. Introduction

The life cycle of organisms requires targeted cell types to be removed in a
predictable and genetically organized way. This process of cellular suicide, named
programmed cell death (PCD), occurs from embryogenesis to senescence and is an
essential part of development and cell homeostasis of any multicellular organism
[1-3]. Thus, PCD has been observed from the onset of zygotic embryogenesis until
the germinative process ends [4-6]. The mechanism through which specific cells
are targeted for PCD without affecting neighboring cells has not yet been resolved.
Notable cellular compartments (i.e., mitochondria, chloroplasts, Golgi complex,
endoplasmic reticulum (ER), and vacuoles) have been shown to be involved in
PCD [7]. Plant PCD exhibits several hallmarks: (i) DNA laddering and strong
chromatin condensation [8]; (ii) sometimes, release of cytochrome-c from the
mitochondria to the cytosol, and its subsequent degradation, which is dependent
on reactive oxygen species (ROS) and caspase-like activity [9]; (iii) generation of
autophagic vacuoles due to the absence of an active phagocytosis system [10, 11];
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(iv) degradation of organelles such as the plastidome, mitochondria, and peroxisomes
[11]; (v) extensive vacuolation (i.e., appearance of a large vacuole) [12]; (vi) some-
times, development of ricinosomes concomitantly with the progression of nuclear
DNA fragmentation [13, 14]; and (vii) contribution of nucleases and ROS [15, 16].
At the end of PCD, the cell is completely digested, and the remaining protoplast is
surrounded by the cell wall (CW), which finally becomes disorganized and disinte-
grates in a coordinated and regulated way [17]. Because plants have CWs, they have
developed their own PCD process, thus not requiring the apoptotic regulators and
phagocytic processes present in animal cells. At the cellular level, plant PCD can be
non-autolytic or autolytic (i.e., formation of large lytic vacuoles and rapid clearance
of cytoplasm due to tonoplast rupture and the release of active hydrolases) [18].
Thus, developmental PCD (dPCD) is autolytic and is critical for many vegetative
and reproductive processes [2, 19, 20]. However, environmental PCD (ePCD) is
non-autolytic and is involved in responses to biotic and abiotic stresses. In this latter
form of PCD is involved the hypersensitive response (HR), which prevents the
growth and spread of pathogens into healthy tissues [21-23]. Recently, it has been
suggested that dPCD and ePCD are characterized by separate regulatory pathways.
In fact, a conserved core of transcriptionally controlled dPCD-associated genes has
been defined [24]. Because plants and animals have different molecular mecha-
nisms for PCD, an evolutionary parallelism of PCD pathways in plants and animals
has been postulated [25].

The involvement of PCD has been described in various plant life processes,
including the emptying of xylem tracheary elements [26], aerenchyma formation
[25, 27], and dynamic turnover of the root cap [28]. In addition, PCD is an integral
part of the seed development and germination (i.e., dPCD), during which cells of
the integuments, nucellus, suspensor, and endosperm face death [5, 6]. The fol-
lowing text presents an update on the substantial progress that has been made to
our understanding of PCD through the life of the seed, an entity that represents
the dispersal unit of the spermatophytes securing their survival and perpetuation.
The role of papain-type KDEL-Cys-endoproteases (PLCPs), vacuolar processing
enzymes (VPEs) and nucleases, is carefully reviewed.

2. The role of plant-specific KDEL-Cys-endopeptidases in seed
development and germination

2.1 Ricinosomes

Cys-endopeptidases (Cys-EPs) are the most abundant group of proteases
responsible for degradation and the mobilization of storage proteins (SPs), being
the SPs of seeds the most affected [29]. Cys-EP is a member of a unique group
of papain-type Cys-EPs found specifically during senescence. The ER-derived
vesicles (e.g., protein bodies, glyoxysomes, and ricinosomes) accumulate in seeds,
among other compounds, specific SPs, (e.g., prolamin and zein) and KDEL-tailed
and papain-type proteases [30, 31]. The SPs’ accumulation process is mediated
by ER chaperones such as the luminal binding protein (BiP) and protein disulfide
isomerase (PDI). Interestingly, BiP can function either as a negative or a positive
modulator of PCD events and also participate in innate immunity. Besides, in the
seeds of castor bean, the immature 11S globulin was aggregated and then packaged
in vesicles from ER [32]. That is, the ER-derived vesicles are thought to function as
repositories of specific proteins until they are required for the cellular metabolism.

The ricinosomes (Figure 1) are spherical plant-specific organelles that have
been firstly documented in senescing germinating endosperms of castor bean
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Figure 1.

Ultrastructure of ricinosomes purified from 5-day-old castor bean endosperm and immunolocalization of their
marker enzyme Cys-EP. Electron micrographs (a, x4400; b, x12,000) and immunocytochemistry by using a-CysEP
(¢, x12,000). Scale bar: a = 1.0 ym; b and ¢ = 0.5 ym. From Schmid et al. [30] with permission of PNAS (USA).

[30, 33-35]. They are present prior to the appearance of other subcellular changes
related to PCD and appear at the beginning of PCD and deliver large amounts of
papain-type Cys-EPs in the final stages of cellular disintegration [13]. The ricino-
somes contain large quantities of a 45-kDa pro-Cys-EP with a C-terminal KDEL
(ER retention signal), and they are specifically for plant PCD [30, 36]. The ricino-
somes are surrounded by a single ribosome-studded membrane and are directly
sorted toward vacuoles through a Golgi-independent pathway to get involved in
the PCD. These vesicles bud off from the ER in senescing tissues concomitantly
with the progress of nuclear DNA fragmentation and have Cys-EPs as marker
enzymes [37, 38]. KDEL-Cys-EPs are synthesized as inactive or weakly active
pre-proenzyme which usually include a KDEL and an auto-inhibitory pro-domain
that is cotranslationally transferred into the ER and then stored in ricinosomes
because the pro-domain prevents premature activation of the protease [39]. Upon
cytosolic acidification due to the LV collapse, the KDEL-Cys-EPs autocatalytic
activation occurs [40]. This activation has been confirmed by in vitro acidification
experiments of isolated ricinosomes and implies the cleavage of the N-terminal
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pro-peptide and the C-terminal KDEL motif. The presence of mature Cys-EP is
consistent with the loss of tonoplast integrity. The mature and enzymatically active
KDEL-Cys-EPs exhibit unusual broad substrate specificity (Figure 2A). This
characteristic is due to the fact that the active site accepts a wide variety of amino
acids, including proline and glycosylated hydroxyproline (e.g., extensions) from
the glycoproteins of the CW [41]. When ricinosomes disintegrate and release their
content into the cytoplasm, the cells that contain them are going to die [13, 14, 42].
More specifically, these ER vesicles are present prior to the appearance of other
subcellular changes related to vacuolar cell death, one of the two classes of PCD
previously defined [13, 35, 42, 43]. Interestingly, the ricinosomes, but not the
enzymes within them, have also been implicated in the PCD of Solanum lycoper-
sicum [35]. Likewise, anther dehiscence in tomato has also been linked to dPCD,
and accumulation of ricinosome-like vesicles and the dPCD-associated SICys-EP
has been observed in the dehiscence zones of tomato anthers along with nuclear
condensation and cytoplasmic retraction [13]. In year 2014, the first evidence for
the existence of ricinosomes in Arabidopsis has been documented [44].

2.2 Involvement of papain-like KDEL-Cys-EPs in seed life

Papain-like Cys-EPs (PLCPs; often called cathepsins in animals) are essential
and central hubs of plant immunity, germination, development, and senescence
[45, 46]. Thus, when activated, PLCPs induce a broad spectrum of defense
responses, including PCD [46]. On the other hand, PLCPs constitute one of the
most abundant groups of the proteases responsible for the degradation and mobi-
lization of SPs in seeds [47]. Their role during germination has been reported in
a wide range of both monocot and dicot plants [48]. PLCPs in plants are divided
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Figure 2.

Maturation, activation, and involvement of papain-type KDEL-Cys-EPs (A) and yVPE (B) in plant
PCD. Endoplasmic reticulum (ER), N-terminal pro-peptide (NTPP), self-inhibitory C-terminal pro-peptide
(CTPP), signal peptide (SiP), and storage protein (SP) (see text for move details).
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into nine subfamilies. Thus, 32, 41, and 45 PLCPs’ members have been identified in
Arabidopsis, barley, and rice, respectively [49]. PLCPs have no structural relation-
ship to the caspases, and its natural competitive and reversible inhibitors are the
phytocystatins which are evolutionarily well conserved [50]. Recent results support
the bifunctional ability of carboxy-extended phytocystatins in regulating legu-
main proteases via its carboxy-extended domain and PLCPs by its amino-terminal
domain [51]. The activities of phytocystatins and PLCPs need to maintain a rela-
tively balanced level to ensure the normal seed germination [29].

KDEL-tailed Cys-protease SH-EP is the first Cys-EP found to have a KDEL tail
in spite of the fact that the protease localizes in the protein storage vacuoles [52].
KDEL-tailed protease-accumulating vesicles in germinating mung bean (Vigna
mungo) cotyledons are similar to ricinosomes in that they accumulate the KDEL-
tailed cysteine protease SH-EP [53, 54]. During the seeds’ life, the ricinosomes
accumulate PLCPs for the degradation of seed storage materials in both cotyledons
and endosperm [30, 53]. Upon cell death, the content of ricinosomes (i.e., PLCPs)
is released into the cell corpse where the proteinases are activated and proceed to
degrade any remaining protein for the growing seedling in the case of nutritive
seed tissues. Alternatively, PLCPs can also digest CW extensions in the final stage
of PCD when the cell collapses and tissue breaks down [55]. Thus, the absence of
ricinosomes during seed development (e.g., perisperm, integuments, chalaza, and
pericarp) may be due to the fact that the CWs remain intact until germination, at
which time these tissues are finally dismantled [56]. Interestingly, area micropylar
of Chenopodium quinoa seeds does not have ricinosomes [6, 56]. KDEL-Cys-EPs are
unique in digesting the extensions that form the basic scaffold for CW formation
[55] (Figure 2A). So, KDEL-CPs like AtCEP1 are considered as late-acting proteases
that digest CW proteins during the final stages of PCD and tissue remodeling after
cellular disintegration [55, 57].

During seed germination, SPs are degraded to nourish the growing seedlings.
This process is mainly triggered by PLCPs [29]. As a example, during both Zea mays
and Triticum aestivum germination, the activity of Cys-EPs increases up to 90% of
the total proteolytic activity. During barley seed germination, PLCPs were secreted
from the scutellar and the aleurone layers to the endosperm to degrade the endo-
sperm Sps [58]. Recently, the results of overexpression and silencing of HvPap-1, a
gibberellin (GAs)-induced PLCP gen, indicated that PLCPs are important factors in
mobilizing SPs to promote seed germination, and their expression and/or activ-
ity are regulated by GAs, ABA, and cystatins [49]. Ricinosomes and nuclear DNA
are fragmented during PCD. In Arabidopsis, three KDEL-Cys-EPs called AtCEP1,
AtCEP2, and AtCEP3 have been expressed in tissues undergoing PCD. Thus, the
first gen is expressed in senescing ovules, the second in the vascular vessels, and
the third in maturing siliques [55, 57-59]. Recently, AtCEP?2 storing ricinosomes
in Arabidopsis seedlings seems to be—like ER bodies—exclusively localized in
epidermal cells [44]. The accumulation of KDEL-Cys-EPs and the appearance of
ricinosomes may predict the occurrence of PCD during late seed development
[37]. The ricinosomes containing pro-Cys-EP have been observed in anther tissues
prior to PCD [13] and in the endosperm cells of imbibed tomato seeds (Solanum
lycopersicum) where the reserve mobilization, Cys-EP accumulation and processing,
is GA-induced [60]. Cereal aleurone PCD is controlled by phytohormones: the PCD
promoting GAs and the antagonistically acting ABA [61]. The presence of ABA- and
GA-responsive genes encoding proteases confirms their notable role in regulating
the growth of cereal seeds [5, 62]. The endosperm in cereal seeds undergoes PCD
during development, and, with the exception of the aleurone layer, is a dead tissue
at maturity. In Ricinus communis the KDEL-Cys-EPs and ricinosomes were detected
for the first time not only in the senescing endosperm of germinating seeds [30] but

79



Seed Dormancy and Germination

also in the nucellus of seeds during maturation [36, 63]. Ricinosomes with the pro-
form of KDEL-Cys-EPs are also present in imbibed tomato seeds [60]. The presence
of KDEL-Cys-EPs has been also demonstrated in (i) the hypogeous cotyledons of
Vicia sativa [64]; (ii) the seed coat of Phalaenopsis [65]; (iii) the megagametophyte
cells after germination of Picea glauca seeds [66]; (iv) the epigeous cotyledons of
Vigna mungo [52]; (v) the senescing endosperm of germinating castor bean seeds
[30, 671; (vi) the nucellus in maturing castor bean seeds, where the endosperm
expands at the expense of the nucellus cells [36]; (vii) the endosperm cells of
imbibed tomato seeds [60]; and (viii) the germinating mung bean (Vigna mungo)
cotyledons in that they accumulate the KDEL-tailed cysteine protease SH-EP [53].
Recently, an attractive PLCP protein called NbCP14 was characterized in Nicotiana
benthamiana. This autocatalytically activated enzyme seems to be a Cath-H-like
protease with great importance for the execution of PCD during plant develop-
ment [68]. Previous to the NbCP14 identification, NtCP14 was also described in
Nicotiana tabacum as a key component in triggering of PCD during the early stages
of embryogenesis [69]. In the tobacco suspensor, PCD is antagonistically regulated
by NtCP14 and its cystatin inhibitor NtCYS. Both silencing of NtCP14 and overex-
pression of NtCYS delay PCD [69].

3. Entailment of vacuolar processing enzymes with plant PCD

The cellular vacuoles execute essential functions for plant growth, development,
and adaptation to biotic and abiotic stresses. In the absence of macrophages, the
unwanted material for plant PCD is only degraded through vacuole-released hydro-
lytic enzymes, located in LVs (acidic pH) [70]. The formation of LVs involves the
coalescence of protein storage vacuoles (PSVs, with a pH near neutrality), vacuolar
lumen acidification, and intracellular material mobilization (i.e., cytoplasm engulf-
ing). Only cells with high vacuolation resulted in PCD [12]. In brief, PSVs contain
large amounts of defensive and SPs to be used during seed germination, while LVs
contain hydrolytic enzymes [50]. Therefore, the degree of vacuolation can reflect
the intensity of the PCD process. A clear example of vacuolization takes place in the
aleurone cells during cereal seed germination [5, 12]. Mature cereal seeds consist
mainly of dead cells, and only the embryo and aleurone layer are still alive. The
PCD of aleurone cells is an essential process for the successful completion of post-
germination storage mobilization, which is associated with the vacuole destruction
[70]. Vacuolation and PCD of aleurone cells are initiated near the embryo and then
gradually reach the distal area of the embryo [5, 12]. Similarly to the micro- or
macroautophagy processes, the disruption of LVs and the concurrent release of
various hydrolytic enzymes indicate that the PCD has been triggered [12]. The
bursting of the tonoplast leads to a rapid cytoplasmic acidification and hydrolysis of
the remaining cellular contents [71]. So much so, this vacuolar collapse needs to be
rigorously organized to achieve PCD at a suitable timing [72]. Because the vacuolar
collapse releases hydrolytic enzymes, the vacuole rupture is used as an indicator of
PCD initiation [73]. Therefore, the tonoplast breakage is considered a point of no
return during plant PCD [2]. In brief, the tonoplast rupture and vacuolar collapse
are two important features of plant PCD. Finally, the plasmalemma integrity is
maintained until the vacuole collapses [12, 74-76].

Plant PCD is accompanied by the upregulation of a heterogeneous group of
vacuolar hydrolytic enzymes, being the vacuolar processing enzymes (VPEs),
also called legumains, closely involved in its activation. VPEs originate from
prokaryote pro-legumains. The VPEs have properties similar to animal caspases
and fulfill relevant vacuolar functions in seeds [77]. Nevertheless, VPEs are
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directly involved in plant development and environmental stress responses [50].
Earlier studies in pumpkin seeds have demonstrated the identification of VPE

as a vacuolar Cys-EP protein probably responsible for degradation of vacuolar
SPs during germination [78]. Thus, the VPEs in monocots (i) are required for
processing of glutelins that are the dominant seed SPs in rice [79], and (ii) they
also process other seed SPs such as albumins, globulins, and ricins in storage
vacuoles in seeds of pumpkin and castor bean [80]. However, VPE deficiency
does not affect storage protein degradation in germinating seeds [81]. VPE was
the first identified enzyme in plants with both caspase-like activity and activity
against caspase-1-substrate [82]. Recent review contains the contributions of
VPEs to plant PCD and its role in vacuole-mediated cell death [83]. Thus, the
VPE4 expression pattern in the developing pericarp of Nicotiana benthamiana
coincides with the profile of the caspase-1-like activity [84, 85]. Once vacuolar
hydrolytic enzymes are activated, the proteolytic cascade leading PCD begins
[70, 71]. However, although it is beyond question that VPE is an initiator of the
vacuolar processing system, the mechanism by which VPE controls the vacu-
olar breakage and the execution of a variety of plant PCD is still unclear. In this
regard, it was suggested that the disruption of the vacuole may be mediated by
VPE in conjunction with protein kinases [86]. It has been also proposed that VPE
and cathepsin-B (Cath-B), which have, respectively, caspase-1-like and caspase-
3-like activity, may promote coalescence, accelerating the process of vacuolation
and thus triggering vacuolar collapse during the PCD [87, 88]. However, no
research yet has integrated the action of both VPE and Cath-B in the PCD path-
way. VPE of N. benthamiana has been reported to mediate virus-induced HR by
regulating tonoplast collapse [87, 89]. The PCD triggered by vacuolar collapse is
unique to plants and has not been seen in animals (Figure 2B). As a result of this
collapse and the liberation of active vacuolar hydrolases, the chromatin structure
crumbled, the DNA is fragmented, and the plasma membrane disabled. Finally,
the disintegration of the nuclear envelope starts [90], and the protoplast rapidly
collapses and dies [5, 91].

Autophagy is a process known to mediate the degradation of residual proteins
and aggregates of insoluble proteins and lipids and to remove damaged organelles.
Likewise, autophagy is essential for vacuolation of cells undergoing developmen-
tal PCD and is activated by type-II metacaspases (MclIPa) [92]. Thus, during
spruce embryogenesis MclIPa is transported from cytosol to the nucleus, where
its presence is correlated to DNA fragmentation. These data reinforce that McIIPa
is directly involved in a pathway which generates nuclear degradation, an event
present in most programs of eukaryotic PCD. This McIIPa metacaspase can play
arole on the cleavage of nuclear proteins [71, 93]. Besides metacaspases, VPE has
been also described as another class of Cys-EPs involved besides in different types
of PCD and also in development and immunity [70, 87, 94, 95]. The VPE contains
a His-Cys catalytic dyad and cleaves a peptide bond at the C-terminal side involv-
ing an Asn residue, hence the name of asparaginyl endopeptidases [96]. VPEs are
evolutionarily related to caspases and preferably localized in vacuoles (i.e., maximal
activity at acidic pH) and are specific for plants [38, 70, 97]. Therefore, the plants
might have evolved a VPE-mediated vacuolar system as a cellular suicide strategy.
Plants encode at least four functional isoforms of VPEs, which are located in the
vacuole ([77] and refs. therein). Plant VPEs are classified into vegetative, embryo-
genic, and seed-expressed types [98-100] (Figure 3). The genome of tomato has
14 VPE genes [95]. However, the genome of Arabidopsis has four VPE genes: a-VPE
and B-VPE play a key role in the processing of SPs during seed maturation [80, 94],
while y-VPE and 8-VPE are expressed at early stage of seed development being
involved in the formation of the inner integuments of the seed coat [101-103].
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Figure 3.

Dendrogram of VPEs of several plant species. VPEs (access numbers are within parentheses) were separated
into three groups: PVPE (seed type), a/yVPE (vegetative type), and 5VPE (embryogenesis type). Signal peptides
were excluded from the sequences. Adapted mainly from Nakaune et al. [103] and other recent publications.

Interestingly, in spite of delayed vacuolation, Arabidopsis y-VPE mutants have a
normal germination phenotype. This suggests that vacuolation does not trigger, but
rather is a consequence of germination [104].

The 8-VPE was originated early during dicotyledonous diversification [103].
Regarding the maturation of y-VPE in A. thaliana (Figure 2B), it is to know that
the N-terminal signal peptide of VPE pre-protein precursor is cotranslationally
removed in the ER to produce VPE pro-protein. The transfer of pro-protein precur-
sor to the acidic vacuole causes the self-catalytic conversion into an intermediate
isoform by removal of the C-terminal inhibitory pro-peptide. The subsequent
removal of the N-terminal pro-peptide produces the mature y-VPE [96]. In the
case of the seed SPs, the VPEs’ vacuolar maturation is of major importance, as it
conditions the establishment of vigorous seedlings [105]. A quadruple-KO mutant
with no detectable VPE activity strongly suggests that there are no other proteases
with a similar activity in Avabidopsis [106]. When the VPE genes were knocked out,
no characteristics belonging to cell death were observed [12]. VPE orthologs are
widely distributed in land plants including mosses (e.g., Physcomitrella patens) and
ferns (e.g., Ceratopteris richardii) [83]. Inrice, five VPE (OsVPE) genes are found
[83, 107]. Phylogenetic analyses and gene expression studies have demonstrated
that OsVPE2 (OsaLeg?2) and OsVPE3 (OsaLeg3) are involved in H,0,-induced PCD
and in salt-stressed seeds, whereas OsaLegl, OsalLeg4, and OsaLeg5 would act as
vegetative-related legumains [83]. The barley (Hordeum vulgare) genome contains
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eight VPE genes (HvVPEs) which are differentially expressed during vegetative and
reproductive development [98].

The first increase in a cascade of caspase-1-, caspase-3-, caspase-4-, caspase-6-,
and caspase-8-like activities in the endosperm of Hordeum vulgare seeds may be
related to PCD in the nucellus [84, 85, 108]. The importance of pericarp PCD for
proper development of the endosperm has been recently described [84]. The increase
in caspase-1-like activity may be acquired by HvVPE2a (called nucellain), HvVPE2b,
and HvVPE2d proteases which is exclusively expressed in nucellus and nucellar pro-
jection. The expression patterns of the HvPhS2 and HvPhS3, which are exclusively
active in the nucellar projection, coincide with the caspase-6-like activity profile in
the early endosperm fraction indicating that HvPhS1 and HvPhS2 may be responsible
for the caspase-6-like activity [84, 85]. Caspase-1-, caspase-3-, and caspase-6-like
activities are also localized in the degenerating nucellus of Sechium edule [109].

In the degenerating nucellar tissue of castor bean, proteomic analyses identified
multiple proteases and protease inhibitors [108]. The MADS-box transcription factor
called MADS29 has been suggested to promote nucellar degeneration through the
regulation of Cys-EP expression in rice and maize [61]. The a, B, y, and 3-VPEs of
Avrabidopsis appear to share no direct one-to-one relationships of orthology with VPEs
from gymnosperms. The VPE protein and its transcripts increase at the beginning of
the HR reaction in the tobacco leaf, in which the cells showed typical PCD character-
istics, and both the VPE inhibitor ESEN-CHO and the caspase-1-like activity inhibi-
tor Ac-YVAD-CHO inhibit the appearance of PCD [98, 99]. These and other recent
results [100] reaffirm that VPE is a protease with caspase-1-like activity in plants.
VPE activation was started once the leaves of tobacco were infected with the TMV,
leading to vacuole disruption and activation of PCD to prevent the proliferation of
virus [70, 87]. Likewise, PCD during HR is critical for the removal of biotrophic
pathogens, whose growth depends on the living host tissues [87, 99]. Together, VPE
deficiency suppresses vacuolar collapse, leading to mycotoxin-induced cell death
[83]. Interestingly, the results of Zhan’s group using the NbVPE silencing suggest that
VPE plays an important role in elicitor signaling in plants of Nicotiana benthamiana
[89]. Finally, and based on the results to date, (i) transcriptome sequence informa-
tion has permitted the identification of new VPE genes than having a cyclization
function rather a protease function ([77] and refs. therein), and (ii) VPEs and other
vacuolar enzymes once released from LV to cytosol through a barely known route
promote a VPE-mediated vacuolar disruption and constitute a fundamental piece in
the plant PCD puzzle whose organization is far from unravelling.

4. Nucleases: the next frontier for knowledge of PCD in plants

As shown throughout this review, the PCD process involves the selective
removal of unwanted cells and the mobilization of cellular debris, including the
products of DNA fragmentation, which is a known hallmark of PCD [6, 17, 93,
110, 111]. In plants, genomic DNA is actively degraded during dPCD (e.g., during
seed coat formation [103] and barley pericarp development [112]). Although the
enzymes directly involved in nuclear dismantling are unknown, there is increas-
ing evidence linking proteases and nucleases to plant PCD [20]. What is known is
that during PCD, different nucleases are induced, including a set of S1-type (Zn*?
dependent) endonucleases that are synthesized regardless of tissue type [113, 114].
While these nucleases are cytoplasmic and lack a canonical nuclear localization
signal, upon induction of cell death, they become nuclear [115]. Thus, nucleases
are tightly associated with different plant PCD processes, including HR [116],
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endosperm development aleurone cell death [4, 117], and xylogenesis [118]. It has
been hypothesized that PCD-associated nucleases help to recycle DNA from dead
cells by degrading it into smaller fragments so that it can be taken up to be reused
by neighboring cells. In cereal seeds, the progression of endosperm PCD is accom-
panied by an increase in nuclease activity and the degradation of nuclear DNA at
internucleosomal sites [4, 115]. PCD in the endosperm precedes PCD in the suspen-
sor, suggesting that the endosperm and suspensor either receive different chemical
signals or interpret them differently [119]. A nuclear-localized GA-induced nuclease
was found to be active just prior to the appearance of DNA laddering in wheat aleu-
rone cells undergoing PCD. Interestingly, this GA-induced nuclease is not detected
in GA-insensitive mutants or when GA synthesis is inhibited [120]. Furthermore,
aleurone layers that have not been treated with GAs do not complete PCD.

Foundational biochemical experiments revealed that plant nucleases are local-
ized to a variety of different cellular spaces [5, 116, 120, 121]; for example, in barley
aleurone, nuclease activity was found in the ER, Golgi, protein body, and vacuole
[122]. A nuclease that is a promising candidate for involvement in PCD is the bifunc-
tional nuclease-1 (BFN1). In Arabidopsis, the BFN1 gene is induced during senes-
cence, abscission, and dPCD [123]. Recent studies revealed that the BFN1 protein,
which possesses RNase and DNase activity, is responsible for rapid cell-autonomous
corpse clearance and DNA fragmentation during root cap cell death [118, 124].
TUNEL assays showed a delay in nucleic acid degradation in both the nuclei and the
cytoplasms of BFNI mutants [123]. ORE1, a NAC (ANAC092) transcription factor
that positively regulates leaf senescence, has been demonstrated to control the BFN1
expression [125]. ORE1 is located downstream of the ethylene signaling cascade.
Considering this data, it is not surprising that BFN1 is an accepted marker of both
plant senescence and PCD. Another nuclease, known as Zinnia endonuclease-1
(ZEN1), which shares a number of similarities with BFN1, has been directly impli-
cated to function in PCD. ZEN1 is localized to vacuoles, which collapse before DNA
is degraded. ZEN1 was demonstrated to be responsible for nuclear DNA fragmenta-
tion during PCD associated with xylem development [126]. Furthermore, silencing
ZEN1 prevented the degradation of nuclear DNA, but did not affect vacuole collapse
in a Zinnia elegans cell suspension culture. While these findings support the notion
that ZEN1 may play a central role in plant DNA fragmentation [126], evidence exists
that suggests that multiple nucleases are involved in plant PCD [15].

Given the limited number of nucleases known to be involved in PCD, it has proven
to be a challenge to identify these PCD-associated endonucleases. Once identified,
other hurdles remain. Based on a study of the role of the nucleases in the process of
leaf senescence [127], future studies must explore whether the nuclease is involved in
cell death in different tissues in a same plant or in different processes (e.g., fertiliza-
tion, zygotic embryogenesis, and seed dormancy and germination), is subcellularly
localized to the nucleus, or possesses a PCD phenotype—an activity that involves
creation of a mutant for the nuclease followed by experiments to observe the impact
on genomic DNA during PCD. Additionally, these studies must consider how differ-
ent nucleases work together to degrade nuclear and organelle DNA.

5. Concluding remarks and future perspectives

Although the biochemical and molecular understanding of plant PCD has
increased over the last decade, the mechanisms of action are still very limited and
restricted to determine species and some organs and cell compartments. Given
its importance, the origin and evolution of genes involved in PCD still need to be
resolved. For example, all through seed evolution, PCD has played a fundamental
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role. In my opinion, eight important goals are key for the best knowledge of plant
PCD: (i) the molecular components used in its execution, (ii) the components

that have been conserved during evolution, (iii) specific components of PCD,

(iv) temporal and spatial expression of Cys-EPs involved in PCD, (v) subcellular
Cys-EPs localization and interaction with other proteins, (vi) how the different
proteases orchestrate PCD and if there is functional redundancy between the dif-
ferent gene families, (vii) activation of relevant Cys-EPs, and (viii) knowledge of
the in vivo protein substrates. An example that justifies what has been said previ-
ously can be that VPEs are proposed to control indirectly tonoplast rupture during
PCD. However, the detailed mechanism by which VPEs control tonoplast rupture is
still diffuse. Together, the intense research carried out in the last decade on PCD in
seeds is a strong scientific support to understand the coexistence between death and

life.
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Chapter 5

Adaptation of Halophytes to
Different Habitats

Milagros Bueno Gongzidlez

Abstract

In recent years, global climate change has been altering environmental (severe
drought, soil salinization, irregular precipitation, etc.), around world, decreasing
crop yield and upsetting the balance of ecosystems. Nonetheless, a group of plants
known as halophytes have the ability to survive and develop in saline soils (wetlands,
deserts or temperate zones), may be used in agriculture as a possible alternative to
crops (salt-sensitive), as well as for fodder, energy production, medicinal purposes,
and desalination of salt-affected areas (phytoremediation). This chapter provides a
comprehensive summary of the adaptive strategies used by the annual and peren-
nial halophytes on ecophysiological perspectives, to survive in diverse habitats.

The results show a great diverse strategies, such as heteromorphism, seed banks,
dormancy, rapid germination, and recovery capacity, from saline shock, favoring
the chances of seed survival, although these mechanisms depend on light, moisture,
temperature, and the type of salt, in which seeds germinate. In addition, it has been
included some molecular, and biochemical aspects, discovered in last years, that
might improve our understanding of physiology of these plants. It can conclude that
halophytes may be as a possible alternative to ease pressure on cropping systems,
restored lands degraded, or confer stress tolerance trough gene transfer.

Keywords: abiotic stress, adaptive strategies, euhalophytes, extremophiles,
xerohalophytes

1. Introduction

Soil salinity, a major abiotic stress affecting growth and plant productivity
worldwide, constitutes one of the main topics of study in the field of biochemistry,
and plant physiology [1, 2]. Salinity exerts various negative effects on germination,
as well as on plant growth and development, including water deficit accompanied
by reductions in photosynthetic activity, nutritional imbalance, ion toxicity,
induction and modulation of plant hormones, and many metabolic changes leading
to molecular damage due the production of reactive oxygen species (ROS) [3, 4].
Halophytes are plants that have the availability of survive in saline environment.
They account for 1-2% flora of the world, and included both dicots and monocots
[5]. Depending of their tolerance and demand for salts, halophytes can be distin-
guished as obligate and facultative halophytes. Obligate halophytes need salt for
growth and development, whereas facultative halophytes can thrive also under
strict freshwater conditions and in non-saline habitats, meanwhile that glycophytes
(salt-sensitive) include most agricultural crops (Table 1) [6]. According to the
environmental conditions in which they grow, halophytes are further divided into
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Tvpes Features Examples

Growth in saline habitats and :;:mr::n;um .
Obligate Halophytes stimulating the growth with Kockia 8 P
salt (= 200 mM NaCl) P

ki 1 Prosopis sp.

Growth with moderate salt -
concentration but  their ;_:.:;grj::;;ohum
Facultative Halophytes | optimum lies in a salt-free or 'Piunptn *:

at least low-salt conditions (= Chen Q:dii;n -
apo mM NaCl) i *
Growth preferently on salt- | Salsela sp.

free soils, but in salt soils has | Festuca rubra

a better growth compared to | Agrostis stelonifera

Habitat-indifferant

glveophvtes Junecus bufonius
Glycophytes [S:]::: m?;?ag?"ts Most Agricultural crops

Table 1.
Classification of plants according to salinity tolevance.

hydro-halophytes and xerohalophytes. Hydro-halophytes need aquatic condi-

tions, or wet soil (mangroves and salt-marsh species inland or along coastlines).
Xerohalophytes survive in dry habitats with saline soils (i.e., arid, semi-arid inlands
with unpredictable rainfall) and are considered extremophiles when halophytes
germinate and reproduce under high-salinity conditions (>500 mM NaCl) [7, 8].
On the other hand, it bears emphasizing the widespread use currently made of halo-
phytes as alternatives to glycophytic crops, forages and animal feeds, oilseeds and
protein crops, energy crops (biofuels and fuelwood), phytoremediation, medicinal
plants and other commercial products [9].

In the course of evolution, halophytes (ephemeral, shrubs, and trees) have
developed different mechanisms for regulating growth, development, to ensure
their survival in high-salt environments (inland or coastal areas, salt marshes,
dunes, and deserts) [7, 10, 11]. Halophytes need anatomical and morphological
adaptations such as salt glands, salt bladders (for selective exclusion or accumula-
tion of ions), or development of succulence (dilution of ion concentration) in
the plant tissue. Adaptations at the physiological level include: the control of ion
uptake, especially Na*, CI™ and K" by roots and transport to leaves, this maintaining
the osmotic balance; the compartmentalization of ions between vacuoles, cytosol,
and apoplast through H*-pump (vacuolar, and plasma membrane); biosynthesis
of compatible solutes, and osmoprotectors, (proline, glycine-betaine, sugar, and
polyols); the control of stomatal opening and closing; efficiency of the photosyn-
thetic pathway; the synthesis and activation of antioxidant enzymes; the generation
of nitric oxide; and the induction and modulation of plant hormones [3, 5].

The adaptations mentioned above, are completed with effective strategies that
allow seed germination in different habitats. Most halophytic species belong to the
families Amaranthaceae and Poaceae (Table 2). Strategies such as seed banks, het-
eromorphism (based on seed size, weight, and time of production), dormancy, rapid
germination, and capacity of recovery of germination from exposure to saline shock,
provide seeds multiple opportunities to ensure the continuity of a population, and a
plasticity that also provides ecological diversity [7]. It is also important to highlights
the role of the seed coat, and endogenous hormones in controlling dormancy and
germination [12]. Specifically, salt tolerance is also influenced by genetics and the
developmental stage. Germination and flowering are sensitive stages that may be
altered by an osmotic effect and/or ion toxicity. Finally, the response of the plant
also depends on the type of salt, found in the soil, where the seeds germinate (e.g.,
NaCl, NaHCO; and Na,SOy, etc.) [13, 14]. In several species of Amaranthaceae
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Family Species
Amaranthaceae Allenrolfea occidentalis,
(formerly Chenopodiaceae) Arthrocnemum macrostachyum,

Atriplex sp., Suaeda sp., Salsola
sp., Salicornia, Haloxylon sp.,
Kalidium sp., Kochia sp.

Poaceae Aeluropus sp., Desmostachya
sp.,, Halopyrum sp.,, Sporobolus
sp., Urochondra sp., Hordeum
jubatum, Spartina alterniflora,
Leguminosae (Fabaceae) Arachis glabrata, Desmodium
sp., Lathyrus sp. Stylosanthes sp.,
Trifolium sp., Prosopis sp.

Asteraceae (Compositae) Iva annua, Lasthemia glabrata,

Cotula cornopifolia,
| Plumbaginaceae Limontum sp.

Aizoaceae Mesembryanthemum
crystallinum

Tamaricaceae Tamarix sp.

Malvaceae Fosteletzkya pentacarpos

Arecaceae Nypa fruticans

Solanaceae Solanum chilense

Bhizophoraceae Rhizophora mangle

Table 2.
Families which present halophytic species.

(formerly Chenopodiaceae), some species show salt-tolerance, while others use a
salt-avoidance strategy at germinative level. Typical salt-tolerance is reflected by
high germination percentages and/or germination rates under high salinity (e.g.,
Haloxylon ammodendron, Suaeda physophora, Anabasis salsa, Suaeda salsa), while

a high percentage of recovery germination after the alleviation of salinity reflects

a salt-avoidance strategy (e.g., Borszczowia aralocaspica, Ceratoides latens, Bassia
dasyphylla). Other seeds can present both salt-tolerance and salt-avoidance charac-
teristics, or one or the other depending on the type of salt [15].

More information on halophytic species, is available at eHALOPH (http://www.
sussex.ac.uk/affiliates/halophytes/), a database of halophytes plants offering data
on plant type, life form, ecotypes, maximum salinity tolerance, the presence or
absence of salt glands, photosynthetic pathway, antioxidant, secondary metabo-
lites, compatible solutes, habitat, and economic use. This database can serve in the
selection of halophytes with applications in phytoremediation, ecological restora-
tion, rehabilitation of degraded ecosystems, and biosaline agriculture [16].

Lastly, as it is unfeasible here to survey the large number of articles on dormancy
and germination in halophytes published to date, this chapter summarizes only
recent key studies on the mechanisms that halophytes use to germinate in the differ-
ent habitats around of the world. A section on molecular aspects of some halophyte
seeds has also been included.

2. Seed heteromorphism
The most detailed studies on heteromorphism, seed banks, and dormancy have
been studied in halophytic species from Amaranthaceae family located between

Mongolia and China. Most halophytes present dimorphic and heteromorphic
species, many annuals and few perennials (Table 3), as an important strategy of
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Species Type of seeds Habitat
Atriplex spp. *Brown, Black Desert, Saline soil
*Large, small Inland and  coastal
marshes
Chenepodium album | *Brown (larger) Light-saline soil
*Black (smaller)
Suaeda spp. *Brown (larger) Saline soil
*Black (smaller) Salt marshes
Salinized desert
Salicornia spp. *Larger Inland, saline soil
*Small Coastal marshes
Salsola spp. *Larger with or without | Coastal regions
winged perianth (WP) Desert
*Medium with or without | Saline soil
WP Cold desert
*Small with or without WP

Table 3.
Heteromorphic seeds species of halophytes under saline conditions.

adapting to habitat variability [17, 18]. One of the most widely studied halophyte
species, for its multiple economic and ecological uses (food, forage, bioenergy,
medicine, and restoration of salinized or contaminated land) is Suaeda salsa L.
(Fam. Amaranthaceae). The production of dimorphic seeds helps make the plant
more competitive and tolerant to a changeable environment [19, 20]. Some seeds are
brown (soft outer seed coat), while other seeds are black (hard and smooth outer
seed coat), being able growth in different habitats (i.e., saline inland and intertidal
zones) in the Yellow River Delta area (Shandong, China) [19]. Ecophysiological
studies have shown that brown seeds absorb water more quickly, and have a higher
germination rate than do black seeds, whereas the latter are more sensitive in the
absence of light (and remain dormant in light) under high saline concentrations.
Black seeds have a lower germination percentage, while brown seeds can germinate
under salinity concentrations of up to 600 mM NaCl, regardless of light [20, 21].
In addition, in this last seed was discovered a control of compartmentalization of
ions (an accumulation of ions in pericarps cultured with 400 mM NaCl, and a lower
amount in embryos), accompanied by rapid germination. This ionic compartmen-
talization could explain the tolerance of these plants to higher salt concentrations
in the intertidal soil and avoid CI” and Na" toxicity in embryos, during seed devel-
opment. Also, bracts and the seed coat contribute to ion compartmentalization
and prevent excessive accumulation in embryos. On the other hand, brown seeds
prove heavier in the intertidal zone (more germination), having a genetic trait

that enables tolerance of highly saline environments. Therefore, the production

of heteromorphic seeds and different germination characteristics can help mother
plants adapt to a fluctuating environment [12].

A more in-depth study has been conducted in the Asian species Suaeda aralo-
caspica (an annual halophyte from the desert) with dimorphic seeds, and C4
photosynthesis pathway [this plant contains two enzymes for the carbon fixation
(PEPCK, phosphoenol-pyruvate-carboxylase), and (Rubisco, Ribulose-5-phosphate
carboxylase), which provides plants greater efficiency in the carboxylation during
the few hours of stomatal opening, due to the high temperatures in the climate zones
where this plant lives] [22]. In this species, gene expression has been studied in seeds
collected from saline-alkaline sandy soils in the southern margin of Junggar Basin in
North China. A series of physiological and biochemical events could take place earlier
in the germination of the brown seed as compared to the black seed. A large propor-
tion of genes changed significantly at 3 h in brown seed, as opposed to 8 h in black,
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after imbibition; it was observed transcriptional changes greater in brown than black
seed. However, the different characteristics shown in germination between dimorphic
seeds of S. aralocaspica are not transferred to the descendants and soon disappear in
later seedlings stages, presenting no significant difference in growth, and physiologi-
cal response, in the descendants with or without salinity [23, 24].

2.1 Seed size

Physiological studies have shown that larger seed size, compared with small,
improves the germination percentage under saline conditions [25], and that stress
conditions may provide signals, to mother plants, to produce diverse phenotypic
plasticity in different environments [12]. Also, brown seeds reportedly exhibit
higher amounts of phytohormones: ABA (abscisic acid), IAA (indole-3-acetic
acid), and ZR (zeatin-riboside) that black seeds. ABA prompts the accumulation
of numerous storage proteins, which contribute in increasing the embryo size and
weight in brown seeds under salt stress [26]. On the other hand, the phosphatidyl-
glycerol (PG), a glycerophospholipid, improves salt tolerance in seeds by boosting
the production of unsatured fatty acids (allowing greater membrane fluidity). The
overexpressed of the SsGPAT gene in Arabidopsis produced high contents of unsatu-
rated fatty acid and significant salinity tolerance [27]. In young seedlings, that
germinated from brown seeds of S. salsa as well as from the Thellungiella halophila
(extremophile that can tolerate saline concentrations up to 700 mM NaCl), PG
contents were higher and therefore were related to salt tolerance [28, 29].

2.2 Inorganic ions and organic osmolytes

Inorganic ions facilitate seed germination by improving imbibition (by decreas-
ing seeds water potential), prior to radicle emergence. Xu et al. found that the
content in Na*, K*, Cl~, and Ca** were higher in brown seed compared to black, as
well as a higher activity of relative transporters in brown seeds [e.g., vacuolar Na*/
H" antiporter (NHX), potassium transporter (HAK), chloride channel protein
(CLC), Ca**/H* antiporter, and tonoplast (CAX)], which could explain the better
germination rate. These mechanisms are involved in maintaining ionic homeostasis
and improve water uptake for seeds during germination under salt stress [30].

Halophytes produce or accumulate more organic osmolytes (proline, betaine,
soluble sugar, and polyols) and protein in their large seeds as compared with small
seeds to ensure optimum germination under salt stress [31]. These osmolytes can
help in osmotic adjustment, can serve as membrane protectors, may aid in ROS
detoxification or may act as signaling compounds that trigger other stress-allevia-
tion mechanisms [32]. An osmolyte frequently found in halophytes is betaine. An
expression analysis of betaine aldehyde dehydrogenase gene (SsSBADH) in S. salsa
showed that brown seeds have higher expression of this gene, and exhibit better
germination compared with black seeds. Also, larger brown seeds register a greater
increase in sugar facilitating a rapid germination [30].

2.3 Seed coat

Dormant seeds have a hard layer that preserves dormancy until a part of the layer
breaks and becomes permeable to water, beginning the process of imbibition. The
permeability of the layer in the dimorphic seeds is related to the thickness of the
seed layer, which is usually lower in non-latent (tolerant) seeds compared to latent
(sensitive) ones. In seeds of Suaeda physophora, seed coat play an important role in
inhibiting Na® influx into and K" efflux from the embryo to protect the seed from
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ion toxicity [33]. In the black seeds of S. salsa, a significant accumulation of waxes
was detected in the seed coat, in comparison with the brown seeds coat, suggesting
that waxes help protect the embryo from ionic toxicity [34]. The waxy substances in
the black seeds inhibit water absorption and at the same time maintain the viability
of the seeds for longer than in the brown seeds in high-salinity environments [34].
Suberin is one of the major lipids in the seed coat that plays a primitive role in the
germination of the seed. Beisson et al. has reported that seed coatings of Arabidopsis
suberin mutants jpat5 (Glycerol-3-phospate acyltranferase 5) sharply increase in the
suberin accumulation in response to the tetrazolium salt, compared to the wild-type
seed coat, reflecting poor seed germination under salt stress [35].

3. Seed banks

In many plants, seeds banks ensure the persistence of populations and contrib-
ute to future genetic variability of the species [36, 37]. The studies by Cao et al. in
the halophyte Suaeda corniculata subsp. mongolica, seek to explain the importance
of “dormancy” and “seed bank” for the maintenance and regeneration of popula-
tions. This plant, an annual herb with succulent leaves, grows in the cold desert
of Inner Mongolia and other parts northern China [38, 39]. Seed-bank dynamics,
including dormancy cycling of dimorphic seeds, has been studied in detail. The
results indicate that black seeds had an annual dormancy/non-dormancy cycle,
while brown seeds, remained non-dormant (Table 4). Black seeds also exhibited an
annual cycle in the sensitivity of germination to salinity. Seedlings that germinated
from black seeds emerged in July and August (mid-summer) and those from brown
seeds in May (spring). Seedlings were recruited from 2.6% of the black seeds and
from 2.8% of the brown seeds in the soil, and only 0.5 and 0.4% of the total number
of black and brown seeds in the soil, respectively, gave rise to seedlings that sur-
vived to produce seeds. Salinity (NaCl) and water stress induced by polyethylene
glycol (PEG) induced dormancy in black seeds and decreased viability of brown
seeds. Brown seeds formed only a transient soil-seed bank while black seeds gave
rise to a persistent seed bank. Brown seeds germinated under a wider range of

Staton Black seeds Brown seeds
Winter: = . "
Toriv famsistore Neon Dormaney (WD) ND
Spring:
vl s XD ND and Germination
ow precipitation
moderate salinity
Early summer:
high temperature Conditional dormancy (CD) Die (85 %)
| high salinity
i Gorminin
high temperatare Domaancy
high precipitation
low salinity
Autumn:
low temperabare CD
Do ¢y cycling CD —=ND —CD—D—CD
She Persistent soil seed bank Transient soil seed bank

Table 4.
Changes of dormancy status of black and brown seeds of Suaeda corniculata, soil seed-bank dynamics, and
seedling regeneration of the population.
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temperatures and salinities than did the black seeds. Early germination gives plants
a selective advantage, since they are less prone to predator and pathogen attack
than are late-geminating seeds; they have an early advantage to take up resources,
grow much larger, and thus tend to produce more seeds. Germination of black seeds
is regulated by an annual dormancy cycle, and these seeds have stricter germina-
tion requirements than do brown seeds. That is, black seeds do not germinate in
naturally saline habits until soil salinity is decreased by precipitation, and emerge
in the summer rainy season. Therefore, the presence of a dormancy cycle in black
seeds, but not in brown, and differences in germination requirements of the two
dimorphic seeds, cause them to differ in their germination dynamics, ensuring seed
availability over a wide range of time [39].

4. Seed dormancy

Dormancy constitutes another defense strategy to govern germination pattern
and timing in different habitats, enabling adaptation to environmental changes
[40]. The production of dormant seeds (small) remains in soil until the salt concen-
tration becomes conducive to germination. In this scenario, large seeds germinate
faster and are more tolerant to salt [41]. In addition, the endogenous content of
hormones, ABA (abscisic acid) and gibberellins (gibberellic acid) are keys in this
process. These phytohormones regulate dormancy, due their antagonistic functions,
GA stimulating and ABA inhibiting this state [42]. However, the endogenous nature
of these hormones is not plant species specific [12]. Low germination may be related
to higher ABA sensitivity rather than the difference in ABA content among dimor-
phic seeds in S. salsa [43]. Other hormones, such as ethylene, may promote seed
germination through the antagonism of ABA signaling, and brassinosteroids may
also interact with other hormones to influence seed dormancy by reducing ABA
sensitivity and thereby increasing germination [30].

Although it is easier to study annual species with a shorter life cycle, woody
species have also been investigated. The first report of a seed-dormancy cycle in a
cold-desert shrub is in the halophyte Kalidium gracile, a small shrub about 20-50 cm
high that grows on alkaline plains and saline lakeshores in northwestern China and
Mongolia [44]. Cao et al. have hypothesized that K. gracile has a seed bank and
dormancy cycling that help restrict germination to a time favorable for seedling
survival. Seeds of K. gracile were found to have a soil seed bank of 7030 seeds m~
at the beginning of the growing season. About 72% of the seeds were depleted from
the soil seed bank during one growing season, and only 1.4% of the seeds gave rise
to seedlings that germinated early enough to reach a growth stage at which they
could survive the winter. About 28% of the seeds became part of a persistent soil
seed bank. Buried seeds exhibited an annual non-dormancy/conditional dormancy
(ND/CD) cycle, and germination varied in sensitivity to salinity during the cycle.
Dormancy cycling is coordinated with seasonal environmental conditions in such
a way that the seeds germinate in summer, when there is sufficient precipitation
for seedling establishment. The strategy of K. gracile to ensure it survive in these
adverse climate zones includes: a polycarpic perennial life cycle, a persistent seed
bank, and dormancy cycling. The annual ND/CD cycle in seeds of K. gracile con-
tributes to seedling establishment in the unpredictable desert environment and to
the maintenance of a persistent soil seed bank [45].

Salsola ferganica (Amaranthaceae), distributed in cold-desert habitats, grows in
a heavy saline-alkaline wasteland at the edge of Junggar Basin, Xinjiang (China).
This halophyte represents another case of study of heteromorphic seeds, which
differ in dispersal ability, dormancy, and germination characteristics. Light could

2
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significantly promote germination of their heteromorphic seeds, while GA3
enhances germination, suggesting that S. ferganica seeds have a photo-sensitive
dormancy type with morphological and non-deep physiological features, light
being the dominant factor. In contrast to other desert plant species, S. ferganica has
comparatively short germinability (only 1-2 years), especially the small seeds, and
this is affected by storage time, temperature, salinity, and even the environmental
conditions of the maternal plant. It has been reported that both seed polymorphism
and seed bank can ensure adequate seedling establishment in unpredictable habitats
and consequently promote population propagation. S. ferganica has three types of
seeds: large sized seeds (LS), middle seeds (MS), and small seed (SS), according to
the size of the WP (winged perianth), which has different properties in dispersal
ability and germinability. In suitable habitats, the mother plant can produce a large
proportion (LP) or middle proportion (MP) of large seeds (LS), or it can produce
medium seeds (MS), with a small proportion (SP) of small seeds (SS). They are
photo-sensitive species, therefore LP seeds could enter in the potential seed bank,
under poor light and unfavorable environments conditions; otherwise, LP seeds
would immediately germinate to ensure a large amount of seedling establishment
and final population reproduction, under light, and favorable environmental condi-
tions. Therefore, heteromorphic seeds allow S. ferganica to gain multiple competi-
tive advantages in unpredictable environments. The seed bank may control the

best time for seed germination and seedling establishment, and reduce the risks of
spatial and temporal changes of habitats for seed germination, seedling establish-
ment, and population reproduction [46].

5. Germination under saline conditions

Germination is a critical stage in a plant’s life cycle, and soil salinity may pre-
vent or inhibit plant development due to osmotic stress and ionic toxicity [7]. As
commented above strategies for acclimatization and survival of seeds to various
environmental conditions include seed banks, dormancy, and heteromorphism.
Nevertheless, germination is the key stage for plant establishment in different
habitats [7, 15]. In this section, a number of papers are summarized with regard to
the germination of halophytes in different habitats.

The facultative halophyte Atriplex tatarica (Amaranthaceae) is a species distrib-
uted throughout Central Asia, Asia Minor, south-western Siberia, North Africa and
south-eastern Europe (deserts, salt steppes, and disturbed habitats). According to
Kochdnkovd and Manddk, seeds germinated as soon as conditions were favorable,
thus ensuring short-term survival, but populations risked local extinction when
conditions became adverse (i.e., a high-risk strategy). By contrast, germination
of the dormant type of seeds was under stronger genetic control and proved to be
significantly correlated with basic parameters of population genetics. These seeds
ensure long-term reproduction and survival in the field by protracted germination,
although in low quantities (i.e., A. tatarica also adopts a low-risk strategy), allowing
alasting seed bank over time [47].

Studies on salinity in halophytes are usually carried out with one type of salt;
Sosa et al. have investigated Prosopis strombulifera (Lam.) Benth (a shrub halo-
phytic), to observe the effect of different types of salt on germination applied alone
or mixtures. Seed were collected in southwestern area of the Province of San Luis,
Argentina, and the salts used were KCl, NaCl, Na,SO,, and K,SO, as well as bisaline
iso-osmotic solutions of NaCl + Na,SO, and KCI + K;SO,. The germination percent-
age decreased as salinity increased. In monosaline solutions, SO, with osmotic
potentials of —1.2 MPa and lower was more inhibitory than CI™ at iso-osmotic
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concentrations. This SO, toxicity was alleviated in salt mixtures and was more
noticeable in higher concentrations. Meanwhile, K* proved more inhibition than
Na’, independently accompanying anion. Therefore, this study demonstrates that
the germination of P, strombulifera is strongly influenced by the nature of the ions in
the salt solutions and their interactions [48].

In the case of dimorphic seeds, the obligate halophyte Salicornia europaea L. has
been studied by Orlovsky et al., who used seeds from Central of Asia and provided
evidence of high salt tolerance limits. Germination of large seeds was three-to four-
fold higher than of small seeds under control and 0.5-2% of all salts tested (NaCl,
Na,SO, 72, 2NaCl + KCl + CaCl,, and 2Na,SO, + K,SO, + MgSO,). The germination
and plant growth of S. europaea in mixed sulfate-chloride salts was distinctly higher
than in pure chloride salts, suggesting a mitigating effect of Ca** and Mg** ions on
the cell-ion balance, reducing the negative impact of Na" and Cl” ions. Small seeds
exhibited deep innate dormancy. However, the application of 0.5-2% of chloride
and sulfate salts stimulated germination in these seeds, suggesting that they have
a different mechanism of salt tolerance than in comparison with large seeds (dif-
ferent mechanism of salt tolerance). In this species, small seeds develop earlier, are
more dormants, and prove less salt-tolerant than large seeds. Possibly, small seeds
are evolutionarily older, large seeds in S. europaea evolving later, when this species
habitat had become more saline as a result of species range expansion or increased
salinity of the already occupied environment. In short, dimorphic seeds are more
flexible in their response to varying salinity, and more adapted to salt and tempera-
ture stresses [49].

Song et al. have studied the strategies of adaptation of Suaeda physophora
(a euhalophyte), and Haloxylon ammodendron (a xerohalophyte) during the seed-
germination stage, when they were exposed to a range of iso-osmotic NaCl and
PEG solutions. The results showed that the fresh weight of germinating seeds was
markedly reduced in —2.24 MPa PEG compared with the same amount of NaCl,
while the opposite trend was found in the K* concentration during the initial 9 h
for both species. H. ammodendron and S. physophora had higher recovery germina-
tion from —3.13 MPa NaCl. These responses may produce a persistent seed bank, in
saline desert habitats that will maintain the population over time, this representing
an important adaptation to saline conditions in one of the driest regions of the
world. Another adaptive strategy is for embryo to accumulate less Na*, although
more Na® is compartmentalized in the seed coats, which might protect embryos
from ion toxicity to ensure seed viability during seed development. In S. physophora
and H. ammodendron, seeds have no endosperm and contain only fully spiral
embryo coated by a pericarp; therefore the morphological structure may help these
plants germinate as rapidly as possible and may be another adaptive strategy for two
species to take advantage of transient favorable conditions during the germination
stage. These authors conclude that morphological structure and adaptations to
salinity during seed germination may determine the geographical distribution of
these species in different saline regions [50]. Later, Zhang et al. studied the impact
of salinity on seed germination, chlorophyll content, chloroplast structure and pho-
tosynthesis of the green embryos in desiccated seeds of the two species mentioned
above. Seeds collected in Fukang Desert Ecological Station of the Xinjiang Institute
of Ecology and Geography (China) reveal that the chlorophyll in the cotyledons of
desiccated seed had a photosynthetic function in the early germination stage, even
under high-salinity conditions. In addition, the photosynthesis in the embryonic
cotyledons of desiccated seeds, during germination, was similar to that in the leaves
of young seedlings for both halophytes. The photosynthetic function in cotyledons
of mature seeds may be ecologically important for seedling development in the
early stage for plants growing in extremely saline or arid environments [51].
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Different germination rates have been found in two halophytes, showing different
salinity tolerance, collected from various salt marshes of southern Spain. Atriplex
prostrata Boucher ex DC (Amaranthaceae) has early and strong adaptive mechanisms
that enable the plant to tolerate exposure from 0 to 200 mM NaCl and maintain a
high germination capacity (Figure 1), whereas the salinity tolerance of Plantago
coronopus L. (Plantaginaceae), was increased progressively with the exposure time to
salt (Figure 1), at lower germination levels. A delay in germination and slow growth
are essential for the survival of more sensitive plants in saline environments, allowing
the synthesis of compounds for defense against stress; this encourages slow uptake of
water from the saline solution, and thereby delayed the time of radicle emergence [52].

To evaluate the salt tolerance mechanisms of Egyptian Pancratium maritimum
plant (a perennial endangered halophytic species native to the sand coasts to the
Mediterranean Sea), Mohamed et al. studied seed germination, mobilization
reserve enzymes, and antioxidant enzymes, under saline conditions (0-400 mM
NaCl). The results obtained seem to indicate tolerance can come from high levels of
esterase, amylase, catalase, and peroxidase activities, and the unique black, spongy,
thick seed coat which may act as barrier to saline ionic. In this way, they concluded
that this species is a good candidate in their conservation, being able to be used in
restoration of coastal area of the Mediterranean Sea [53].
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Figure 1.

(Ag) Germination percentage of Atriplex prostrata seeds treated for 20 days with o, 50, 100, and 200 mM
NaCl. Values presented are mean + SE (n = 6). Different letters next to the line indicate significant differences
between saline treatments (Tukey’ test; P < 0.01). (B) Germination percentage of Plantago coronopus seeds
treated for 20 days with o, 50, 100, and 200 mM NaCl. Values presented are mean + SE (n = 6). Different
letters next to the line indicate significant differences between saline treatments (Tukey’s test; P < 0.01).
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New technologies in study of seeds have helped reveal mechanisms of salin-
ity tolerance in halophytes. Seeds of many coastal plants can survive exposure to
seawater and may be dispersed long distances by the ocean. Guja et al. studied
natural plant populations in coastal Holocene sand-dune communities near Perth,
Western Australia, and collected mature seeds of Ficinia nodosa (Cyperaceae)
and Spyridium globulosum (Rhamnaceae). To determine the response of seeds to
external salinity during imbibition, these authors have quantified salt uptake and
have resolved the spatially internal distribution of these ones. Flame photometry
was used to quantify salt concentration in imbibing seeds and a new application
of full-spectrum X-ray mapping enabled the visualization of the spatial distribu-
tion and relative abundance of salts. As external salinity increased in S. globulosum
seeds (salt-sensitive) accumulated sodium and chloride in the seed embryo, while
potassium was increasingly displaced and germination was reduced. Conversely, in
F. nodosa seeds (salt tolerant) avoided ion uptake and germination was not affected
by imbibition in high saline concentration (NaCl). These results provide insight into
mechanisms of salt tolerance/avoidance during imbibition and early germination,
and suggest that oceanic dispersal can be a viable explanation for the distribution of
some plant species [54].

5.1Ions and osmolytes accumulation in halophytes seeds

Prior to germination, the accumulation of osmolytes in seeds grown under saline
conditions lowers the water potential of seeds and facilitates imbibition (uptake
water from soil) and rapid germination. These osmolytes include free sugars (man-
nitol, pinitol), proline, betaine, starch, and ions (Na®, Cl) [14, 55]. Chlorophyll
accumulation in dry and imbibed seeds and oxygen production in the embryos
of some halophytes may provide energy for the germination stage. In addition,
nitrates provided to seeds by maternal plants, may act as signaling molecules to
enhance the germination response [20, 56, 57]. Another vital element is calcium.
The beneficial effect of Ca®* treatment are attributed mainly to both reducing the
rate of Na* uptake by roots resulting from blockage of non-selective cation chan-
nels (NSCC) by millimolar Ca** concentrations, as well as to its ability to prevent
NaCl™ induced K* leak via outward-rectifying channels [58]. Calcium also operates
as a second messenger, in both SOS (salt overly sensitive), and ABA signal pathway.
Salt-tolerant genotypes appear to have a larger population of Ca**-sensitive NSCC
channels [8, 59].

5.2 Phytohormones in early germination

Phytohormones play a fundamental role in seed germination under saline
conditions, with ABA and GA acting as key molecules in the dormancy/germination
cycle. The kinetics of ABA and GA during germination in dimorphic seeds of
S. salsa have been studied in depth. The differential regulation of ABA and GA
homeostasis, by salt stress, might help of S. salsa plants survive adverse environ-
mental conditions. Li et al. have concluded through morphological analysis that
brown and black seeds are at different development stages. Also, ABA accumulation
was found in both germinating seed types, with higher induction effect on black
than brown seeds, although this gradually decreased after imbibition in water and
salt solution. Black seeds showed lower germination percentages than did brown
seeds under both water and salt stress, which might be attributed to their higher
ABA sensitivity rather than the difference in ABA content between both seeds.
Bioactive GA4 and its biosynthetic precursor reached higher levels in brown than
in black seeds, whereas deactivated GAs registered higher contents in black than

107



Seed Dormancy and Germination

brown seeds in dry or in germinating (water or salt solutions). The effect of salt
stress on GA4 levels in black seeds was stronger than that of brown seeds. Therefore
the increased ABA content and sensitivity, as well as the decreased GA, content

by salinity were more marked in black than brown seeds, contributing to lower
germination rates of black seeds exposed to salinity [43].

At the biochemical and molecular level, several genes are strongly induced by
NaCl and are involved in the regulation of seed germination through ABA-GA
crosstalk during salt stress [60]. A negative regulation of GA and positive biogen-
esis of ABA is induced by NaCl. Under saline conditions, the ABA level increases
several fold due to a stronger expression of genes ABA-INSENSITIVE 3 (ABI3) and
ABA-INSENSITIVE 5 (ABI5), which in turn activates the ABA signaling pathway,
inhibiting seed germination [61]. Meanwhile, REPRESSOR OF GA-LIKE 2 (RLG2)
transcription is also activated by salinity or by the aBI3/ABI5 pathway, leading to
inactivation of the GA signaling pathway, which further inhibits germination by
blocking or limiting GA signaling. [8, 60]. In addition, in 22 species of halophytes,
ethylene has been found to promote seed germination [62]. Therefore, in halophyte
seeds, a small amount of ABA is released, more GA accumulates, and more ethylene
synthesis occurs during germination [60, 62].

5.3 Light and temperature in halophytic seeds

Light and temperature, as well as water potential, are key environmental signals
that can regulate the time of seed germination, which in turn controls seedling
emergence and survival [63]. Agricultural crops tend to germinate in darkness, due
to the domestication of species for crop production, whereas halophytic seeds grow-
ing in the wild are accustomed to germinating in the light. This is especially critical
in the dimorphic seeds, where size may also be related to light. In S. salsa, brown
seeds may germinate in spring, when soil salinity is high, while black seeds germi-
nate in the latter summer when rainfall can bring them on the soil surface [21]. In
S. corniculata, rainfall in late summer may bring black seeds to the soil surface, and
trigger their germination [39].

Temperature also interacts with salinity and affects seed germination. For
example, in Atriplex rosea, black seeds are more sensitive to temperature changes
[64]. Seed germination in black seeds were found to diminish at lower temperatures
regardless of salinity concentration, but brown seeds proved more tolerant to
temperature and salinity at cooler conditions (5/15°C). It has been suggested that
brown seeds may germinate early in the growing season to preempt the habitat for
A. vosea [64]. In Salsola ferganica, a relatively lower daily temperature range (i.e.,
5/15, 10/20, or 15/25°C) could enhance germination of heteromorphic seeds [46].
In the central Asian species Atriplex, the optimal temperature regime for black seed
germination was 15°C, but 25°C for brown seeds. Moreover, low salinity did not
influence the seed germination of black seeds under different temperature regimes
(25/35°C), indicating that black seeds can germinate in the rainy summer season.
These results imply that the response of dimorphic seeds to combined tempera-
ture and salinity could be a major strategy for dimorphic halophytes to survive in
changeable saline environments [65].

Salsola imbricata, collected on the northeastern coast of the United Arab
Emirates (UAE), is adapted to tolerate higher salinity levels during germination.
Elnaggar et al. found high percentages of ready-to-germinate seeds that germinate
quickly at lower and moderate temperatures with osmotic potentials of up to
—0.8 MPa, indicating that seeds of this species can germinate even in years with
less rain than average rainfall, if precipitation occurs early in the growing seasons.
Seeds of S. imbricata also tolerate lower levels of osmotic potential and show fast

108



Adaptation of Halophytes to Different Habitats
DOI: http://dx.doi.org/10.5772/intechopen.87056

germination recovery, especially at lower rather than higher temperatures. These
results may indicate the best conditions, especially in dry years, for sowing
S. imbricata in the restoration of degraded desert sand dunes [66].

6. Recovery of germination

Seed germination recovery ability is a vital adaptive trait for the success-
ful establishment and dispersal of halophytic plants in their native ecosystem.

In a Mediterranean climate (warm winters, sunny days year round, and a rainy
autumn), seed germination in saline environments usually occurs during spring or
a season with high precipitation, when soil-salinity levels are lowered. The capac-
ity of seed dormancy when the soil-water potentials are low, together with the
recovery of the germination when the stressful conditions are alleviated, indicate
ecological features crucial for the survival of these plants [67]. Pujol et al. studied
the recovery of germination in four halophytes of southeastern Spain (the perenni-
als Halocnemum strobilaceum, Avthrocnemum macrostachyum, Sarcocornia fruticosa,
and the annual Salicornia ramosissima) exposed to is-osmotic stress with different
salts (NaCl, MgCl,, MgSO,, and Na,SO,) and to an osmotic potential between —2.37
and —3.90 MPa. Pretreatment at low osmotic potentials stimulated the germination
velocity, indicating that these species have an apparent ecological advantage since
seedlings would become established rapidly before osmotic potentials decreased
again. The recovery of germination was similar to that in distilled water (controls),
irrespective of the salt used in pretreatment. Therefore, the factor involved in
enforcing seed dormancy appears to be the decrease in osmotic potential. The
germination ability of perennial species and the annual species does not differ
under saline conditions. The osmotic potential of the soils that contain the natural
communities promote dormancy in the seeds of the four species and, when the
stress conditions are alleviated, germination recovers and the germination rate is
stimulated. Although they do produce many seeds, these plants maintain a persis-
tent seed bank [68].

A broader study has been conducted by Shen et al. on six forage species (Bromus
inermis, Elytrigia elongata, Puccinellia tenuiflova, Hovdeum brevisubulatum, Kalidium
gracile, and Suaeda salsa). The percentage of germination in all the species, except
E. elongata, significantly declined with rising salinity (0-445 mmol/liter NaCl).
The recovery of germination and the length of radicles and shoots, in Hoagland
solution, increased with higher salinity. The germination recovery of the six species
indicated that germination under NaCl stress was inhibited by osmotic effects.

E. elongata germination registered the highest NaCl tolerance among six species
tested. However, S. salsa had low germination even in the control, but salt pre-
treatment stimulated it to recover germination, which might be associated with the
thermoperiod effect. Shoot growth of P. tenuiflora had the highest tolerance to NaCl
stress, this being the most widely used plant species for saline-soil rehabilitation in
northern China [69].

The annual halophyte Cakile maritima (Brassicaceae) grows on littoral sand
dunes on the semiarid and arid Mediterranean coast of Tunisia. The study of this
plant also had double interest, i.e., environmental (for sand-dune fixation) and
economic (as seed-oil species). High salinity inhibits and delays germination of
C. mavritima but stimulates seed vigor under recovery. The low osmotic potential
generated by high external NaCl concentrations impairs cell division and prevents
turgor pressure sufficient to expand and enter in the last phase germination (radicle
emergence). During germination, seed-storage proteins (SSPs) are massively broken
down, releasing the 20 amino acids that could be transformed into other amino
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acids. S-adenosylmethionine synthetases (SAM), which are involved in the conver-
sion of cysteine into methionine, were induced during germination, with methionine
being present in storage proteins [70]. In control, and especially under salt-stress
recovery, serine hydroxymethyltransferase is clearly induced, but to a lesser degree
during salt stress. This enzyme converts glycine into serine, which could be further
converted into cysteine, this being one of the essential building blocks of glutathione
biosynthesis [71]. In short, C. maritima avoids germination, under high salinity,

by producing quiescent seeds, which can quickly germinate and reach the seedling
establishment phase under favorable conditions (when the external water potential
increases, from rain). This well-developed phenotypic plasticity, during germina-
tion, was better highlighted with the help of proteomic data. The protein profile
changes during the germination of C. maritima, when storage proteins and fatty
acids are massively converted into carbohydrates, slowdown in presence of salt, but
are rapidly re-induced upon favorable recovery conditions [67].

7. Certain molecular aspects of halophytes germination

Proteomic, metabolomic, and ionomics studies have been made in many
halophytes, in order to understand better the mechanisms of salinity tolerance,
focusing the investigation specifically in whole-plants (leaves and roots) [5]. On the
other hand, the majority of molecular studies have been made on the model plants
Mesembryanthemum crystallinum L. (Aizoaceae) and Eutrema/Thellungiella spp.,
(Brassicaceae), a halophyte related to Arabidopsis, focusing the study on isolation,
gene overexpression, or gene introduction into plants (transgenic plants) [72-74].
However, few studies have been made on seed germination, at the molecular level.
Below, a brief summary of recent findings provide a better understanding of salt
tolerance of halophytes seeds.

Fukuhara et al. have investigated the latency/germination cycle of seeds
of Mesembryanthemum crystallinum (L.), called common ice plant [C3-CAM
(crassulacean acid metabolism)]. This plant is a system model to study tolerance
mechanisms in halophytes. The individual seed capsules spread over time, some
seeds germinate within 1 d (early, E) and others do not germinate for more than
4 weeks, until after imbibition (late, L). Several processes such as the uptake of
water by the seeds, the start of mitotic activity, and the growth of the radicle seem
to be controlled by a mechanism that also establishes different expression patterns
of Vp1 (transcript for transcriptional activator VP1), being VP1 (indicator nature
for the threshold that leads from latency to germination). L-seeds are characterized
by alack of expression of the Cdc2-related protein (transcript for a cell cycle), and
an increase in transcripts of Vpl, after water uptake, whereas transcripts related to
Cdc2 increase early and decrease Vpl at the beginning of E-seeds. Therefore, these
authors conclude that the maintenance of the transcription Vpl may to be the basis
of the prolonged latency in the L-seeds. In addition, the expression of several MIP
proteins [proteins for aquaporines (AQP) or water channels (WCH)] was character-
ized during germination and in organs of adult plants. The use of specific probes for
the transcription of Mip (transcript for AQP and WCH) revealed differences during
germination that were not due exclusively to water absorption. The Mip transcripts
increase before the L-seeds begin to germinate. MIP presents greater amounts in
active growing tissues. These authors concluded that latency mechanisms for a long
time period, before seed germination, provide an advantage for these plants, thus
maximizing the survival chances of some seeds in their natural habitat, which is
characterized by an unpredictable water supply and consequently environmental
stress [75]. Subsequent experiments realized by these authors have clearly shown
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that the presence and late disappearance of VP1 in L-seeds caused dormancy and
after-ripening of L-germinating in these plants [76]. Suréwka et al. have realized,
an in-depth study, on a transition from C; to CAM pathway, suggesting increased
temporary of ROS, leading to up-regulation of ROS-responsive genes, catalase
(antioxidant enzyme), proline (osmolyte), and polyamines (plant growth regula-
tors). This diurnal rhythm of antioxidant and osmotic compounds could contribute
to the maintenance of the water-potential gradient and ROS homeostasis [73].

The extremopbhile Eutrema/Thellungiella spp. is becoming a new model plant
because it resembles its relative species (Arabidopsis thaliana) in the small genome
and the short life cycle. It is highly tolerant to salinity (germination <700 mM
NaCl) and drought resistant. The high content of several metabolites in these
plants indicates metabolic pre-adaptation to salinity to regulate osmotic stress
[74]. Little is known about the biochemical and gene-expression changes related to
salt, in the germination stage of halophytes. To fill this gap, Kazachkova et al. have
shown that germination of E. salsugineum is inhibited, by salt, in response to the
osmotic component. The seeds of E. salsugineum remained viable even when the
germination is completely inhibited and the germination resumes once the seeds
are transferred to non-saline conditions. In addition, the removal of the seed coat
treated with salt allows the embryos to germinate in a medium containing salt. The
seeds exposed to salt are also characterized by a reduced proportion of GA/ABA
(hormones that control germination and dormancy), and a greater expression of
germination repressor genes, RGL2, ABI5, and DOGI. In addition, a salt-mediated
increase in the expression of a gene encoding “late embryogenesis abundant”
proteins (LEA proteins), and the accumulation of metabolites involved in osmo-
protection indicates the induction of processes associated with stress tolerance and
the accumulation of easily mobilized carbon stocks. These authors suggest that salt
inhibits the germination of seeds by inducing a state with molecular characteristics
of dormancy, while the layers of the seed coat provide a physical restriction for the
emergence of the radicle. This seed status could facilitate survival in saline soils
until a rainfall increases the water potential of soil, indicating favorable conditions
for seed germination [77]. On the other hand, halophytes adapted to high levels
of salinity have useful genes for improving the salinity tolerance of agricultural
crops. One of the growth regulators most related to stress, in plants, are polyamines
(putrescine, spermidine and spermine). The EsPDS1 is a gene that participates in
spermidine biosynthesis, specifically encoding the synthesis of Spd-synthase. This
gene was cloned and characterized from E. salsugineum. The EsPSS1-overexpression
in tobacco transgenic plant, conferred drought tolerance by alleviating oxidative
status of the plant, reflecting the great potential of the study of halophytes [72].

In plants, Halliwell-Asada cycle serve to avoid an excess of ROS, which could dam-
age vital cell components (e.g., AND, membrane lipids, and proteins), and recycles
antioxidant systems [78]. Key enzymatic systems include ascorbate peroxidase (APX)
an enzyme that eliminates H,0,. The function, as well as molecular, and regulatory
mechanisms of APX in Eutrema (Thellungiella) salsuginea have unknown. However, Li
et al. have studied an APX gene (TsApx6), which was cloned from T salsuginea, and its
responses in transgenic plants of Arabidopsis were analyzed. In the high-salinity treat-
ment, the expression of TsApx6 was significantly induced. In the drought treatment,
the overexpression of TsApx6 improved the survival rate and reduced the rate of water
loss from the leaves in Arabidopsis. Compared with the results for wild-type plants, the
high-salinity treatment reduced the concentrations of malondialdehyde (MDA), H,0,
(hydrogen peroxide) and proline, but increased the activities of antioxidant enzymes:
APX, GPX (glutathione peroxidase), CAT (catalase) and SOD (superoxide-dismutase)
in plants overexpressing TsApx6. Meanwhile, the germination rate, the greening of the
cotyledon and the length of the root improved in the transgenic plants in comparison

111



Seed Dormancy and Germination

Features Brown seeds Blacks seeds Function in seeds
Size and weight Heavy and big Light and small Different dispersion
Lo t ntial

Ions (Na-, K-, Cl) | T upregulated | downregulated Be::: ab s;:a'b 'if_“ "pcrte :
Vacuolar

: Ton vacuolar
emtw] “"rw:wn T CAXs | CAXs compartmentalization
Potassium
transport
Two-pore 1 upregulated | downregulated Ton homeostasis
potassium
channels
Betaine Aldehyde Accumulation of betaine
dehydrogenase 1 upregulated | downregulated (osmolyte) implied in
(BADH) osmotic adjustment
GA ao-oxidaze
enzyme catalysis Regulation
steps related to GA 1 upregulated {downregulated germination/dormancy
biosynthesis
EIEK = receptor Quick and high germination
regulates ethylene | T upregulated | downregulated g
i of brown seeds
signaling
Conar sieaind, 1o T upregulated | downregulated Stimulation of germination
Brassinosteroids B . ge

Table 5.

Transcriptomic profiling of some genes in maturated dimorphic seeds of Suaeda salsa.

with the wild-type plants, under conditions of salinity and water deficit. These results
indicate that, TsApx6 has an important function in plant resistance to certain types of
abiotic stress. The bioinformatic analysis indicated that it contains some elements that
act in cis related to the stress response [79].

In the last years, transcriptomic profiles of some halophytic plants have been
carried out by various research groups. The transcriptome dataset permits a better
understand of functional genomics in halophytic seeds. Xu et al. realized tran-
scriptomic profiling of genes in matured dimorphic seeds of euhalophyte Suaeda
salsa (Table 5). Upregulated genes involved in seed development, accumulation
of osmolytes, and differentially expressed genes of hormones may relate to seed
dormancy/germination, and to bigger size and rapid seed germination in brown
seeds, compared to black seeds [30].

At molecular level, of halophyte Karelinia caspica (Asteraceae), has been studied
by Zhang et al. [80]. In addition, the study of differentially expressed genes in this
species, under salt stress, and analysis of the effects of salt stress and regulation of
ABA could contribute to the identification and characterization of genes and molec-
ular mechanisms underlying saline stress responses, in these plants [80]. Haloxylon
ammodendron, a perennial xerohalophyte, is an essential species for investigating
the effects of drought on desert trees. The results, via RNA-seq and digital gene
expression (DGE), were mainly related to ion transporters, signal transduction,
ROS-scavenging, photosynthesis, cell wall organization, membrane stabilization
and hormones. Moreover, the physiological changes of inorganic ions and organic
solute content, peroxidase (POD) activity and osmotic potential were in accordance
with dynamic transcript profiles of the more relevant genes. The data provides valu-
able genetic resources for future improvement of forage and crop species for better
adaptation to abiotic stresses [81].
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Finally, another widely studied halophyte is Sporobolus virginicus (C4 grass)
found from tropical to warm temperate regions of world. To identify the key genes
involved in the regulation of salt tolerance in this plant, it was produced 3500
independent transgenic Arabidopsis lines expressing random cDNA from S. virginicus
and screened 10 lines which showed enhanced salt tolerance compared with the wild
type in a medium containing 150 mM NaCl. Among the selected lines, two contained
cDNA coding glycine-rich RNA-binding proteins (SyGRP1 and SyGRP2). GRPs are
involved in diverse biological and biochemical processes including salt tolerance
in Arabidopsis and some other glycophytes. Metabolomic analysis of the SYGRP1-
transformant suggested that the increase in 3-aminoppropanoic acid, citramalic
acid, and isocitric acid content was associated with enhanced salt tolerance [82].

8. Conclusions

This chapter has reviewed the current status of halophytes about the adaptive
strategies used to survive in a large heterogeneity of habitats. Phenotypic plasticity,
the presence of heteromorphic seeds, persistent and/or transient seed banks, and
the cycle of dormancy/germination regulated by ABA and GAs allow ecological
diversity, and the most germination appropriate time to achieve success in their sur-
vival. The rapid germination and recovery of germination, after drought and saline
stress, ensure the propagation of their later generation in areas with varied climatic
conditions. These strategies convert halophytes in a viable commercial alternative in
countries where the severe climatic conditions do not allow a conventional agricul-
ture, recover degraded lands thanks to phytoremediation action of these plants, and
transfer of resistance genes to sensitive agricultural crops, for a better adaptation to
abiotic stress. These achievements can help palliate worldwide problems concerning
food, ecology, and health, in XXI century.
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Abstract

To contribute to the knowledge of sexual reproduction of endangered native
species of the genus Polylepis (P, neglecta, P. incarum and P. pacensis) in Bolivia, differ-
ent germination studies were performed to obtain saplings for reforestation as a very
important measure recommended for the recovery and conservation of this genus.
Initially, seed trees were identified in natural populations (P. pacensis and P, incarum)
and also in green areas of the Municipality of La Paz (P, neglecta). The characterization
of physical and physiological quality (laboratory and greenhouse tests) of the collected
seeds was carried out. The physical quality test, showed a high degree of impurities
(47%), so it was required to collect a greater amount of plant material. P incarum,

P, pacensis and P, neglecta showed 10, 8 and 6% humidity respectively. A low germina-
tion percentage was obtained: 10% (R, neglecta), 8% (P. pacensis) and 2% (P, incarum),
issue reported for several Polylepis species. Under greenhouse conditions the highest
germination percentage (19%) was displayed in the substrate sand + peat 1:1. On the
other hand, P. neglecta showed a higher germination percentage (between 10 and 15%),
P, pacensis and P, incarum: 8 and 2%, respectively. Our data suggest feasible alternatives
to improve the massive propagation of these species under greenhouse conditions.

Keywords: germination, greenhouse, Polylepis, reforestation, seeds, viability

1. Introduction

The arborescent genus Polylepis (Rosaceae) is distributed along the Andes
mountain range from Venezuela, Colombia, Ecuador, Pert, Bolivia, Argentina
(Cérdoba), to northern Chile [1].

In Bolivia, it is in an altitudinal range from 3200 to 5200 m, forming true
forests in the Eastern Cordillera associated with other species; while in the Western
Cordillera it forms monospecific patches [2, 3]. The genus Polylepis includes
between 15 and 28 recognized species, being Bolivia one of the main centers of
wealth with 14 species [3-6].

These forests represent important islands for the conservation of biodiversity in
the Andes [7]. They also play a central role in high Andean ecology as a habitat for
many species of plants, animals and as an important source of resources for local
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inhabitants [8]. Nevertheless, because of their high fragmentation, Polylepis forests
are considered one of the most threatened ecosystems in Bolivia [2, 9].

The degradation of Polylepis forests began millennia ago, mainly due to anthro-
pogenic activities such as felling for firewood and charcoal production and human
ignited fires to stimulate pastures regrowth in order to enabling agricultural fields and
reforestation with exotic species (eucalyptus and pines), factors that have led to the
destruction and reduction of ~90% of the area occupied by these forests, restricting
them to specialized microhabitats and modifying their floristic and faunal composi-
tion [8, 10]. To this must be added the low germination rates (2-50%) reported for
different Polylepis species, which can be related to the high percentages of empty or
non-viable seeds due to the anthropogenic action on their habitat. [1, 11-13].

Consequently, within the framework of the strategy for the conservation of
Polylepis (Quewiiia) forests and biodiversity associated in Bolivia, it was determined
that these forested formations are priorities for conservation through the develop-
ment and implementation of integral projects to restore and recover these ecosys-
tems and their biodiversity, which include the transplantation of juvenile plants and
reforestation with native species [14].

In this regard, scientific publications about propagation and reforestation in
Polylepis are insufficient in Bolivia. So it is essential to get more information about
reproductive biology and establishment for this genus.

Nevertheless, there are outstanding experiences in other countries that have
generated basic information on different aspects for germination and saplings
production for the natural forests recovery. Such as the research carried out in
Chile that generated information about P, tarapacana seeds collection through the
identification of seed trees; seeds germination in a suitable substrate for saplings
obtaining; and their transplantation to a definitive place [15]. On the other hand,
in Argentina a methodology for the production of Polylepis australis seedlings for
reforestation has been standardized due to several years of research [12].

In this sense, the study aims to generate information on the sexual reproduction
of Polylepis species: P. neglecta, P. incarum and P. pacensis, to achieve the understand-
ing of the germinative processes focused on the attributes of physical and physi-
ological quality that can contribute to the generation of standardized treatments
to obtain plant material ready to be planted and useful as a tool to implement an
integrated management of afforestation and/or reforestation.

2. Methodology
2.1 Selection of species

The species were selected based on the availability of seed trees, that is, Polylepis
species located in areas near the Department of La Paz-Bolivia were considered,
mainly due to the restriction in the geographical area established by the funder to
carry out the present investigation. In that sense, the species P. neglecta, P. incarum
and P, pacensis were selected.

On the other hand, the state of conservation was considered, of each species that
in the case of P, neglecta is classified as vulnerable (VU) and P. pacensis is within the
category endangered (EN) [16]. P incarum qualifies within the category EN [17].

Finally, the growth rate of the species was taken into account, a key aspect for
the subsequent production processes of the species of interest. There are reports
that P, neglecta seedlings show rapid growth (up to 50 cm per year), while P. incarum
is recognized as a fast-growing tree. Therefore, both species are considered as
potential for reforestation [2].
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2.1.1 Location and selection of seed trees of Polylepis

In order to verify the zones with forested fragments of Polylepis, the sampling
points were georeferenced and the selection of potential seed trees was carried out
according to specimens that visually presented the highest relative density of fruits
in the canopy (presence of branches with fertile structures distributed in the differ-
ent expositions of the glass). Likewise, basic allometric parameters such as height,
trunk diameter DAPs5, (measured at 50 cm from the base) were recorded, marked
and measured and verified by specialists from the National Herbarium of Bolivia
(LPB) of the Universidad Mayor de Bolivia. San Andrés (UMSA).

Field trips were made to areas near the Municipality of La Paz, where sectors
with P, pacensis forests were located, such as the town of Cohoni, at ~75 km from
the city of La Paz, between coordinates 16°42'42.9” S and 67°50'18.4” W and at an
altitude of 3539 m. In it were located different points with presence of fragments
of these forests (Figure 1a). These populations were settled on slopes and ravines
of steep slope; depending on its accessibility, 8 trees were selected and recorded in
fruiting state (i.e., presence of immature, mature and remaining fruits), with an
average height of 3.7 m and an average DAPs5, of 17.5 cm.

In the Municipality of Puerto Carabuco, located in the third section of the
Camacho Province of the Department of La Paz, at an average altitude of 3860 m,
between the coordinates 15°32'17 S and 69°25'06” W, located two main points
with presence of fragments of P, incarum forests (Figure 1b), settled on slopes with
steep slopes, where 33 specimens were marked, in which floral and fruit structures
were differentiated (mature, immature and old). The average height and DAP50
recorded were 3.5 m and 27.8 cm, respectively.

In the case of P, neglecta, a number of previously identified seedbeds were
found in the La Paz Botanical Garden (Figure 1c), of the University Campus of the
Faculty of Pure and Natural Sciences of the UMSA, with the following coordinates
16°32'18” S and 68°04'7.99” O, at 3411 m; where 6 trees were marked in flowering
and fruiting state. Based on the measurements made, an average height of 3.9 and
26.5 cm of DAPs, was calculated.

2.1.2 Seed collection

To collect the seeds of the species under study, trees with mature clusters with a
minimum of 25% flowering with respect to the total crown were visually selected,
and based on criteria of coloration (fruits of light brown color) and degree of adhe-
sion to the cluster (easily removable). However, in the process, immature (green)
seeds were observed that were quite attached to the bunch and old seeds (dark
brown) very loose on contact with the hand (Figure 2). The collection of seeds was
done manually to loosen the fruits. Even so, it was inevitable to obtain samples with
different degrees of maturity. The amount of seed collected per tree per species was
variable. In the laboratory of the Unit of Plant Biotechnology (U.BV.-UM.S.A.)
Was homogenized (mixture of primary samples) and reduced to ~100 g in the
species P, neglecta and P. incarum, and only 30 g in the case of P. pacensis. From these
samples, the distribution of the seeds was carried out according to the quantity
required for each of the developed analyzes.

2.2 Analysis of seed quality
Based on the methodology standardized by the International Seed Testing

Association [18], for each species under study, the physical and physiological seed
quality tests were carried out at the facilities of the UBV. of the UM.S.A.
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Figure 1.

(a) Adult individual of P. pacensis, locality Cohoni. Municipality of Palca/detail of leaf, flower and fruit
morphology. (b) Adult individual of P. incarum Community of Copacati, municipality of Copacabana/detail
of leaf, flower and fruit morphology. (c) Adult individual of P. neglecta Botanical Garden La Paz-University
Campus of the UM.S.A./Detail morphology of leaf, flowers and fruits.

2.2.1 Physical quality

The physical quality analysis included the determination of parameters such
as physical purity, moisture content and the weight of 1000 seeds. The physical
purity analysis consisted in examining a sample of 100 g of seeds per species (with
the exception of P. pacensis for not obtaining the sample size) and separating the
pure seed from the impurities (seed of other species and inert matter) with the aid
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Figure 2.
Seed collection process of Polylepis: (a) seed collection manual; (b) seeds collected in bags; (c) preservative
Polylepis seeds; (d) immature seeds; (e) mature seeds; and (f) seeds (old).

of magnifying glasses, to then weigh them and calculate the percentage of purity
according to the following formula [19]: purity percentage = (pure seed/total weight
of the original sample) x 100.

Subsequently, we proceeded to determine the moisture content of the seed
through the method recommended by the ISTA [18]. Eight samples of 100 seeds
were weighed, dried in an oven at a temperature of 103 + 2°C for 17 hours and then
weighed again. The humidity percentage was calculated from the following for-
mula: humidity percentage = (original weight — weight after stove drying/original
weight) x 100.

For the evaluation of the weight of 1000 seeds, these were separated manu-
ally, with 8 repetitions randomly per species and each of them was weighed in an
analytical balance.

2.2.2 Physiological quality
An exploratory study was previously carried out using the tetrazolium viability

test based on staining patterns that allowed the reliable evaluation of the viability of
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the seeds of the species under study. In accordance with the procedure established by
the ISTA [18], the seeds were pre-conditioned, placed for 24 h on moistened paper
towel. This triggered the activation of the enzymatic system, besides facilitating the
cutting of the seed and the development of a sharper and uniform coloration. Next,
a cross section of the seeds was made to expose the embryo directly to the action

of the tetrazolium and facilitate its penetration. Five repetitions of 20 seeds were
made per Petri dish, making a total of 100 seeds per species. Subsequently, the seeds
were stained by immersing them in the tetrazolium solution at a concentration of
0.5% for a period of 24 h in the dark and at room temperature. To proceed with the
interpretation of the test, a stereoscope was used. In this way, the seeds were clas-
sified, according to the colored zones, in different staining categories established
according to the ISTA standards: Category 1: living tissue (TV1, intense red tissue
staining, TV2, bright or intense pink tissue staining, TV3, light pink tissue staining);
Category 2: deteriorated tissue (TD1, garnet red tissue coloration. TD2, milky pink
tissue coloration); Category 3: dead tissue (TM1, discoloration of discolored/whit-
ish or hyaline tissue TM2, necrotic tissue with brown coloration). Given that empty
seeds were found (without an embryo), Category 4 (SSTE, seed without embryonic
tissues) was added to describe this condition.

The main attribute considered in the physiological quality of seeds refers to their
germination capacity. In this sense, a germination test was carried out under controlled
environmental conditions of humidity, temperature and light in the growth room of
the U.BV,, which has shelves with artificial light, programmed with a photoperiod of
16 h light/8 dark and an average temperature of 25°C. Six seeds were planted per Petri
dish, with a total of 240 seeds for each species. The number of repetitions (Petri dish)
per species was 40. As a substrate paper, towel was used, which provided adequate
porosity for moisture retention. This trial lasted 30 days, time that was waited for the
maximum germination to occur. During this period, the count of (1) germinated seeds
(those that developed a seedling with essential structures, such as roots, stems and
cotyledons) and (2) ungerminated seeds.

2.3 Seed germination in greenhouse

Considering the information available in previous works on Polylepis seeds,
two trials were carried out in the greenhouse of the La Paz Botanical Garden-
U.M.S.A. In a first (preliminary) trial, four combinations of substrates were tested:
S1, sand + peat (1:1) (control substrate); S2, sand + peat + black earth (1:1:1); S3,
sand + peat + humus (2:1:1); and S4, sand + black earth (1:1). Prior to planting
the seeds, pregerminative soaking in water was carried out for 24 h. Two hundred
and forty seeds were sown per species; half was subjected to this procedure. The
study was conducted in July, August and September 2015. The data obtained were
analyzed statistically through a completely randomized design with trifactorial
arrangement; the factors were: Species (A), soaking (B) and substrates (C), with
10 repetitions per treatment. Then a second (final) test was carried out, in which
the two best substrates from the preliminary test (S1 [sand + peat 1:1] and S4
[sand + black earth 1:1]) were used to verify the observed response in the previous
study and establish treatments for subsequent production processes. In both cases,
the pregerminative treatment (seed soaking) was applied. Two hundred and forty
seeds per species were planted, of which 120 were soaked in water to standardize a
technique for the propagation of kefiua seedlings. This study was carried out in the
months of September and October 2015. The results were analyzed through a com-
pletely randomized design with a bifactorial arrangement; the factors were species
(A) and treatments of substrates with and without soaking (B), with 40 repetitions
per treatment.
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3. Results
3.1 Analysis of seed quality
3.1.1 Physical quality

The results regarding the parameter of physical quality purity of seeds showed
that in 100 g of seed of P, neglecta, 57% corresponded to pure seed and, in the case of
P incarum, 50%. As regards P, pacensis, this information was not generated since only
a maximum of 30 g of the 100 g required for this analysis was reached. With respect
to the moisture content of the seeds, in the case of P. neglecta species 6%, 8% for P
pacensis and 10% for P, incarum were recorded. The average values obtained for the
parameter weight of 1000 seeds for each species showed that 1000 seeds of P. neglecta
weigh 4.78 g, in the case of P. incarum 9.65 g and in the species P. pacensis 5.31 g.

3.1.2 Physiological quality

Depending on the results obtained in the tetrazolium test, different coloring
patterns could be differentiated in the tissues of the seeds. In the species P. neglecta
40% of seeds were observed with intense red tissue staining (TV1), 22% with
dead tissue (TM2) and 17% of empty seeds (without embryo). In P, incarum 48%
of seeds with brown coloration (TM2) and 20% with discoloration of colorless/
whitish or hyaline tissue (TM1) was verified, condition that indicates tissue death in
both cases. In the species P. pacensis 58% of seeds with dead tissue (TM2) and 21%
of empty seeds were recorded, without the formation of embryonic tissues (SSTE).
The rest of the percentages presented in smaller proportion in the three species
correspond to other categories that are shown in Table 1.

In turn, the different staining categories established to determine the viability of
the seeds can be observed in Figure 3.

In general, this test allowed us to obtain an approximation to determine the
viability of Polylepis seeds through the differentiation of colorations of the observed
tissues. Giving as final results a high percentage of non-viable seeds in the species
P, incarum and P. pacensis (76 and 85% respectively), while in P. neglecta a lower
percentage of non-viable seeds was recorded (42%), results that to some extent sup-
port the low germination rates observed in both species described below (Figure 4).
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Table 1.
Percentage of seeds according to the categories of tetrazolium staining (TZ).
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Categoryi. Living tissue

Categorvz. Deteriorated tisue

categorys. Dead tissue

Category 4. Emptyseed

Figure 3.
Colored seeds with tetrazolium, distributed among living, deteriorated, dead tissues and empty seeds.

The results of the germination test showed a germination rate of 42% for P
neglecta and 10% for P. incarum and P. pacensis, after 30 days of evaluation, defined
as the observation period in which the maximum occurred accumulated germina-
tion (Figure 5a—c).

3.1.3 Seed germination in greenhouse

The results of the preliminary test, at 45 days of evaluation (maximum germina-
tion time), showed only significant statistical differences with respect to the factors
species (A) and substrates (C), not so for the soaking factor (B), nor for any of the
interactions between factors. Accordingly, both factors were analyzed separately
through Duncan’s multiple range test (a = 0.05), which he identified as the highest
germination percentage to that registered for P. neglecta (15%), since it is statisti-
cally different from those obtained for P, incarum and P. pacensis (Figure 6a).

Regarding the differences identified for the substrate factor, through the Duncan
test (o = 0.05) it was verified that the substrate S1 (sand + peat 1:1) had the highest ger-
mination rate (19%) in relation to the other substrates (Figure 6b). In this sense, when
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Percentage of viable and non-viable seeds of Polylepis obtained through the tetrazolium test (TZ).

=»
£ 3
é - X
g4 Cermaration pak hor LT 1 2 T W /
En P nagisrra . I +
T
*w ‘// /
& ,I?‘/
§o P 1
F P 1 ..._/"
= 1 o ' e
¥ ; /’r E L
E 57 ..-f"'f
& g ol .
-] 3 -] i3] p-] 5 K % H n @ e
Dwys 1=
(a) (b}
i
Figures.

Germination rate of Polylepis species up to 30 days: (a) P. neglecta, (b) P. incarum and (c) P. pacensis.

dealing with evaluation factors it can be affirmed that the substrate S1 is the one that
presents the best germination rate for all the species under study and the species with
the best germinative behavior regardless of the substrate or the soaking is P. neglecta.
In the final test the results showed significant statistical differences with respect to
the species under study (A) and the treatments (B), and not so for the interaction (AB).
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Figure 6.

Seed germination vesults of Polylepis species under greenhouse conditions (preliminary test). (a) Percentage
of average germination per type of substrate. (b) Percentage of average germination registered by species.
According to Duncan (a = 0.05). Different letters ave statistically different.
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Figure 7.

Seed germination vesults of Polylepis species under greenhouse conditions (final test). (a) Percentage of
germination vegistered according to the type of substrate and pre-germinative treatment. (b) Percentage of
germination registered by species. According to Duncan (a = 0.05). Different letters ave statistically different.

In this way, the Duncan test (« = 0.05) again identified P. neglecta as the species that
reached the highest percentage of germination (10%), followed by P, pacensis (8%) and
finally P incarum (2%) (Figure7a). Likewise, this test revealed that the treatments with
the highest percentage of germination correspond to the substrate S1 (sand + peat 1:1),
independently of the effect of the pregerminative soaking treatment (Figure 7b). In
summary, it can be confirmed that the S1 substrate, independently of the soaking, was
the one that presented the best germination rate for the three species. The best germina-
tive behavior, regardless of the substrate or soaking, was the species P, neglecta.

4. Discussion
4.1 Analysis of seed quality

With respect to physical quality parameters, in the case of physical purity, the
seeds presented a high degree of impurities (47% on average), which makes it dif-
ficult to obtain pure seeds for future planting. Its importance lies in the fact that a
lot of seeds with a lot of inert material is of lower quality and implies the need to use
more of this material in order to make the process more effective [20].

The moisture content is one of the most important factors that affects the mainte-
nance of the quality of the seeds. Thus, dry and healthy seeds can be kept under appro-
priate storage for many more years, while wet seeds can deteriorate in a few days. The
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storage time of seeds decreases as the moisture content increases, since it has a domi-
nant effect on the predominance and activity of insects and fungi during storage [21].
The moisture content affects the metabolic activity of the seeds in the germination and
the deterioration of these; therefore, knowledge of this attribute allows choosing the
most appropriate procedure for the harvest or collection of seeds, their conditioning,
the preservation of the physical, physiological and sanitary quality of the seed [20].

In the case of the species studied, there are no recommended humidity parameters for
storage. However, according to the ISTA [18] it is considered as a norm that the humid-
ity of the seeds to be commercialized should not exceed 13% [20]. The percentage of
humidity of all the species under study was low, which could be considered orthodox
seeds, which are those whose moisture content can be reduced to values between 5 and
10% and store them at temperatures below zero without damaging them; its conser-
vation for long periods without losing its germinative power [22]. According to the
document published by the Mining Company Dofia Inés de Collahuasi SCM [15], seeds
of P, tavapacana stored for a year in a dry cellar at room temperature did not lose their
viability, so the percentage of germination was not seen affected.

The weight of 1000 seeds allows to establish the necessary amount of seeds to
achieve a certain number of plants. If the value of this parameter is known, it is easy
to determine the amount of seeds to be used per reforestation area [21]. According
to what was observed in the present study, it can be inferred that to have 1000 seeds
of P neglecta and P. pacensis, between 4 and 6 g is required, while in P, incarum
about 9 g would be required.

In relation to the physiological quality analyzes, through the viability test of
tetrazolium in Polylepis seeds, high percentages of non-viable seeds and empty seeds
were verified, which would be related to the low percentage of germination regis-
tered in different species of the Polylepis genus. In this regard, it is mentioned that in
the collection of seeds corresponding to P, incana, many trees came to have almost
all their seeds empty [11]. Another very interesting result is the one reported for P
australis (Cérdoba-Argentina), in which they analyzed the effect of the seed mass,
the geographic region, the forest fragments and the individual trees on the germina-
tion of the seeds, and reported that seeds that did not germinate were almost always
empty [23]. Likewise, these authors refer to Hensen (unpublished data), who found
a high percentage of empty and non-viable seeds in several Bolivian Polylepis species
(P, hieronymi, 80%, P. tomentella, 84%, P. besseri, from 90 to 100%, P. racemosa,
100%, P, tarapacana, 100%). The presence of high percentages of empty seeds
seems to be a characteristic in Polylepis species, which represents a problem when
making afforestation or reforestation plans. Likewise, the existence of a positive
correlation between the mass and seed germination of P. australis was determined,
that is, the weight of the seed could be a quick way to evaluate the viability of these
and, therefore, it would be a practical alternative for the selection of seeds and
ensure higher gemination rates [23].

Based on the germination test carried out, available reports recorded low ger-
mination rates in the species studied, which was verified through the data obtained
for this study. Experiences of germination of P, incana in Petri dishes from samples
taken at different altitudes showed germination percentages between 8 and 34% in a
period of 15-49 days (collection of seeds at 3100 m). Likewise, samples collected at
an altitude of 3600 m, with pregerminative treatment consisting of soaking in water
for 42 h prior to sowing, showed germination percentages between 12 and 44% [24].

4.2 Seed germination in greenhouse

Different experiences in germination for the production of seedlings in other
Polylepis species under greenhouse conditions, report results similar to those
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presented in this chapter. Regarding the type of substrate, they recommend a mix-
ture of sand + peat in a 1:1 ratio, which in the tests carried out in the present study
turned out to be the substrate in which the greatest number of seeds of the three
species analyzed [2] germinated. Although some researches recommend to subject
the seeds to a soaking in water for 24 h as a pregerminative treatment [25, 26], the
results in this work did not show a marked effect on the germination of the species
under study, so their use resulted indistinct depending on the data obtained.

With relationship the time of germination, the first seedlings emerged between
20 and 25 days in (P, neglecta, P. incarum and P. pacensis, registering this event
until 45 days in the different tests performed). Studies carried out on P, tarapa-
cana showed that the appearance of seedlings was concentrated between 30 and
40 days after sowing [15], whereas in the case of P. australis, the first seedlings were
observed at 20 days after sowing and were increasing until 60 days [12].

The percentages of germination obtained were variable, in P. neglecta 10% was
registered, in the case of P. pacensis 8% and for the species P incarum 2%. There are
several reports about the low germinative power of Polylepis species. For example,
for P incana (Peru) there is information that the percentage of germination varies
between 2 and 15% [27]. In P. tomentella there is a 3.1% [28], and in P. australis there
is a variation of 10-50% of germination percentage under experimental conditions
[12]. In the study carried out by the Mining Company Dofia Inés de Collahuasi SCM
[15] it is mentioned that the percentage of germination in massive propagation in
P, tarapacana fluctuated remarkably according to the origin of the seeds, in a range
of 2-10%, with an average close to 4%. In P. besseri, the conclusion of the germina-
tive stage occurred between 50 and 65 days, with a germination rate of 3-10% in
experimental plots [1], whereas, in P. racemosa, the germinative success was of
2-15%, in a period of 60-70 days [25]. Therefore, the success rate of propagation
will depend mainly on the amount of viable seeds and the adequate environmental
conditions (soil, humidity and temperature) that are provided for germination [11].
On the other hand, it is important to take into account the distribution of the seed
trees from which the samples were obtained, either in the city or in the field, an
aspect that can respond to the low germination rate presented in the species under
study. The crossing between neighboring plants can lead to a biparental depression
of inbreeding, that is, a loss of biological effectiveness (vigor, viability, fecundity)
due to the reduction of genetic variability due to homozygosity, which reduces
the chances of survival of the species [23]. For this reason, it should be taken into
account that the collection of seeds takes place in places where a broad dispersion
flow can be evidenced that, in a certain way, guarantees greater genetic variability
within that population.

5. Conclusions

Through this study, it was possible to generate basic reference information,
providing information on the location, description and selection of seedlings of
Polylepis in areas near or belonging to the Municipality of La Paz, to determine
parameters related to the physical and physiological quality of seeds, and also the
development of basic procedures for their initial cultivation in controlled condi-
tions (greenhouse).

In this way, it is intended to contribute to the biological knowledge of the species
examined, filling some gaps of information to understand their current status and
plan the development of appropriate iz situ and ex situ conservation strategies for
the species under study through restoration or reforestation programs with seed-
lings obtained by seed.
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Chapter7

Phytotoxicity of Plantago major
Extracts on Germination and
Seedling Growth of Purslane
(Portulaca olevacea)

Ahmed E. Al-obaidi

Abstract

Plantago major L. (Plantaginaceae family) has been used as herbal remedies for
centuries in almost all over the world and in the treatment of a number of diseases.
This study aims to assess the allelopathic potential of Plantago major extracts on
the germination and early seedling growth of purslane. Total phenols, tannins,
saponins, flavonoids, and alkaloids were determined in P. major. Furthermore,
concentrations of 2.5, 5, 10, 20, and 40 mg.ml_1 of both alcoholic and aqueous
extracts were prepared to study their phytotoxic effect on the germination and
seedling growth of Portulaca oleracea weed. In our study, showing the germina-
tion of P, oleracea was completely inhibited (96.30 mg.ml™") under treatment of
P. major methanolic extracts at 40 mg ml™". Moreover, both radicle and plumule
were strongly inhibited (87.20 and 74.29 mg.ml™", respectively) under the same
treatment. This could be attributed to the high content of bioactive constituents.
Therefore, this species can be used in the method of biological control of weeds.
In addition, further studies are required to identify and characterize the proper
allelochemicals and demonstrate their modes of action.

Keywords: allelopathy, Plantago major, Portulaca oleracea, phytochemical

1. Introduction

At present there is a lot of emphasis on finding new methods to fight weeds,
and concept of competition between plant species has been improved with that
of plant allelopathy [1, 2]. Allelopathy involves the effects of one plant on another
because of the chemicals it releases or the breakdown products of their metabolites
[3]. There are some examples of plant toxins among the plant secondary compound
classes of alkaloids, terpenes, and especially phenolics [4]. Phytotoxicity assays have
been reported to be an important approach for identifying plants that are likely to
be a source of vital herbivorous compounds [5, 6].

The allelopathic effects of crop plants or crop residues on weeds benefit farmers,
which can cause significant economic losses [7]. There is competition for weed crops for
moisture, nutrients, space, and light, which negatively affects crop yield [8]. It has been
reported that the predominant species of weed allelochemicals stop crop production but
sometimes also stimulate seed growth, germination, and crop production [9, 10].
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Management methods that reduce the requirement for herbicides are needed
to reduce adverse environmental impacts. Herbicides can cause crop injury [11].
Moreover, there is a keen interest in developing alternative methods of natural weed
control in organically grown crops [12], as weed control remains one of the most
significant agronomic challenges in the production of organic crops. Weed man-
agement is often the most troublesome technical problem to be solved in organic
farming, especially in poorly competitive crops like vegetables [6, 13]. Cultivation
and hand hoeing are common practices used in organically grown leek crops.

Portulaca olevacea L. (purslane) is a common troublesome weed worldwide.
Despite being considered a poor competitor, it can quickly establish and easily
regenerate by vegetative reproduction method [14]. Plantago is the largest genus
within the Plantaginaceae family comprising approximately 275 annual and peren-
nial species distributed all over the world [9]. Plantago major L. (Plantago major ssp.
major L.) is a perennial plant that belongs to the Plantaginaceae family and is found
in fields, lawns, and on the roadsides. It can become about 10-60 cm high, but the
size varies a lot depending on the growth habitats. The leaves grow in rosettes, and
they are ovate to elliptical with parallel venation (5-9) [15]. In Asia and Europe, the
aerial parts of P. major is often used as herbal remedies in the treatment of a number
of diseases related to the skin, respiratory and digestive organs, reproduction, and
against infections [16].

Phytochemical investigation of the genus revealed the presence of polysaccha-
rides, phenylpropanoid glycosides, alkaloids, triterpenes, flavonoids, and phenolic
acids as the main bioactive compounds present in the aerial parts [17-20]. The aim
of the present study was to evaluate the allelopathic potential of Plantago major
extracts on the germination and early seedling growth of purslane.

2. Materials and methods
2.1 Plant material

Plantago major L. was collected from canal banks in Al Anbar city (Iraq) dur-
ing their vegetative stage (February 2018). The identification of species was done
according to Boulos [15]. The plant material was handily cleaned, washed several
times with distilled water to remove dust and other residues, dried in room temper-
ature in shaded place for several days till complete dryness and ground into powder,
and then preserved in well-stopped bottles [21].

2.2 Phytochemical analysis

Plantago major was collected and prepared as previously mentioned. Total
phenolics, flavonoids, and alkaloids were estimated using spectrophotometric
techniques adapted by Harborne [22], Sadasivam and Manickam [23], and Boham
and Kocipai-Abyazan [24], respectively. Tannins were determined according to
Van-Buren and Robinson [25], while saponin content was estimated by the method
adopted by Obadoni and Ochuko [26].

2.3 Allelopathy bioassay weed seed source
The seeds of Portulaca oleracea were collected from cultivated land from Al
Anbar, Iraq. Seeds were sterilized by 0.3% sodium hypochlorite for 3 minutes,

washed several times by distilled water, dried at room temperature for 7 days, and
reserved in paper bag until further use [27, 28].
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2.4 Preparation of extracts

For bioassay tests, aqueous and methanol extracts were prepared to obtain
various concentrations of 2.5, 5, 10, 20, and 40 mg.ml_1 (w/v). The solutions were
filtered through double layers of muslin cloth followed by Whatman No. 1 filter
paper. The pH of the mixtures was adjusted to 7 with 1 M HCI, and then mixtures
were stored in a refrigerator at 4°C until further use [29].

2.5 Germination bioassay

For germination experiment, 25 seeds were placed in each filter paper in addi-
tion to 10 ml of tested extract for each Petri dish (90 mm diameter). The control
treatment was designed with distilled water. Germinated seeds were counted daily
starting from the first day of treatment. The design of the experiment was random-
ized complete block with three replicates. The experiment was repeated three times,
and the inhibition percentage was calculated.

2.6 Seedling growth bioassay

The seeds of Portulaca oleracea were germinated in the dark at room temperature
for 2 days. Twenty-five germinated seeds were placed in Petri dishes lined with
two layers of filter paper (Whatman No. 1), and 10 ml of different extracts (2.5, 5,
10, 20, and 40 mg.ml_l) were added. Moreover, a control treatment was designed
with distilled water. The design of the experiment was randomized complete block
with three replicates. The experiment was repeated twice, the radicle and plumule
lengths of seedlings were measured on the tenth day, and growth inhibition for
radicle and plumule lengths were calculated.

3. Results and discussion
3.1 Phytochemical constituents

Several phytotoxic substances causing germination and/or growth inhibitions
have been isolated from plant tissues [30, 31]. The phytochemical constituents of
Plantago major are presented in Table 1. Plantago major contained high contents of
phenolics (132.2 mg/g dry weight) and tannins (28.7 mg/g dry weight), while it con-
tained relatively alkaloids (10.6 mg/g dry weight), saponins (15.8 mg/g dry weight),
and flavonoids (14.8 mg/g dry weight).

These results are supported with the study of Kolak et al. [32] and Miser-
Salihoglu et al. [33]. In addition, this results relatively comparable to those reported
in Senecio glaucus as described by El-Amier et al. [34] with the exception of phenols
less, but higher than those reported by Kobeasy et al. [35] on same species and

Plant species Active organic compounds (mg.g™" dry weight)
Phenolics Tannins Alkaloids Flavonoids Saponins
Plantago 1322£235 28.7+0.89 10.6 £ 0.05 14.8+0.21 158 + 0.06
major
Table 1.

Concentrations of the active ovganic compounds estimated in Plantago major.
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El-Amier et al. [36] on Euphorbia terracina as well as El-Amier and Abdullah [37] on
some wild plants (Calligonum polygonoides, Cakile maritima, and Senecio glaucus).

3.2 Allelopathic effect of P. major extracts on P. oleracea germination

Allelopathy is a phenomenon by which some plants affect the others, either posi-
tively or negatively, by exuding chemicals [38]. In the present study, the allelopathic
effect of shoot extracts (aqueous and methanol) on the germination percentage of
Portulaca oleracea at 4 DAT was shown in Figure 1. It is observed from the figure
that the methanolic extract of Plantago major exhibited higher germination inhibi-
tion of Portulaca oleracea than the aqueous extract. This could be attributed to the
methanol polarity that has the ability to extract a wide variety of active components
compared to water [39]. The degree of inhibition was significantly increased in a
concentration-dependent manner. The aqueous extract of P. major at 40 mg ml™
inhibited the germination of P. oleracea by about 30.24%, while the lowest concen-
tration (2.5 mg ml™?) inhibited the germination by 4.60%. On the other hand, P
major methanolic extract showed a highest inhibition of germination at 40 mg ml ™",
while at 2.5 mg m1™", it exhibited lowest inhibition percentage (20.37%).

Many plant species showed inhibitory effects on P. oleracea germination such
as Medicago sativa and Vicia cracca [40], Salvia macrochlamys [41], wheat, and
rye straw [42]. Aqueous extract of some plant species may contain some toxic
substances [43]. These substances probably inhibit the germination and seedling
growth of other plant species [44], which was due to their interference with indole
acetic acid metabolism, or synthesis of protein and ion uptake by the plants [45].

3.3 Allelopathic effect of P. major extracts on P. oleracea seedling growth

Allelopathy offers potential for biorational weed control through the production
and release of allelochemics from leaves, flowers, seeds, stems, and roots of living
or decomposing plant materials. Under appropriate conditions, allelochemics often
exhibit selectivity, similar to synthetic herbicides [46].

The allelopathic effect of both aqueous and methanolic extracts on Portulaca
oleracea radicle growth after 10 days of treatment revealed that there was significant
variation between different extracts. However, the degree of inhibition significantly

120 [ Methano| extract 1 Agquecus extract

100
80 1

&0 - )

Imhibition (%)

40

2.5 5 10 20 40
Concentration of the extract (mg mi )

Figure 1.
The allelopathic effect of both aqueous and methanolic Plantago major extracts on the germination inhibition
percentage (mean value) with the error bars of Portulaca oleracea 10 days after treatment.
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increased in a dose-dependent manner (Figure 2). The aqueous extract of P, major
showed 52.34% at 40 mg ml ™", while it showed the lowest inhibition percentage of
radicle growth (3.5%) at 2.5 mg ml™? (Figure 2). On the other side, the methanolic
extracts from P. major at 40 mg ml~" inhibited the radicle growth of Portulaca
oleracea by 87.20%, while at the lowest concentration (2.5 mg ml™), P. major extract
showed the lowest inhibition percentage (19.21%) of radicle growth (Figure 2).
The phytotoxic effect of both methanolic and aqueous extracts from the studied
Plantago species on Portulaca oleracea plumule growth revealed slight significant
variation between two extracts. However, there was a very large difference between
different concentrations (Figure 3). The aqueous extract from P. major showed the
highest inhibition percentage of Portulaca oleracea plumule growth (48.69%) at
40 mg ml™", while at 2.5 mg ml™", P major extract inhibited the plumule growth by
4.11%. On the other hand, the methanolic extract of P, major exhibited high inhibi-
tion (74.29%) of P, oleracea plumule growth at 40 mg ml™". The lowest concentra-
tion (2.5 mg ml™") of P. major extract inhibited the plumule growth by 60.95%
(Figure 3). Phytochemical investigation of the genus revealed the presence of
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Figure 2.
The allelopathic effect of both aqueous and methanolic Plantago major extracts on the radicle growth
inhibition percentage (mean value) with the ervor bars of Portulaca oleracea 10 days after treatment.
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Figure 3.

The allelopathic effect of both aqueous and methanolic Plantago major extracts on the plumule growth
inhibition percentage (mean value) with the ervor bars of Portulaca oleracea 10 days after treatment.
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phenylpropanoid glycosides, alkaloids, triterpenes, flavonoids, and phenolic acids
as the main bioactive compounds present in the aerial parts [17, 19, 20].

The allelopathic effect of P. major could be attributed to several bioactive com-
pounds that act in a synergistic manner or to compounds which regulate one another
such as flavonoid, phenolic acids, saponin, alkaloids and tannins. Plantago species
was reported to contain several bioactive secondary metabolites such as vanillic acid,
iridoid glycoside (aucubin), caffeic acid derivatives, chlorogenic acid, ferulic acid,
p-coumaric acid, and triterpenes (oleanolic acid, ursolic acid) [16, 47, 48]. Many of
these compounds were reported as allelochemicals [49]. Generally, the reduction in
the seedling growth of P. oleracea in this study may be attributed to reduction in cell
division of the seedlings, altering the ultrastructure of the cells as well as leading to
the alteration of the ion uptake, water balance, phytohormone balance, photosyn-
thesis, respiration, and inactivate several enzymes [50, 51].

4, Conclusion

In conclusion, the aim of this study was to assess the allelopathic potential of
Plantago major extracts on the germination and early seedling growth of purslane.
In our study, showing the germination of Portulaca oleracea was completely inhib-
ited under treatment of P. major methanolic extracts at 40 mg ml™". Moreover, both
radicle and plumule were strongly inhibited under the same treatment. This could
be attributed to the high content of bioactive constituents. Therefore, this spe-
cies can be used in the method of biological control of weeds. In addition, further
studies are required to identify and characterize the proper allelochemicals and
demonstrate their modes of action.
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Seed dormancy allows seeds to overcome harsh periods of seedling establishment, and
is also important for plant agriculture and crop yield. Several processes are involved in
the induction of dormancy and in the shift from the dormant to the germinating state,
and hormones and regulatory genetic networks are among the critical factors driving

these complex processes. Germination can be prevented by different factors leading

to seed dormancy, which is highly dependent on environmental cues. During and
after germination, early seedling growth is sustained by catabolism of stored reserves
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morphogenesis, chloroplast development, and root growth until photo-auxotrophic
growth can be resumed.
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