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Preface

Germinable seeds are needed for the continuity of viability and reproduction in plants.
The seed germination mechanism remains shrouded in physiological and molecular
mysteries, concealing its secrets. Germination is a complex event that yields different
results across species, and the same seed lot can exhibit varying viability responses
when exposed to different ecological conditions. In fact, in parallel with the efforts of
scientists and the advancement of technology, new methods, models, and applications
are being developed to increase germination rates in seed lots. The effects of these
developed applications on the viability of plant species vary. Because the internal
structure of each seed can produce variable results due to its unique physiological and
molecular composition. Seed germination is so simple that it can be put into a tiny
observation, but at the same time, it is so complex that it cannot be explained.

This book was prepared to reveal the morphological, physiological, and molecular
aspects of seed germination in the light of current information. Seed technology
applications directly related to germination include research on the physiological and
molecular basis of germination and adaptation. It covers research on seed technology
treatments, the physiological basis of germination, molecular mechanisms, and
adaptation directly related to the germination process.

We believe this book presents a new level of material that will interest researchers, as
well as advanced undergraduate students and others seeking a more comprehensive
understanding of seed germination and its mechanisms.

Ertan Yildirim
Faculty of Agriculture,
Atatiirk University,
Erzurum, Tiirkiye

Sitki Ermisg

Faculty of Agriculture,
Osmangazi University,
Eskigehir, Tiirkiye

Eren Ozden

Faculty of Agriculture,
Kyrgyz-Turkish Manas University,
Bishkek, Kyrgyzstan






Chapter1

Perspective Chapter: Insights into
Seed Germination — Physiological
and Environmental Mechanisms

Eren Ozden, Sitk: Ermis, Ertan Yildirim and Ibrahim Demir

Abstract

Seed germination represents a pivotal phase in the plant life cycle, marking the
transition from dormancy to active growth. This complex process is governed by
a network of physiological, biochemical, and molecular mechanisms that respond
dynamically to both internal and external prompts. In this chapter, we provide a
comprehensive overview of the regulatory pathways underlying seed germination,
beginning with the critical role of water uptake and metabolic reactivation. We
examine the intricate interplay of phytohormones like abscisic acid, gibberellins,
auxins, cytokinins, and ethylene discussing their influence on gene expression,
enzyme activity, and cellular development. Special emphasis is placed on the cross
talk between hormonal signals and the roles of reactive oxygen species (ROS) and
nitric oxide (NO) as signaling molecules. Environmental factors such as temperature,
light, moisture, and nutrient availability are discussed for their modulatory effects
on germination timing and success. The agricultural and ecological significance of
understanding seed germination is also highlighted, particularly in the context of
improving crop resilience and sustainability. Finally, we outline emerging research
directions in molecular regulation and stress physiology that are poised to advance the
field. This synthesis aims to bridge foundational knowledge with modern advance-
ments to inform future strategies in seed technology and crop improvement.

Keywords: seed germination, water uptake, phytohormonal crosstalk, environmental
regulation, seed physiology, stress adaptation

1. Introduction

Seed germination is one of the most critical stages of the plant life cycle and plays
a fundamental role in ecosystem sustainability. This process involves a complex
sequence of biochemical and physiological events during which the seed becomes
metabolically active, and embryonic development resumes. In the early stages of plant
development, seed germination not only ensures the regeneration of vegetation in
natural environments but also directly impacts agricultural productivity. Therefore,
understanding the fundamental mechanisms of seed germination physiology and
the influence of environmental factors is an important research topic in agricultural
sciences and biology.
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Seed germination encompasses various biological processes that occur in succes-
sion, including water uptake (imbibition), enzymatic activation, cellular respiration,
and embryonic cell division, as well as the molecular stages underlying these events.
Water uptake depends on factors such as seed coat permeability, the water-holding
capacity of seed structure, and environmental humidity levels [1]. During this stage,
seed cells swell by absorbing water, leading to increased mechanical pressure on the
cell walls. After imbibition, stored enzymes within the seed become active, metabolic
processes accelerate, and embryonic cells rapidly divide. Each of these steps triggers
dynamic biochemical changes essential for the progression of germination [2-5].

Environmental factors also significantly affect the germination process.
Temperature, oxygen levels, water availability, and light are key determinants of the
timing and rate of germination. For example, temperature fluctuations influence meta-
bolic rates, while oxygen deficiency can trigger anaerobic processes, limiting embry-
onic development [6]. Light can act as a trigger for germination in some plants, while
inhibiting it in others [7]. Understanding the impact of these factors on seed physiology
provides profound insights into plant adaptation capabilities and enables the develop-
ment of strategies to cope with environmental stresses such as climate change.

1.1 Bibliometric data of seed germination physiology

In the Web of Science system, a search using the keyword “Seed Germination
Physiology” in the fields of Biology, Plant Science, Agronomy, Forestry, and Horticulture
reveals 1217 sources from 1995 to nowadays. When a bibliometric analysis was conducted
using the Bibliometrix package in R-studio, the areas studied are presented in Figure 1.
As seen from bibliometric data, seed germination physiology and the factors affecting
this process are a subject of intense interest. It was observed that germination physiology
is closely related to temperature, abscisic acid, and plant cultivation. At the species level,
Arabidopsis and tomato are the most frequently studied, while seed dormancy and plant
metabolism are the most focused research groups. Prominent studies have highlighted
determining the level of cellular degradation, water uptake, and the application of
enzymes and hormones. Here, it is seen that especially among the ecological factors,
temperature and the germination inhibitor ABA are taken into consideration.
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Figure 1.
Bibliometric analysis of seed germination physiology.
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Figure 2.
Heat map of bibliometric data seed germination physiology.

When a heat map of the Web of Science bibliometric data obtained with the key-
word “Seed Germination Physiology” was created using the R-Studio program, it was
noted that 6% of the 1217 studies focused on the themes of physiology, temperature,
and germination; 5% on abscisic acid and growth; and 3% on Arabidopsis, dormancy,
and stress (Figure 2).

When examining the Co-occurrence Network relationship, it was found that the
interactions between plant growth-stress-abscisic acid, physiology-temperature-
germination, dormancy-development dynamics, mean germination time-seed repair,
and cellular degradation mechanisms-antioxidants stand out (Figure 3). Of course,
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Figure 3.
Co-occurrence network of seed germination physiology.
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studies have been carried out on the germination indicators mentioned above for
many years, sometimes addressing the germination physiology of a single parameter,
while others reveal multiple and complex relationships [6].

This study aims to analyze the mechanisms governing seed germination physiol-
ogy and the effects of environmental factors on this process. It also seeks to evaluate
the implications of germination physiology for plant production, shedding light on
applications aimed at achieving agricultural sustainability and developing stress-
tolerant plants. Understanding the mechanisms of seed germination in detail is of
great importance for modern agricultural practices and genetic improvement studies.
In this context, investigating the biochemical pathways regulating germination lays
a strategic foundation for producing high-quality and efficient seeds. This chapter
synthesizes current knowledge on the physiological, biochemical, and molecular
mechanisms of seed germination, with emphasis on hormonal regulation, environ-
mental interactions, and implications for crop improvement.

2. Seed germination process

Seed germination is one of the most critical stages of the plant life cycle and is
influenced by various biological processes and environmental factors [8]. The seed
germination process consists of three main stages:

1.Imbibition (Water Uptake) Phase
2.Lag (Waiting) Phase
3.Radicle (Root) Emergence

Specific external conditions must be met for seed germination to occur. These
conditions include environmental factors such as water, temperature, oxygen, and
light. Additionally, molecular and physiological changes, such as enzyme activation,
energy production, protein synthesis, and hormone production, occur during the
germination process.

Understanding the seed germination process is essential for agriculture and plant
cultivation. Providing appropriate germination conditions plays a critical role in ensur-
ing that seedlings grow strong and healthy. For instance, presoaking seeds in water
before sowing can expedite the imbibition phase and increase germination rates [9].

2.1 Relationship between seed germination and water uptake

The first and most critical stage of germination is the uptake of water by the seed.
When there is not enough water in the soil, imbibition does not occur, which prevents
the metabolism from starting [2]. This is a very limiting situation for seed produc-
tion in areas with drought conditions or for successful germination conditions after
planting existing seeds. With global warming, serious problems may occur in seed
germination in the future and varieties suitable for this situation should be developed
or coating technologies that can meet the moisture requirement of the seed during the
germination process should be developed.

Understanding the relationship between seed germination and water uptake
requires considering both biological mechanisms and environmental effects:
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2.1.1 Role of water uptake during germination phases

During the imbibition phase, water is absorbed by the seed, initiating the process
known as germination (Figure 4). At this stage, water is rapidly taken up, causing the
seed to swell and activating metabolic processes. This initial water uptake is critical
for reviving cellular metabolism and triggering the action of growth hormones. Ermis
etal. [11] reported a high correlation between water uptake and germination/emer-
gence in white coated french bean seeds.

In the second stage, known as the activation phase, water continues to be absorbed
at a slower rate compared to the first stage. However, the amount of water uptake is
sufficient to facilitate the biochemical reactions and cellular activities required for
growth.

The third stage, radicle emergence, marks the final phase of germination, charac-
terized by the breaking of the seed coat by the root tip (radicle). This process occurs
through cell expansion and takes place when water uptake reaches a specific threshold
[12, 13].

Water primarily enters the seed through specialized structures such as the hilum,
micropyle, or lens. The micropyle is a region consisting solely of parenchyma cells and
lacks the macrosclereid layer. The hilum contains well-developed tracheid bars and
astrosclereids, along with both palisade and counter-palisade layers. It is chemically
distinct and particularly rich in hydrophilic compounds like pectins. The lens, located
near the hilum and opposite the micropyle, lacks an osteosclerotic layer [14].

The efficiency of water uptake through these entry points varies depending on
the plant species. For instance, in seeds of bean [15], mungbean [16], cress [4], and
soybean [12, 17], water primarily enters through the hilum, which is enriched with
hydrophilic compounds that enhance water absorption. In other examples, water
entry occurs via the micropyle in canola species [18] and through the lens in Delonix
regia [19].

2.1.2 Seed coat properties and water permeability

The outermost covering layer of the seed, known as the seed coat (testa), develops
from the ovule’s outer integuments [20]. The seed coat protects the embryo and
the endosperm from mechanical or environmental damage while maintaining seed

Phase 11
Ef‘fm.\ e JIC | Phase III

Phase 114 | P 3

Yy | step 2 ]
14 i ¥ il |
1

Water content

’
- o

Phase 1

Imbibition time

Figure 4.
Seed germination phases [10].
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integrity [21]. Although it typically constitutes 10-20% of the seed’s weight, the seed
coat plays a crucial role in regulating water uptake and influencing the germination
process [12].

Seeds with thick coats absorb water more slowly. This can protect against damage
caused by rapid water uptake as well as may delay germination [22]. Studies on beans
and soybeans have shown that seeds with dark-colored and thick coats exhibit more
controlled and slower water absorption. In contrast, seeds with thinner or lighter-col-
ored coats absorb water more quickly, which can speed up germination but increases
the risk of imbibition damage [13, 23-25].

2.1.3 Seed size and water uptake dynamics

Smaller seeds (thousand of weight 10<), due to their higher surface area-to-
volume ratio, absorb water more rapidly. This increased contact area leads to faster
germination as well as makes smaller seeds more susceptible to structural damage. A
study on Copaifera langsdorffi reported that smaller seeds exhibited approximately
twice the water permeability of larger seeds and had higher germination rates [26].
Larger seeds (thousand of weight 1002); on the other hand, absorb water at a steadier
rate due to their lower surface area-to-volume ratio, which can be advantageous in
environments with fluctuating water availability [13, 23, 27].

Environmental conditions such as soil moisture significantly influence germina-
tion rates. In soils with low water potential, seeds absorb water more slowly, delaying
germination but reducing the risk of water stress. Conversely, high soil moisture
levels promote rapid water absorption and faster germination; however, uncontrolled
water uptake can lead to imbibition damage [23].

Understanding factors affecting water uptake aids in selecting seeds with opti-
mal germination traits. Breeding programs focus on seed coat properties and water
absorption rates to develop seeds resistant to changing environmental conditions,
particularly in regions with variable water availability [12, 25].

2.2 Relationship between seed germination and nutrient uptake

The relationship between seed germination and nutrient uptake is a fundamental
dynamic of plant development. These processes are interconnected through a com-
plex array of biochemical and physiological mechanisms that significantly affect plant
growth performance and productivity [28].

When germination begins, the seed’s internal reserves serve as the initial nutrient
sources for the embryo. The diversity and quantity of these nutrients play a crucial
role in embryo development. Specifically, macronutrients such as nitrogen, phospho-
rus, potassium, and magnesium are essential for cell division, DNA synthesis, protein
production, and energy transfer [29, 30]. Micronutrients, including iron, zinc,
and copper, support enzyme activation and hormone synthesis [31, 32]. Advanced
technologies like X-ray photoemission spectroscopy (XPS) or scanning electron
microscopy have been used to analyze ion distribution in seed coats, revealing new
mechanisms involved in osmopriming that facilitate the diffusion of beneficial
substances between the inner and outer seed coat layers during germination [33].

Several factors influence a seed’s nutrient uptake capacity, including soil con-
ditions and pH. Soil pH can either enhance or hinder the absorption of certain
nutrients. During germination, favorable pH conditions can significantly improve
the roots’ ability to absorb nutrients [34]. Additionally, soil moisture is critical, as
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germination is initiated by water availability. Water not only drives the germination
process but also aids in the transport and dissolution of nutrients [2].

Plant hormones play an essential role in both germination and nutrient uptake.
For instance, gibberellins accelerate the conversion of starch and other reserve
materials into energy during germination. Abscisic acid (ABA) suppresses germina-
tion, maintaining seed dormancy until the embryo matures. Auxins and cytokinins
enhance root growth and nutrient absorption surface areas, promoting nutrient
uptake [6, 35].

Certain seeds have hard outer coats or chemical inhibitors that make nutrient
uptake challenging. Such seeds require mechanical or biochemical treatments to
become germination-ready and begin nutrient absorption [36]. The germination
capacity and root development of seeds vary among plant species. Some species are
genetically adapted to low-nutrient environments, while others thrive in nutrient-rich
conditions [37]. For example, some wild plants successfully germinate in low-nutrient
soils [38].

The availability of nutrients directly influences germination rates. In nutrient-rich
environments, seed germination occurs more rapidly, while in nutrient-deficient
conditions, embryo development may slow or cease entirely.

3. Seed germination and environmental factors

Seed germination is the process of the seed becoming ready for growth, culminat-
ing in the emergence of the radicle and shoot. Germination is a highly sensitive and
complex process controlled by environmental factors such as temperature, light,
water, and oxygen. These conditions directly influence germination rate and dura-
tion, potentially affecting the plant’s successful growth or causing delays.

3.1 Temperature

Temperature has a decisive impact on seed germination. Each seed species has
an optimal temperature range; germination slows or ceases outside this range. For
instance, temperate plants typically germinate within a 20-30°C range, while tropical
plants prefer higher temperatures. Temperature affects metabolic processes by influ-
encing enzyme activity. At very low temperatures, enzymes are insufficiently active,
inhibiting germination, whereas high temperatures may cause protein denaturation
and seed damage [36].

3.2 Water (moisture)

Recalcitrant seeds remain metabolically and physiologically active and are sensi-
tive to desiccation, as they either lack or fail to activate the protective mechanisms
required for acquiring desiccation tolerance, which allows orthodox seeds to survive
at extremely low moisture levels [39].

Water is critical in the initial phase of germination, known as imbibition. When
seeds come into contact with water, their cell walls swell, activating biochemical
processes. A seed’s water absorption capacity depends on the seed coat structure,
with some seeds cracking their coat to facilitate water uptake. However, excessive
water can create anaerobic conditions, leading to seed decay or reduced germination
rates [40].
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3.3 Oxygen

Energy required for embryo development during germination is supplied via
oxygen-dependent cellular respiration. The availability of oxygen is crucial; oxygen-
deficient environments can hinder embryo growth and halt germination. Water-
saturated soils can reduce oxygen levels, suffocating the seed [41].

3.4 Light

The effect of light on germination varies between plant species. Some plants,
such as certain forest species, germinate in the dark, while others require light to
germinate. In light-sensitive plants, light acts as a signal to start or halt germination,
ensuring seeds germinate at the right time and place in natural settings [42]. Lettuce
(Lactuca sativa L.) seeds are phototropic and often necessitate light for germination.
Light stimulates the phytochrome system, which is essential for initiating the ger-
mination process. This light dependency guarantees that lettuce seeds germinate in
optimal environmental circumstances [2].

3.5 Soil

Soil structure directly influences water absorption and oxygen availability to
seeds. Clay soils retain water better, whereas sandy soils provide more aeration. Most
seeds prefer neutral or slightly acidic soils for germination, though some plant species
thrive in alkaline soils. Soil structure is particularly important for preventing water-
logging after rain, which could suffocate seeds [2].

3.6 Interaction of environmental factors

During germination, these factors interact with one another. For instance,
maintaining a balance between water and oxygen is critical for healthy seed growth.
Similarly, temperature fluctuations can alter the effects of water and oxygen within
the seed. In agricultural production, achieving optimal environmental conditions is
essential for successful germination rates [36, 40].

4. Seed germination and antioxidants

During seed germination, processes such as water uptake, cell expansion, and
embryo activation may lead to oxidative stress. The uncontrolled increase in reactive
oxygen species (ROS) levels can cause cellular damage, though moderate ROS levels
soften endosperm cell walls and promote embryo growth [43].

In the germination process, both enzymatic (e.g., catalase, superoxide dismutase)
and nonenzymatic (e.g., vitamins C and E) antioxidants play roles. These antioxi-
dants neutralize oxidative stress and protect cellular structures through defense
mechanisms [44]. They also prevent harmful lipid peroxidation and maintain cellular
membrane integrity [45, 46].

4.1 Antioxidant activity during germination

Temperature, water availability, oxygen levels, and light significantly influence
antioxidant activities during germination. Additionally, plant species and genetic
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differences result in varied antioxidant defense mechanisms against oxidative stress
during germination. The seed’s maturity and storage conditions also determine
antioxidant activity effectiveness during germination.

To measure antioxidant activity, markers such as hydrogen peroxide (H,0,) and
malondialdehyde (MDA) levels indicate cellular breakdown, while total antioxidant
activity (DPPH, FRAP, ABTS) or specific antioxidant activities (e.g., SOD, CAT, APX,
GPX, PPO) are evaluated [47-49].

Nitric oxide (NO) works alongside ROS to regulate oxidative balance and pro-
mote cell growth [50, 51]. NO also acts as a signaling molecule in breaking seed dor-
mancy, especially by reducing abscisic acid (ABA) levels and initiating germination.
Studies have shown that NO regulates hormone levels such as gibberellin (GA) and
ABA, suppressing ABA’ inhibitory effect while enhancing GA’s growth-promoting
role [52, 53].

Drought slows down seed germination and also leads to the accumulation
of reactive oxygen species (ROS), which damage cell membranes. Drought-
tolerant seeds can minimize this damage through their antioxidant enzyme
systems [43].

Agricultural practices, such as seed coating and pre-treatment techniques, aim
to enhance the antioxidant content of seeds. However, these interventions are not
always effective, as stress formation and suppression involve many physiological and
molecular parameters. Factors such as hormones, amino acids, sugars, and alkaloids
influence antioxidant activity directly or indirectly.

5. Seed germination and hormones

The main plant hormones regulating the seed germination process include abscisic
acid (ABA), gibberellins (GA), ethylene, cytokinins, and auxins. Each hormone plays
a specific role and has distinct effects during germination. According to various stud-
ies and theories, ABA and GA are directly influential in the physiology of germina-
tion, while other hormones either support or inhibit germination through interactions
with ABA or GA. These hormones regulate the complexity of seed germination, water
uptake, and radicle protrusion via transcription factors involved in stress-response
gene networks [6, 7, 32].

5.1 Abscisic acid (ABA)

ABA plays an inhibitory role in seed germination, helping seeds remain dormant.
When ABA levels are high, seeds do not initiate germination and remain in a dormant
state [54]. By acting as a delaying agent, ABA enables seeds to maintain dormancy for
varying periods, thus ensuring their storability. ABA may also minimize at the end of
the seed development stage since seeds get ready to germinate.

Under stress conditions such as salinity and drought, ABA levels increase to reduce
water loss and slow metabolic activities, creating a survival mechanism for seeds
under unfavorable conditions.

The balance between ABA and GA is critical during protrusion or germina-
tion. For germination to begin, ABA levels must decrease, while GA levels must
rise. The ABA/GA ratio contributes to determining seed germination potential and
rates [42, 54].
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5.2 Gibberellins (GA)

Gibberellins are key hormones in seed germination. GA is synthesized in the seed
embryo and initiates the germination process by loosening cell walls and promot-
ing cell growth [55]. Increased GA levels are considered an indicator of germination
initiation [56].

GA also stimulates the synthesis of enzymes like amylase, which hydrolyze stored
nutrients such as starch in the seed’s storage tissues into simple sugars, providing
energy for the embryo [57].

5.3 Ethylene

Ethylene facilitates water uptake and supports root development during germination.
Under stress conditions, ethylene production increases, triggering germination [58].

Ethylene suppresses the inhibitory effects of ABA, helping seeds overcome
dormancy. It is believed to work alongside GA to promote germination. Ethylene also
softens hard seed coats and enables embryo development, particularly in seeds under
environmental stress [59].

Ethylene accelerates water uptake and cell division through cell wall expansion,
aiding in radicle emergence and germination progression [60]. Under stress condi-
tions such as salinity or drought, ethylene supports germination by maintaining ion
balance and promoting embryo growth [61].

5.4 Cytokinins

Cytokinins promote cell division and support metabolic processes necessary for
cellular growth during germination. They are assumed to play a role in both the initia-
tion of germination and the formation of plant parts [62].

Cytokinins aid in the hydrolysis of proteins in seed storage tissues, providing
amino acids essential for embryo development [63]. They also facilitate the mobiliza-
tion of stored nutrients, enhancing the availability of carbohydrates and proteins for
embryo growth [64].

Research suggests that cytokinins can sometimes reduce ABA’ inhibitory effects,
initiating germination [65, 66].

5.5 Auxins

Auxins promote root cell elongation and differentiation, which is critical for the
healthy development of a seedling’s root system [67, 68].

Auxins influence germination in response to environmental signals such as light
and temperature. Increased auxin levels under favorable environmental conditions
promote germination [69]. They can also support germination under stressful condi-
tions like salinity and drought [70].

While low levels of auxins may not directly initiate germination, they create a favor-
able environment for early embryonic development, aiding in breaking dormancy [71].

5.6 Interactions among hormones

ABA-GA Balance: For germination to commence, ABA levels must decrease, and
GA levels must increase. This balance depends on environmental factors and the
seed’s genetic makeup [42, 56].
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Ethylene-GA Collaboration: Ethylene enhances GA’s germination-promoting effects
by suppressing ABA’ influence [42, 59, 72].

Effects of Other Phytohormones: Cytokinins, auxins, salicylic acid, and brassino-
steroids have been reported to indirectly promote germination, but their mecha-
nisms—whether by stimulating GA or suppressing ABA—are not fully understood.
Jasmonic acid, on the other hand, is suggested to inhibit germination, particularly
under stress conditions [73].

Environmental Impact: Environmental conditions (temperature, humidity, and
light) affect hormone levels, thereby either initiating or inhibiting germination. For
example, low temperatures increase ABA levels, while high temperatures stimulate
GA synthesis. Variable temperature conditions have been reported to correlate
positively with auxin and salicylic acid levels, reducing ABA’ effects and increasing
germination rates [74].

6. Molecular mechanisms of seed germination

The molecular mechanisms of seed germination require the coordinated interac-
tion of genetic, biochemical, and signaling pathways to ensure seeds germinate at the
appropriate time.

6.1 Embryo activation

The seed germination process involves the regulation by multiple hormones,
initiated through various gene expressions. The balance between gibberellins (GA)
and abscisic acid (ABA) determines the breaking of seed dormancy and germina-
tion. GA promotes cell expansion and enzyme activation, whereas ABA inhibits this
process [75].

Gibberellic acid binds to GA receptors in embryo cells, triggering the degradation
of DELLA proteins. DELLA proteins act as suppressors of germination, and their
breakdown initiates the expression of genes required for germination [76]. While GA
induces DELLA degradation, transcription factors like SPATULA, associated with
germination, become active. These factors regulate the expression of germination-
initiating genes [77]. GA interacts with the GID1 (GA Insensitive Dwarf 1) receptor,
facilitating DELLA degradation through the SCF (SKP-Cullin-F-box) complex [78].

Genes involved in GA biosynthesis and signaling, such as GAjox and GA0x, play
critical roles in controlling germination [79]. The effects of GA occur through recep-
tors in plant cells, activating cellular responses required for germination.

ABA, on the other hand, maintains dormancy and prevents germination. ABA sig-
naling pathways also regulate seed responses to environmental stress. High ABA levels
persist under conditions like drought and cold to maintain dormancy by suppressing
metabolic activities [80].

Genes responsible for cytokinin biosynthesis (IPT, LOG) and their signaling path-
ways (AHK/AHP/ARR) are active during germination. These genes regulate cytokinin
synthesis and effects [81].

Auxins regulate gene expression linked to growth responses in cells. This pro-
cess occurs via AUX/IAA and ARF proteins [82]. Environmental interactions are
also necessary for the expression of genes required for germination. For instance,
photoreceptors (like phytochromes) detect light signals and initiate molecular
responses essential for germination [83]. Germination requires optimal temperature
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and humidity. Environmental stresses alter gene expression and hormonal balances,
affecting germination [54].

Changes in ABA and GA levels regulate dormancy release at the epigenetic level.
Activation of certain genes during germination is controlled by epigenetic mecha-
nisms such as histone methylation and DNA methylation. Changes in histone acetyla-
tion and methylation influence whether genes associated with germination remain
active or inactive. Histone acetyltransferases (HATs) and deacetylases (HDACs) can
affect the transcriptional activity of genes during germination [84].

6.2 Storage protein and starch degradation

Genes responsible for mobilizing storage proteins and starches in seeds become
active during germination. For example, LEA (Late Embryogenesis Abundant) genes
and a-amylase genes play crucial roles during this process [3].

The most common storage proteins in seeds—globulins (e.g., vicilin, legumin),
albumins, prolamins, and glutelins—are converted into amino acids during germina-
tion. These amino acids are then used for new protein synthesis, cell growth, and
energy metabolism [85]. GA induces the degradation of storage proteins by activating
the aleurone layer in endosperm cells to increase protease synthesis [86]. ABA, acting
antagonistically to GA, suppresses protease production and slows the degradation of
storage proteins [87]. Grudkowska and Zagdanska ([88] reported that genes encod-
ing Cathepsin-like proteases and Cys proteases exhibit increased expression during
germination.

The breakdown of storage starch during germination is also critical. Typically,
a-amylase synthesized in the aleurone layer of endosperm cells converts starch
molecules into sugars like maltose and glucose, providing energy for embryo devel-
opment [57]. Genes encoding a-amylase, such as Amyl, Amy2, and Amy3, are part
of multigene families and respond to environmental and hormonal signals [89].
Furthermore, Ozden et al. [6] reported that endo-p-mannanase enzyme activity and
MAN2 gene expression increase with seed maturation and germination rates, likely
hydrolyzing galactomannans.

7. Conclusion

Seed germination is a highly orchestrated developmental event involving hor-
monal regulation, enzymatic activation, molecular signaling, and environmental
responsiveness. The dynamic balance between growth-promoting and inhibitory
signals. These includes particularly the antagonism between gibberellins and abscisic
acid. It plays a central role in determining germination success. External factors such
as temperature, moisture, light, and nutrient availability further modulate these
internal processes, ensuring that germination occurs under favorable conditions.

Recent advances in molecular biology, including transcriptomics, hormone signal-
ing networks, and epigenetic modifications, have greatly enhanced our understand-
ing of how seeds perceive and respond to both intrinsic and extrinsic cues. Moreover,
the role of antioxidants, reactive oxygen species, and nitric oxide in fine-tuning
germination has opened new frontiers in stress physiology.

Understanding these complex germination mechanisms has far-reaching implica-
tions in agriculture and ecosystem sustainability. It informs breeding programs for
stress-tolerant crops, seed priming technologies, and conservation strategies for
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native and endangered species. Future research should focus on integrating omics
tools, gene editing technologies, and systems biology approaches to unravel the
remaining mysteries of seed germination and to translate basic insights into applied
innovations.

Both now and in the future, scientists will continue to devote considerable effort
to understanding the mechanisms of seed germination, and this process is expected
to become increasingly well understood. In this regard, fully elucidating the roles
of hormones, enzymes, sugars, and amino acids in seed physiology, and supporting
these findings with molecular-level studies, is of critical importance. This knowledge
is anticipated to contribute to the development of stronger, more productive, and
climate-resilient cultivars in the coming years.
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Germination of Lesser-Known
Species of Acacia and Other
Caesalpinioideae

M. Albertus Jan-Willem Vos

Abstract

The subfamily Caesalpinioideae contains 5096 accepted species and 519 unplaced
species according to the World Flora Online (WFO) Plant List. For the past 10 years,
we have experimented with 585 taxa of Acacias and other Caesalpinioideae. These
seeds have very similar germination profiles. While there has been extensive research,
especially in Australia, we have only found 173 research papers for 319 taxa. Upon the
time of writing, we have done 1,754 experiments. This paper proposes a return to our
experiments especially for species without any known research. Our methods are based
on nursery work in view of planting in the botanical garden of Chateau Pérouse. For
this to work, we have developed a range of tools in order to create microclimates as well
as substrates for the nursery and the garden. These also give the possibility of testing
the response to climate change in the garden.

Keywords: Acacia, Caesalpinioideae, seed, germination protocol, experiences

1. Introduction

The current Botanical Garden Chiteau Pérouse is a proving ground for the much
bigger Botanical Garden Chateau Pérouse to be created in the future. In this context,
the current Botanical Garden Chateau Pérouse is a proof of concept and a research
facility combined. In its Living Plant Collection Policy, the garden specifically stresses
the need to know how to reproduce each taxon from seeds. Although other reproduc-
tion techniques are important, reproduction by seeds is by far the way the garden adds
taxa to its Living Plant Collection. We have sown an average of 4000 taxa each year in
5000 tests for the last 6 years.

In 2019, the Garden obtained the French label “National collection of Acacias of
temperate regions,”. This occasion was used to improve the information tools for the
garden by adding extensive botanical information and a nature photo to our informa-
tion-page per taxon, testing Acacias from climate zones more dissimilar to our own
and testing other germination techniques for better results. This also created the need
to test different microclimates in the garden mostly based on the elements: more or
less shade, more or less air-humidity trough different ways of watering, and/or using
indigenous poplar trees.
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At the same time, we started working on tree trials for climate change research for
our region. Our targets are foremost trees from continental and subtropical climate
zones with a dry summer and a cold winter. We also tested the species adaptation for
a clay soil instead of our garden substrates, which are much more draining. From 2022
onwards, we have also been working in the coastal areas of the Netherlands on the
same subject.

1.1 Facts about the Chiteau Pérouse botanical gardens

The botanical garden is situated at 50 km from the coast in the South of France;
it receives 550 mm of rainwater annually with at least 4 months of no rain or dew at
all during summer. It’s, however, connected to an irrigation system fed by the Rhéne
river, which provides water all year round.

The natural soil of the botanical garden consists of a river deposit starting with
a layer of red clay from 0.5 to 2.5 m thick, under which layers of permeable grit of
limestone and impermeable red clay alternate. While testing plants, we discovered
that the topsoil keeps too much water in the winter, and this makes plants much more
sensitive to frost. So, we started to create substrates, giving us much more drainage.

The temperatures have gradually moved up. The annual minimal temperatures at
the beginning of the 2000s were — 5°C (23°F) for a few nights, but for the last 8 years,
this has moved to —2°C (28°F) from 05:30-07:30 for two or three nights measured in
the coldest parts of the garden. This is followed by a sunny day with temperatures in
excess of 10°C (50°F). On overcast days, there is no frost.

The annual maximum temperatures at the beginning of the 2000s were 35°C
(95°F) in the shade during daytime for 1 or 2 weeks, but for the last 8 years, we have
seen already three summers where this has moved to 42°C (108°F). The minimum
night temperatures in these warm weeks moved from 23°C (74°F) to 28°C (82°F).

The botanical garden is influenced by the Mistral winds but is outside the stron-
gest wind path. It experiences gusts of over 120 km/h each year.

1.2 Basic principles for our propagation

Our foremost guideline for propagation has always been the successful introduc-
tion of the propagated plants into the garden. We found out that while working with
our climate chamber, the germination results were better than the results in our
greenhouses, but the resulting plants were more fragile and had losses in the green-
houses getting adapted to a less protected environment. Only 5% of all our germina-
tion tests occur nowadays in the climate chamber. These are mostly succulent taxa
that are less difficult to adapt to a greenhouse environment.

We try to make sure that there is as less as possible a selection of the germinat-
ing plants by adapting our germination and repotting strategies to this. We try to
sow early enough to give early starters their chance and keep the potting trays for
10-12 months in the greenhouses. We repot each plant when it’s ready, not the seed-
lot, so the germinated plants are normally in more than one nursery area depending
on their pot size. We store no information per plant of this, but it ensures a little bit
more adaptability of each plant species by letting the climate being the biggest decid-
ing factor.

Following earlier tests, in 2023, we tested a clay-based substrate (20% clay +10%
compost+20% Coco fiber+50% sand) versus a sand-based substrate for 32 Acacia (27
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have germinated) and 39 Eucalyptus species. We do these tests for climate-change
research where the problem of these species is the frost-tenderness in clay soils due to
the storage of too much water in these soils in wintertime, which prepares them badly
for frosts. In the first stage, the seeds are sown in our normal mixture in which 20%
of the fine sand is replaced by red clay. At the second stage, we repot with a mixture
of 30% clay in 3 L forest containers. The fourth stage will have 50% clayina 6 L
container. For the last stage, we will evaluate per species the follow-up mixture in 55 L
containers, with a protocol where only the substrate is changed.

We use small greenhouses (5 x 16 m = 80 m”) that we can adapt by changing the
polyethylene covering used in wintertime by pulling a shade cloth, with 50% or 70%
obstruction, over it in spring. At the beginning of spring, the polyethylene covering
gets pulled out from under the shade cloth. The front and rear facades are changed
from polyethylene to light shade cloth, which gives the wind the opportunity to
strengthen the seedlings. In many of the greenhouses, a fog system and/or ventilation
system is installed. Two are equipped with antifreeze heating and one with a water
basin of 70m® under the surface. These equipment give us the opportunity to create
different microclimates in the greenhouses.

1.3 Seed germination at Chiteau Pérouse

We started sowing in 2014, first using vendor information. When this left us
with many questions, we formed a team of gardeners/botanists who little by little
improved their knowledge through books and articles.

From the start of 2021 onward, we systematically searched for research papers for
each taxon sown as well as taking into account our previous results and their germina-
tion protocols.

Reasons for sowing are the introduction of new species (or lineages of species = dif-
ferent collecting sites) and thus testing their protocols, tests for improving protocols,
tests for different substrates (clay versus sand), and tests for the viability of seeds har-
vested in our garden as well as their viability over the years by dry storage at 18°C (64°F).

New germinations are recorded each week. For a full overview of our tests,
we invite you to visit our website at https://www.chateau-perouse.com/en/about/
germinations-en where you will find overviews and downloadable PDF’s with all the
yearly updated germination tests for the Fabaceae/Caesalpinioideae subfamily and
others [1-173].

Equally of interest might be our online-database https://www.chateau-perouse.
com/tuinen/index.php?route=product/category&path=1 where you can access our
species information by clicking on the link-icon. In these information pages, on a
per-species level, all the botanical-, germination, and horticultural-information and
external references are made accessible.

1.4 Microclimates at Chateau Pérouse

The default microclimate in the garden is similar to a Californian dry Chaparral,
Chilean dry Matorral, South-African Little Karoo, and Australian Kwongan. With
more or less shade from indigenous pine trees and more or less watering (drip sys-
tems), we can make microclimates for most Mediterranean climates.

As for forests, we can recreate many types by planting young trees (height 2 m)
at an irregular pattern of on average 2-3 m distance and accepting to lose the less
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fast-growing trees. Of course, these are all planted on new substrates and have water-
ing by bubblers (1-2 1/min) either close to the tree trunk or in a drainage pipe laid
around the root ball.

If the forest needs to stay humid, we have tested sprinkler systems at different
heights in the canopy. This works well provided that there is enough coverage to
maintain a humidity bubble by watering at the beginning and the end of the day. This
also lowers the summer temperatures by 5-10°C (3-6°F) depending on the foliage
coverage and the quantity of watering. Some examples of these are Acacia alata, A.
applanata, A. huegelii, and A. menzelii, which seem to benefit from this microclimate.
For others, we still need time to reach a definite conclusion.

For now, we have not succeeded to recreate Mediterranean alpine climates and
colder-climate forests (like Nothofagus), but for this, we have a test garden in the
Netherlands where work started 3 years ago.

2. Materials and methods

We use a shorthand notation system on our labels, which I will use to explain the
different materials and methods. The long version of the germination protocol can
be found in each of our html pages per species with the inclusion of research papers
studied for this protocol. The question marks indicate places which are filled with the
relevant numbers according to the specific information.

Spring, Autumn: Sow in spring or autumn.

??2-22°C or > 25°C: The day-temperature range in which the sowing has to occur.

Freezer: Dry storage of seeds in a commercial freezer at -15°C (5°F) enveloped in
a zip-bag.

Soak 20°C??h Damp Strat. ??wk: Humid stratification, for a given number of
weeks, in a commercial refrigerator at 4°C (39°F) enveloped in a zip-bag with an
upfront immersion in a small glass containers for a given duration.

Dry Strat. ??wk: Dry stratification, for a given number of weeks, in a commercial
refrigerator at 4°C (39°F) enveloped in a zip-bag.

Soak 20°C ??h: Immersion in a small glass containers for a given duration.

Oven ?2°C ??min: Heating the seeds, enveloped in aluminum sheet, in a com-
mercial oven pre-heated at the indicated temperature. Scar: Manual scarification with
sandpaper (no.80), leaving the tegument intact.

Scar: Manual scarification with sandpaper (n0.80), leaving the tegument intact.

Soak ?2°C ??sec, 2?h SmokeDisk: Immersion in a small glass container at a given
temperature for a given duration followed by an immersion in, smoke infused, ambi-
ent water in a glass container for a given duration. The smoke infusion comes from a
smoke impregnated paper disk from which a pie-part is cut and put at the bottom of
the glass container.

Soak ?2°C ??sec, 2h: Immersion in a small glass container at a given temperature
for a given duration followed by an immersion in ambient water in a glass container
for a given duration.

Soak ??°C ??h: Immersion in a small glass container at a given temperature for a
given duration, letting the water cool-down by its self.

?2%GA ??min: Immersion in a small glass container ambient water with a percent-
age of gibberellic acid GA3 for a given duration.

Sowing mix+Sand: Well drained seed sowing mix.

20Clay: 20% clay+10% compost+20% Coco fibers+50% sand.
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Sowing mix: 20% compost+40% clay+40% sand.

Damp substrate+Light: Keep the substrate moist and in daylight.

Marsh: The seed-plate with the seeds is placed in a saucer of water until germina-
tion occurs. As a result, the moisture reaches the seeds by capillary action and ensures
that the seeds do not dry out.

No direct sun: During germination, keep the substrate moist and protected from
direct sunlight.

Seedling damping off: During germination, there is a risk of damping off, so
water sparingly and keep in daylight.

Damp substrate+Salt+Light: Sprinkle 1gr of table salt on the substrate. Keep the
substrate moist and in daylight during germination.

3. Germination tests on Acacias and other Caesalpinioideae

This year, we tested the storage of Acacia harpophylla [96] and Libidibia ferrea
[112, 152] in the freezer and then sowed them at the right time with no results whatso-
ever. In 2020, we had a six out of 12 result without freezer storage.

We tested dry stratification of Chamaecrista viscosa with no results whatsoever.
When we switched to humid stratification, we had 50% results [132, 169, 171].

1588 of the 1741 tests were done with a protocol including dipping in water of 99°C
(210°F) for a small duration and then soaked in ambient water for the duration of 12
or 24 hours. Some seeds can be soaked in hot water, which then cools down for the
duration of 12 or 24 hours. For some seeds, 99°C (210°F) is too hot; the seed-coating
is not hard enough, and the seeds get boiled, so then we have to find a lower water
temperature and/or a shorter duration of immersion.

Other protocols we tested were based on: heating seeds in the oven, manual
scarification with sandpaper on bigger seeds, and scarification with gibberellic acid.
One has to keep in mind that we are working with seed-lots of 12 seeds, so some
mechanical scarification procedures are impossible to implement, while other seeds
are too small.

We tested with success Acacia elata impregnation with smoke through soaking
for 12 hours in ambient water with a slice of a smoke disk, but we have to wait for the
end results in order to compare them with the results of just a hot-water treatment
followed by a 12-hour immersion in ambient water in 2021 with 7 out of 20 result
[11, 96, 111, 151].

We tested oven-heating [5, 9, 23, 26, 60, 64, 66, 81, 88, 92, 96, 108, 111, 120, 133,
145, 147, 151, 153] with Acacia dealbata, A. falciformis, A. leiocalyx, A. myrtifolia, A.
pulchella, A. pulchella var goadbyi, A. sophorae, and Albizia kalkora for one test each.
Almost all gave similar results with hot-water treatment. Only Acacia myrtifolia
seemed to give a better result compared to hot-water treatment. We are waiting on the
results for some others in the next months.

We tested manual scarification with sandpaper (no. 80), leaving the tegument
intact, followed by 24 hours of watering with better results than hot-water treatment
for Acacia auriculiformis, A. baileyana, A. pendula, Cassia abbreviata ssp beareana,
Delonix regia and Parkia biglandulosa of 60 species (with some 76 research papers
studied).

For a few species we use different substrates than a well-drained seed-sowing mix.
A sand substrate is used for Anadenanthera colubrina, A.colubrina var cebil [35, 100,
101, 131], Entada burkei [114], and Hoffmannseggia repens. The species of the genus
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Anadenanthera and Hoffmannseggia repens are difficult for us, and we have no results
whatsoever. Entada burkei gave good results in 2018. Species that like the humidity-
holding capacity of a clay substrate (20% compost+40% clay +40% sand) are Cassia
abbreviata, C. abbreviata ssp beareana, C. brewsteri, Senna artemisioides, S. barclayana,
S. didymobotrya, S. ferraria, S. glutinosa, and S. x floribunda. Most of the more recent
tests prescribe sowing in spring, and they work very well. The older tests had sowing
in autumn, and this did not work.

For 35 species, we tested an improved humidification system where we kept
watering as usual and added the placement of the seed-plate with the seeds in a saucer
of water until germination occurred. As a result, the moisture reached the seeds
by capillary action. Acacia cincinnata, A. dimidiata, A. gladiiformis, A. lateriticola,

A. mearnsii, A. pruinocarpa, Albizgia adianthifolia, A. anthelmintica, A. forbesii, A.
harveyi, A. petersiana, Chamaecrista viscosa, Erythrophleum afvicanum, Erythrostemon
gilliesii, Neltuma juliflora, Parasevianthes lophantha, Parkinsonia praecox, Peltophorum
dubium, Pseudalbizzia niopoides, Senna artemisioides, S. artemisioides ssp helmsii,
S.artemisioides ssp oligophylla, S. artemisioides ssp sturtii, S. costata, S. ferraria, S.
glaucifolia, S. glutinosa, S. hamersleyensis, S. notabilis, S. occidentalis, S. pleurocarpa,
S.polyphylla, S.reticulata, and S.wenusta were tested in this way.

10 Species: Acacia cincinnata, A.gladiiformis, A.pruinocarpa, Chamaecrista vis-
cosa, Erythrophleum africanum, Senna artemisioides, S.glaucifolia, S.hamersleyensis,
S.pleurocarpa, and S.reticulata appear to benefit substantially from this treatment.
For this treatment, there was no research paper directly explaining this method, but
from environmental descriptions, we tried this method.

Anadenanthera colubrina, A.colubrina var cebil [35, 100, 101, 131], Cenostigma
eriostachys [104], and Libidibia ferrea [112, 152] were tested with protection from
direct sunlight. Cenostigma eriostachys had very good results, and for Libidibia ferrea,
it’s too early to say.

Figure 1.
Seedling trays with Acacias and repotted Acacias in 1.5 and 2.5 L forest pots (high pots).
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Parkinsonia florida and P. microphylla [104] can have the risk of damping off, so
water sparingly and keep in daylight. We usually have 30% results with our protocols.

Another special protocol is for Acacia ampliceps [113, 162, 164] where we sow 1gm
of table salt on the substrate with 50% results. We will test a new in 2025 to see the
results without the salt.

For 38 species, we could not continue our research because of sourcing problems,
and we could do much more with access to all the species not tested this far (Figure1).

4. Growing Acacias and other Caesalpinioideae in the nursery

We started out sowing 20 seeds in small containers (8 x 16 x 5 cm). In 2020, we
moved on to forest-tree-sowing plates with 60 holes and 18.5 cm height. We are now
sowing six holes per test with two seeds in opposite sides. With this move, we lost
most root interactions between the small seedlings as well as faced losses of disentan-
gling the roots of the seedlings when repotting in 1.5 L forest containers.

We moved at the same time from a peat/coarse sand-based substrate to a cooked
wood/coco-fibers/fine sand-based substrate. With the forest plates we can move
either to a 2.5L forest container or a 1.5L forest container and from these to a 6L
container or a 12L Airpot®. For slow growing species we repot from a 1.5L forest
container to a 2.5L forest container before moving on to bigger pots.

After repotting to 6 L containers or 12 L Airpot®}%, the plants go to the shade
house (23 x 75 m = 1725 m? or 76 x 246 ft. = 18,696 ft*) where they will stay, or after
6 months, they will be moved to a place in the sun. Plants needing a lot of humidity
get a place in the test gardens with sprinkler systems.

Normally, we repot the Acacias from 6 L containers to 55 L containers or 12 L
Airpot®’s to 45 L Airpot®’5s. This gives the shrubs/trees 3 to 5 years in the nursery.
We plant using smaller sized pots when the shrubs/trees go to a microclimate, which
offers more humidity or shade. We use Airpot®’s for dry-climate species and normal
containers for more-humidity-loving species.

Most South-African and other subtropical Acacias have to stay, during the winter,
in a frost-free greenhouse until they reach a height of 2 m. After this, they are able to
withstand some hours of frost. Anyway, the average yearly temperature in the garden
is to low so with us they are slow growers.

5. Acacias and other Caesalpinioideae in the botanical garden

In the beginning, we tested the possibilities of the site through just buying plants
in nurseries and then planting them in connection to the watering system. Some suf-
fered from frost. We then created a new test garden with an improved soil by adding
1.5 m of very well-drained substrate including silicate sand, pozzolan pebbles, and
an amount of coco fiber. This substrate is quite heavy, which helps to anchor the trees
against the Mistral winds.

6. Conclusion

Most Acacias and other Caesalpinioideae can be sown with good results using hot-
water treatment and soaking for 12-24 hours. Only a few need different treatments to
have results or substantially improved results.
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All the research has taught us to use less and less seeds as well as to predict the
most probable germination protocol just by studying the seeds. Twelve seeds can be
enough to check the protocol, or a multiple thereof in case of problems, more ven-
dors, or different collection sites.

By studying Fabaceae and other tree species, we get an idea of the microclimate
that a plant community needs and the translation we need to get them to thrive in the
botanical garden (sun/shade, watering regimes).

It’s difficult to get seeds of other species in the same subfamily, and this hinders us
to substantially expand our research. Still, we were able to do some 260 germination
tests each year for the last 6 years.
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Chapter 3

Trends in Germination Technology
of Edible Seeds and Applications
for Functional Food

Junzhou Ding, Hanieh Sadeghi, Hao Feng and Boris Nemzer

Abstract

This chapter summarizes recent progress in the application of novel germination
technologies and their impact on seed germination and the improvement of the
nutritional quality of germinated seeds and sprouts. Specifically, the effects of oxygen
regulation, power ultrasound, pulsed electric fields, magnetic fields, high-pressure pro-
cessing, and non-thermal plasma treatment on germination performance and nutritional
properties are highlighted. Additionally, efforts are made to introduce the industrializa-
tion of sprouted grains, microgreens, and vegetable sprouts. The chapter also discusses
the use of traditional methods, such as advanced rotating drums, fermenting tanks, and
automatic germinating tray systems in vertical farming practices. Finally, current market
trends of functional foods derived from germinated seeds are discussed.

Keywords: germination, edible seeds, abiotic stress, power ultrasound,
plant growth regulators, functional food

1. Introduction
1.1 Edible seeds and germinating process

Until now, there has been no formal definition of “edible seeds.” Generally, edible
seeds include grains (rice, wheat, barley, oat, millet, etc.), legumes (mung beans,
soybeans, peas, snow peas, kidney beans, chickpeas, lentils, etc.), vegetable seeds
(broccoli, alfalfa, mustard greens, etc.), and nuts (sunflower seeds, pumpkin seeds,
peanuts, almonds, etc.).

The germination and sprouting processes have been widely used in the food
industry, such as malting barley for beer production, germinating brown rice, and
sprouting beans in Asian countries. Researchers worldwide have reported the benefits
of the germination process on the physicochemical properties and sensory acceptance
of grain-based foods (bread, cereal, pasta, tortillas, bread crisps, etc.), including
increased levels of oligosaccharides, amino acids, vitamins, and antioxidants, as well
as improved digestibility and absorptivity [1, 2]. In recent years, germination-based
products have emerged as a new addition to the food industry.
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1.2 Controlled germination and environmental stresses

Since the germination process activates dormant enzymes in seeds, it reactivates
seed metabolism and leads to the degradation of anti-nutrient and macro-nutrient
compounds. The degree of germination affects the quality of the end-products. In addi-
tion to the enhanced nutritional value of germinated grain flour and sprouts, controlled
germination is needed as a low-carbon green technique for soilless agriculture. The
germination of seeds is triggered by external environmental factors, including temper-
ature, moisture, oxygen, and lighting [2]. Controlled germination involves managing
these environmental factors and the germination time. Furthermore, controlled germi-
nation also refers to the application of physical energy forms to stimulate germinating
seeds and enhance the accumulation of health-promoting compounds [3, 4].

Plants have natural physiological and chemical responses to environmental stresses.
These stresses trigger the elevated production of metabolites that can protect plant cells
against damage. These responses provide practical pathways to enhance the health-
promoting compounds in plants. For example, gamma-amobutyric acid (GABA) is
a compound with known health benefits that function in plant stress resistance [5];
thus, the enhancement of GABA in germinating seeds has been widely reported. Some
flavonoids are also found in grains and are proven to play a role in plant defense [6].
Accumulation of phenolic compounds is another typical response to environmental
stress [7]. Therefore, the application of environmental stress treatment provides an
option for improving functional biochemical compositions (GABA, etc.) and antioxi-
dant activities during sprouting.

In recent years, various environmental stresses (also known as abiotic stresses or
elicitors) have been applied and evaluated for their effects on the concentrations of
nutritional compounds in sprouting seeds. While researchers have summarized the
enhancement of bioactive components in sprouted grains using novel techniques such
as ultrasound, cold plasma, microwave, and pulsed electric fields, further research is
still needed to understand how these treatments enhance the germination process [8].

1.3 Technical application of physical field treatments on germination

In recent years, the application of various forms of physical energy, such as
microwave radiation, ultrasound, high-pressure processing, ultraviolet, electric
field energy, magnetic fields, and plasma, has emerged as an innovative approach
to improve seed germination and the nutritional value [9, 10]. These non-chemical,
physical treatments also offer a sustainable alternative with potential benefits in
health-promoting metabolites [11]. The novel technologies discussed in the following
sections have proven effective as efficient techniques in breaking seed dormancy and
improving germination characteristics. Hence, the application of these novel tech-
nologies including power ultrasound, non-thermal plasma, pulsed electric fields, and
magnetic fields is expected to significantly enhance the germination rate (Table1).

1.3.1 Power ultrasound

Ultrasound, a high-efficiency, non-toxic, and environmentally friendly method
of physical stimulation, involves mechanical sound waves produced by the oscilla-
tion of molecules within a medium. These waves propagate at frequencies exceeding
the upper limit of human hearing (>20 kHz). Typically, ultrasound applications
are classified based on their frequency, with distinctions like power ultrasound and
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Treatment Grain Positive effect References
Power Seeds of watermelon, Increased germination; increased the [12]
Ultrasound melon, leek, pepper, carrot, seedling quality of vegetable seeds

tomato and aubergine

Cucumber, rice, barley, Increased germination; [13-15]
pepper and watermelon
seeds, Tartary buckwheat
seeds
Non-thermal Barely Increased germination percentage (93.3%) [16]
Plasma Wheat Enhanced the germination rate; positive [17]
effects on seedling growth
Modify flour functionality; increase [18, 19]
the flour hydration properties and
depolymerization of starch
Pulsed Wheat Increased water uptake, germination [20]
Electric Fields of seeds, and growth parameters of
(PEF) seedlings; A significant increase in
total phenolic contents, chlorophylls,
carotenoids, soluble proteins, and amino
acids
Magnetic Wheat (10 mT for 10 Increased germination rate, the growth of [21]
Fields min/15 min and 15 mT for the wheat plant and improved their fruit
15 min) yield and yield parameters
Corn Increased germination; fresh mass, dry [22]
biomass, and contents of chlorophyll a,
chlorophyll b, and total chlorophyll
Table 1.

Application of physical field energy stimulation for enhancing the germination of grains and health-promoting
components.

diagnostic ultrasound [23]. The power ultrasound used in food treatment typically
involves sound waves with frequencies ranging from 20 to 100 kHz and sound inten-
sities of 10-1000 W/cm? [24].

Ultrasound’s application spans a wide range of processes, depending on its inten-
sity. It is widely used as a supplementary extraction and drying method [10] and
is also employed for enzyme activation or deactivation, mixing, homogenization,
emulsification, dispersion, preservation, stabilization, dissolution, and crystalliza-
tion [25]. Additionally, it exhibits the capacity to enhance germination rates, induce
specific physiological and biochemical alterations, and reduce germination time [26].
This is because the energy generated by ultrasound boosts the vitality of plant cells by
enhancing the activity of enzymes like amylase and peroxidase, which stimulate cell
division and accelerate growth [27]. They also showed that the ultrasonic treatment
effectively reduces the germination period by 30-45% [28]. Ultrasound, as an emerg-
ing acoustic processing technology, has also been explored for its potential to enhance
various physiological and biochemical changes in cereal seeds, thereby increasing
their digestibility and bioavailability while enhancing the bioactive compound
content and nutritional value, flavor, and quality of cereal sprouts [29].

Wang et al. used ultrasound to enhance the metabolites and polyphenol com-
pounds including flavonoids, isoflavones, phenols, and coumarins in mung bean [27].
In other research studies, ultrasound treatment of seeds has been shown to promote
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germination rates, enhance seedling growth, and increase the production of ben-
eficial active compounds [10]. Consequently, this technique has garnered escalating
interest among researchers.

1.3.2 Non-thermal plasma

Non-thermal plasma, also known as cold plasma, is a partially ionized gas contain-
ing ions, electrons, and neutral particles. It can be produced under atmospheric and
low-pressure conditions using radio frequency or microwave sources [30, 31]. Recent
studies highlight that cold plasma technology is a potent and beneficial advancement
for the food industry. This technology provides numerous advantageous including
effective microbial decontamination of food products, processing of packaging
materials, modification of food component functionalities, altering the hydrophilic/
hydrophobic properties, and degradation of agrochemical residues [32].

In recent years, it is considered a rapid, cost-effective, and environmentally
friendly method for enhancing seed performance, plant growth, and overall plant
production. This technique significantly impacts various aspects of plant develop-
ment and physiology, including the stimulation of seed germination and seedling
growth, activation of photosynthesis, and regulation of carbon and nitrogen metabo-
lism [31]. Treatment of wheat seeds with 80 W cold plasma significantly improved
seed germination potential (6.0%) and germination rate (6.7%) compared to the
control group. Also, the yield of treated wheat was 5.89% more than that of the
control [33]. Argon plasma treatment has been linked to the enhancement of soybean
seed germination and sprout growth through the upregulation of ATP demethylation
levels. Similarly, cold plasma treatment of germinating mung beans has been shown
to elevate the activity of hydrolytic enzymes such as amylase, protease, and phytase,
thereby enhancing the germination process [30].

Guragain et al. [34] indicated that the final germination percentage, germina-
tion index, germination value, coefficient of velocity of germination, vigor index,
and chlorophyll content were all improved in the case of cold plasma-treated radish
(Raphanus sativus) and carrot (Daucus carota sativus L.) seeds.

1.3.3 Pulsed electric fields

Pulsed Electric Fields (PEF) is a non-thermal processing technology that involves
the application of short, high-voltage pulses to food or biological materials placed
between two electrodes. These pulses create an electric field within the material, caus-
ing permeabilization or structural changes in cell membranes. In a PEF system, there
is a high-voltage source, capacitor bank, switch, and treatment chamber. When the
sample is treated, it experiences a force per unit charge that can break down microor-
ganism cell membranes for good. Therefore, PEF has been used for the inactivation
of microorganisms in liquid foods by exposing them to high voltage short pulses. The
dose is adjusted by electric field intensity, amount of the pulse, and treatment time.

While many past studies have explored the use of PEF to deactivate microorgan-
isms in liquids and enhance plant cell permeability for compound extraction, recent
research has begun investigating its application at lower energy levels for non-
inactivation purposes, including seed treatment [35]. It is shown that treatment of
soybean seeds at 0.1, 1.0, 10.0, and 100.0 Hz for 5 h per day for 20 days significantly
increased the rate of seed germination, while 10 and 100 Hz PMFs showed the most
effective response. In addition, activities of alpha-amylase, acid phosphatase, alkaline
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phosphatase, nitrate reductase, peroxidase, and polyphenol oxidase were increased
in PMF (10 Hz)-exposed soybean plants [36]. Rezaei-Zarchi et al. [37] reported that
exposure of alfalfa seed to PEF (at four voltagesV1=1,V2=3,V3=5and V4 =7 as
a major factor in both hl = 2.5 and h2 = 5 control sample) significantly increased
germination and seedling rates, especially at the treatment of V4h1 and V3h2. In the
PEF-treated oat seed (99 monopolar, rectangular pulses lasting 10 ps each, with a
frequency of 13 Hz and a nominal electric field strength of 2250 V/cm), Al-Khafaji
etal. reported an increase in the growth of the root and shoot of oat seedlings [38].

1.3.4 Magnetic fields

Magnetic fields are regions around a magnetic material or a moving electric charge
where the force of magnetism acts. They are characterized by the direction and
strength of the force they exert. Magnetic fields play crucial roles in various natural
phenomena. To conduct static magnetic field treatment, an electromagnet is utilized
[20]. This electromagnet setup involves two sets of cylindrical coils made of enameled
copper wire, each wound around an iron bar. These bars are then positioned verti-
cally, one over the other, and held in place at their ends by metallic supports.

The application of magnetic field treatment has proven effective in promoting the
growth and productivity of a wide range of crops, spanning barley, oat, rice, wheat, and
maize, along with other significant crops like chickpea, sunflower, and tomato [39].
Exposure of bean or wheat seeds to static magnetic fields (4 or 7 mT) promoted the
germination ratios, especially at 7 mT MF [40]. Static magnetic field strengths (from
0 to 300 mT in steps of 50 mT for 30, 60, and 90 min) on the seeds of soybean) was
reported to have a wide range of positive physiological effects on germination-related
parameters like water uptake, speed of germination, seedling length, fresh weight, dry
weight, and vigor indices [41]. Magnetic field (from 0 to 250 mT in steps of 50 mT for
1-4 h) application significantly enhanced chickpea germination performance [9].

2. Industrialization of germination process
2.1 Soaking and washing system of seeds

Soaking seeds is a necessary step to enhance germination rates and speed up the
seedling establishment, which can contribute to softening seed coats, facilitating
water hydration, and providing operational possibility to create favorable conditions
and moderate stress for controlled germination.

Based on the industrial sprouting experience, the key point of safe sprout produc-
tion is “Cleaning Seeds”. One of important considerations is that some damaged seeds
are prone to fungal infections during soaking. Therefore, actions are needed to ensure
proper hygiene and food safety during the soaking process, such as cleaning containers,
sterilizing tools, and adding food-grade hydrogen peroxide solution to the soaking water.

Additionally, power ultrasound-assisted soaking and washing system can be
an eco-friendly green technology since the ultrasound treatment can enhance the
removal of microorganisms and dirt on rough surface of seeds. In the other hand,
ultrasound-assisted soaking may create modification on enzyme and substrate
structure thus facilitation the enzymatic hydrolysis process [42]. Ultrasound treat-
ment during soaking not only significantly enhanced rice sprouting speed and starch
hydrolysis, but also reduced energy use in germination period [43].
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Numerous studies have proven that high-intensity ultrasound has shown effective-
ness in the inactivation of pathogenic microorganisms in various food systems. Feng’s
lab developed a pilot-scale continuous-flow washing system with ultrasonic capabil-
ity for sanitation [44]. Ultrasound transducer boxes with three frequencies (25, 40,
and 75 kHz) were used in the unit, so that this ultrasound-assisted washing system
provides spatial uniform ultrasound treatment. Nowadays, many manufacturers
released new design of ultrasonic soaking and washing system, mostly for cleaning of
hard objects, as shown in Figure 1.

2.2 Tanks for steeping and malting

In the technological history of malting processing, there are four major types:
malting on floor, malting in a germination box/tank, utilizing separate germination
drum and kilning vessels, and a combined germination and kilning system. Figure 2a
shows grains in a large open germinating box. Figure 2b shows a typical steeping tank
and drum-style system.

Figure 1.
Ultrasonic cleaning automatic system (emerson.com,).

Figure 2.
(a) Malting in a large open germinating box (ukmalt.com), (b) steeping tank and drum-style system
(maltersadvantage.com), and (c) grains in steeping tank (https://canadamalting.com/process/).
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As disclosure information in malting and beer brewing industry, the malting
process starts by moving grains into steeping tanks and absorbing water (Figure 2c).
Then germination takes place in controlled condition, including temperature, humid-
ity, and carbon dioxide.

2.3 Advanced rotary drums for sprouting

The Sentrex Sprout Equipment with cylindrical hydroponic growing System is a
rotating system (Figure 3) and becomes one of the manufacturers for commercial
sprout growing. Clean seeds are placed inside rotary drums, which incorporate clean-
ing, sanitation, and lighting systems. After rinsing, soaking, and germinating, sprouts
grow to maturity, and then the wash system carries sprouts through a stainless steel
tank, where they are cleaned, de-hulled, and de-rooted.

2.4 Vertical farming systems

As we know, developing sustainable technology to grow fresh produce under a con-
trolled environment is an important strategy for practicing urban agriculture. Sprouts
and microgreens are ideal fresh produce for indoor farming due to their rich nutrients
and short growth cycle [45]. Vertical farming is an efficient way to provide a controlled
environment by stacking plant beds vertically on shelves in modern greenhouses, which
increases times of the yield on a given land area, reduces electricity costs with LED lights,
and reduces water consumption with water recycling [46]. Therefore, vertical farming
is also a sustainable way to grow ready-to-eat and pesticide-free sprouts since the indoor
space is free of pests and dirt. On the other hand, vertical farming allowed the simultane-
ous investigation of multiple environmental stresses that affect sprout growth [47].

Various cultivation methods have been applied to grow sprouts and microgreens,
including the traditional soil-based media and hydroponics. Furthermore, Du et al.
shared their perspectives on developing biopolymer-based hydrogels as novel media
(Figure 4) [45].

Figure 3.
Rota-tech rotary drum. ISS Rota-Tech Rotary Drum - International Specialty Supply (sproutnet.com).
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Figure 4.
Vertical farming microgreens (modern farmer).

3. Functional foods trends
3.1 Germinated seeds products

Germination, known as sprouting, is versatile, suitable for implementation in
home, traditional, and industrial environments [48]. The process of germination has
gained widespread use in the manufacturing of diverse food products [8]. Beyond
malting, a specific form of germination used in alcoholic beverage creation, edible
seedlings can be consumed as ready-to-eat sprouts or subjected to further processing
such as drying or roasting [49]. In recent years, numerous germinated grain-based
products have been developed and companies globally are increasingly manufactur-
ing sprouted grain products, deepening our understanding of germination and
production techniques. Figure 5 shows some packaged germinated/sprouted products
available in the global market.

An alternative approach to enhance the nutritional content of bread involves supple-
menting flours with sprout wheat powder, especially sprouts derived from Triticum
species, which have been identified as rich sources of bioactive compounds, including
phytochemicals, phospholipids, reducing glycosides, and low molecular weight peptides
[50]. Studies have shown improvements in the bread-making properties of sprouted
wheat flour, the physicochemical traits and consumer acceptance of bread produced
from germinated brown rice flour [1, 51], and the dough characteristics and bread-
baking performance of wheat flour mixed with germinated quinoa flour [52]. Based
on a Google search, the United States, Canada, and the United Kingdom are the most
significant consumers of sprouted grain bread. In recent years, sprouted grain products
have become popular in the food industry for their improved nutritional value and
enhanced nutrient absorption [2]. They were found to possess high concentrations of
bioactive compounds (polyphenols), GABA, oligosaccharides, amino acids, and antioxi-
dants [53, 54]. This approach also tackles malnutrition by enriching foods with protein,
calories, vitamins, and minerals [48]. Furthermore, it triggers the synthesis of secondary
metabolites like vitamin C and polyphenols, which are valuable in nutraceuticals and
functional foods. These changes enhance both the health and nutritional content of
food products [55]. Sprouting effectively addresses grain processing challenges such as
dehulling, lengthy cooking times, and undesirable taste profiles [56].
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Figuve 5. Packaged germinated sprouted seed products available in the global market (Image source:
cdnilbedhp.nitrocdn.com; foodsalive.com; essentialeating.com; bio-kinetics.com; goraw.com; silverhillsbakery.ca;
mannaorganichakery.com; purelivingorganic.com; m.cjcatalog.co.kr;).

Brand Commercial sprouted grains products Country
Oat House Sprouted oatmeal China
CJ Foods Cooked budding sprouted brown rice Korea
Essential Eating Sprouted wheat pasta; sprouted whole grain flours The United States
Manna Organics Sprouted grain bread/cereal/gluten-free pasta The United States
Silver Hills Sprouted grain bread The United Kingdom
Bakery
Angelic Sprouted grain bread; sprouted seven-grain bread crisps Canada
Bakehouse
One Degree Sprouted grain cereals, bread, and granolas The United States
Organics
Bio-Kinetics Sprouted grain bread, crackers, and cereal bars Canada
Power Super Sprouted chia seeds, flaxseeds, and quinoa, which can be South Africa
Foods used in smoothies, baking, or sprinkled
Gopal’s Sprouted grain and seed snacks including sprouted Australia
Healthfoods flaxseed crackers and sprouted mung bean snacks
Food for Life Sprouted grain bread; sprouted grain end-products (bread, India
English muffins, tortillas, pasta, cereals, waffles)
Shiloh Farms Sprouted grains breads; sprouted grain flours; sprouted The United States
nuts
Pastabilities Sprouted grain pasta The United States
Go Raw Sprouted grain snacks including sprouted flaxseed The United States
crackers; Sprouted pumpkin/watermelon seeds
Unique Snacks Sprouted grain snacks The United States

Table 2.

Sprouted grains products retail brands.
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A list of some food products formulated with different germinated seeds is given
in Table 2, including sprouted wheat/barley bread, sprouted wheat pasta, sprouted
grain flours (wheat, brown rice, sorghum, millet), and processed grain-based prod-
ucts (snacks, cereals, oatmeal, muffins, tortillas, etc.).

3.2 Germination-based marketing insights

As a potential source of numerous functional ingredients, germinated edible foods
have attracted more and more attention for its physiological and sensory benefits.
Therefore, germinated grain and legume seeds are expected to be functional dietary
supplements with a variety of health benefits and medicinal values. Appropriate
germination treatments can enrich bioactive components, which is conducive to the
efficient production of bioactive functional food.

3.2.1 Germinated grains

Germinated grains-based foods have attracted much attention because of their
unique physiological effects. Germinated whole grains come from wheat, barley,
rice, or other cereal grains that are allowed to germinate slightly and grow a small
sprout (Figure 6). The germinated grains can be processed into three forms such
as dry and cooked rice or wheat berries. Dry and ground into flour as food ingre-
dients, wet and blended into puree for future processing, then become a variety
of breads, pastas, noodles, granolas, cookies, crackers, and more delicious grain-

based food.
3.2.2 Malting grains for beer-producing

China has overtaken the United States to become the world’s largest beer
producer and has become the #1 consumption market. In 2023, China generated
more than 125 billion U.S. dollars in revenues from its beer industry, while U.S.
beer market generated $117-$119 billion in 2023 (Data from Statista & Brewers
Association). Malt is referred to as the soul of beer, which provides enzymes,
carbohydrates, and sugars necessary for fermentation. Two-row barley and other
malting grains (wheat, rice, etc.) are selected by brewers and farmers to ensure
high-quality ingredients for craft beer. The first step is soaking (steeping) to
awaken the dormant grains. The second is germinating and sprouting. The third
step is heating (kilning) the malting grains to create the final color (ranging from
golden to red to black) and flavor (malty, sweet caramel, nutty, woody, burnt, etc.).
Nowadays, the malting system consists of an external conical steeping vessel and
germination-kilning combo drum with a connected aeration system to improve the
beer production process more efficiently. The germination-kilning drum looks like a
rotating cylinder unit (Figure 7).

3.2.3 Fresh sprouts of edible seeds

As shown in Figure 8, general edible sprouts can be counted into four categories:
grain sprouts (wheatgrass, buckwheat and quinoa sprouts, etc.), legume sprouts
(mung bean, soybean, pea, kidney sprouts, etc.), vegetable seeds sprouts (similar
with microgreens, including broccoli, alfalfa, mustard greens, red clover sprouts,
etc.), and nut sprouts (pumpkin seed, sunflower seed, peanuts sprouts, etc.).
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Figure 6.
Germinated whole-grain rice and wheat berries. (A) www.homestatepng.com, (B) depositphotos.com, (C)
foodtolive.com, and (D) sprouting.com.

NP ™

-

Figure7.
The SCHULZ malting system’s germination-kilning combo drum Kaspar Schulz | Malting in detail
(kaspar-schulz.de).
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’
b
Figure 8.

Fresh sprouts of edible seeds. (A) Alfalfa (myemeraldhealth.com), (B) wheatgrass (thrivemarket.com), (C)
broceoli (www.spsidahoinc.com), and (D) mung-bean (www.premierseedsdirect.com).

3.3 Current trends and future perspectives

Germination-based foods are becoming increasingly popular worldwide due
to growing concerns about health. Firstly, developing germinated products with
local grains and edible seeds can attract more consumers by catering to diverse
tastes. Secondly, the germination process is now fully controlled using advanced
technologies to enhance food safety and enrich nutrient content, resulting in
high-quality end products. Thirdly, modern biotechnology offers great potential
for the development of fermentation and extraction technologies, creating novel
ingredients and improving the nutritional function of germinated seed-based
foods. The nutritional and health benefits of germination-based foods are well-
known among food scientists, dietitians, chefs, food manufacturers, and others.
Increasing evidence from human studies is proving their positive effects on
human health.

4. Concluding remarks

The germination process significantly enhances the nutritional profile of sprouts
through enzymatic activation, which hydrolyzes complex macromolecules into sim-
pler, more digestible forms. This reduction in anti-nutritional factors such as phytic
acid enhances mineral bioavailability and increases concentrations of essential vita-
mins and minerals, including vitamins C and E, B vitamins, magnesium, zinc, and
iron. Germination also induces the biosynthesis of bioactive compounds like antioxi-
dants, flavonoids, and phenolic acids, which contribute to health benefits. Enhanced
dietary fiber content and improved digestibility further elevate the nutritional value,
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while beneficial amino acids like GABA are synthesized. These improvements make
germinated seeds highly nutritious and health-promoting. Germination-based foods
are gaining global traction due to rising health consciousness. Developing products
with local grains and seeds caters to diverse palates, while advanced technologies
ensure precise control over germination, boosting food safety and nutrient density.
Modern biotechnological applications facilitate the development of fermentation

and extraction processes, creating novel bioactive ingredients and enhancing the
nutritional functions of germinated foods. The benefits of germination-based foods
are well-recognized by food technologists, nutritionists, culinary professionals,

and food manufacturers, with growing evidence supporting their positive health
impacts. Physical and chemical treatments further optimize germination efficiency
and nutrient profiles. Technologies like oxygen regulation, electrolyzed oxidizing
water, ultrasonication, pulsed electric fields, magnetic fields, high-pressure pro-
cessing, and non-thermal plasma play crucial roles in enhancing germination. The
commercialization of sprouted grains, microgreens, and vegetable sprouts is driven
by advanced systems like rotating drum sprouts, fermenters, and automated germina-
tion trays in vertical farming setups. These technological advancements foster the
development of innovative, nutrient-dense food products, addressing the increasing
consumer demand for health-enhancing diets. It is foreseeable that in the near future,
germination-based food products may become a common feature in health-conscious
diets worldwide.
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Chapter 4

Utilizing a Thermogradient Device
to Establish the Germination Vigor
Response of Crop Seeds

Timothy L. Grey, Juliana de Souza Rodrigues and
Samantha J. Bowen

Abstract

The initiation of seed germination is a critical first step in establishing many plant
species associated with agronomic crop production. Crop species are uniformly tested
for standard germination and sometimes vigor prior to market release but, these
assessments are predominantly implanted for commercial production of registered
and certified seed. Seed germination, vigor, and initial seedling growth can be evalu-
ated using a thermogradient device that holds constant temperatures across a wide
range for evaluation. Models can then be used to establish germination, vigor, and
seedling growth indices related to time, temperature, and response to predict genomic
stability, and phenotypic responses due to variations in climate during seed produc-
tion. This will be reviewed in this chapter.

Keywords: germination, nonlinear regression, phenological development, thermal
time, seedling growth

1. Introduction

Grain and legume crops form foundational cornerstones for agronomic production
worldwide. In 2022, corn (Zea mays L.) and wheat (Triticum aestivum L.) were the
most widely cultivated grain crops in temperate regions globally, covering over
200,720,000 and 219,580,000 hectares, respectively [1]. Corn and wheat are pro-
duced in all regions of the world with the cultivation of these crops occurring some-
where on the planet practically every month of the year. The legume dicot crops
soybean [Glycine max (L) Merr.] and peanut (Arachis hypogaea L.) were grown on
136,900,000 and 28,940,000 hectares in 2022, respectively [1]. Soybean is the most
widely grown oilseed crop providing two commonly used dietary products for human
and animal production, oil and protein. These soybean components are obtained after
chemical extraction and heating which is then followed by various processing
methods (pressing, grinding) [2]. In contrast, peanut is consumed by cooking with
other foods, roasted and then processed directly into peanut butter (or paste), or the
oil extracted for dietary use as a food. Peanuts are also a major component used in
many confectionary products, either processed or as a whole nut, such as in candy
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bars. Another dicot crop, cotton (Gossypium spp.), has been dually adapted over
time, most widely grown for fiber around the world, but is also an oilseed crop [3].
In 2022, over 31,250,000 hectares of cotton were grown in tropical and subtropica-

1 environments [1]. Two different biotypes of cotton are commonly grown including
G. hirsutum (L.), known as upland, and G. barbadense (L.) known as pima and
egyptian.

One factor all these crops commonly share is the annual planting of seed for initial
establishment. These species have origination from all around the world and were initially
adapted from wild species. Corn (maize) has been associated with teosinte species in
Mexico, domesticated around 7000 years ago [4]. Wheat has genetic associations with the
Aegilops, Amblyopyrum, and Triticum genera, which have origins in the Mediterranean-
Southwest Asia and Arctic-Temperate regions, with some of the earliest domestication
occurring over 10,000 years ago [5]. Soybean is believed to have been domesticated from
Glycine soya (Sieb. and Zucc.) from east Asia 6000-9000 years ago [6]. Peanut, associated
with Arachis species from South America, has archaeological evidence suggesting domes-
tication as far back as 8500 years ago [7]. Cotton, from the Gossypium species has origins
in Africa, but has been domesticated worldwide over the past 5000 to 8000 years, largely
due to the natural distribution of seeds by nature [8]. Domestication of these crops has
removed almost all forms of seed dormancy. However, peanut still have some inherent
seed dormancy traits that appear in dry seed following the after-ripening process. How-
ever, as abscisic acid-like inhibitors decrease in peanut seed over time, the dormancy
variable is released which ultimately allows for germination [9-11].

1.1 Importance

Reliable seed quality is one of the most critical aspects of agronomic grain produc-
tion. Crop seed germination that is consistent and vigorous is a key element for
successful farming. While genotypic traits can be modified via traditional and modern
breeding methods for grass crops, legumes, and lint/oil seed crops [12], genetic mod-
ification has become a major source of improving yield, altering herbicide tolerance,
and developing pest resistance [13]. Field testing and evaluation of newly developing
seedlings is often difficult due to soil interaction. As seeds are often buried 2 to 5 cm
deep, early seedling development is difficult to measure under varying temperature
conditions. To measure initial seedling development, controlled experiments are often
employed to monitor growth over time.

1.2 Background information on seed production

Seed production is an international multi-billion-dollar industry. Major seed com-
panies associated with the previously mentioned crops are often international con-
glomerates that utilize patents and/or via genetically modified traits to ensure
continued annual grower purchases. Additionally, there are public plant breeding
programs in the United States. These organizations are usually associated with peanut,
soybean, and wheat cultivar development and work in conjunction with Land-Grant
universities and state-affiliated seed production organizations. Standards for seed
quality and purity are set by national and international organizations such as the
Association of Official Seed Certifying Agencies (AOSCA) and the International Seed
Testing Association (ISTA) [14, 15]. Additionally, seeds sold by private companies are
tested and displayed via tag for purity and standard germination.

62



Utilizing a Thermogradient Device to Establish the Germination Vigor Response of Crop...
DOI: http://dx.doi.org/10.5772 /intechopen.1008905

1.2.1 Seed production requirements

Seed vigor and crop establishment are research topics that have been investigated
for multiple decades. A recent review by Finch-Savage and Bassel [16], outlined key
components of crop seed production, inherited traits associated with genetic stability,
and the environmental effects on seed vigor and performance. Emphasis was placed
on an increase in seed vigor over time, driven by the parental plant’s influence of
promoting endosperm growth and development in the maturing seed. As the seed
develops, the parent plant presumably dies, shifting the responsibility for maintaining
vigor to the harvest and storage conditions seed are exposed too. Overall germination
and vigor decline over time for crop seeds in storage.

1.2.2 Seed storage and deteriovation

Morton et al. [17] reviewed the factors that contribute to seed deterioration over
time during storage and stated that seed moisture content, mechanical and insect
damage, pathogen attack, seed maturity, relative humidity, and temperature can have
negative impacts. These impacts have been quantified by previous research on pea-
nuts [18, 19], soybean [20-23], corn [24], cotton [25, 26], and wheat [27, 28]. Vigor
testing can be utilized to evaluate seeds for successful field establishment under
different environmental conditions [29]. Strong primary seedling development in
standard germination testing indicates strong vigor [14], but this does not always
translate into adequate field performance.

1.2.3 Seed germination modeling with base temperature

Seed germination modeling is dependent on base temperatures set for crops by
years of research across multiple cultivars and seasons. These requirements vary by
crop with respect to models utilizing growing degree days as a measure of thermal
accumulation based on maximum and minimum temperatures [30]. These models
used base temperatures of 10°C for corn [31]; 10°C for soybean [32]; 15.5°C for cotton
[33]; 13°C for peanut [34]; and 0°C for wheat [35, 36]. Previous seed vigor research
with peanut [37-43], soybean [44], clovers (Trifolium species) [45], and cotton [46]
using base temperatures as a basis for modeling has demonstrated utility and
consistency.

1.2.4 Seedling formation

The progression of germination is strictly linked to the rate of water uptake.
Initially, there is a rapid imbibition of water by the dry seed (phase I) until the seed
tissues become fully hydrated. This is followed by a slower, more controlled water
uptake during phase I, and in phase III, water uptake increases again, signaling the
completion of germination. Phase II is marked by increased metabolic and cellular
activity and is particularly critical, as it is associated with a range of cellular and
biochemical processes, including DNA repair and the translation of both stored and
newly synthesized mRNAs [47].

The ability of seedlings to develop properly after emergence also depends on their
metabolic efficiency in mobilizing nutrients from the cotyledons and transitioning to
photosynthesis. A rapid transition from reliance on seed reserves to photosynthesis is
crucial for seedlings to become independent of the seed nutrient reserves and begin
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proper plant establishment in the soil [48]. These factors are governed by the seeds’
inherent physiological and genetic potential, as well as the environmental conditions
experienced during storage.

2. Research

The root growth (cm) of five crops was measured over six constant temperatures
(15°C, 20°C, 25°C, 30°C, 35°C, and 40°C) for 7 days. These measures were taken every
24, 48,72, 96, 120, 144, and 168 hours. Certified seeds of corn (DKC 70-45), cotton
(DP2127B3XF), peanut (GA06G), soybean (AG58VF3), and wheat (UNK) were eval-
uated for seedling growth. The experiment followed a completely randomized design
and was repeated six times. Eight seeds of each crop were used per dish, and the
results from the root lengths (cm) were averaged, constituting one experiment. Each
experiment was considered a replicate, generating six replicates per crop.

2.1 Thermogradient apparatus

Crop seeds were placed in a 100 x 25 mm sterile Petri dish (Fisher Scientific
Education, Hanover Park, IL) containing germination paper (SDB 86 mm, Anchor
Paper Co., St. Paul, MN) and watered with 10 ml of deionized water to initiate
germination. The Petri dishes were arranged on a thermogradient table featuring
columns of cells maintained at constant temperatures of 15°C, 20°C, 25°C, 30°C, 35°C,
and 40°C. The thermal gradient table was constructed from a solid aluminum block
measuring 2.4 m long by 0.9 m wide by 7.6 cm thick with a mass of 470 kg (Figure 1).

Figure 1.
Thermal gradient table used to determine optimum crop seedling growth over time (photograph by Sidney
Cromer).
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On each end of the aluminum blocks, a 1.0 cm hole was drilled across the side
section to allow fluid to be pumped into the table. One side contains a chiller set at 12°
C and on the other side, a heating unit at 32°C. Each unit pumps a mixture of ethylene
glycol plus water (1:10 mixture) at a rate of 3.8 L per minutes to generate the thermal
gradient. The solutions from the chiller and heating units were independent of each
other and never mixed. A grid pattern consisting of 10 cm by 10 cm cells allowed for
even distribution of individual Petri dishes. This resulted in 24 increments across the
established temperature gradient, with nine cells at each temperature [49, 50],
resulting in 216 total cells. Thermocouples made from duplex insulated PR-T-24 wire
(Omega Engineering, Inc. Stamford, CT) were mounted to the underside of the table
in the center of each cell. The wire was inserted vertically into a hole on the underside
of the table held in place by a washer and screw. Holes measured 8 mm wide by 7 cm
deep to allow the thermocouple to be within 5 mm of the upper table surface at 10 cm
intervals along the length of the table. Temperature was monitored continuously for
each thermocouple and recorded at 30 minutes intervals with a Graphtec data logger
(Graphtec America, Inc. Irvine CA). Data indicated a continuous temperature gradi-
ent ranging from 12°C to 40°C resulting in changes of 1.67°C in each cell along the
length of the table.

2.2 Image capture

Daily images of the seeds captured 24, 48, 72, 96, 120, 144, and 168 hours after the
experiment started were taken using a Canon EOS 7D camera equipped with an 18-
55 mm lens. Seeds were placed on a black panel to enhance root visualization in the
images (Figure 2). Digital images were then analyzed using Image] software [51-53].

To ensure accurate root length measurement, the scale in Image]J was set to 1 cm
based on a ruler placed next to the seeds (Figure 2). The “freehand line tool” was used
to trace the roots according to their architecture and length. The scale was recalibrated
when switching crops, restarting the software, and adjusting zoom resolutions during

Figure 2.
A black background used to improve crop seed and root visualization for further analysis on Image] software.
Crops included (A) wheat, (B) peanut, (C) corn, (D) cotton, (D) soybean, and (E) peanut.
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image capture. Root growth rates (cm/day) were calculated by subtracting the length
of roots measured at consecutive time points: 0-24, 24-48, 48-72, 72-96, 96-120, 120-
144, and 144-168 hours.

2.3 Models
2.3.1 Log logistic model for plant growth temperature comparisons

Log-logistic models are widely used in plant growth modeling [54-57]. In this
study, these models were applied to describe the root growth rate (cm/day) over 24,
48,72, 96, 120, 144, and 168 hours at specific temperatures of 15°C, 20°C, 25°C, 30°C,
35°C, and 40°C. Each model was adjusted for different crops, including corn, cotton,
peanut, soybean, and wheat.

For model validation, residual analysis was conducted to examine homoscedastic-
ity (constant variance of the response variables) and to identify possible outliers.
Model assumptions of normal distribution were assessed using a Q-Q plot, while
homogeneous variance was evaluated with a residual versus fitted values graph
[58, 59]. The models were compared using the bias-corrected Akaike information
criterion (AICC) [60] and the lack-of-fit test [61]. Additionally, a transform-both-
sides approach, employing the Box-Cox power family transformation [62], was used
to improve the model fit [63]. After reevaluating the model fit and assumptions, the
three-parameter log-logistic model was chosen.

The log-logistic model with a lower (¢) limit set as 0, was defined as:

d—0
flx)=0+ 1+ exp(b(log(x) — log(e)))

(1)

where d is the higher growth rate, ¢ is the lower asymptote (which has a lower
limit of 0 as previously described), ¢ is X value producing a response half the
maximum growth rate (between d and c), while b is the slope around the
inflection point.

Model fitting and comparisons were conducted using the drc package in R software
[64, 65]. Based on the model fit, the temperatures of 15°C, 20°C, 25°C, 30°C, 35°C,
and 40°C were used to fit the curves for corn and wheat. For peanut, soybean, and
cotton, data generated at 15°C did not fit this model as it resulted in nonsensical
parameter estimates (data not shown). Model fit test, following Bates and Watts [61],
indicated that the three-parameter log-logistic model fit the data (p > 0.05). The
slope/temperature comparison was tested using an F-test for the extra-sum-of-squares
with Bonferroni correction for multiple comparisons, utilizing the aomisc package
[63]. A 5% error level was adopted for all statistical analyses. Data visualization was
performed using R software.

2.3.2 Loventzian modeling to predict time and temperature to maximum seedling growth

In order to establish the relationship between time, temperature, and seedling
growth, a three-dimensional non-linear regression was conducted in SigmaPlot
(SigmaPlot 15.0. SPSS Inc. 233 S. Wacker Dr., 11th Floor, Chicago, Illinois). The non-
linear relationship between the two independent variables of time and temperature
were regressed to seedling growth. A Lorentzian distribution model,
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(14 (@ = x0) /b)) + (14 (0 = 30) /0)%)

was fitted to seedling growth data. Temperature (x) and time (y) data were used to
model the parameters (a, b, and c) to predict the maximum temperature (xo) and
maximum time (y,) that produced the maximum seedling growth (z), similar to other
research [55]. Data for cm total growth, and by each measure to establish the maxi-
mum, was modeled. The Lorentzian distribution belongs to the category of t-
distribution with wider and more comprehensive analysis than other models when
there are outlier data points [66].

()

zZ =

3. Results and discussions

This study analyzed root growth rates of corn, wheat, peanuts, soybeans, and
cotton using a three-parameter log-logistic model, supplemented by Lorentzian
regression to estimate the temperature (xo) and time (yo) required to achieve maxi-
mum growth (Table 1/Figure 3 and Table 2/Figure 4, respectively).

For corn, root growth rates increased gradually at higher temperatures (25°C, 30°
C, 35°C, and 40°C), with an average of 60 hours required to reach half the maximum
growth rate (e¢). However, at cooler temperatures (15°C and 20°C), the time to reach
() increased significantly to approximately 375 hours and 86 hours, respectively,
indicating corn’s greater sensitivity to low temperatures and its preference for warmer
conditions. Lorentzian regression estimated that corn achieved its maximum growth
at 30.3°C, requiring approximately 124 hours, highlighting the importance of higher
temperatures for optimal root development.

Wheat exhibited a similar trend but with a broader temperature tolerance. At
moderate temperatures (25°C, 30°C, and 35°C), it required around 67 hours to reach
(e). In contrast, at the extremes of 15°C and 40°C, the time to reach (¢) increased to
124 hours and 82 hours, respectively. These findings suggest that while wheat can
adapt to a wider temperature range, its growth efficiency declines at both low and
high extremes. Lorentzian analysis showed that wheat reached its maximum growth
at 26.1°C, requiring about 124 hours, indicating its preference for cooler conditions
compared to corn.

Peanuts demonstrated a distinct growth pattern, with a statistically significant
difference in slope across temperatures. At 35°C, it took 50 hours to reach (e), while at
20°C, only 7 hours were needed. This striking difference reflects the substantial
impact of temperature on peanut growth dynamics, with lower temperatures acceler-
ating the time to reach half the maximum growth rate. According to Lorentzian
regression, peanuts achieved their maximum growth at 31.2°C, requiring around
116 hours, suggesting a balance between rapid early growth at cooler temperatures
and optimal overall development near 31°C.

Soybeans, in contrast, displayed remarkable stability in growth rates across a broad
temperature range. At 20°C, 25°C, 35°C, and 40°C, the time required to reach (e)
showed no significant variation, averaging 49 hours. This consistency emphasizes the
temperature tolerance of soybeans, which maintain steady growth under diverse
conditions. Lorentzian analysis estimated their maximum growth at 31.3°C, also
requiring about 116 hours, confirming their adaptability and resilience within this
optimal temperature range.

67



New Perspectives on Seed Germination

‘N0t

PUY D,5€ D0 D,5T D,0T Jo saunipiaduiay 40 parif a4om spopous “u03109 puv uvaqhos muvad 40, D, 0% puv D,SE€ D,0€ D,5T D,0T D, ST Jo saunipaaduiay 40f papirf som sjapous
oYM pup ui00 40, “saanipiaduiay paisag oyl adpun (Avp/usd) 2104 Yimois J004 40f 1apout uoLssaL3a.4 9135130]-30] 4agouivsvd-a4y) v 01 papif asam 2 pup “(4addn) p <(adojs) q savgpuivavg

‘T JIqeL
"G00 cxs 070 cxrs L0070 chns 2P0 SIS "50°0 < d svn pazsay sdoas ayp 40f [19] 1523 31f-Jo-30w] 1opows 2y [, *(1) b 4afos asva)q “nf jopows ayz 2ao4dusy o1 pauriofsuvay x03-xoq svm Vv,
xxx£00°0> 7742 xx100°0> Sy wxx100°0> LIT6'E xx100°0> +86'¢ xx100°0> 10y 2
100°0> 100°T +TT0°0 g LT10°0 0Z€'0 £100°0> wo't 5000 S0%°0 or (p) 12ddn
8000 8EV'9—  wul000>  L6E0E— su werl- su €C6TE~  4u10000>  S09TI- (q) adoys
xxx£00°0> [44% 4 xx100°0> oeLe su 058°¢ xx100°0> ¥i6'¢ xx100°0> 0€0'v ®
xxx100°0> 86T°¢ «¥00°0 98¢0 xxx100°0> 8891 «xx100°0> 1€8°C «»¥00°0 ¥9L°0 93 (p) 12ddpy
«x100°0> 810'%— su 9TSTS— su 806°LT «x100°0> 0S6'61— #x100°0> [41%3 % (q) adors
«I10°0 [4)8 4 «€€0°0 10L'¢ xx100°0> 14444 xxx100°0> 206°¢ ke 100°0> 60 ®
xxx100°0> 8LLT x£00°0 6LL°0 xx100°0> €8T°¢ #xx100°0> 6CS°C «¥00°0 8¢6'0 0¢ (p) 12ddpy
«xx100°0> Ly89— su 189S~ «ESTO°0 965°L «9Y0°0> GST'9€— +x100°0> ¥0STI— (q) adors
«x100°0> vy #xx100°0> 168°¢ #x100°0> gt6'c wxx100°0> ST6'e xx100°0> €y d®
xx100°0> Tiee x¥00°0 €t xx£00°0> 908C wx100°0> 88/S°T 50070 ¥60'T 4 (p) 12ddpy
x+L100°0 610°9— #xx100°0> ST0°Th— su 81691 su [SEvE— xx100°0> €CETI— (q) adors
+x100°0> usy wxx100°0> §08'¢ «€€0°0 S16°¢ wxx100°0> €LSY xx100°0> 8Sr'y ®
¥10°0 6LT ++£00°0 5750 £200°0 Y¥L0 «:1000>  0TTH 0 +910°0 €05°0 (4 (p) 12ddn
#x100°0> L/ su 0L9v— su 096'¥1— su V18— #0070 > S06'0T— (q) adors
T T :100°0> €8y — - ’ - +4x 000> £26' °
— — su $50°0 - — — — su 689°€ st (p) 12ddpy
T T «+100°0>  18T0V— | — | - +41000>  ¥60°9— (q) adors
anjea g ayeurnysy anyea g syeunsy anjea g ayeurnysy anyea g sreumnsy anjea g ayeurnysy
u010) ey M\ ueaqhog mueag wio) (D,) @ameradura, Ivlowered

68



Utilizing a Thermogradient Device to Establish the Germination Vigor Response of Crop...

DOI: http://dx.doi.org/10.5772 /intechopen.1008905

69

Growth rate (cm)

fx)

d—0

= 0t T exp(bog () — Tog(e)))

2.0

1.0

0.5

18°C
20°C
25°C
30°C
35°C
40°C

Corn

24

po
f@=0
f =0
f) =0
f =0
f@ =0
f@ =0

72 96 120 144
Time (hr)

150C
3.689 —0
+ 1+ exp(—6.094(log(x) —10g(5.927)))
20-C

0.503 -0
+ 1+ exp(—10.905(log(x) — log(4.458)))
250C
+ 1.094 -0
1+ exp(—11.323(log(x) — log(4.223)))
30°C
4 0.938—-0
1 + exp(—12.504(log(x) — log(4.094)))
350C
+ 0.764 -0
1+ exp(—13.192(log(x) — log(4.030)))
40-C
0.405 -0

+ 1+ exp(—12.605(log(x) — log(4.021)))

168




New Perspectives on Seed Germination

70

Growth rate (cm)

2,04

1.51

1.0

0.5

0.0

Wheat

24

48
F) =0+
Fx) =0+
fx) =0+
fx) =0+
fx) =0+
fx) =0+

72 9% 120
Time (hr)

15°C
0.055—-0

1+ exp(—40.281(log(x) — log(4.823)))

20°C
0525—-0

1+ exp(—46.702(log(x) — log(3.805)))

25°C
1.323-0

1+ exp(—42.015(log(x) — log(3.897)))

30°C
0779 -0

1+ exp(—56.781(log(x) — log(3.701)))

35°C
0.386—-0

1+ exp(—52.526(log(x) — log(3.730)))

40°C
0.244 -0

1+ exp(—30.397(log(x) — log(4.415)))

144

168




Utilizing a Thermogradient Device to Establish the Germination Vigor Response of Crop...
DOI: http://dx.doi.org/10.5772 /intechopen.1008905

" — Peanut
25°C

— 30°C

— 35°C

34 — 40°C

Growth rate (cm)
N

= Y 72 9% 120 144
Time (hr)

20oC
0.421-0

Je =047 exp(—81.416(log(x) — log(4.573)))

25°C
1578 -0

f&) =0+ 1+ exp(—34.357(log(x) — 10g(3.925)))

30:C
2.529-0

&) = 0 (36,155 (log () — 108(3.902)))

35°C
2.831-0

+ 1+ exp(—19.950(log(x) — l0g(3.924)))

fx)=0

40°C
1.042 -0

f ) = 0 (31923008 (x) — 10g(3.98D)))

71



New Perspectives on Seed Germination

72

Growth rate (cm)

i Soybean

25°C
— 30°C

Time (hr)

20oC
0.744—-0

f&) = 0+ T 149600008 (x) —10g(3915)))

25°C
2.806 -0

[ = 0+ (16918 (Iog(x) —1083.916)))

30oC
3.283-0

&) = 04 T (7 596(log(x) — log(#2#4)))

350C
1.688 — 0

1+ exp(17.908(log(x) —log(3.850)))

) =0+

40°C
0.320-0

f) =0+ 1+ exp(—14.222(log(x) — log(3.9117)))

168




Utilizing a Thermogradient Device to Establish the Germination Vigor Response of Crop...
DOI: http://dx.doi.org/10.5772 /intechopen.1008905

4 — Cotton

25°C

— 30°C

Growth rate (cm)
N

24 48 72 9 120 144 168
Time (hr)

20-C
1.792 -0

) = 04 67440008 () — Tog(#812)))

25°C
3.311-0

+ 1+ exp(—6.019(log(x) — log(4.274)))

fx)=0

30°C
2778-0

fe) =0+17 exp(—6.847 (log(x) — log(4..182)))

35°C
3.298 -0

@) = 04 T =201800g() —Tog4.132)))

40°C
1.001-0

+ 1+ exp(—6.438(log(x) — 10g(3.771)))

fx)=0

Figure 3.

The three-parameter log-logistic function was used to evaluate seedling growth rate for corn, wheat, peanut,
soybean, and cotton. For this model, d is the higher asymptote, c is the lower asymptote (which has a lower limit of
0), e is X value producing a response half-way between d and c, while b is the slope around the inflection point.
The parameter b can be positive or negative and, consequently Y may increase or decrease as X increases.
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Figure 4.
Temperature and time to maximum seedling growth using Loventzian regression for corn, wheat, soybean, peanut,
and cotton with a thermal gradient assay (n = 60 per crop).
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Similarly, cotton exhibited stable growth rates within the moderate temperature
range of 25-35°C, requiring approximately 67 hours to reach (¢). However, slight
sensitivity to temperatures outside this range was observed. Lorentzian regression
revealed that cotton reached its maximum growth at 32.3°C, requiring around
116 hours, aligning closely with the results for soybeans and peanuts and emphasizing
its suitability for similar thermal environments. The results highlighted species-
specific thermal preferences, with corn and wheat favoring distinct temperature
ranges for maximum growth, while soybeans, peanuts, and cotton demonstrated
consistent growth rates and similar optimal conditions around 31-32°C.

Studies suggest that the interaction between environmental factors (i.e., light,
temperature, and water availability) and growth hormones (including abscisic acid,
gibberellic acid, and ethylene) plays a crucial role in regulating dormancy and germi-
nation [67]. Temperature is one of the most influential factors affecting seed imbibi-
tion and germination, as it impacts water uptake and the reactivation of metabolic
processes [68, 69]. Under optimal conditions, rapid water uptake activates respiration
within hours of imbibition, supplying energy for biochemical reactions like hydrolysis
and biosynthesis, which drive plant growth [70-72]. Deviations from optimal germi-
nation temperatures, whether too low or too high, can hinder metabolic activities,
resulting in slower growth rates [72].

Root length growth in different crops is also affected by the structure and dynam-
ics of cell walls. Petrova et al. [73] discussed the role of cellulose microfibril distribu-
tion in roots and how it varies between monocots and dicots, influencing their growth.
In monocots like rye and maize, internal tissues primarily restrict root growth,
whereas, in dicots such as soybeans, external tissues play an important role. Addi-
tionally, hormonal interactions, genetic factors, and environmental conditions are
crucial in regulating seedling root growth [74, 75].

4, Conclusion

Comparing data generated from the thermal gradient using these growth curve
models provided maximum germination rates with optimal temperatures for cotton,
corn, soybean, wheat, and peanut (Tables 1 and 2). Cold germination testing can be
used as a measure to stress seeds to evaluate vigor [11, 14]. The thermal gradient
apparatus in this study established variation in seed vigor across a wide range of
temperatures simultaneously. This method of seed evaluation provided an indication
of seedling vigor across different species and temperatures and will assist scientists in
the future in understanding the differences in germination and vigor with respect to
the Germgy, and the GDD needed to reach maximum germination (2) among these
crops. Phenotypic differences will always be noted when these crops are grown
around the globe, but similarity in genetics will always confer consistency. This
information will help to broaden the knowledge base on how crop seed can be evalu-
ated based on these vigor testing methods.
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Chapter 5

Cultivating Resilience: Exploring
Biotic Stressors and Plant Immune
Responses

Kingsley K. Kanu and Vincent C. Kanu

Abstract

Plants encounter various biotic stressors, including pathogens, pests, herbivores,
and parasites, which significantly threaten their health and productivity. To combat
these challenges, plants have evolved sophisticated immune systems that rely on
pattern recognition receptors (PRRs) to detect microbe-associated molecular patterns
(MAMPs) or damage-associated molecular patterns (DAMPs), initiating pattern-
triggered immunity (PTI). A more robust defense mechanism, effector-triggered
immunity (ETI), is activated when intracellular nucleotide-binding leucine-rich
repeat receptors (NLRs) recognize specific pathogen effector proteins delivered into
plant cells to suppress PTI. The plant immune system is further regulated by intricate
signaling networks involving phytohormones like salicylic acid (SA), Jasmonic acid
(JA), and ethylene (ET). These hormonal pathways interact and cross-talk, allow-
ing plants to fine-tune their responses to various biotic and abiotic stresses while
balancing growth and defense mechanisms. Components like the RALF1 peptide and
its receptor FERONIA also play crucial roles in modulating immune responses by
interacting with receptor-like kinases and inhibiting or amplifying specific defense
pathways.

Keywords: biotic stressors, plant health, defense mechanism, interactions, plant
immunity, environment interactions, PRRs, ETI, PAMPs

1. Introduction

Stress acts as a stimulus or influence that falls beyond the normal range of homeo-
static control in plants, leading to the establishment of a new physiological state once
mitigated. This often impacts the accumulation or depletion of phytochemicals by
either enhancing or reducing the activities of key enzymes in metabolic pathways.
Hence, to cope with stress, plants activate tolerance mechanisms at various levels,
and understanding the molecular control mechanisms underlying stress tolerance
often results in the development of molecular tools based on the expression of specific
stress-related genes [1]. Fluctuating environmental conditions often impede plants
from reaching their full genetic potential for growth and reproduction. Among
these conditions, recurrent attacks by herbivores and microbial pathogens represent
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significant challenges to plant health and productivity. These biotic stressors pose sig-
nificant challenges to plant health and productivity by directly damaging plant tissues
and compromising their ability to photosynthesize, absorb nutrients, and carry out
essential metabolic processes [2]. They overwhelm the plants, resulting in substantial
reductions in crop yields and quality. Hence, “plants tend to strike a balance between
their response and biotic stress to combat the deleterious effect on their survival” [2].
This delicate equilibrium involves the deployment of various defense mechanisms,
while simultaneously allocating resources toward growth and reproduction, ensuring
overall fitness and sustainability in the presence of biotic stressors.

Biotic stress, being a broadly defined term, presents numerous challenges, as
the types of biotic stresses encountered by an organism are contingent upon the
climate of its habitat and the species’ inherent ability to withstand specific stresses
[3]. Furthermore, the correlation between biotic stresses and plant yield influences
economic decisions and practical advancements. Hence, the repercussions of biotic
damage on crop yield extend to population dynamics, thereby influencing the
coevolution between plants and stressors, and nutrient cycling within ecosystems
[4]. This impact is not confined to agricultural contexts but also extends to horti-
cultural plant health and natural habitat ecology. The consequences are profound
for the host plants, often resulting in reduced yield or compromised quality of
harvested produce [2]. Biotic stresses rarely occur in isolation, and their interactions
often have synergistic or antagonistic effects on plant health and productivity. For
instance, drought stress can predispose plants to pathogen attack, while herbivory
can increase susceptibility to fungal diseases [4]. These interactions are complex and
can vary depending on the specific combination of stresses, their timing, and the
plant species involved.

1.1 Biotic stresses faced by plants

Plants struggle with various biotic stresses caused by different living organisms.
Numerous pests, parasites, and pathogens are responsible for infecting plants and
inciting biotic stress. These stressors can be necrotrophic or biotrophic (fungal
parasites), leading to conditions such as vascular wilts, leaf spots, and cankers in
plants [3, 5]. Nematodes feed on plant parts and primarily cause soil-borne diseases,
resulting in nutrient deficiency, stunted growth, and wilting [6]. They pose more
threats to food security and account for a major share of the chemicals used in
agricultural control. Although nematodes can independently cause diseases in plants,
they typically live and function in the soil, where they are frequently surrounded by
fungi and bacteria, many of which are also plant pathogens. Associations often form
between nematodes and these other pathogens, creating an etiological complex. This
combination can result in a pathogenic potential that is significantly greater than the
sum of the damage each pathogen could cause alone [7]. Similarly, viruses can inflict
both local and systemic damage, causing chlorosis and stunting. However, mites and
insects damage plants either by feeding (piercing and sucking) or by laying eggs
[6, 8]. Insects like aphids and beetles can act as vectors for various plant pathogens,
exacerbating the damage. Additionally, insect feeding can result in direct tissue
damage, loss of plant sap, and secondary infections by pathogens entering through
feeding wounds [6]. Hence, herbivory can also be considered one of the major
causes of plant biotic stress. Herbivory not only causes immediate physical damage
to plant tissues but also leads to significant physiological and biochemical changes
within the plant [9]. The removal of leaf tissue reduces the plant’s photosynthetic
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capacity, thereby limiting its energy production and growth potential. In addition, the
stress induced by herbivory triggers a cascade of defense responses in plants [9, 10].
According to Alves-Silva and Del-Claro [10], herbivory in plants results in develop-
mental instability, as evidenced by high levels of fluctuating asymmetry in mature
leaves that developed from leaf buds damaged by thrips. Fluctuating asymmetry,
which refers to random deviations from perfect symmetry in bilateral traits, is a com-
mon indicator of developmental instability and stress. The high levels of fluctuating
asymmetry observed in leaves damaged by the herbivore suggest that the plants are
experiencing significant developmental stress. This stress can arise from several fac-
tors, including the direct physical damage caused by herbivores, the loss of essential
nutrients and photosynthetic capacity, and the activation of defense mechanisms that
divert resources away from growth [9, 10].

1.2 Plant immune responses

Plant immune responses are crucial for safeguarding the health and survival of
plants in their natural environments. The ability to respond to infections by microbial
pathogens and pests is essential for their survival and overall fitness. Therefore,
understanding the intricacies of these immune responses is vital for developing
innovative strategies to enhance plant resilience against biotic stressors [11]. As
sessile organisms, plants are unable to escape from microscopic pathogens or vora-
cious herbivores [12]. Hence, to effectively counteract biotic threats, plants have
evolved intricate pathogen defense systems, similar to the innate immune systems
found in humans [12-14]. These defense mechanisms work alongside various cel-
lular processes, together creating surveillance networks. Through these interactions,
plants gain the ability to recognize and distinguish a wide range of biotic threats,
such as pathogens, pests, and viruses. Therefore, understanding how plants perceive
and respond to these challenges is crucial for developing strategies to improve their
resilience and ensure their survival in changing environments [13]. Some of these
plant immune systems include the pathogen recognition receptors, resistance pro-
teins, systemic acquired resistance, and RNA silencing pathways. Understanding the
intricate signaling networks, molecular mechanisms, and regulation of these plant
immune components is crucial for developing strategies like genetic engineering,
elicitor treatments, or biocontrol agents to improve crop resilience against evolving
biotic threats exacerbated by climate change and globalization.

2. Importance of understanding plant immune responses

At the forefront of plant immunity are pattern recognition receptors (PRRs),
which act as sentinel proteins capable of detecting conserved molecular patterns
associated with potential threats [3]. These patterns, known as pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs),
serve as molecular signatures that trigger defense responses upon recognition by
PRRs. Upon recognition of these molecular patterns, PRRs initiate a cascade of signal-
ing events that culminate in the activation of defense responses. This includes the pro-
duction of antimicrobial compounds, reinforcement of cell walls, and induction of
defense-related genes. Additionally, PRR-mediated recognition of PAMPs or DAMPs
can trigger the hypersensitive response (HR), a form of programmed cell death that
limits the spread of pathogens [3]. Hence, it could be said that the specificity and
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sensitivity of PRRs enable plants to distinguish between beneficial microbes and
potential threats, allowing for a tailored response to different stimuli.

Unraveling the mechanisms of plant immunity is of paramount importance for
addressing several critical challenges facing modern agriculture and ensuring global
food security. Plant diseases caused by pathogenic microbes, pests, and herbivores
pose a significant threat, leading to substantial crop losses of up to 40% annually
[11]. These biotic stresses, heightened by climate change and globalization, have
far-reaching consequences for crop productivity, food availability, and economic
stability. Hence, expanding our understanding of plant immune responses holds the
key to developing innovative strategies that can bolster crop resilience and disease
resistance. By understanding the molecular pathways, receptors, and signaling cas-
cades involved in pathogen recognition and defense activation, crops with improved
immune capabilities can be engineered [11, 15, 16]. This not only increases yields and
productivity but also reduces the reliance on excessive pesticide application, minimiz-
ing the environmental impact and ecological disruption caused by agrochemicals.
Moreover, insights into plant immunity mechanisms enable the development of
sustainable and environmentally friendly approaches to disease management. These
include the use of elicitors or plant activators that stimulate the plant’s own defense
responses, aligning with the principles of sustainable agriculture practices [15]. Such
strategies have the potential to reduce the ecological footprint of crop production
while maintaining high yields. As climate change and globalization facilitate the
spread of plant pathogens and pests into new regions, the urgency to combat these
emerging threats becomes increasingly apparent. Thereby necessitating a compre-
hensive understanding of plant immune pathways for developing effective solutions
to protect crops against these evolving biotic challenges, ensuring food security for a
growing global population.

2.1 Plant immune response in agriculture

Plants have evolved sophisticated immune systems to defend against various biotic
stresses such as pathogens (viruses, bacteria, fungi) and pests (insects, nematodes).
This immune response is crucial for plant survival and agricultural productivity.
They rely on two main branches of immunity, which are the cell surface receptors that
recognize conserved pathogen/pest-associated molecular patterns (PAMPs/HAMPs),
triggering PAMP-triggered immunity (PTI), and intracellular immune receptors
called nucleotide-binding leucine-rich repeat (NLR) proteins that detect specific
pathogen effectors, leading to effector-triggered immunity (ETI) [11, 17]. PTI acts
as the first line of defense, while ETI provides a more robust and prolonged immune
response, often associated with localized cell death at the infection site [11]. Both PTI
and ETT involve complex signaling pathways, transcriptional reprogramming, and
the production of antimicrobial compounds [11, 17]. The plant immune system can
also establish systemic acquired resistance (SAR) in distal tissues after local infec-
tion, priming the plant for heightened defense against subsequent attacks [17]. SAR
involves signaling molecules like salicylic acid and can be transgenerational, confer-
ring resistance to progeny.

In agriculture, understanding and manipulating the plant immune system is cru-
cial for developing disease-resistant crops and reducing yield losses. Strategies include
breeding for resistance genes (R genes encoding NLRs), using elicitors/inducers to
activate immune responses, and engineering plants with modified immune receptors
or signaling components. Additionally, sustainable agricultural practices like crop
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rotation, intercropping, and the use of biological control agents can help reduce biotic
stress and promote plant health by modulating the immune system.

2.2 Plant immune responses: PRRs and ETI

Plant immunity depends on innate immune receptors present in each cell, which
detect invasion signals to initiate pattern-triggered immunity (PTI) or effector-
triggered immunity (ETI) [18]. With evolved sophisticated mechanisms to detect and
respond to various biotic threats. Plant pattern recognition receptors (PRRs) located
on the plant cell surface remain the core of this defense system. These PRRs perceive
a diverse array of molecular signatures, known as elicitors, derived from pathogens
or released by the plant itself during a pathogen attack [19]. Upon recognition of
pathogen-associated molecular patterns (PAMPs) by plant pattern recognition recep-
tors (PRRs), a series of signaling events is initiated to activate the plant’s immune
responses. However, this initial signal needs to be amplified and precisely regulated
to mount defenses appropriate for the specific threat encountered [13]. Plants achieve
this through intricate phosphorylation-dependent signaling cascades. Two well-
studied pathways involve mitogen-activated protein kinases (MAPKs) and calcium-
dependent protein kinases (CDPKs). These kinase cascades act as molecular relays,
sequentially activating downstream components through phosphorylation events
[13]. One extensively characterized example is the immune response triggered by
the bacterial PAMP flagellin (flg22). In this pathway, the PRR FLS2 initiates a MAPK
cascade involving MAPKKK3/5, which phosphorylates and activates MAPK3/4/6. This
kinase relay amplifies and transmits the initial signal, ultimately leading to the activa-
tion of specific defense mechanisms tailored to counter bacterial pathogens [20].
These signaling cascades serve as molecular switches, integrating the initial PAMP
recognition event with the appropriate downstream responses. By precisely regulat-
ing the specificity and amplitude of the immune signal, plants can mount effective
and targeted defenses against diverse biotic threats while minimizing the metabolic
costs associated with activating unnecessary defense mechanisms.

Effector-triggered immunity (ETI) represents a more specialized and robust
defense mechanism. It is initiated when intracellular nucleotide-binding leucine-rich
repeat receptors (NLRs) detect specific pathogen effector proteins that are delivered
into the plant cell by the pathogen to suppress PTI and facilitate infection. These
effectors are recognized either directly by NLRs or indirectly through modifications
they cause to host proteins. The detection of these effectors by NLRs typically results
in a stronger and faster immune response, often associated with localized cell death
known as the hypersensitive response (HR), which restricts pathogen growth and
spread [3, 18]. PTI is initiated by cell surface-localized pattern recognition receptors
(PRRs), which identify molecular structures characteristic of microbes and endog-
enous damage, known as microbe-associated molecular patterns (MAMPs) and dan-
ger-associated molecular patterns (DAMPs), as seen in Figure 1 [18]. When receptors
are bound to ligands, they create complexes with coreceptor or adapter kinases from
the same extracellular domain class. This action activates protein phosphorylation
cascades through receptor-like kinases (RLKs) and receptor-like cytoplasmic kinases.
Subsequently, PRR signaling engages cytosolic calcium ions (Ca**) and bursts of
reactive oxygen species (ROS) in the apoplast, calcium-dependent protein kinases
(CDPKs), mitogen-activated protein kinase (MAPK) cascades, defense hormone net-
works, and extensive reprogramming of transcriptional, translational, and metabolic
processes [18].
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Figure 1.

[ 18g]: A fundamental outline for plant immune signaling and its modulation by the environment involves the
perception of microbe- or damage-associated molecular patterns (MAMPs/DAMPs), which initiates the
formation of receptor complexes. Activation of pattern recognition receptors (PRRs) triggers intracellular
signaling pathways, including calcium (Ca®) signaling, activation of Ca®*-dependent protein kinases (CDPKs),
mitogen-activated protein kinase (MAPK) cascades, and engagement of defense-related transcription factors
(TFs), resulting in extensive transcriptional reprogramming.

2.3RALF1 (rapid alkalinization factor 1) peptide

Another component of plant immunity is the RALF1 (Rapid alkalinization factor
1) peptide. RALF1 (Rapid Alkalinization Factor 1) is a key component in plant
immunity that acts through the FERONIA (FER) receptor kinase in Arabidopsis [11].
FER associates with the malectin-like extracellular domain LLG1 to perceive and
bind RALF1, a cysteine-rich peptide. Upon RALF1 recognition, FER recruits and
interacts with the receptor-like cytoplasmic kinase RIPK to inhibit immune responses
like PAMP-triggered ROS production. RALF peptides are widely conserved small
signaling molecules in plants [11]. They play crucial roles in regulating diverse aspects
of plant growth, development, reproduction, responses to environmental cues, and
immunity. Interestingly, functional RALF-like peptides have also been identified
in fungal pathogens like Fusarium and Verticillium, though their precise role in
pathogenesis is still unclear. It is hypothesized that these pathogen-derived RALF
mimics may interfere with the plant’s RALF signaling pathways to suppress immu-
nity. In addition to microbe-associated molecular pattern (MAMP) ligands, some
leucine-rich repeat receptor-like kinases (LRR-RLKSs) can perceive damage-associated
molecular patterns (DAMPs) like Atpeps and PIPs, which are proteinaceous elicitors
induced during pathogen infection or wounding [11]. For example, the LRR-RLKs
PEPR1/2 recognize Atpeps (plant elicitor peptides), while the RLKs RLK7 and PCRK1
bind PIPs (PAMP-induced secreted peptides). Perception of these DAMPs activates
downstream signaling cascades that amplify the plant’s immune responses, such as
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oxidative burst, calcium influx, and defense gene expression. This highlights the com-
plex interplay between different signaling components, including peptide hormones,
receptor kinases, and downstream effectors, in regulating the multilayered plant
immune system against diverse biotic threats.

3. Signaling pathway

Cell signaling pathways are mechanisms through which cells communicate to
perform their functions. While these pathways may differ, they generally serve a
common purpose. As sessile organisms, plants respond to various signals by alter-
ing their morphology. This process involves a complex network of interactions to
initiate biochemical and physiochemical responses. Plants encounter a diverse array
of microorganisms, especially at the root-soil interface level. They have the ability
to detect microbial molecules, which can result in either mutualistic interactions or
immune responses. Immune signaling effectively limits the invasion of various organ-
isms, including pathogens like viruses, insects, nematodes, and even parasitic plants.
Despite the apparent complexity of this process, it is coordinated by complexes of cell
surface receptor kinases [21]. Among various signaling interactions, the following
remains the most common in plant protection.

3.1 Salicylic acid (SA) pathway

Salicylic acid (SA) is a crucial plant hormone involved in mediating immunity,
growth, and development [22]. Environmental changes directly influence various
aspects of SA biosynthesis, signaling, metabolism, and transport, with these influences
being positive, neutral, or negative depending on the specific environmental factor.
These molecular and biochemical trends can either be conserved or vary across different
species. Key components of the SA pathway are affected by abiotic factors such as tem-
perature and water availability, as well as biotic factors like interactions with commensal
and beneficial microbes [22]. Temperature regulation has revealed major thermosensi-
tive nodes at different levels of gene and protein regulation within the SA pathway. For
example, changes in temperature can impact the expression levels of genes encoding
enzymes involved in SA biosynthesis or alter the stability and activity of SA signaling
components. Additionally, studies are unraveling how the microbiome modulates the
SA pathway at both single species and community levels, highlighting mechanisms
dependent on canonical plant hormone cross-talk. Beneficial microbes can enhance
SA-mediated immunity by priming plants for faster and stronger defense responses,
while commensal microbes may influence SA metabolism and signaling pathways
through direct interactions or by modulating the plant’s hormonal balance [22].

3.2 Jasmonic acid (JA) pathway

Plant growth and development are significantly regulated by Jasmonic acid (JA)
and its precursors and derivatives. They are known to play pivotal roles in regulating
numerous physiological processes, particularly in mediating plant responses to both
biotic and abiotic stresses [23]. Jasmonic acid is synthesized from linolenic acid via
a series of enzymatic reactions, primarily in response to environmental cues such as
herbivore attack, pathogen infection, wounding, and abiotic stressors like drought
and salinity. Once synthesized, JA acts as a signaling molecule that triggers a cascade
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of downstream responses, coordinating various defense mechanisms and adaptive
strategies to cope with stress [23]. One of the key functions of JA is its involvement
in plant defense against herbivores and pathogens. Upon perception of herbivore-
induced damage or pathogen invasion, plants rapidly accumulate JA, which activates
defense-related genes and induces the production of secondary metabolites such as
volatile organic compounds (VOCs), proteinase inhibitors, and defensive proteins
[24]. These compounds can deter herbivores, inhibit pathogen growth, and attract
natural enemies of herbivores, enhancing plant resistance to pests and diseases

[23, 24]. Furthermore, JA interacts with other hormonal signaling pathways, such

as those mediated by salicylic acid (SA), ethylene (ET), and abscisic acid (ABA),
forming complex regulatory networks that integrate multiple stress responses and
developmental cues. Cross-talk between JA and other hormones allows plants to fine-
tune their responses to changing environmental conditions and prioritize resource
allocation toward growth, reproduction, or defense as needed [9, 10, 23, 24].

3.3 Ethylene (ET) pathway

As a gas, ethylene diffuses from its production sites to where it can be perceived
without being modified or metabolized [25]. Therefore, precise regulation of ethylene
biosynthesis is essential. This regulation is managed through transcriptional and
post-translational regulation of ethylene biosynthesis enzymes, the adjacent Yang cycle,
and through the transport and conjugation of the ethylene precursor 1-aminocyclo-
propane-1-carboxylic acid (ACC) [25]. The biosynthesis of ethylene begins with the
conversion of S-adenosyl-L-methionine (SAM) to ACC by the enzyme ACC synthase
(ACS). The activity of ACS is tightly regulated at the transcriptional level, with vari-
ous environmental and developmental cues influencing ACS gene expression [26]. For
instance, factors such as wounding, pathogen attack, and fruit ripening can upregulate
ACS genes, leading to increased ethylene production. ACS enzymes are also subject
to post-translational modifications that affect their stability and activity [26-28].
Phosphorylation, for example, can either stabilize or destabilize ACS proteins, thereby
modulating ethylene biosynthesis in response to specific signals. Additionally, the
enzyme ACC oxidase (ACO), which converts ACC to ethylene, is regulated post-trans-
lationally to ensure that ethylene production is finely tuned [26, 27]. The Yang cycle is
crucial for maintaining the levels of SAM, which is the precursor for ethylene biosyn-
thesis. In this cycle, SAM is regenerated from methylthioadenosine (MTA), a byproduct
of ethylene production. Proper functioning of the Yang cycle ensures a consistent
supply of SAM for ethylene biosynthesis, highlighting its importance in the regulation
of ethylene production. ACC can be transported from its site of synthesis to other parts
of the plant where it can be converted to ethylene [28]. This transport is crucial for
coordinating ethylene responses throughout the plant. ACC transporters facilitate the
movement of ACC across cell membranes, enabling its distribution to different tissues.
ACC can be conjugated to form ACC conjugates, which are inactive forms of the precur-
sor. This process serves as a mechanism to regulate the availability of ACC for ethylene
production. Conjugation acts as a buffer, preventing excessive ethylene synthesis under
nonstress conditions [27, 28]. When required, ACC conjugates can be hydrolyzed back
to ACC, making it available for conversion to ethylene. Once ethylene is produced, it
diffuses through the plant to reach its site of action. Ethylene is perceived by a family
of ethylene receptors located on the endoplasmic reticulum membrane. Upon binding
to ethylene, these receptors initiate a signaling cascade that leads to various ethylene-
responsive gene expressions and physiological responses as well as stress responses.
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4, Conclusion

Plants encounter various biotic stressors, including pathogens, pests, herbivores,
and parasites, which pose significant threats to their health and productivity. To
combat these challenges, plants have evolved sophisticated immune systems that
rely on pattern recognition receptors (PRRs) and effector-triggered immunity
(ETI) to detect and respond to invading pathogens or herbivore-induced damage.
The recognition of microbe-associated molecular patterns (MAMPs) or damage-
associated molecular patterns (DAMPs) by PRRs initiates a cascade of signaling
events, including calcium influx, reactive oxygen species bursts, and the activation
of mitogen-activated protein kinase (MAPK) cascades. This leads to the induction
of defense responses, such as the production of antimicrobial compounds, cell wall
reinforcement, and the expression of defense-related genes. Additionally, compo-
nents like the RALF1 peptide and its receptor FERONIA play crucial roles in modulat-
ing immune responses by interacting with receptor-like kinases and inhibiting or
amplifying specific defense pathways. The plant immune system is further regulated
by intricate signaling networks involving phytohormones like salicylic acid (SA),
Jasmonic acid (JA), and ethylene (ET). These hormonal pathways interact and cross
talk with each other, allowing plants to fine-tune their responses to various biotic and
abiotic stresses while balancing growth and defense mechanisms. Understanding the
molecular mechanisms underlying plant immunity, including the receptors, signaling
cascades, and regulatory networks, is crucial for developing strategies to enhance
crop resilience, reduce yield losses, and ensure food security in the face of evolving
biotic threats exacerbated by climate change and globalization.
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Seed Dormancy Challenges in
the Production of Medicinal and
Underutilized Leafy Vegetables
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Abstract

Seed dormancy has played a significant role in the adaptation and evolution of
seed plants, by ensuring germination under favorable conditions, avoiding extreme
weather periods, and other unfavorable conditions. While its biological significance
is clear, dormancy acts as a delaying mechanism, making it difficult to simultane-
ously plant and properly maintain the population of the most important indigenous
high-quality plants, consequently inhibiting mass cultivation and adoption. Several
genetic and environmental factors influence dormancy, and different crops and or
crop varieties including those of medicinal and indigenous vegetables exhibit vary-
ing degrees of dormancy. Breaking of dormancy will make a significant contribution
towards ensuring consistent germination and cultivation of these crops. It is also
important to observe and understand the types of dormancy exhibited by these as
this can provide a guide for effective methods of breaking it. This book chapter will
comprehensively discuss the types and challenges of seed dormancy associated with
wild medicinal plants and indigenous vegetables, with special mention of cancer bush
and jute mallow, as well as some pre-sowing treatments that can be used to break their
dormancy. It further examines the potential of technological advances such as gene
editing, genome engineering, and epigenesis regulation in addressing these challenges
and improving cultivation.

Keywords: dormancy mechanisms, dormancy management, seed dormancy, seed
germination, seed priming, underutilized crops

1. Introduction

Medicinal plants and indigenous vegetables have long been used by traditional
cultures as alternative approaches to healthcare and nutritional needs [1]. About
75-80% of the world’s population, mostly from developing countries, are reported to
be dependent on these plants [2]. It is estimated that there are between 10,000 and
53,000 species of medicinal and underutilized crops worldwide, with the majority
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still being harvested from the wild [3]. In recent years, as the prices of medicine and
food have increased, the use of both medicinal plants and edible herbs as vegetables
has become a topic of global importance [4]. To achieve effective and sustainable food
production, there is a need for research and cultivation of all underutilized indig-
enous crops [5, 6].

The higher demand for medicinal plant-based products has resulted in increased
overharvesting of plants from wild populations [1]. Together with overexploitation,
habitat destruction, climate change, and illegal trading of wild populations over the
years have threatened medicinal plants with extinction [7]. According to Julsing et al.
[8], only 10% of medicinal species are cultivated, and harvesting these wild species
in high volumes without implementing mitigation measures increasingly pressures
wild populations, threatening biodiversity. In South Africa, over 700 wild species
are actively traded, mostly illegally [9]. The cultivation of most medicinal plants has
been proven challenging due to low germination rates that require a specific ecological
requirement [10]. It is noted that seed dormancy contributes significantly to these low
germination rates [11, 12].

Seed dormancy acts as a delaying mechanism that inhibits germination, making
it difficult to plant and properly maintain crop populations in the field simultane-
ously [13]. It also inhibits mass cultivation, growth, yield, and adoption as viable
seeds can remain dormant in the soil for extended periods [14]. Germination-
promoting stimuli such as scarification have been found to assist seeds in breaking
their dormancy [15]. Previous studies on medicinal and indigenous crops have
focused on various agronomical tactics to improve cultivation, including pre-
sowing treatments (i.e., seed scarification) to break seed dormancy and stimulate
germination [11, 16, 17]. Shaik et al. [18] explored biotechnological tactics such as
micropropagation of cancer bush from vegetative plant parts to reduce wild har-
vesting while improving ex-situ cultivation and resources for acclimatized plants.
Investigation on the effect of cultural practices (pruning and fertilizer application)
on the growth, biological activities, and chemical properties of cancer bush, find-
ing significant improvements in plant growth [1]. Masenya et al. [19] studied the
effect of rhizobia inoculation (both native and commercial strains) on the growth
and chemical composition of cancer bush.

Currently, there is limited knowledge concerning the specific requirements for
pollination, seed germination, and growth of medicinal plants and underutilized
vegetable crops, as most remain in their wild stages with dormant seeds. Farahani
etal. [20] reported that dormancy is the main problem preventing the sustain-
able use of medicinal plants that can germinate in their native arid lands but fail
to germinate well under laboratory conditions or when cultivated in the field.
However, research suggested that if information on cultivation and economics
were available and medicinal plants were properly phased into cultivation, the
economic rewards for small-scale farmers could exceed those from maize or sug-
arcane [2]. The lack of knowledge on the cultivation and economics of medicinal
plants is considered a major limiting factor in commercializing traditional medici-
nal plants [21]. To effectively domesticate and cultivate any plant species, having
comprehensive information on seed germination and overcoming dormancy is
imperative.

This book chapter explores the challenges of dormancy associated with medicinal
and underutilized crop plants, identifies reported mechanisms, and proposes poten-
tial actions to overcome them. Finally, it examines the prospects of biotechnology in
improving the cultivation of medicinal and underutilized vegetables.
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2. Drives to commercialize underutilized medicinal and leafy vegetables

Neglected and underutilized crops as shown in Tables 1-3 represent an impor-
tant component of agro-biodiversity with potential to contribute to climate change
adaptation, food security, and human health [46]. Over the years, much attention
has been paid to exotic crops due to their known inherent agronomic, ecological,
economic, and nutritional value. Given the known value of exotic crops, a major-
ity of plant breeders, researchers, and policymakers have constantly ignored the
development potential of underutilized crops, which led to their poor value chain.
In South Africa, there is a wide range of underutilized crops that are histori-
cally popular and used by rural communities such as cancer bush (Sutherlandia
frutescens), jute mallow (Corchorus olitorius L.), Amaranthus spp., Chenopodium
album, and many others as listed in Tables 1-3 [35]. Some of these crops have
been incorporated into human diets since ancient times, especially in sub-Saharan
Africa and many Asian countries where they greatly contribute to food and
nutrition security and medicinal needs [40]. Their well-documented nutritional
quality and climate adaptability compared to the exotic plants have led them
being considered as one way to curb the “hidden hunger” that is most prevalent in
developing countries, and as a result contribute to the achievement of some of the
UN’s Sustainable Development Goals SDG-1 (no poverty), SDG-2 (zero hunger),
and SDG-3 (good health and wellbeing) [40]. However, since the beginning of the
Green Revolution, many of these local, traditional, and underutilized crops have
been replaced by high-yielding staple crops or cultivars developed through mod-
ern breeding programs [47]. Typically, underutilized crops do not meet modern
standards for uniformity and other characteristics as they have been neglected by

African leafy vegetable Harvested from wild Cultivated Growth season
Abelmoschus esculentus Moench X Summer
Amaranthus spp. X Summer
Bidens spinosa L. X Summer
Brassica rapa L. subsp. chinensis X Winter
Chenopodium album L. X Summer
Citrullus lanatus X Summer
Cleome gynandra L. X Summer
Corchorus olitorius L. X Summer
Cucurbita spp. X Summer
Vigna unguiculata (L.) Walp X Summer
Solanum retroflexum Dun X Winter
Portulaca oleracea L. X Summer
Momordica balsamina L. X Summer
Galinsoga parviflora Cav X Summer

Source: Ref. [22].

Table1.
African leafy vegetable commonly harvested from the wild or obtained through cultivation in South Africa.
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Common Scientific Crop Plant  Humannutrition Pharmaceutical Reference
name name type® part and nutraceutical
used® properties
Jute mallow  Corchorus LV Lv,Sd  Highinbeta- The leaves may [35-39]
carinata C. carotene, folate, have antibacterial,
olitorius L. calcium, protein, anticancer, and
B vitamins, anti-inﬂammatory
iron, vitamins properties which
C andE, lipids, may prevent the
carbohydrate,and  common cold,
dietary fiber. asthma, acne,
arthritis, cure
gonorrhea, pain,
fever, and tumors.
The Lycopene on
the leaves has an
antioxidant that
protects cells from
oxidative damage,
which elevates
disease risk.
Leafy Amaranthus vV LV The leafy Treat diarrhea, [22, 32, 40]
Amaranthus  spp. vegetable is rich ulcers, swollen
in fiber, protein, mouth, and throat.
calories, protein,
carbohydrates,
fat, manganese,
magnesium,
phosphorus, iron,
selenium, and
copper.
Bambara Vigna Legume  Sd Source of N/A [41-43]
groundnut subterranea moisture, protein,
(L.) Verdc. carbohydrate,
energy, crude
fiber, calcium,
potassium,
magnesium,
sodium,
phosphate, iron,
zinc, copper,
ascorbic acid,
f-carotene, lysine,
methionine, and
thiamine.
Purslane Portulaca LV Lv Itisrichin Heal headache, [44, 45]
oleracea B-carotene, folic stomach ache,

acid, vitamin C,
and essential fatty
acids.

painful urination,
enteritis, mastitis,
lack of milk flow in
nursing mothers.

“Crop type - Legume (L), Herb (H), Cereal (C), Shrub (S), Leafy vegetable (LV), Tree (T).

b Plant part - Root (R), Shoot (Sh), Seed (Sd), Stem (St), Flower (Fr), Pod (Pd), Leaves (Lv), Bark (B).

Table 3.

Potential nutritional and medicinal benefits of a few selected underutilized leafy vegetables of South Africa.
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breeders from the private and public sectors [48]. This rendered them less com-
petitive in the market as compared to the exotic or commercial cultivars.

In 2017, the African Nutrition Society reported that the food pricing system in
Africa delivers food at a cost that makes nutritious food unaffordable to the major-
ity of the population, particularly the rural communities. Consequently, a resultant
high disease burden associated with child malnutrition, micronutrient deficiencies,
high body mass, and dietary risk factors was later reported in a study [49]. All these
challenges were associated with the fact that many African families cannot afford
the expensive nutritional exotic crops and therefore rely on low-cost underutilized
vegetables. As a result, the preference for normal vegetables shifted extensively away
from exotics and toward the growing underutilized crop market [50].

Currently, underutilized vegetable crops are receiving a lot of attention from
plant breeders, researchers, farmers, and other stakeholders including government,
nutritionists, and consumers due to their recognized potential contribution toward
nutritional quality and climate adaptability [40]. Apart from their commercial,
medicinal, and cultural value, these crops are also considered important for sustain-
able food production as they reduce the impact of production systems on the environ-
ment, as many of these crops are hardy, adapted to specific marginal soil and climatic
conditions, and can be grown with minimal external inputs [51, 52]. The majority of
the underutilized vegetable crops are regarded as of high nutritional value in relation
to global vegetables like tomato and cabbage [53]. Underutilized legume crops such
as mung bean have the potential to contribute significantly as sources of essential
vitamins, micronutrients, protein, and other phytonutrients toward strategies aimed
at attaining nutritional security [47]. Similarly, Jew’s mallow is a very nutritious
vegetable that is high in beta-carotene, folate, calcium, protein, B vitamins, iron,
vitamins C and E, lipids, carbohydrates, and dietary fiber in its leaves [36]. Moreover,
it provides 70% and 25% of the recommended daily amount value of vitamins C and
A, respectively [54]. About 87 g of cooked Jew’s mallow contains about 0.021 g of
tryptophan, 0.113 g of threonine, 0.152 g of isoleucine, 0.266 g of leucine, 0.151 g of
lysine, 0.044 g of methionine, 94 micrograms of vitamin K, 2.73 milligrams of iron,
0.496 milligrams of vitamin B6, 225 micrograms of vitamin A, 28.7 milligrams of
vitamin C, and 0.222 milligrams of copper [54]. Jew’s mallow is more nutritious in
contrast to cabbage and spinach [55]. According to Zeghichi et al. [56], Jew’s mallow
is a better source of vitamins C and E, glutathione, carotenoids, minerals, and fatty
acids than most other cultivated vegetables. In addition, it can be easily integrated
into children’s diets as it is reputed to taste much better in many culinary dishes than
spinach [56]. A larger number of the rural populations in Africa depend on underuti-
lized leafy vegetable crops such as Jew’s mallow for nutrition [57]. Most of the unde-
rutilized crops serve as an essential source of vitamins, micronutrients, and protein,
thus, a valuable component to attain nutritional security. Vegetables in general are
of considerable commercial value and therefore an important source of household
income, particularly the small-scale farmer who rely greatly on the cultivation of
underutilized crops for most of their nutritional needs.

Moreover, the increased health consciousness and dietary shifts towards healthier
foods in society contribute towards the growing popularity, production, and market-
ing of functional food crops such as amaranth (Amaranthus tricolor L.), cancer bush
(Sutherlandia frutescens L.), honeybush tea (Cyclopia vent), mint (Mentha spp), and
ginger (Siphonochilus aethiopicus (Schweinf.) B.L. Burtt) [47]. All these crops are dual-
purpose crops functioning as food and herbal medicinal crops or plant-based dietary
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compounds for therapeutic, nutraceutical, and pharmaceutical benefits [35]. The
majority of these crop species have the potential to be distributed at a global scale but are
restricted to a more local production and consumption system. Underutilized crops con-
stitute an important part of the local diet of communities providing valuable nutritional
components, which is often lacking in staple crops [47]. Hence, a wider use of neglected
and undervalued crops, either intercropped with main staples in cereal-based systems
or as stand-alone crops, would provide multiple options to build temporal and spatial
heterogeneity into the cropping systems and, as a result, enhance the resilience of crops/
farms to biotic and abiotic stress factors and ultimately leading to a more sustainable
supply of diverse and nutritious food as well as providing for medicinal needs.

3. Overview of a few selected underutilized medicinal and leafy vegetable
plants of South Africa and their potential uses

Underutilized plants are found in numerous agricultural ecosystems and often
survive in marginal areas or fragile environments. Underutilized plant species are
essential to the livelihoods of millions of people worldwide, due to their numerous

Figure 1.
A few selected underutilized crops of Southern Africa (a) Sutherlandia frutescens; (b) Amaranthus sp.; (c)
Corchorus olitorius, and (d) Vigna subterranea (L.) Verdc.
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nutrition and medicinal advantages contributing significantly to poverty elimination
through employment opportunities and income generation, contribute to sustainable
livelihood through household food security as they add nutritional value to diets, and
also are convenient food source for low-income people. Okigbo and Anyaegbu [58]
emphasized that, for these plants to be called underutilized species and prioritized for
selection, they must be proven able to best address challenges of food security, pov-
erty elimination, and environmental sustainability as mentioned above. Moreover,
underutilized species should be proven able to be cultivated either in the past or cur-
rently cultivated less than comparable plants. A summary of published information
related to the uses of a selected underutilized medicinal and leafy vegetable plants of
South Africa (see Figure 1 and Tables 2 and 3) is given below.

4. Dormancy challenges associated with unlocking the potential of
underutilized plants

4.1 Seed dormancy in relation to germination

Seeds play an important role in plant propagation and species maintenance within
an ecosystem. The germination of seeds serves as the foundational step thereof,
emphasizing the need to investigate the physiological facets of seed germination

Water
content Reversible

Phase | Phasell Phase i
Seed imbibition Metabolism activation Growth - cell elongation
Radicle protrusion

* Energy metabelism

* Regulation of oxidative status /
* DNA repair !
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Figure 2.
Seed hydration and germination process in primed and unprimed seeds. The three distinct phases: (1) Phase I:

the passive imbibition process velated to rapid water uptake by the hard coat seed through hydration. Phase II

is associated with an increase in embryo respiration after the establishment of metabolic activities. The increase
of engymes synthesis vesults in hormone velease from the embryo. Lastly, Phase III demonstrates the completion

of germination related to visible embryo growth processes and radicle protrusion (root and plumule) that will
develop into shoot [62, 63]. Both I and III stages are associated with water uptake and increasing water content
while phase II has stable water content. With primed seeds, it is common that before the end of Phase II, the seeds
may dry up again and germination becomes reversible. The seed may remain alive again during storage and able

to subsequently re-initiate germination under favorable conditions.
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[59, 60]. Seed germination is regulated by the precise balance between endogenous
(phytohormones and endosperm decay) and exogenous factors (environmental
factors such as temperature and light) [61]. The transition from dormancy to germi-
nation as shown in Figure 2 may occur as a result of the dry seed coming into contact
with water and absorb water by imbibition and finally radicle emergence [62]. This
encounter activates the internal metabolic process, involving the careful equilibrium
phytohormones [64], in the presence of optimum light and temperature to overcome
the seed dormancy [65]. Any imbalance that may occur between both factors will
result in failure of seed to complete germination which is also perceived as dormancy.
To understand dormancy or improve seed germination potential in plants, it requires
a deeper and sequential understanding of the environmental stimuli around the seed
and the interaction of intrinsic factors with extrinsic factors.

Seed dormancy is a natural process that delays seeds from germinating even when
conditions are suitable for it. Several scholars define it as an innate constraint on
germination under conditions that would otherwise promote germination in non-
dormant seeds [66-68]. In simpler terms, dormancy must not only be associated with
or defined as the absence of germination but rather the environmental conditions
and characteristics of the seed that determine the conditions required for germina-
tion. When dormancy is considered in this way, any environmental cues that alter the
conditions required for germination are by definition altering dormancy [69]. Other
scholars define dormancy as “an innate state of arrested growth that occurs across all
life forms” [69, 70]. According to Amen [71], dormancy is an internally controlled
process (by enzymes, chemical inhibitors/promotors), and externally induced (by
factors such as water, light, or temperature) temporal inhibition of development that
is associated with reduced metabolic activity. Seed dormancy is a physiological phe-
nomenon in wild and crop plants, more common in wild plants than crop plants [72].

During the dormancy period, seeds remain in an inactive/dormant state, often
protected by mechanisms that prevent early germination. Dormancy allows seeds to
germinate only when conditions become favorable. This is an adaptive feature that
optimizes the distribution of seed germination over an extended period through
varying degrees of dormancy [73] and bet-hedge against unpredictable variable
environments (such as water content, temperature, light exposure, oxygen availabil-
ity, and genetic attributes (plant hormones abscisic acid and gibberellins)) as shown
in Figure 1 [69, 74, 75]. This varied germination timing plays a pivotal role in ensuring
species’ survival, especially in demanding environmental circumstances [76]. By
controlling the timing of germination, dormancy can strongly affect plant survival
and adaptation [77]. Although, dormancy is the major determinant of species diver-
sification by allowing colonization of new and different sites, however, this can only
be possible under appropriate seasonal conditions with dormant seeds. Contrarily,
non-dormant seeds that lack germination inhibitors, thus are better able to explore
new and different environments because their germination is independent of specific
dormancy-breaking cues that might be absent in that new environment [78]. This
promotes diversification by fostering divergence and allopatric speciation [78].

Seed dormancy may be viewed as an important ecological trait ensuring survival
for wild species, however, it remains an unfavorable trait in agriculture (crop spe-
cies), as the main objective is to promote rapid seed germination and growth [79].
There are situations in crop production where seed dormancy can offer significant
advantages, particularly during the seed development stage [79]. This advantage often
benefits the production of cereal crops, which possess dormancy mechanisms that
restrict germination while grains are still attached to the parent plant’s ear. There it
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acts as a safeguarding mechanism for the plant which prevents germination, particu-
larly during the rainfall period during harvest (also known as preharvest sprouting)
to avoid agricultural losses [79]. Moreover, dormancy contributes a significant chal-
lenge for agriculture especially when it concerns issues of weed problems. Weed seeds
equally maintain their inherent dormancy mechanisms as they mature and persist

in the soil for many years, until the right conditions for germination arise. This may
pose a threat to crop cultivation, as these seeds can rapidly multiply when favorable
conditions finally occur.

4.2 Classification of dormancies

Seed dormancy classification is important in identifying the correct type of
method to use to overcome any specific kind of dormancy [65]. Misidentifying or
misinterpreting the dormancy of the seed may lead to failure to overcome the dor-
mancy. Hence, the need to always direct methods of breaking dormancy towards the
specific kind of dormancy. Owing to that fact, several researchers have elucidated
some of the different classification systems of dormancy [80-82].

4.2.1 Classification based on barrier factors

This kind of classification categorizes dormancy in terms of barrier factors that
exist within the seed. It is the earliest dormancy class discovered by Nikolaeva [82].
The barrier factors may exist inside the seed (endogenous dormancy) or outside
the seed (exogenous dormancy). Exogenous dormancy is caused by conditions
outside seed embryo that can prevent the seed from germination. While endogenous
dormancy includes characteristics of the seed embryo that prevent the seed to
germination [83]. Endogenous dormancy can be a result of an incomplete embryo
development after ripening period or chemical inhibitors inside the seed. In the case
of underdeveloped embryo, the seeds may require enough time to develop to their
normal size [83]. The endogenous dormancy comprises the physiological, morpholog-
ical, and morphophysiological characteristics of the seed embryo which may prevent
germination. Within this classification, there is combinational dormancy which is
activated by the combination of both exogenous and endogenous dormancy which
exist in complementary fashion.

4.2.2 Classification based on time of induction

Seed dormancy is further categorized or grouped by Hilhorst [81] into primary
and secondary dormancies.

4.2.2.1 Primary seed dormancy

It occurs when freshly and newly harvested seed from the mother plant is dispersed
already in a dormant state [83]. Seed may be exposed to favorable conditions yet fail to
complete germination, see Figure 3 below. Primary dormancy occurs during the seed
maturation phase due to the accumulation of abscisic acid (ABA). The abscisic acids
prevent the loosening of the embryo cell wall which impedes water uptake and inhibits
endosperm rupture instead of testa rupture. The induction of primary level of seed
dormancy is regulated by several factors: genetic and non-genetic regions [83]. These
factors may cause physiological variation in the seeds which manifests in different seed
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Figure 3.
A general model of the changes that happen in mature seed after being released from mother plant [84].

morphological sizes, weight, and color. Seeds with physiological variation experience
the transitional period of conditional dormancy before becoming fully non-dormancy
(Figure 3). At first, seeds gain the ability to germinate under a narrow range of envi-
ronmental conditions, which increases with the loss of dormancy until they become
completely non-dormant and germinate under a wide range of conditions. If non-
dormant seeds are unable to germinate, because of changes in the environment, they
re-enter conditional dormancy but can germinate under a full range of conditions. As
time passes, the range of conditions within which germination is possible narrows to
the extent that germination is not possible under any condition and the seed acquires
secondary dormancy [84]. The primary dormancy is further categorized into induc-
tion seed dormancy and genetic dormancy [85].

4.2.2.2 Induction (coat-imposed) dormancy

Induction seed dormancy occurs when seeds fail to germinate due to some physical
properties of the seed coats that inhibit germination [86]. Induction seed dormancy may
also be what is called physical dormancy (PY) and is largely regulated by external factors
(such as water, light, and temperature) regulating this kind of dormancy [87]. Hence,
these three factors, water, gases, and mechanical resistance, are considered in relation to
induction dormancy [88]. Physical seed dormancy is associated with some histological
properties of the seed coat, such as dense epidermal palisade cells and the presence of
numerous chemical compounds such as lignin, callose, lipids, phenolic deposits, cutin,
wax, and suberin, in any layer of the seed coat [89]. The water-impermeable layers of
palisade cells in the seed coat limit water transport, causing seed coat dormancy [90, 91].

4.2.2.3 Genetic dormancy

This is a kind of dormancy that is entirely regulated by the intrinsic factors of
the seed such as embryos maturity and response to growth regulators [87]. Genetic
dormancy is underpinned by three kinds of dormancies which include morphological
dormancy (MD), morphophysiological dormancy (MPD), and physiological (PD).
Morphological dormant (MD) seeds have small, underdeveloped embryos that
do not have a mechanism of physiological dormancy; hence, they do not require a
dormancy-breaking intervention, rather sufficient time to further develop to full size
to sprout [69, 80, 92].
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Morphophysiological dormant seeds are also evidence of immature or underdevel-
oped embryos; however, they possess a component of physiological dormancy [80],
as there may be hormone imbalance or the embryo’ inability to push through the
hard endocarp [93]. Such seeds therefore need pre-sowing treatment for dormancy
breaking [80]. The time required for embryo growth or radicle protrusion to occur in
seeds with morpho physiological dormancy is much longer compared to seeds with
morphological dormancy [80].

Physiological dormancy (PD) is the most abundant form of dormancy found
in seeds, gymnosperms, and all kinds of angiosperm clades. Due to a number of
inhibitors, germination, growth-promoting enzymes and hormones can be inhib-
ited as a result prevent complete germination of the seed. Any imbalance between
inhibitors such as abscisic and promotors such as gibberellic acid may influence
germination [90, 91, 94]. This suggests that if the two acids are not balanced;
then, the balance or ratio needs to be tipped in the favor of those that will allow
germination to proceed. Sufficient levels of abscisic inhibitors may counteract
growth-promoting enzymes such as gibberellins since the two enzymes have oppo-
site functions. These two enzymes present in seed endosperm, cotyledons, and
sometimes on the outer coverings of the seed or fruit. Most of these chemicals are
water soluble and can easily be leached from the seed which may help in shifting
the balance towards the growth-promoting enzymes allowing germination [87].
Some of these chemicals must be degraded into other forms or reduced concentra-
tion. Inhibitors that are found in the seed embryonic axis are mostly controlled
by temperature, sometimes light. Temperature may also favor the production of
growth-promoting hormones and enzymes in the embryonic axis. Cool tempera-
tures generally shift the balance of promoters and inhibitors towards promoting

germination [95].

Endogenous
Exogenous

Induced seed darmancy Genetic seed darmancy
|
' '

« Physical darmancy (PY) Embryo seed dormancy:

Physiolagical dormancy (PD)
Marphological darmancy (WMD)
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Combinational darmancy (PD + MD)

Figure 4.
An outlines the primary seed dormancy mechanisms, adopted from [83, 85].
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Seeds with combinational dormancy comprised both physical dormancy and
physiological dormancy [80].

4.2.2.4 Secondary dormancy

This is also called temporary or real dormancy, entirely associated with environ-
mental conditions where seeds are planted such as light, temperature, and water;
thus, when appropriate conditions are provided, the seeds will start germinating
(Figure 4) [96].

4.3 Factors responsible for physical seed dormancy
4.3.1 Water impermeability of seed coat

The inability of seed coat to allow water penetration, which may be known as
seed coat impermeability to water imbibition may be influenced by environmental
and genetic factors. The interaction of environmental conditions such as climate or
soil during seed development are contributing factors toward seed impermeability
[87]. Seeds with impenetrable coats or hard-coated seeds may be a result of cuticle
layer strong epidermal layer/cells surrounding the seed [87]. These cells render the
seed impermeable to water as a result hindering germination. For instance, legumes
constitute large reserves of lignin, cutin, or suberin. In some seeds, seed coat imper-
meability is due to large buildup of hilum, strophiole which restricts the movement of
water through the seed coat.

4.3.2 Seed coat impermeability to gas exchange

Oxygen is one of the major atmospheric gases also present in soil pores spaces
and is required by seeds for the metabolism process. If seeds are deprived of it either
due to seeds being buried too deep into the soil or in waterlogged soils, the seed may
be starved of this gas [97]. Seedlings use oxygen as the main energy source during
aerobic respiration until they have grown leaves. Seed internal membrane imperme-
ability (due to harden-seed coat) may hinder sufficient gas exchange, and such may
be prevented when the seed coat is worn out enough to allow gases exchange (CO, and
0,) and water penetration from the environment.

4.3.3 Mechanical vesistance of the seed coat

This may be associated with the development of physical limitations on the seed
coat during embryo development. Although the seed may be absorbing enough water,
it might not be enough to cause seed cracking and germination. Inhibitors on the seed
coat may be a cause of such resistance and such is common in plantain, raspberry and
cherry, and legume seeds [80, 98, 99].

4.4 Factors responsible for endogenous seed dormancy
4.4.1 Germination inhibitors

Many species’ seeds fail to germinate even when the embryos are completely
developed when the seed is ripe, even though the environmental conditions are
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excellent. In such seeds, dormancy is caused by the physiological state of the embryo
[62]. The embryos of such seeds will not grow when they initially mature, even if the
seed covers are removed. Abscisic acid (ABA) is one of the most commonly detected
inhibitors of germination.

4.4.2 Dormant embryo

Even when the embryos are fully grown when the seed is ripe, many species’ seeds
fail to germinate, even when the environmental conditions are ideal. The physiologi-
cal state of the embryo causes dormancy in such seeds [62]. Even if the seed coverings
are removed, the embryos of such seeds will not grow when they first mature. During
the period of dormancy, some physiological changes called after-ripening occur in the
embryo before the seed is capable of germination.

4.5 Seed priming and breaking of dormancy

Seed priming using pre-sowing treatments is one of the approaches recommended
for dormancy-breaking and enhancing germination [100]. As shown in Table 4, the
different pre-sowing treatments use different modes of action to disrupt dormancy
in plants. The majority of the pre-sowing treatments soften the water-impermeable
seeds (or fruit) coat in high-order plants and enhance plant growth factors including
germination rate and uniformity, as well as contributing to increased yields and plant
resistance [124].

Although dormancy is an evolutionary mechanism that enables a species’ long-
term survival by allowing it to persist in the face of adversity [80, 91]. The ability
to break dormancy is however crucial to getting seeds to germinate when necessary
[91]. The purpose of breaking dormancy is to provide moisture to stimulate the seed’s
metabolism in repairing damages before commencing embryo development and root
emergence [124].

Mechanisms of breaking dormancy are divided into seed coat treatments, also
known as seed scarification techniques, and embryo treatments [87]. The embryo
treatments are used to break genetic dormancy while the seed coat treatments are
used to break physical dormancy which is associated with the physical properties of
the seed coats.

Seed scarification techniques are used to overcome the hard, impermeable seed
coat and include mechanical and chemical scarification, freeze-thaw, and cold-water
soaking [87, 90, 125]. Mechanical scarification can be performed by rubbing the seed
between pieces of sandpaper, abrasive, or sand, or by shaking the seed vigorously
[87]. This is done to create a small hole in the seed (or fruit) forming an opening
(or water gap) which will allow water to move and reach the embryo for embryo
growth [126-128]. Mechanical scarifying of seeds is the most effective technique for
dormancy-breaking although, it is time-consuming mostly if a large quantity of seeds
requires scarification. With mechanical scarification, there are machines that allow
the seeds to roll or blow seeds against abrasive surfaces (i.e. splinters or sandpaper
inside containers) [128]. However, these machines do not work well for thick-coated
seeds such as Acacia species, except on small and thin-coated seeds such as Trifolium
subterraneum [128]. Sandpaper is used for scarification and is effective depending on
the genus or species [129].

112



Seed Dormancy Challenges in the Production of Medicinal and Underutilized Leafy Vegetables
DOI: http://dx.doi.org/10.5772/intechopen.1006982

Seed priming method Mode of action Reference
Mechanical scarification * Weakening/remove tissues covering the embryo [101, 102]
surface.
* Opens the micropyle.
Acid scarification * Burns/weakens the seed coat and epidermal layers. [102, 103]
Hot treatment * Weakening of seed coat by dissolving the lignin [103]
and pectins present in epidermal layers.
Hydropriming * Activation of enzymes and mobilization of [102,
reserves in the aleurone layer. 104-109]

Softening of hard seed coats and leaching out of
chemical inhibitors (mainly ABA).

Bio-priming

Activation of early phases of germination.

Weakening of seed coat layers during the soaking
(seed hydration) phase.

Protects seeds against the soil and seed-borne
pathogens by applying antagonistic microorganism
during priming.

[63,107-110]

Gibberellic acid (GA3)

Activates DNA in the aleurone cells.

GA counteracts the effect of ABA by promoting
the embryo growth potential.

Weakening of tissues covering the embryo.

GA3 enhances cell enlargement and cell division
in embryo.

Chemical activator and growth hormone.

stimulate the synthesis and production of the
hydrolases enzymes resulting in the germination
of seeds

[15,102,
106-109, 111,
112]

Abscisic acid (ABA)

Prevents loosening of the embryo cell wall which
impedes water uptake.

Inhibit endosperm rupture instead of testa
rupture.

[109, 113]

Indole-3-acetic acid (IAA)

One of the prime auxins in plants, that regulate cell
division, enhance photosynthetic activities, and
activate the translocation of carbohydrates that
enhance root initiation.

[106]

Halo-priming

Activation of early phases of germination.

[63,107-109]

Embryo rescue

Break immature embryo using warm stratification.

Eliminate seed germination inhibitors.

[114]

Solid matrix priming

The use of solid medium allows seeds to hydrate
slowly and simulates natural imbibition process
occurring in the soil.

[107-110, 115]

Osmo-priming (PEG, sugar,

mannitol and sorbitol, NaNO3,

MgCl2, NaCl, and KNO3)

Allow pregermination metabolic activities.

Through a delayed water entry to seed reduces the
ROS accumulation and thus protects the cell from
oxidative injury.

[107, 109, 116]
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Seed priming method Mode of action Reference
Priming with plant extract * Saponins can enhance nutrient absorption as they [106, 117]
(such as phenolic compounds, are readily soluble in water.

terpenoids, flavonoids, saponins,
alkaloids, and steroids)

Alkaloids, saponins, and phenolic compounds
present in the leaves of various plants are involved
in the production of antioxidant activities and
protect the plants against pathogens.

Nanoparticles (calcium- * Allows for greater penetration of seed coat that [109, 118, 119]
phosphate, Si02, ZnO, and Ag) improves nutrient and water uptake efficiency of

the seed.
Seed priming through physical * Magnetic field improves germination rate, vigor, [106,
agents (magnetic field, UV and seedling biomass as well as tolerance to various 120-123]
radiation, gamma radiation, environmental stresses by means of reduction in
X-rays, and microwaves) reactive oxygen species (ROS) with increasing

activities of antioxidant enzymes.

Rays interact with cellular components directly
and improve the germination at lower doses.

Ultrasound priming induces mechanical pressure
on seed coat that increases the seed’s porosity
known as acoustic cavitation and activation of
enzymatic and other biological reactions due to
greater water uptake in the seed.

Table 4.
Mode of action of seed priming methods and promotion of germination.

Freeze-thaw scarification is a method of breaking the seed coat by exposing seeds
to extreme cold (very low temperatures). Freeze-thaw scarification decreases hard-
coated seed by creating microscopic scars on the hard seed coat and leaving the seed
coat soft, which improves germination [125]. Chemical scarification involves the
use of acids such as hydrochloric acid or sulfuric acid to burn the seed coating of the
seed by immersing seeds in acids for a couple of minutes or seconds [130]. Hot water
scarification involves the immersion of seeds in boiling water to soften their outer
covering, the effectiveness of heat or hot water scarification varies with the type of
device used, treatment time, and temperatures [125, 130]. However, it is necessary to
identify sufficient scarification, as excessive scarification can result in the damaging
of the embryo [91]. Seeds with non-deep physiological dormancy can germinate after
undergoing chemical or mechanical scarification [80]. Several studies conducted
on Cassia occidentalis, C.obtusifolia, Indigofera astragalina, I. tinctoria, 1. senegalensis,
Tephrosia purpurea and Sesbania pachycarpa [131], Parkia biglobosa (Jacq. Benth)
[132], Astragalus hamosus and Medicago orbicularis [127], Tylosema esculentum (Buech)
L. Schreib [133], Senna alata (L.) Roxb. [130], and Senna alata [134] have shown that
when seeds were immersed in concentrated sulfuric acid, it resulted in improved final
germination percentage of the dormant seed.

Hydropriming techniques may include cold water soaking and heat treatment
using dry and wet heat. The dry and wet priming methods are both grouped together
under heat scarification where two heating devices, which include the oven and hot
water baths, are used to soften the hard seed coat [125]. The kind of heating device
used, heating temperature and time, determines the effectiveness of each heat treat-
ment. Wet heat involves the immersion of seeds that are water-impermeable in hot
water so that they become permeable [126]. According to Baskin and Baskin [126],
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this method involves placing the seeds in cloth bag and dipped in water baths for
the required period of time. The seeds are allowed to cool for a few minutes after the
water bath. This method was proven effective in softening the seed coat and enhanc-
ing germination of Sena alata (L.) Roxb resulting in 77.7% [130]. Dry heat is the most
common technique used to render seeds (of species that are water-impermeable)
permeable to water by placing them in an oven at a definite temperature [130]. These
techniques are effective for physical dormancy-breaking in a number of species [126].

Embryo treatments include chemicals (such as GA3 and KNO3), high temperature,
and stratification treatments [125]. Stratification is the process of incubating seeds at
a low temperature (also called pre-chilling) over a moist surface before transferring
them to a temperature that will allow them to germinate [135]. According to Kimura
and Islam [125], the force that forms scars on seed coat using this procedure is deter-
mined by the shape, size, and moisture content of the seeds, and also the duration
and intensity of the treatment [125].

Bio-priming, also called the biological seed treatment, is an advanced technique
of preventing stunted plant growth as a result of reduced quality of seeds physiology
through the integration of biological agents (inoculation of seeds with beneficial micro-
organisms to protect seed) [136] or combination [137]. The treatment is applied on the
seed surface, and the seed is allowed to dry. Biological seed treatment as explained in
Table 4 provides an ecological advantage to seeds by controlling several seed or soil-
borne pathogens which also provide an alternative chemical treatment [136]. According
to Rafi and Dawar [136], seed bio-priming enhances the initial step in the development
of plants by increasing seed tolerance to different stress (seed or soil-borne pathogens),
thus improving seed germination, and Trichoderma is the most widely used species.

4.6 Work documented on the recommended seed priming methods for breaking
dormancy of some underutilized crops

Seed priming is a physiological technique that involves seed hydration and drying
to enhance the metabolic process before germination in order to quicken germination,
seedling growth, and crop yield under normal, as well as different biotic and abiotic
stress conditions [108]. Seed priming has emerged as an effective seed treatment tool for
many crops especially underutilized crops; however, treating conditions and methods of
priming tend to differ with plant species (see Table 4) as explained below. Each of these
methods can be tailored to the specific requirements of the seed species being primed as
previously discussed, and different species may have different mechanisms of dormancy.
Understanding the biology of the seed and dormancy mechanism, the mode of action
(see Table 4) of the priming method is key for choosing the most effective priming
method. Numerous work has been done and documented on seed priming of some
underutilized medicinal and leafy vegetable plants in order to improve the final yield
(see Table 5). Although in species such as Athrixia phylicoides DC. and Siphonochilus
aethiopicus (Schweinf.) B. L. Burtt (see Table 5), there is no work done.

4.7 Biochemical and molecular factors regulating seed germination in plants

Dormancy release and seed germination are controlled by interconnected molecular
processes regulated by different types of hormones such as abscisic acid (ABA), gibberel-
lins (GA), ethylene, and auxin that interact with each other [94]. Furthermore, abscisic
acid and gibberellins act antagonistically to each other, whereby ABA promotes induc-
tion and maintenance of dormancy during imbibition while GA promotes germination
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Species name Priming method References
Sutherlandia frutescens L. Scarification (mechanical and acid) [11, 16]
Athrixia phylicoides DC. Temperature (15, 20, and 25°C) treatments under [138]
constant light exposure
Momordica charantia (L.) Hydropriming, halopriming (NaCl and 48 hours of [106, 110,
ZnONP) 139]
Siphonochilus aethiopicus — —
(Schweinf.) B. L. Burtt
Cyclopia (Vent.) spp. Scarification (H2SO4, mechanical), hot water treatment [140]
Ceratonia siliqua L. Scarification (mechanical and H2SO4), Hot water [141-143]
treatment, soaking in distilled water (24 h)
Portulaca oleracea Hot water treatment, hydropriming for several hours, [143, 144]
100% relative humidity for several hours
Amaranthus spp. Osmo-priming, hydropriming [145, 146]
Vigna subterranea (L.) Osmo-priming [147]
Moringa oleifera Hydropriming [148-150]
Corchorus olitorius Hot water treatment [14,151]
Tables.
List of plants and recommended priming method.
Phytohormone Control of seed germination Reference
Abscisic acid (ABA) * ABA and GAs balance plays a significant role in controlling [60, 152, 153]
and gibberellins (GAs) seed dormancy.
* ABA significantly inhibits seed germination, and a high
ABA and GA ratio normally hinders germination in dormant
seeds.
* A decrease in ABA is mostly important for initiating germi-
nation and GA levels increased.
* High levels of ABA in seeds inhibit germination by increasing
the expression of dormancy-related enzymes such as NCED
(9-cis-epoxycarotenoid dioxygenase) and gene DOG1 (delay
of germinationl) gene
* And reducing growth-related GA-responsive genes such as
GA3ox1 and GA30x2
Ethylene * Promotes seed germination in plants, is produced right after [154]

seed imbibition, and increases as germination continues.

Production can be increased by nitric oxide, hydrogen
cyanide, low temperatures, and GA treatments, encouraging
seed germination.

Arabidopsis ethylene-responsive factor ERF12 can bind to
the promoter of the important dormancy gene DELAY OF
GERMINATION 1 (DOG1) and recruit the transcriptional
co-repressor TOPLESS (TPL), which decreases DOG1
expression and increases seed germination.
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(Table 6) [156-158]. Ethylene is also a promoter of seed germination, having receptors
such as ethylene response factor 1 (ETR1) that reduce dormancy phenotype and enhance
germination [159]. Ethylene continues to be produced as germination proceeds and can
be increased by nitric oxide, hydrogen cyanide, low temperatures, and GA treatments,
promoting seed germination (Table 6) [154]. However, auxin functions negatively and
positively in seed germination depending on its amount, whereby high levels of auxins
promote seed dormancy by activating AB13 through auxin-responsive transcription
factors (ARF) 10 and ARF16 being released [160]. Additionally, low levels result in ARF
10 and ARF16 being oppressed by AXR2/3 and failure to activate the expression of AB13
and maintain dormancy (Table 6) [65].

4.7.1 Phytohormone that controls dormancy and germination.

Phytohormone Control of seed germination Reference

Auxins * Auxins modulate ABA positively and GA biosynthesis [65, 155]
and signaling pathways negatively, promoting dormancy.
However, auxins can also break dormancy by interacting
with GA which promotes germination and is crucial for the
development of the root system during germination.

While low levels of auxins result in ARF10 and ARF16 being
oppressed by AXR2/3 and failure to activate the expression
of AB13 and maintain dormancy.

High levels result in auxin-responsive transcription factors
ARF10 and 16 being released to active AB13 transcription
and maintain seed dormancy.

Table 6.
Phytohormone that controls dormancy and germination.

4.7.2 Endosperm decay hinder embryo growth

Endosperm performs as a mechanical barrier to seed germination in various angio-
sperm clades in which a decrease in the mechanical resistance of the endosperm layer
covering the radicle tip appears to be a prerequisite for radicle protrusion during seed
germination [69]. Moreover, through bidirectional communication, the endosperm
can affect the embryo’s initial growth or even completely prevent seed germination
[161], whereby endosperm weakening can be enhanced by GA hormone and inhibited
ABA (Table7) [164, 165].

4.7.3 Light vegulation of seed germination and dormancy

Seed germination and dormancy are not only controlled by plant hormones which
are internal signals but also depend on external environmental elements such as light
and temperature [101]. Moreover, seeds can be categorized based on their response to
light during germination, whereby the controlling effect of light on seed germination
depends on the light spectrum (Table 8) [168]. There are two types of light-sensing
systems which include blue-light (photo regulation) and red-light (phytochrome
regulation) sensitive systems, in which blue light promotes dormancy [169]. In
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Endosperm decay impact on embryo growth Reference
* Endosperm break down during seed germination releasing nutrients for the growing [162, 163]
embryo.

* Slow endosperm decay can limit nutrient availability, slowing down embryo growth.

* Fast endosperm decay can lead to an overabundance of nutrients, causing an imbalance
that hinders embryo growth.

Table7.
Endosperm decay hinders embryo growth.

Light regulation of seed germination and dormancy Reference

The spectrum of light influences how seed germination is regulated. [61, 166]

Blue light inhibits the germination of seeds and stimulates ABA.

Red light, 600-760 nm stimulates GA biosynthesis, restricting ABA production and active
seed germination.

Far-red light, 760-800 nm can inhibit seed germination.

Plants can be categorized based on their response to light during germination. [167]

Those that require light to germinate.

Require darkness to germinate.

Plans that have a large percentage of seed neutral photoblastic.

Table 8.
Light regulation of seed germination and dormancy.

contrast, red light promotes seed germination and far-red light inhibits seed germina-
tion (Table 8) [166]. Furthermore, temperature elevation or lowered may impede
different physiological and molecular mechanisms, hence delaying the germination of
seeds causing dormancy to be disrupted while high temperatures disrupt dormancy,
which causes germination (Table 9) [60]. Low temperatures delay germination by
increasing ABA synthesis and lowering water absorption, protein breakdown, glucose
metabolism, and energy production (Table 8) [170].

4.7.4 Temperature vegulation of seed germination and dormancy

Role in regulating seed germination Reference
* Determines germination time by influencing germination directly and regulating [170, 171]
dormancy.

High or low temperatures can cause a delay in the germination of seeds due to the obstruc-
tion of various molecular and physiological processes.

Low temperatures delay germination by increasing ABA synthesis and decreasing water
absorption, protein breakdown, carbohydrate metabolism, and energy production.

High-temperature conditions disrupt dormancy, leading to germination.

For optimal germination, most seeds require temperatures between 15 and 30°C. For
instance, Vigna subterranea (L.) requires an optimum temperature from 30 to 35°C for
germination.

Tableg.
Temperature regulation of seed germination and dormancy.
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5. Future prospectus in the production of underutilized medicinal and
leafy vegetables

Steps towards the understanding of mechanisms of seed dormancy, identifica-
tion of genes, hormones, and metabolites involved, and the role of the environ-
ment have modernized ways of addressing challenges of seed dormancy in a range
of crops. Molecular biotechnology is one modern approach that has revolutionized
research in biological science, resulting in the development of superior crop mate-
rial [172-174].

Gene editing and genome engineering as tools have offered great advances in
the study of seed dormancy [174]. In recent years, the use of CRISPR/Cas9 in gene
editing has gained extensive use in plant and animal physiology [175]. Research and
manipulation of seed dormancy genes such as delay of germination 1 (DOG1), seed
dormancy 4 (SDR4), and mother of FT and TFL 1 (MFT) in medicinal plants and
indigenous vegetables could greatly improve seed germination [176]. The applicability
of the technique has been tested previously on a number of crops, including grasses,
wheat, and barley [175-177]. Glison et al. [176] extensively reported on the applica-
tion of genetic editing and genome engineering in the seed dormancy of grasses. The
potential of marker-trait associations (MTAs) and marker-assisted selection of genes
for engineering in breeding for seed dormancy in wheat was reviewed by Kulwal
[177], while [175] reduced seed dormancy in rice (Oryza sativa L.) by knockout
viviparous-1 (OsVP1) gene responsible for seed dormancy. In barley, the genetic
editing of QTL for seed dormancy 1 (Qsd1) and Qsd2 genes affected seed germination
of the plant [178]. Induced mutation of the Qsd1 homeoalleles was responsible for the
regulation of seed germination in wheat [179].

Unlike genetic editing and genome engineering, epigenesis regulation is one
modern technique exploited in the understanding and regulation of seed dormancy,
that involves altering the gene expression and associated proteins without chang-
ing their sequence [180, 181]. The leading mechanisms in epigenesis include DNA
methylation, modifications to chromatin, loss of imprinting, and non-coding RNA
[180]. An impressive work done by Lujan-Soto and Dinkova [182] in the use of
epigenesis modifications in seed dormancy, highlighted the potential of the technol-
ogy in detail. Work done by Sato et al. [183] on Arabidopsis demonstrated the appli-
cability of epigenesis modification, in stimulating and inhibiting seed germination.
On the other hand, [174] demonstrated that histone deacetylase HDA19 and histone
methyltransferase SUVHS both worked together in the regulation of seed dormancy
in Arabidopsis. Recently, [184] reported also the histone modifications, acetylation,
and methylation, moderating the seed dormancy of Arabidopsis thaliana. Secondary
seed dormancy depth and germination in Capsella bursa-pastoris were reported to
be regulated also by histone methylation [185]. Using epigenetic modification, [186]
demonstrated the potential for influencing seed dormancy in Paris polyphylla.

Recent advances in understanding the role of environmental factors from seed
development to seed dispersal have also opened a door in addressing the challenge of
seed dormancy [187, 188]. Focus previously has been on the effects of temperature,
light, and moisture as environmental effects, but advances in the field of metabo-
lomics and hormonal signaling on seed dormancy and germination have recently
received much attention [160, 189].

The potential of this technology in the improvement of seed dormancy and
germination in medicinal and indigenous vegetables could not be overestimated.

The exploitation of these modern and advanced research tools and techniques on

119



New Perspectives on Seed Germination

seed dormancy regulating physiological factors could potentially be applied to the
improvement and commercialization of medicinal and indigenous vegetables.

6. Conclusion

Seed dormancy is a survival trait for wild plants, but a great hindrance to the
domestication of important medicinal and indigenous vegetables as it affects the
crop germination rates and crop stand, resulting in reduced yield. Medicinal and
indigenous vegetables have been identified as crops with potential in addressing chal-
lenges of food security and malnutrition in poor rural communities if domesticated
and commercialized. This book chapter makes it clear that advances in gene edit-
ing, genome engineering, and epigenesis modification present a big opportunity in
overcoming seed dormancy of these wild plants.
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Chapter7

Bioprotection by Natural Sources
for Sustainable Agriculture

Berna Bag

Abstract

Biocontrol, or protection, involves using living organisms such as microbes,
insects, and their by-products to safeguard food security against harmful patho-
gens and pests in agriculture. Excessive use of synthetic inputs such as fertilizers
and pesticides in farming can lead to soil accumulation and crust formation
over time. Inorganic chemical pollutants enter the food chain through plant
absorption from the soil, resulting in environmental and public health concerns.
Compensating for the destructive effects of synthetic pesticides on agroecosystems
is challenging. Therefore, it is important to discuss the future of plant health and
the restoration of microbial communities in the phyllosphere, endosphere, rhizo-
sphere, and plant growth-promoting microorganisms using natural sources. Local
governments should enforce legal restrictions on the frequency and quantity of
conventional pesticide use, promote the use of bioagents, and encourage farmers
and stakeholders to adopt natural alternatives. This chapter introduces various
bio-based materials that can serve as natural alternatives to synthetic chemicals for
eradicating or minimizing invasive phytopathogen species through biocontrol in
plant protection.

Keywords: biopesticide, biocontrol, bioprotection, natural resources,
phytopathogen microorganisms

1. Introduction

The beginning of agriculture goes back to the neolithic ages down to the
permanent colonization of human communities. The first agricultural activities
began with the cultivation of grains and legumes by the earliest societies. However,
people about 10.000 years ago were inexperienced in agricultural activities, and
this has caused a decline in agricultural productivity after repetitive planting on
the same land for several years with identical crops. Therefore, the farmers were
leaving the weakened farmlands to nearby virgin new areas for cultivation. After
agricommunities formation, they developed straightforward man-made manifold
agricultural techniques such as cultivation methods digging soil with sticks, irriga-
tion channels in the form of ditches, drying in baskets, filling crops in sacks, or
storing by piling them underground. The emergence of ancient civilizations started
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in conjunction with settled agricultural life. Different populations have migrated
for accommodation to the regions with nutrient-rich soils where the Euphrates and
Tigris valleys, Egypt-Nile valley, Indo-Indus valley, ancient China-Yellow River
valley, and Mesopotamian-Sumerian civilizations have laid the foundations of
civilizations to become history.

The industrial revolution spark of the eighteenth century also caused agrarian
reform. Thanks to breakthroughs in the chemical industry leading up to mechanized
production, agricultural productivity has hugely been leapt up leveraged favorable
outcomes of synthetic fertilizers and chemical pesticides. However, subsequently,
this modern agrirevision has resulted in environmental and public health matters.
The major drawback of modernization on classical agriculture has given rise to a wild
increase in farming production to fulfill the needs of an incremental population as
well as the more profit desire of global trade corporations guiding the agricultural
sector. The contemporary agricultural revolution has also radically changed the life-
style of human societies and built the basis of a more civilized life. But even in mod-
ern urban life, the healthy lifestyle of humans is dependent on cultivation farming.

In the mid-twentieth century (the 1940s), organic farming interest initially began

as a response to the negative consequences of impurities created by the overdense
use of synthetic inputs in agricultural activities. Synthetic pesticides are dangerous
chemicals that have destructive impacts on agroecosystem and human health and are
very difficult to compensate for. Also, heavy metal elements including cobalt, cop-
per, nickel, and zinc that are essential for normal plant physiology are present inside
synthetic fertilizers [1], which are one of the major sources of heavy metals within
agrisoils. A significant amount of heavy metals are included in synthetic fertilizer
mixtures during the manufacturing process. Overuse of these synthetic inputs in
farming can lead to gradual accumulation and crusting in the soil. As a result, inor-
ganic chemical pollutants such as fertilizers and pesticides, which are absorbed from
the soil by plants, may enter the food chain and become toxic to humans and animals.
This can trigger various health problems, including cancer, mutations, genetic dis-
orders, and physiological abnormalities. The toxicological profiles of the ingredients
of legal pesticide chemicals are listed on the ATSDR portal [2]. Shortly, the adverse
impacts of the agricultural revolution have roughly reminded me of agrarian history.
Because of the undesirable side effects of modern agriculture, volunteers included
regenerative agriculture organizations, commercial companies, growers, scientists,
and trained individuals, as pioneers in organic farming were directed toward the dis-
covery of natural resources substituted to synthetic pesticides for protection, which is
a part of regenerative farming.

Since the second half of the twentieth century, human activities have caused
significant damage to the environment through the use of chemical pesticides and
the increase in greenhouse gases. This has led to a global climate crisis. To ensure the
sustainability of agroecosystems for the benefit of mankind, it is important to manage
phytopathogens and pest organisms using natural sources. The European Green Deal
aims to reduce the use and risk of chemical pesticides by 50% by 2030 and ultimately
achieve pesticide-free agriculture in Europe by 2050 [3].

Biopesticides are occasionally called bioprotection and are the rising interest
along with the expansion of organic farming practices for agricultural food security.
Biocontrol or protection is the use of living materials such as microbes, insects, and
their derivative metabolites to maintain food security against detrimental patho-
gens/pests/abiotic factors in agriculture. Slowly growing the pest biocontrol market
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has reached the highest growth rate with 13.6% annual growth including new
compounds from the last year [4]. There is no resistance problem in pests/microbes
against natural sources, because of their shorter shelf life, moderately phytotoxic
effects, insufficient bioavailability, instability of natural compounds, and quick
decomposition. All these are reasons to reduce the performance of biopesticides.
Even if the preference by farmers for biopesticides is behind synthetic chemicals,

it has made important progress toward the advantage of biopesticides using recent
technologies like nanotechnology and microencapsulation methods. Encapsulation
methods create positive incremental influence for the continuing quality of biologi-
cal, chemical, and physical properties of a bioagent material. Hence encapsulation
applications have drawn outstanding attention in industrial applications as in food
processing and the pharmaceutical industry. The cost of a new synthetic pesticide to
develop is estimated at roughly $ 250 million and is necessary for 10 years, whereas
the discovery of natural pesticides is up to 1/10 of the expenditure of chemical
pesticides and a period of 3 years is enough [5].

The first biopesticide Paecilomyces fumosoroseus is an entomopathogenic fungus
labeled insecticide named PreFeRal®. It was for recourse to the European Union
Registration Directive in 1994 and received a temporary provision in Belgium
in 1997 [6]. BioSafe Systems, a manufacturer of biodegradable products, has
developed a biofungicide/bactericide Guarda®. Its active ingredient is thyme oil
enriched with additive adjuvant by HOLDit technology to increase efficacy [7].
This powerful adjuvant is designed to enhance the active ingredient’s ability to
maintain prolonged contact with the target, ensuring maximum effectiveness.
Unfortunately, due to the vaporization of thyme oil, the performance of biopes-
ticide without the adjuvant is declined and is mostly wasted. Also, the company
announced on their website that it is the first biofungicide/biobactericide regis-
tered with Environmental Protection Agency (EPA) [8]. EPA presented a list of
the 390 data inputs of biopesticide active ingredients (biochemical and microbial)
registered between 1962 and August 31, 2020. There were only seven patented
active compounds of biopesticide in 2020; afterward, data entry was interrupted.
Yuan [9] reported that China registered nearly 3800 biopesticides with 115 active
compounds in 2016.

The purpose of this chapter is to present the current toolbox of bio-based natural
resources that can be used to replace agrochemicals in managing diseases caused
by plant-damaging microorganisms. This review focuses on biocontrol of plant
diseases and excludes discussions on controlling insect pests. The information in
this review was gathered from open-access documents available on websites such as
SpringerLink, Google Scholar, Web of Science, PubMed, ScienceDirect, Elsevier, and
the journal “Pest Management Science.” Keywords such as biocontrol, bioprotection,
biopesticide, fermentation in bioprotection, supernatant, and their combinations
were used to find relevant papers. Due to space limitations, the focus was primarily
on recent original research articles published between 2023 and 2024, although a few
exceptional older manuscripts were also included. The data in Table 1 was compiled
from original research articles published between 2023 and 2024, with one exception.
Archives predating 2023 related to research articles are generally overlooked. This
section introduces a variety of bio-based materials that could serve as natural alterna-
tives to synthetic chemicals for eradicating or minimizing invasive phytopathogenic
species through biocontrol in plant protection. It also includes examples of diverse
action mechanisms from different biological sources.
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2. Biopesticide sources

There are no standard definitions for biopesticides, as their intended use can vary
depending on the researchers. Biopesticides are derived from natural materials such
as animals, plants, bacteria, and certain minerals, as defined by the EPA. For example,
canola oil and baking soda are considered biopesticides due to their pesticidal appli-
cations [30]. Generally, biopesticides are products of living organisms like plants,
animals, microorganisms, and algae. They can be either the organisms themselves,
known as bioinoculants, or a part of their constituents.

Bio-based resources for plant protection can be obtained from three main groups,
as summarized in Figure 1:

1. Macroscopic organisms (as plants and insect groups—mites, predators, parasitoids,
nematodes, other invertebrates) and their components

* Plant extracts (majorly secondary metabolites) and essential oils
* Insects (semiochemicals such as pheromones, allelochemicals)
* Other invertebrates

2. Microscopic organisms (bacteria, fungi, viruses) and their components

* Microbial inoculants (e.g., bacterization of plant explants as seed, root, plant-
let, or soil contaminants as bioinoculant)

* Microorganism-based elicitors
3. Fermented microbial and extracts

* Valorization of industrial/agricultural wastes by recycling via solid/liquid
fermentation

Microscopic
organisms and
their constituents

b4 I

Macroscopic | Residual

. organisms
* and their

nstituents byproducts =

)

Figure 1.
Bio-based resources originated from macroscopic/microscopic ovganisms and their ingredients and by valorization
of residual waste from industrial by-products.
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3. Biopesticide applications

3.1 Treatments of macroscopic/microscopic organisms as bioinoculants and their
constitutions as natural biosources

In recent research, yeasts offer novel and powerful alternatives to dangerous
synthetic chemical pesticides from preharvest in the field to postharvest in stor-
age for crop disease control. The antimicrobial activity of yeasts is attributed to
competing with rival groups for reproduction, nutritional requirements, and
colonization of a spatial domain. Nonselective cultivation and simple nutrition
requirements of yeasts make ideal organisms for this group of unicellular fungi
as biocide reservoirs. The potential effects of Filobasidium wieringae and Pichia
kluyveri yeasts to control the severity of purple spot disease by Alternaria porri,
which is the highly virulent invader strain on onion leaves, were investigated [31].
P, kluyveri, an endophytic yeast isolated from healthy onions, reduced disease
severity by approximately 77%, but when both yeasts were used as a cocktail, the
total effect rate increased to 85%. The wine industry is important commercially
in Portugal but faces challenges with mold infections in vineyards. A study was
conducted to determine the effectiveness of using multiple yeasts during wine
fermentation on grapes in order to minimize the use of agrochemical products [32].
It was found that the wine yeast Metschnikowia pulcherrima inhibited the growth
of Penicillium before and after harvest, while the yeasts Lachancea thermotolerans,
Hanseniaspora uvarum, and Starmerella bacillaris showed strong antagonistic
activity against other pathogenic fungi such as Mucor, Aspergillus, and Botrytis,
respectively, to prevent fruit decay. The study observed that all yeasts used in the
experiment produced diffusible volatile metabolites that suppressed fungal growth.
The mechanisms of fungal suppression by yeasts, including toxin and enzyme
production, competition, mycoparasitism, vapor compounds, and triggered plant
immunity, were studied in detail as antagonistic biocontrol mechanisms against
phytopathogens [33].

A remarkable investigation from Biotalys company settled in Belgium has been
reported. Researchers from the firm have developed a protein-based biofungicide
to protect from the fungal disease on tomatoes, cucurbits, and grapes infected
with Botrytis and powdery mildew [34]. The bioactive compound they named,
AGROBODY (other ECOVA, probably commercial name), was produced from ilama
immunized with Folch lower phase lipid extract from Fusarium oxysporum. They
stated that biological attributions of AGROBODY (such as ready biodegradability,
product quality, and shelf life) were superior than the performance of many chemi-
cal pesticides and biological references to Bacillus pumilus in repeated field trials. So
protein-based antibody products to any proteinaceous constituent of phytopathogen
organism are an unprobed search field to dig out novel biosources. But the action
mechanism is ambiguous.

Miniecology of the phyllosphere harbors diverse microbial communities and
offers tremendous application opportunities in agrobiotechnology. Members of
the plant phyllosphere are a wide variety of species such as bacteria, yeast, fungi,
viruses, nematodes, and protozoans, and definite residents can vary depending on
the plant type. Trichoderma spp. phyllosphere habitats from the most common species
have been used commercially and integrated into the IPM program for years [35].
Moreover, 209 microbial strains from 94 diverse species are used commercially in
pest control worldwide [36]. Due to the wide range of hosts, survival of spores, and
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the production of toxic volatile and nonvolatile organic substances by Trichoderma
harzianum, it has great potential for ameliorating soil fertility and promoting plant
growth in agricultural biotechnology.

After incorporating Trichoderma harzianum as a bioinoculant into soil infected
with mycelial plugs of Sclerotinia sclerotium, the development of sclerotia fungi was
not observed after 1 month of incubation [37]. Most probably, fungal Trichoderma
strains in parasitism are in contact with pathogen fungi, followed by winding around
hyphae of pathogen fungi and damage to the pathogen releasing its toxic chemicals
and diffusible volatiles acting as biostimulators till overcoming the pathogen [38].
The bacteria Pseudomonas spp. and Achromobacter spp., isolated from the coffee
phyllosphere against Hemileia vastatrix yellow rust agent that has caused defoliation
in coffee plants in Peru, were evaluated for antagonistic effects to biocontrol in field
works [39]. While bacterial strains have prevented the germination of rust uredo-
spores by 81 and 82%, respectively, propiconazole used as a synthetical fungicide
has caused 91% inhibition. These bacterial strains showing close effects to chemical
synthetic fungicides may be important prospective biocontrol agents for trading
purposes in the future. It is assumed that endophyte Pseudomonas spp. generates
siderophores to acquire ferric iron from the microbiome around plant roots hamper-
ing phytopathogen attainment to it [40]. In addition, siderophores are antimicrobials
featured in some phytopathogens.

One of the important biosources is bacteriophages of plentiful microorganism
groups in nature. Bacteriophages are obligate parasitic viruses; they only infect and
replicate in bacteria cells. As a result of killing selectively target bacteria, phages
present different approaches in the biocontrol for bacterial disease in phytopathol-
ogy. Bacteriophages eradicate phytopathogenic bacteria that infect plants by inte-
grating into the bacterial genome and modulating their genes, thereby supporting
plant health. The biocontrol mechanism of bacteriophages is based on the regulation
of host physiology and the modulation of host genome to fit their requirements.
Because of obligate endoparasite, some phages allow their host together to survive
modifying host virulence by inactivation of membrane receptors of hosts that may
be in contact with other phages. However, when their hosts are in threat, viruses
kill their hosts with lytic cycle enzymes. These are general defense mechanisms
attributed to viruses [41]. Bacteriophage-invaded phytopathogen bacteria are not
infectious to plants, eco-friendly, healthful, and safe tools as biocontrol agents. To
be a biocontrol mediator, it is needed to reveal which plant defense mechanisms are
also engaged by bacteriophage inside infected plants. The bacteriophage LDT325
was isolated from soil around the root of tea infected with Pseudomonas syringae and
was examined iz vitro and in vivo for bud blight disease control [42]. They reported
lesion size was lessened by 50% in 3 days, but the activity of bacteriophage LTD325
with great potential was excellent for alleviating bacterial disease. Bacteriophages
Fifi044 and Fifi318 were freshly isolated from pear orchard soil where fire blight
disease by Erwinia amylovora occurred. When used in the cocktail including both
phages, synergistic interaction has better suppressed bacterial disease than syn-
thetical antibiotic application [43]. But their antibiological mechanisms of are yet
unknown.

Mycoviruses are viruses that naturally infect fungi, functioning in a manner
similar to bacteriophages. Although the information on their commensal interplays
with plants, pathogenic fungi, and other viral factors are usually limited to a small
number with decently good enlightened studies, some of the mycoviruses well-known
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in plant fungi have caused hypovirulence, and some have minimized their host’s
mycotoxin production. Still, they have the potential to open up new avenues for
biocontrol strategies against plant diseases. Colletotrichum spp. has a wide host
range and causes anthracnose. Mycovirus CaPV1 isolated from this fungus weakens
the pathogenicity ability of the fungus damaging its vesicle transport system [44].
In the aforementioned study, the CaPV1 mycovirus hosted by the phytopathogen
Colletotrichum alienum that invaded Camellia oleifera was transfected into the other
anthracnose agents C. fructicola, C. spaethianum, and C. gloeosporioides obtained from
various plants. It was also observed that the mycovirus caused a decrease in virulence
power in those fungi. In addition, mycovirus-associated hypovirulence has disturbed
the fungal vesicle transport system by changing transcription.

Moreno-Velandia [45] has used the liquid culture of the bacterium to evaluate
the antagonistic activity of the Bacillus velezensis Bs006 strain against Fusarium
wilt in golden berry. After Bs006 was grown in a liquid culture medium, the effects
of the bacteria-containing supernatant (SN) and the bacteria-free SN were tested
against Fusarium oxysporum f. sp. physalis in vitro and in vivo studies. They noticed
that the liquid culture medium with antagonistic bacteria on disease progress by
Fusarium protected the plants by 37%, while the protective effect of the SN without
bacteria was level up to 53%. Also, fengycin purified from this SN has reduced the
disease severity by 39%. Bacillus spp. species used for biocontrol purposes produce
antimicrobial metabolites such as iturin, fengycin, cyclic lipopeptide—containing
surfactants, and similar substances. These metabolites impair the cell membrane of
phytopathogenic organisms, causing them to swell and lyse, particularly affecting
filamentous organisms such as Fusarium [46, 47]. The usage of crude SN may be a
feasible alternative for a sustainable system against synthetic pesticides over time.
The SN is a simple filtrate and is sometimes referred to as fermentation liquid. It is
obtained through a chemical extraction process from any biological source by mash-
ing or submerging in water or an organic solvent. As crude extracts, the supernatant
solutions have an undeniable wealth of nutrient content about many macromolecule
fractions such as proteins, amino acids, carbohydrates, lipids, vitamins, enzymes,
minerals, and secondary metabolites [48]. However, the quantity of each chemical
fraction in the total content of impure raw material is at a low concentration. The
production of supernatant from biomaterial is more efficient, as it requires less time,
involves fewer steps, is easier, and is cheaper than purifying complex chemicals in
the supernatant. Cell-free SN formulations can be easily customized for large-scale
production using simple chemical methods such as centrifugation, filtration, and
desiccation, making it a viable option for the pesticide industry without requiring
substantial investment.

A phthalide, 3-BPH, from Angelica sinensis Chinese herb was in vitro tested
for Fusarium graminearum head blight agent in cereals [23]. In contrast to trading
fungicide azoxystrobin, very strong mycotoxin deoxynivalenol (DON) produced
by E. graminearum was inhibited after exposure to 3-BPH from the herb. DON is a
highly toxic metabolite to cause damage to human and livestock well-being and is
directly or indirectly included in the food chain through cereal crops contaminated
with the Fusarium species while growing in a field or while stocked in a warehouse
[49]. Mycotoxins are a serious issue due to their occurrence in exported dry foods
like spices and grains traded worldwide, so natural eco-friendly biocides can open
up a new perspective responsible for minimizing or eliminating noxious secondary
metabolites from phytopathogens.
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Marine resources are of elevating trends. A microalgae Amphidinium carterae
produces polyketides, amphidinol-18, which is liable to vigorous biopesticidal activity
to battle too many phytopathogens in vitro tests [50, 51]. They reported that crude
methanolic extracts from A. carterae biomass have suppressed fully about 100% of
fungal development against Colletotrichum acutatum, Verticillium dahliae, Fusarium
proliferatum, Fusarium cubense, Botrytis cinervea, and Magnaporthe grisea [52]. From
marine isolates, Trichoderma asperelloides T203 and Trichoderma longibrachiatum
T7407 strains were tried iz vitro, in pots, and in fields for antagonistic effects to
bioprotection against Magnaporthiopsis maydis, the late wilt disease agent of maize
plants [53]. Researchers notified that strain T203 showed an inhibitory effect separat-
ing the hyphae of the pathogen fungus into fragments, and T7404 also functioned as a
fungicide and killed the pathogen. While fungal growth was attenuated in field condi-
tions, the biological parameters (fresh biomass, plant length, and yield) for plant
improvement have given positive results when sown with fungal mycelium and maize
seed. Trichoderma species have a broader host range in all life domains including
plants, animals, and fungi, and they can adapt biologically to disparate life forms (i.e.,
aerobic, anaerobic, facultative, and saprophyte) in different ways according to their
fluctuating environments in fragile ecologies [54, 55]. In plant disease management,
Trichoderma species offer several potential advantages: They are broad-spectrum,
inexpensive, environmentally safe, and highly effective. They can compete with vari-
ous microorganisms and are resistant to many chemicals. However, it is important to
highlight that, in rare cases, Trichoderma can cause suprainfections in humans, such
as skin and liver infections. The Trichoderma genome has gene clusters with a richness
of various lytic enzymes and secondary metabolite [56]. This greatness of biodiver-
sity and biohabitats is undoubtedly linked to environmental adaptability because
of versatile genes encoding many functions to be essential for life. Gene expression
of microorganisms, microbial interactions, and microbiome structure is shaped by
external factors related to biotic and abiotic components such as type of microorgan-
isms, host plant variety, nature of soil, and climatic factors, meanwhile modulated
by a degree of synergism. Secondary metabolites of microorganisms facilitate the
establishment of interactions between microbial communities and their hosts and are
of great value biochemicals with antibiotic, antioxidant, phytotoxic, and mycotoxic
activities. Since commercial Trichoderma bioproducts in worldwide agriculture are
widespread and the most used, there are many types of research and review articles
belonging before 2020. However, a comprehensive survey of the chemical diversity,
content, and bioactivities of secondary metabolites of the Trichoderma genus was
reviewed by Ref. [57].

Certain strains of Trichoderma are extremophile fungi, for instance, halotolerant
T longibrachiatum HL167 and xerotolerant T hargianum 81Y1 [58]. When microbial
extremophiles are introduced into the soil as biomodulators to mitigate extreme con-
ditions such as salinity, drought, extreme pH, low nutrient availability, and tempera-
ture, the probability of inter- or intraspecific naturally horizontal genes transferring
in microbial entities in the microbiome may ascend. These possibilities might permit
the origination of new variants with a high degree of adaptability to dynamic environ-
ments. Indeed, gaining drastic properties of extremotolerant microorganisms can
be crucial to creating innovative new renewable agroecosystems. Even their unique
metabolites produced by their genetic systems in extreme conditions to be lethal for
others may impede the thrive of soil-borne phytopathogens. Table 1 is formed to
offer more options for possible biopesticide nominees that are not mentioned in this
chapter.
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Natural biosource Biopesticide Targeted organism Host Ref.
type
Bacillus velezensis P1 Fungicide Aspergillus carbonarius ~ Grape [10]
Pseudomonas aeruginosa Fungicide Ganoderma boninense Oil palm [11]
JQ-41, Servatia marcescens S16,
Stenotrophomonas rhizophila
CASMBAUDAL2, Streptomyces sp.,
Trichoderma sp., either bacterial
consortia or/and microbial
consortia
In vitro synthesis RNAi Acaricide Amphitetranychus Woody [12]
viennensis ornamental
Carvacrol commercial form in Bactericide Xanthomonas Cluster bean/ [13]
nanoemulsion axonopodis pv. guar
Cyamopsidis
Plant-derived artificial miRNA Insecticide Green peach aphid Lettuce [14]
Abietane diterpenoid from Salvia Fungicide Alternaria alternata [15]
canariensis Botrytis cinerea
Fusarium oxysporum
Elicitor-based biopesticide Biostimulant Fusarium graminearum  Wheat [16]
PSP1 (AsES) commercial form s.S.
(extracellular protease subtilisin
from Sarocladium strictum)
Flavonoids from Desmodium Antiviral Tobacco mosaic virus Tobacco [17]
caudatum
A mixture of grape cane extract Fungicide Plasmopara viticola Grapevine [18]
formulations plus apple extract
either alone or together with
copper-based agents
Bioinoculants from desert plant Antifungal Fusarium verticillioides Maize [19]
endophytes (Bacillus subtilis,
B. velezensis, B. tequilensis,
Stenotrophomonas maltophilia,
Klebsiella pneumoniae)
Oleoresin from chili pepper pod Fungicide Botrytis cinerea Grapevine [20]
extract Guignardia bidwellii
Plasmopara viticola
Mycotoxin citrinin commercial Herbicide Ageratina adenophora Weed [21]
Lycorine from Lycoris spp. Fungicide Magnaporthe oryzae Rice [22]
3-Butylidenephthalide from Fungicide Fusavium graminearum [23]
Angelica sinensis roots
Microencapsulated Yamadazyma Fungicide Colletotrichum Avocado [24]
mexicana LPal4 as inoculant gloeosporioides
Bioinoculant Chryseobacterium Bactericide Pectobacterium Chinese cabbage [25]
cucumeris PcE1 carotovorum subsp.
Carotovorum
Diphenyl ethers from endophytic Antibacterial Clavibacter [26]
Rhexocercosporidium sp. Dzf14 michiganensis, Bacillus
subtilis
The supernatant of Bacillus Herbicide Lolium temulentum Ryegrass-Lolium  [27]

wiedmannii isolate ZT

temulentum
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Natural biosource Biopesticide Targeted organism Host Ref.
type

Bipolaris yamadae HXDC-1-2 Mycoherbicide Echinochloa crus-galli Weed- [28]
Micvostegium
vimineum

Compost (plant waste + poultry Fungicide Fusarium oxysporum f. Date palm [29]

manure) sp. albedinis

Table 1.

Some biopesticide candidates from natural materials published in 2023-2024.

3.2 Seed treatments via natural sources

The recent surge in seed-coating research reveals a powerful opportunity to
greatly curtail pathogen effects in the rhizosphere, paving the way for healthier, more
resilient crops. This innovative solution could transform agricultural practices and
enhance food security. Today, global seed coating market is in upward movement
with the meeting of innovative coating technologies, controlled release coatings, and
biopolymer coating films [59-61]. Seed coating technologies play a crucial role in
safeguarding seeds from pathogens, pests, weeds, and soil salinity. By utilizing these
advanced coatings, we can significantly enhance germination quality and support the
development of robust seedlings, making them far superior to untreated seeds [59].

An antagonistic yeast Williopsis saturnus varieties (Ws var. saturnus and Ws var.
mrakii) and their produced lethal toxins have retarded the growth of some patho-
gens [60-62]. When alive Williopsis saturnus var. saturnus in a solution with and
without edible coating material that is whey protein concentrate was sprayed on
peanut surface, it stopped both the advancement of Aspergillus flavus and afla-
toxin generation of fungi in three months duration [63]. A triad mixture of cotton
seeds, antagonistic Streptomyces globisporus (alive or inactive powder preparation),
and pathogen Verticillium dahliae by seed coating has ameliorated plant growth
index and lessened disease severity in pods [64]. Foliar vegetation, leaf size, and
root vitality have increased by about 50-70% despite the attack of the pathogen
V. dahliae, and disease index dropped off to ~66% on seedlings. Covering with
inactive spores (dried heat at 170°C 2 h) of S. globisporus promoted plant develop-
ment, and the paradoxical result was defined as some metabolites related to plant
growth being highly resistant to heat.

While bacterization (like antagonist bacteria) of Pisum sativum seeds has ampli-
fied the germination rate, the prevalence of Rhizoctonia solani damping-off symp-
toms was diminished [65]. However, coating rice seeds with Zn without arbuscular
mycorrhizae fungi was more beneficial than the control group on germination, and
soil application of Zn alone was better for germination than the seed coating method
[66]. Similarly in a study, soil inoculation with Pseudomonas sp. could donate better
nodulation and growth than seed inoculation [67]; nevertheless, seed coating with
plant-alive beneficial microorganisms (BM) could better improve seed germination
and protect in case of biotic agents like pathogens, abiotic factors such as salinity,
and agrochemicals residues [68]. Although the shelf life of alive BM or their bioac-
tive ingredients is a priority in commercialization, encapsulation technologies, as
described in the ensuing section, such as micro- and nanoencapsulation, can sort out
these problems by enabling uniformity of active compounds. Since seed coating is a
kind of simple encapsulation system, the camouflage of a bioactive entity by relevant
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covering material seems very protective to allow keeping their biological properties
safe. If cotton seeds are coated with the proper dosage of living antagonists or similar
beneficial organisms, this coating can also foster the enlargement of cotton plantlets
with strong roots and be very protective against pathogens through active metabo-
lites produced by the alive microorganism spores [64]. Hence, when using living
bioinoculants or bioactive substances for seed coating, the germination quality of the
trade-off coated seeds versus uncoated seeds should be well-considered in order to
compensate for potential damage from exposure to soil-borne pathogens, diseases,
and abiotic stresses.

Seed applications with natural biocides can be applied in formulations such as
gas, liquid, solid, and foam/gel formulations depending on the physical contact of the
biomaterial with the seed, according to the closed storage area or open field practices.
In prolonged storage duration of kernels, natural resource trials to preclude seed
germination and microbial contamination can conserve the viability of seeds under
optimal conditions as well as the disallowance of aflatoxin production, especially in
grain cereals. Seed coating with carrier material is still a prevalent method to keep
seed viability and protection during long-term storage safe. The biological coating
material is a microorganism as bioinoculant from symbionts in plant microbiome and
one of their active ingredients.

3.3 Encapsulation treatment of biosources

Recently, nano- and microencapsulation technologies have become increasingly
important in the fields of food, pharmacology, and agriculture. Particularly in agri-
farming, it has uncountable prominent benefits for the maintenance of agricultural
commodities from the planting stage to the preparation of products for market before
and after harvest. Due to the elasticity of the biological features of natural resources,
for instance, the bioactivity of plant-based agents in field applications deteriorates
in contrast to chemical pesticides. They have shorter shelf life, weaker stability, and
lower bioavailability. Nanotechnology addresses these issues by designing packaging
at the nanoscale to enhance the effectiveness of active compounds [69]. The main
principle of nanotechnology is to deliver the active substance in a nano-sized trans-
porter material to the target [70]. Encapsulation is a highly effective coating process
that protects active substances, solid, or liquid, by surrounding them. This protective
envelope works at both macro- and micro-levels, ensuring the stability and effective-
ness of the encapsulated materials. Core material condensed in a capsule prevents
direct chemical and physical connections until it reaches the target, maintaining its
functionality and quality and thus increasing efficacy and prolonging shelf life [71].
Both nanoencapsulation and encapsulation of the active ingredient increase the bio-
availability of biomaterial, protect nontarget organisms from toxic effects, maximize
the usefulness of a smaller amount of active ingredient, minimize waste of the active
compound, and extend the shelf life of the active ingredient.

Artemisia herba-alba essential oil in microcapsule exerted fairly well in vitro
antifungal activity to Botrytis cinerea, inhibiting about 38 with 0.1% concentration
compared to 12% inhibition obtained with free essential oil [72]. The active ingredi-
ent of Oregano vulgare, carvacrol in commercial form, was tested for antibacterial
impact to bean bacterial blight agent Xanthomonas axonopodis pv. cyamopsidis using
nanotechnology [13]. While nanoemulsified carvacrol depending on the dosage has
blocked bacterial growth completely iz vitro petri plates, in field experiments, disease
severity was reduced to 14%, demonstrating effects similar to those of streptomycin

145



New Perspectives on Seed Germination

sulfate, a well-established positive control. In commercial avocado orchards, micro-
encapsulated Yamadazyma mexicana yeast is a candidate to be a biofungicide to be
displaced to synthetic fungicide Hidrocob 77 to control anthracnose disease caused by
Colletotrichum species [24]. Encapsulated Y. mexicana application in field preharvest
and storage postharvest to avocado repressed almost 100% severity of anthracnose.
While the natural antimicrobial peptide from Streptomyces natalensis, natamycin,
in nanofilm, increased the germination ratio of peanut seeds, fungal development
and aflatoxin biosynthesis decreased during the annual storage period [73]. Seeds
of barley and maize naturally infected with Aspergillus flavus, which biosynthesizes
aflatoxin, were mantled with a preparation of talc powder mixed with Trichoderma
viride from a culture collection [74]. As a result, this formulation prevented the prog-
ress of A. flavus by about 31% and diminished aflatoxin production. Savitharani [75]
indicated biopesticidal potential essential oil (EO) of Anisomeles indica leaf to bacte-
rial blight Xanthomonas strains on husked paddy/rice seeds in pods. Disease severity
of plantlets from rice seeds treated with nanoemulsified EO was as less as 6.66%,
while the protective potential of free EO and synthetic pesticides were nearly 13.33
and 18.33%, respectively. Phosphate-solubilizing Pseudomonas isolates procured
from the roots of healthy tomatoes were combined with natural rock phosphate, and
then this mixture was used in the seed coating process [76]. After treatment, encap-
sulated bacteria improved plant growth parameters and induced systemic resistance
in plants to bacterial cancer. Pomegranate infected with Penicillium implicatum was
dipped into the solution obtained by converting potato peel waste into polymers
using lactobacillus strains. The fungal progression was prohibited for 14 consecutive
days, and bruised pomegranate was redeemed with approximately 5-15% recovery
in the fruit [77]. These nonsynthetic polymers are utilized in the food processing
industry for manifold purposes in encapsulation technologies as an edible encapsula-
tion matrix. It appears it can be safely feasible to film material for other types of
grains, also postharvest fruits in storehouses, and vegetables in greengrocer markets.
However, even though nanopesticides are conditioned and designed in laborato-
ries and are given the desired results, it is impossible to control natural conditions in
the field. When transforming from laboratory setting to scale-up factory during the
commercialization phase of nanomaterials, additional researches will be required to
optimize the stability of various parameters. These parameters include the ongoing
biopesticide delivery system, biocompatibility, bioavailability, and biodegradation of
the nanomaterials.

3.4 Bioresources fermentation

Some lactic acid bacteria can ferment carbohydrates converted to polymers like
starch to produce lactic acid [78, 79]. Lactobacillus strains are abundant in soil
and on above-ground decomposing plant residues and they acidify altering pH
around their habitat exporting numerous typical antimicrobial acidic metabolites
synthesized through solid-state fermentation (SSF) [80]. Thus, this microbiome-
mediated shield system naturally hampers soil-borne phytopathogenic organisms
to infect plant roots.

Some researchers engage assorted composts to debilitate the activity of soil-borne
pathogenic organisms [29]. The antifungal influence of compost consisting of date
palm wastes and poultry manures has been compared to commercial composts.
Researchers reported the natural compost had repressed completely by 100% growth
of Fusarium oxysporum f. sp. albedinis. Agroindustrial waste valorization via SSF
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and submerged liquid fermentation (SmL) technologies has been examined as a
potential renewable resource to fortify thriving symbionts. In actuality, recycling
leftover agrowaste can be a valuable gain in donating circular economy. Symbionts
Trichoderma hargianum and entomopathogenic fungus Beauveria bassiana are both
antifungal microorganisms to phytopathogenic fungi [81, 82]. In the work, debris of
husks and fibers of rice, wheat stalks, peels of orange and potato, whiskey draff, and
soybean fibers were fermented in laboratory volume vessels and successfully blended
in a culture medium to propagate this symbiont. Research has shown that the per-
formance of fungal growth varies based on several factors, including the type of
fermentation, the quality of raw materials, and the nutrient content. These elements
are important factors in determining the fungus’s resistance to external conditions
[81]. In SSF technology, heat, humidity, biodegradability properties of the organic
material, pH, C/N ratio, and porous structure of the substrate are important for the
growth of fungus on the solid substrates [81], while nitrogen source in organic waste
influences the resilience to virulence, tolerance of heat and UV-B in SmF system has
the key task to amend biological trait of blastospores of B. bassiana [82]. Through
different scenarios, these results can be replaced with disposed of debris like house-
hold and industrial wastes as new biopesticide sources with lower operational cost
and materials. Similarly, as fermentation filtrate, supernatant of Streptomyces vir-
giniae XDS1-5 that is an antagonist strain from soil rhizosphere against peach brown
rot by Monilinia fructicola showed inhibition achievement of 80% in vitro assay and
66% in vivo assay [83].

As with other agricultural noxious organisms, tolerance to synthetic herbicides in
weeds has also troubled persistently the last three decades. Hence, there is a need for
new herbicide formulations based on natural substances and new herbs. Microbial
metabolites are more favorable to control weeds than alive bioinoculants for long
periods of stability and impact [4]. Endophytic fungus Mycoleptodiscus indicus from
Conyza sp. is cultivated for estimation of bioherbicidal activity in solid or liquid state
fermentation in three different culture media [84]. The fungal toxin in the mixture of
sugarcane bagasse broth has promised to be potentially a potent bioherbicide impair-
ing cucumber plantlets used as indicator plants and hindering their seed germination.
This experiment was exhibited to have dissimilar chemical compositions of each
of the three different media contents. These very informative results indicated that
the content of any biosource may diversify the type, density, and quantity of active
components bypassing the normal chemical reactions in biosynthesis pathways
contingent on cultural conditions. As a result, registration of biopesticide products
should be regional in local norms rather than EPA.

4, Conclusion

In today’s global climate crisis, we should discuss the future of plant health and
rehabilitation of microbial community terrains—phyllosphere, endosphere, rhizo-
sphere residing of symbionts, and plant growth-promoting microorganisms—by
natural sources. We should discuss a holistic approach to consolidating regenerative
agricultural practices that address national agrifood security and tackle agricultural
issues using indigenous biosources. The variability of microbial communities in its life
spheres appears under the influence of edaphic factors linked to geographic locations.
During the coevolution of plant-pathogen interactions, plants evolve to eliminate
or minimize the effect of elicitors and effectors secreted by microorganisms, while
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pathogens also evolve greatly diversifying the number of elicitors/effectors to sup-
press or completely defeat the plant defenses. Likewise, saprophytes and symbionts
shared identical niches in the pathosystem and would develop multiple mechanisms
to struggle with other challengers, to meet the needs of food supply and reproduction,
and to occupy space as a cost of survival. A bioinoculant that is optimal within the
first isolated location, previously registered to EPA, might shift activity in a habitat
of another type of terrestrial ecosystem that is determined by changes in climatic
and edaphic factors. Accordingly, rather than EPA confirmation, it might be advised
in the registration of new biocontrol resources that it could be aimed at the strategy
to manage renewable agriculture systems in coverage of national programs with the
collaboration of regional plant protection organizations. This synergistic interaction
between foundations will encourage the use of biosources by farmers and stakehold-
ers. Another important issue is that relationships between universities, research
institutions, and commercial corporations are not strong in collaboration. After a
scientist spends time and announces his or her works with academic publications, he
or she does not take care of the work and abandons the results. Commercial laborato-
ries conduct entirely free investigations in their small independent laboratories. The
establishment of solidarity alongside academic and commercial entrepreneurship will
enhance the use of natural resources through increased biopesticide inputs, providing
farmers with greater choices to adopt sustainable innovations.

Despite the diversity of bioagents, the reasons they come from chemical pesticides
can be as follows:

* Inadequate furnished experts to demonstrate the use and properties of biomate-
rial for farmers.

* Unconsciousness of farmers about the superior qualities of biomaterials over
chemicals.

* Inconsistency of biological attributes of biomaterial (such as half-life and shelf
life) in environment and flexibility in performance.

« Insufficient endeavor to commercialize academic research results.
* Intricate registration processes.

* The absence of bio—pest control units within the Ministry of Agriculture may be
caused by inappropriate legal regulations and quality control.

* Governments should impose legal restrictions on the periodicity and quota of

exerted conventional pesticides to provide the use of bioagents and to encourage
farmers and stakeholders.
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Chapter 8

Role of Microorganisms in Seed
Germination

Faquir C. Garg

Abstract

Quality of the seed, the backbone of modern agriculture, is an important factor
in the successful establishment and performance of any crop. Two indicators of seed
quality are uniform seed germination and seedling vigour. To enhance germination,
many types of treatments, including beneficial microbes belonging to arbuscular
mycorrhizal fungi, Trichoderma spp., rhizobia and other bacteria, have been tried
on seeds before sowing via coating or bio-priming treatments and increase in seed
germination of different crops including cereal crops, oil seeds and vegetables, have
been reported. The role of endophytes and seed-borne microorganisms on seed
germination and the mechanism of action of microorganisms in seed germination
have also been discussed.

Keywords: PGPB, endophytes, seed germination, seed microbiome, auxins

1. Introduction

Seed germination is a very complex process that involves many biochemical,
physiological and morphological changes in seeds. There are three requirements for
a seed to germinate viz. (i) the seed must be viable, which means the embryo should
be alive and able to germinate; (ii) the seed should not be dormant, i.e., there should
be no chemical barrier to germination and (iii) environmental conditions such as
humidity, temperature, air (O,) and light must be available in sufficient quantity. If
all these conditions are met, the inactive embryo in the seed will commence the ger-
mination process. To break the exogenous dormancy of seeds, optimal temperature
and humidity are a must. In addition, some factors such as plant growth regulators
can affect the rate and uniformity of mature seed germination [1].

Seed quality, in terms of uniform germination and high seedling vigour, con-
tributes to successful crop establishment and thus crop performance [2]. When
seedlings emerge quickly and vigorously, they are more likely to capture nutrients,
tolerate biotic and abiotic stress, compete with weeds and of course cope with adverse
environmental conditions [3]. Thus, seed quality is a primary objective of the agroin-
dustry. Several different types of seed treatment technologies are now available and
used to improve seed quality. Among these treatments, pre-sowing seed treatment
is of great interest due to its effectiveness and environmental benefits. In general,
various seed treatment technologies are used to increase seed germination, including
chemical and biological treatment. Since seeds come in contact with microorganisms
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present in soil and can be useful in seed germination, it is interesting to consider the
effectiveness of beneficial microorganisms, present in soil or applied deliberately, on
seeds of various crops for enhancing germination.

According to market survey reports, global biological seed treatment including
the use of biofertilisers, biopesticides and biostimulants [4] is expected to touch
USD 1.7 billion by 2025, and that of only seed treatment with microorganisms and
natural substances applied as biostimulants may be around USD 338 million by this
time. Pre-sowing seed treatments with beneficial microorganisms have relatively
low application costs, as they require a single treatment [5-7]. These treatments
include seed coating and/or seed priming comprising of application of a thin layer
of external material onto the seed surface, without affecting the shape, size, or
weight of the seed [8, 9]. Several different priming techniques are used to solve the
germination problems under different environmental conditions. Among these
biopriming, i.e., the application of microorganisms to seeds is important [10]. Seed
bio-priming is known to improve seedling emergence. Under adverse environmental
conditions, biopriming results in the rapid emergence of seedlings [11]. If beneficial
microorganisms are added during bio-priming, they proliferate on the seed surface
and further help in germination, thus it has practical agronomic importance in crop
production [12]. In biopriming, seeds are primed with different endophytic microbes
that easily integrate into seeds and help improve the biochemical and germination
parameters [13]. Seed treatment does not induce any change within the seed and the
active ingredient applied provides an advantage for the induction of germination
and enhances seedling growth. Thus, the application of beneficial microorganisms
to the seeds to increase their germination, seedling vigour and biomass, as well as the
capability to overcome abiotic stress both during and after seedling emergence has
been evaluated in many crops including cereal grains, oil seed crops and vegetables
[14-17]. The role of endophytes and seed-borne microorganisms on seed germina-
tion in wildflowers and grasses has also been explored and discussed in several
studies [18, 19].

2. Beneficial effects of microorganisms

Seed germination in open fields is never achieved 100% and, in some cases, more
than 50% of the seeds used fail to germinate, resulting in the failure of crops and
economic loss to the agribusiness. Microorganisms are inoculated on seed surfaces as
biofertilisers, biostimulants or bioprotectants often to protect the seeds from insect
pests and plant pathogens [20]. How these microorganisms influence seed germina-
tion, a pre-requirement for the establishment and growth of plants have been studied
by several researchers in different crops (Table1).

Application of beneficial microorganisms to the seed directly has two signifi-
cant advantages, (i) use of the lesser amount of microbial inoculum per plant
and (ii) instantaneous contact of microbes with roots after germination and early
developmental stages [37, 38]. The microorganisms mainly used for seed inocula-
tion include fungi like Trichoderma spp., arbuscular mycorrhizal (AM) fungi and
bacteria known as plant-growth-promoting bacteria (PGPB) and bacterial symbi-
onts like Rhizobium, Bradyrhizobium, Azorhizobium, Mesorhizobium etc. [39]. These
microbes have been applied on seed surfaces of cereals, oil seeds, vegetables, pulse
crops and fibre and forage crops [40] to assess their effect on seed germination and
other growth parameters. In recent years, a number of studies have been conducted
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to determine the role of microorganisms in the germination of different types of
seeds and the results reported have been encouraging.

2.1 Cereal crops
2.1.1 Wheat [Triticum aestivum L.]

One of the most important cereal crops grown world over and used to prepare
various domestic and bakery products is wheat. Colla et al. [41] applied a consor-
tium of endophytic microorganisms consisting of Rhizoglomus intraradices BEG72,
Funneliformis mosseae and Trichoderma atroviride MUCL 45632 to evaluate their ability
to promote emergence and growth of seedlings. After 17 days of sowing, a significant
effect of the application of microbial inoculum was observed on the germination and
growth parameters of seedlings.

Kthiri et al. [31] applied different strains of Trichoderma harzianum to the outer
surface of seeds of wheat and obtained higher values for germination, seedling
growth and other growth parameters in comparison to untreated. In another study,
Kthiri et al. [32] conducted an experiment in pots under controlled conditions
where they applied Meyerogyma guilliermondii, a yeast on Durum-wheat seeds cv.
Karim. Seed treatment with yeast promoted germination, which increased from 47%
(untreated seeds) to 97%.

To examine the effect of microbes on germination and seedling growth of T. aes-
tivum cv. Salavat Yulaev under adverse environmental conditions, Lastochkina et al.
[42] applied Bacillus subtilis strain 10-4 on wheat seeds. They observed an increase in
germination and plant growth after 6 days of sowing. PGPB such as Proteus mirabilis
R2, Pseudomonas balearica RF-2 and Cronobacter sakazakii RF-4 improved germina-
tion of wheat seeds under normal as well as water-stress conditions. Germination and
promptness indices were found to be at the highest values, 100 and 68% respectively,
for seed treatment with P. balearica [16]. Significant improvement in the rate of wheat
seed germination on coating with Bacillus pumilus MA9 and Virgibacillus halodenitri-

ficans MA14, attributed to secretion of auxin, solubilisation of inorganic phosphate,
and ACC deaminase activity has also been reported by Brahim et al. [43].

2.1.2 Maige [Zea mays L.]

Maize grown under a wide range of soil and agroclimatic conditions is a very
important crop both for human consumption as well as animal feed [44]. Several
studies have focused on applying beneficial microorganisms to the seed to induce
uniform germination and better seedling growth. An indigenous strain of T. harzia-
num, when used as a coating agent on maize seeds in an open-field experiment in
Kenya, proved to be effective [45]. The inoculated seeds showed a higher germination
percentage and seedling growth under T. hargianum-coating treatment. Sharma
etal. [36] compared the effect of a cyanobacterial consortium (BF1-4) comprising
Anabaena torulosa, A. dolionum, Nostoc carneum and N. piscinale or cyanobacterium
Anabaena torulosa as the matrix and Trichoderma viride as the partner (An-Tr bio-
film), applied through bio-priming treatments on two maize cultivars. Germination
and germination-related enzymes (a-amylase and invertase activity) were detected
after 96 h of sowing. Seed inoculation with microorganisms (BF1-4 or An-Tr biofilm)
increased germination percentage and enzyme activities for both the cultivars of
maize. However, the highest increase in germination, by 16% was noted in one of the
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cultivars, HKI323PV, inoculated with An-Tr biofilm. Biopriming maize-seed using the
cyanobacterium Spirulina platensis accelerated germination in both control as well as
cadmium (Cd) -toxicity conditions. A maximum increase of 16% was reported in the
absence of Cd contamination [30].

Noumavo et al. [21] applied PGPB like Pseudomonas putida, P. fluorescens and
Azospirillum lipoferum, alone or in combination, and found an increase in seed
germination of maize. The best results for germination percentage of 16% and growth
parameters were observed with the combination of P. putida and P. fluorescens. Earlier,
higher germination and seedling vigour have been reported in young maize plantlets
grown under field conditions after seed treatment with endophytes such as P. putida,
P, fluovescens, A. liofarum and A. brasilense [46, 47].

Recently, an experiment was conducted with the aim of testing the effect of the
endophytic bacterium Mixta theicola isolated from the roots of Solenostemma argel, a wild
herb in maize [22]. Inoculation resulted in a significant enhancement of seed germina-
tion of about 38%, root elongation, and seedling vigour index of 15-day-old plantlets.

2.1.3 Rice [Oryza sativa L.]

Rice, the most widely consumed grain in the world, is generally cultivated under
wetland conditions. However, presently, dry-direct seeding is preferred as it needs
less water and reduces labour requirements. Seed coating of rice seeds using Bacillus
sp. KS-54 was found to be effective in enhancing germination in both controlled and
field conditions compared to noncoated seeds [23]. The coating treatment not only
enhanced final germination but also lowered the mean germination time. Under field
conditions, it increased germination and germination index values, which indicate
rapid and synchronised germination. Coating with Paenibacillus yonginensis together
with SiO, was found to increase germination and average plant length [24].

2.1.4 Quinoa [Chenopodium quinoa/

Quinoa, indigenous to the Andean region of South America, is an edible seed. The
rate of quinoa seed germination increased by 116 and 132% after the application of
Bacillus licheniformis QA1 and Enterobacter asburiae QF11, respectively [25]. These strains
showed high phosphorus solubilisation activity; however, E. asburiae QF11 exhibited
overproduction of auxin, and B. licheniformis QA1 produced ammonia and siderophores.

2.2 Oil seed crops
2.2.1 Soybean [Glycine max L.]

Soybean, an important oilseed crop, is grown worldwide. Soybean plants are
naturally associated with arbuscular mycorrhizal fungi and Bradyrhizobium japoni-
cum [48]. When Bacillus velezensis strain CMRP 4490 was applied to soybean seeds as
a coating, it resulted in an increase in seed germination from 55.5 to 64% as compared
to the control [26].

2.2.2 Canola [Brassica napus L.]

Canola has become one of the world’s most important oilseed crops. With the aim
to promote canola-seedling growth under field conditions, biopriming treatments with
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Bacillus subtilis or Macrophomina phaseolina, or a combination of both, enhanced germi-
nation parameters of canola seeds, even under high salinity conditions [34]. Similarly,
B. subtilis and T. harzianum have been reported to increase germination as well as root
length and seedling vigour index when applied as a coating to canola seeds [35].

2.2.3 Sunflower [Helianthus annuus L.]

Besides soybean and canola, sunflower is another dynamic crop cultivated for veg-
etable oil. Application of different strains of P. fluorescens as coating agents resulted in
improvements in seed germination and the vigour index of sunflower seedlings over
the untreated control [27]. Den [15] bio-primed seeds of different hybrid cultivars
of sunflower with selected endophytic bacterial species: Enterobacter sp. (FD-17),
Burkholderia phytofirmans (PsJN) and Bacillus sp. (KS-54). In cultivar FH620, 100%
germination and the maximum percentage of mean germination time were observed
in seeds treated with bacterial agents. Seeds treated with Enterobacter (FD-17) exhib-
ited higher vigour indices compared to unprimed seeds. Enterobacter (FD-17) gave
the maximum germination percentage and mean germination time in cultivar FH615,
followed by Bacillus sp. (KS-54).

In seed cultivar FH620, treatment with Enterobacter (FD-17) also showed a high
germination percentage in comparison to other bacterial strains and unprimed seeds
as well. FH620 showed an optimum germination rate of 40% after biopriming with
Enterobacter (FD-17) compared to 30% in untreated seeds. Thus, the endophyte
Enterobacter (FD17) showed more effective results on the germination parameters of
sunflowers.

2.3 Horticultural crops
2.3.1 Tomato [Solanum lycopersicum L.]

Tomato is a very important vegetable crop grown worldwide in open fields,
greenhouses and net houses. Mastouri et al. [33] evaluated the effect of seed treat-
ment with Trichoderma sp. to maintain good performance of seedlings under abiotic
stress conditions. Treatment with the fungus Trichoderma sp. under osmotic, salt, or
suboptimal temperature conditions resulted in faster and more uniform germination
in comparison to control. A significantly higher germination rate (more than 48%)
and a lower mean germination time of tomato seeds after coating with T. harzia-
num and P, fluorescens, either singly or in combination, has also been reported by
Srivastava et al. [49]. It was further observed that combinations of inoculants were
more effective than single-isolate treatments. A relative germination increases of
111% compared to the control was observed in tomato seeds with the application of
Pseudomonas sp. S3 [14].

2.3.2 Carrot [Daucus carota L.]

Carrot seed germination is poor ranging from 50 to 85%, causing a huge economic
loss to the farmers. Thus, increasing the germination rate can lead to higher yield
and lesser seed loss [50]. Beneficial microorganisms can be successfully applied to
carrot seeds during priming [51]. The seeds are hydrated through the controlled
addition of water which helps in the start of the physiological process of germination
before planting. It ensures that the entire batch of seeds is at the same stage of the
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process of germination resulting in rapid and uniform emergence of planted seed
than unprimed seed [52]. The beneficial microorganisms can be added to the water
used to hydrate the seed during drum priming which proliferate to high numbers

on the seed surface [53]. An experiment was conducted in greenhouse using carrot
seeds bio-primed by drum bio-priming with selected beneficial microorganisms such
as Clonostachys rosea 1K726, Pseudomonas chlororaphis MA342, P. fluorescens CHAO,

T. harzianum T22 and T. viride S17a and improved emergence in carrot seed was
observed. Using C. rosea IK726 resulted in additional improvement in emergence time
in carrots [54]. Likewise, the ability of 10 selected microbial isolates to promote the
germination of carrot seed was investigated by Fiodor et al. [28] who reported varia-
tion in seed germination among tested bacteria. The seed germination improved by
156.88 + 2.35% compared to the control with the application of S. marcescens AF8I1. In
addition, carrot seeds inoculated with P. fluorescens AF814, P. putida AF1I1, K. aero-
genes AF3II1 and B. cereus AF8II13 also showed increased relative seed germination.

2.3.3 Onion [Allium cepa L.]

Since seed bio-priming is known to improve seedling emergence, onion seeds were
primed using microorganisms such as Clonostachys vosea 1K726, P. chlororaphis MA342,
P, fluorescens CHAOQ, T. harzianum T22 and T viride S17a in a glasshouse experiment
and an improvement in the emergence of onion seed was observed [54]. The treat-
ment with C. rosea further reduced germination time but the results were not consis-
tent and a negative effect on emergence was observed in another experiment which
has been attributed to the proliferation of an unidentified indigenous microorganism
during priming. However, the combined data of 3 years indicated a positive effect of
bio-priming on germination of onion seeds.

2.3.4 Cucumber [Cucumis sativus]

Considering that PGPB improves yield, Perez-Garcia et al. [29] evaluated the
effect of PGPB on the germination and phytocompound production in cucumber
seedlings. Cucumber seed germination was significantly promoted by application
of Acinetobacter radioresistens (KBENdo3P1), Pseudomonas paralactis (KBENdo6P7)
and Bacillus cereus (KBENdo4P6). It has also been reported that the use of T. harzia-
num as a coating agent results in higher seedling emergence compared to untreated
cucumber seeds [55].

2.3.5 Pumpkin [Cucurbita pepo]

In pumpkin, it has also been established that when the seeds of pumpkin were
inoculated with a commercial formulation of T hargianum, the germination and
growth of pumpkin seedlings under saline stress conditions improved [56]. Thus,
seed treatment with T’ hargianum leads to improvements in biotic, abiotic and physi-
ological stresses in germinating seeds and seedlings.

2.3.6 Radish [Raphanus sativus L.]

The effect of bio-priming radish seeds with five bacterial strains, Agrobacterium
rubi A 16, Burkholderia gladii BA 7, Pseudomonas putida BA 8, Bacillus subtilis BA
142 and Bacillus megaterium M 3 on the germination under different saline (NaCl)
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conditions was examined using three radish cultivars, ‘Antep’, ‘Beyaz’ and ‘Siyah’ [57].
Bio-priming with bacteria significantly improved the percentage of seed germination
under saline conditions. Germination percentage was observed to be higher in bio-
priming with Burkholderia gladii BA 7, P. putida BA 8, B. subtilis BA 142 and A. rubi

A 16 in comparison to control and B. megaterium M 3. The seeds of cultivars ‘Beyaz’
and ‘Siyah’ did not germinate in the control and treatment with B. megaterium M 3 but
there was a significant increase [P < 0.01] in germination percentage in other bio-
priming treatments in the presence of 20 g 1"". NaCl which was found to be statisti-
cally significant (P < 0.01). However, the effect of bio-priming with PGPR on percent
germination varied with bacterial strain and cultivar.

2.3.7 Cumin [Cuminum cyminum L.]

Cumin, one of the most important spices and medicinal plants, is grown in many
countries, such as Iran, Egypt, India and several other Asian countries. One of the
problems with cultivation of cumin is its small seed, weak vigour and thus poor
emergence. Because of the difficulty faced in the cultivation of cumin, the pelleting
technique is used to reduce variation in size and increase the accuracy of sowing. An
experiment consisting of six combined levels of treatments, such as seed inoculation
with strain P.F2, CHAO P, fluorescence bacteria, strain T36, T39 of T harzianum fungi,
coating and drought stress was conducted [58]. The highest seedling emergence per-
centage was obtained by inoculating coated seeds with the CHAO strain of P. floures-
cence. Further, biopriming the coated seed with T36 fungi or CHAO bacteria resulted
in an improved seed germination and seedling establishment under stress conditions.

2.4 Wild plants
2.4.1 Flowers

Seed treatment with native microbes significantly increases the rate of seed germi-
nation, plant biomass, seed yield and resistance to abiotic stress in agricultural crops
[33, 40]. Barrera et al. [18] reported that treatment with native soil microbial wash
improved the germination of two native wildflower species, Mexican Hat (Ratibida
columnifera Nutt.) and Cowpens Daisy (Verbesina encelioides Cav.) used for the
restoration of habitat in semi-arid subtropical climate. Germination of R. columnifera
increased significantly higher than that of V. encelioides (P < 0.0001). The germina-
tion percentage of R. columnifera was 75%, while that of V. encelioides was 30% only. In
addition, R. columnifera seeds germinated faster in comparison to V. encelioides. While
the seeds of R. columnifera seeds started germinating on 4th day of sowing, the seeds
of V. encelioides seeds germinated only on 6th day.

2.4.2 Cryptocarya densiflora L.

Cryptocarya densiflora, a member of the Lauraceae family is a woody plant of high
economic value. It contains more than 350 varieties that are extensively distributed
throughout the globe. Almost all parts of this plant can be utilised for building
materials or as a source of substances of medicinal value [59, 60]. For the cultivation
of C. densiflora plants, seedlings are collected from around the mother plant because
the seed coat of this plant is very hard which prevents its commercial propagation.
Alternatively, the seeds are soaked in warm water or treated with acid to soften the
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hard seed coat which accelerates the germination process [61]. Sugiharto et al. [19]
evaluated the effects of endophytic Aspergillus niger and microbial consortia on the
germination and growth of C. densiflora seedlings under greenhouse conditions. The
results obtained indicate that the inoculation of seeds of C. densiflora with A. niger
and consortia formula affected the germination ability of C. densiflora seeds which
was found to be different in sterile and non-sterile media. The seed germination was
induced varying from 33.3% in sterile medium and 25% in non-sterile medium.

3. Role of seed microbiome in germination

The seed microbiome consists of microbes colonising internal seed tissues, termed
seed endophytes, and microbes present on seed surfaces called seed epiphytes. The
two groups differ in that endophytes emerge from internal seed tissues without being
affected by the external environment, whereas epiphytes originate exclusively from
the surface of the seed or surrounding environment. This division, however, seems
arbitrary because epiphytes may become endophytes and vice versa [62]. Seeds do
harbour microorganisms, both endophytes as well as epiphytes, but only a small frac-
tion of microbes colonise the seeds in comparison to other plant parts [63, 64]. The
fact is that seed microbiome is an important determinant and driver of seed health
and seed germination and thus the quality of seed [65, 66]. There are many reports
on the promotion of seed germination by the seed microbiome, particularly under
unfavourable conditions, such as those found at high altitudes [67-69]. Beneficial
microbes inhabiting seeds have been found to play a profound role in mediating seed
dormancy and preparing a suitable environment for seed germination by managing
hormone levels [69-72]. Thus, microorganisms help in lessening stressful conditions
by moderating seed hormone levels of gibberellic acid and cytokinin [65], assisting in
seed germination.

Although mutualistic associations of plants with microbes have been reported to
enhance their fitness [73, 74], few studies have assessed the role and potential applica-
tion of the seed microbiome in seed germination and seedling growth. In a study with
tall fescue seeds, those harvested before attaining physiological maturity were found
to inhabit a lower number of endophytic fungi. These seeds with low infection were
later found to germinate poorly, affecting seedling vigour [75], indicating the role of
endophytes in seed germination.

Endophytes transmitted via seeds of Phragmites australis can increase seed ger-
mination and seedling growth of invasive Phragmites [76]. Phragmites australis ssp.
australis (Commonly known as Reed), is an invasive wetland grass of European origin
that has spread throughout North America. The effect of fungal endophyte inocula-
tions on plant performance as a potential control method for invasive Phragmites has
been investigated. It was hypothesised that different endophytes, which were isolated
from invasive Phragmites, would have variable effects on Phragmites growth. Fungal
endophytes of seeds of invasive, non-native Phragmites were isolated to determine
if fungal symbiosis could contribute to invasiveness through their effects on seed
germination and seedling growth. One-third of surface sterilised seeds yielded
endophyte isolates belonging to taxa like Alternaria sp. representing 54%, Phoma sp.
(21%) and Penicillium corylophilum (12%). Overall germination of seeds harbouring
an isolate was significantly higher (36%) than seeds not harbouring an endophyte
(20%). Penicillium has been reported as strongly associated with increased germina-
tion of seeds.
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Enterobacter cloacae, a well-known plant endophyte generally found in seeds
enhanced seed germination and seedling growth [77]. The gastrointestinal tract of
birds harbours many facultative anaerobes [78], which are known to be associated
with plants, enhance plant health [79, 80] and protect germinating seeds and seed-
lings from fungal pathogen infections [81]. These bacteria could colonise seeds during
gut passage and probably are responsible for enhanced seed germination [82] possibly
due to the breaking of dormancy or the removal of germination inhibitors.

Adverse effects of the seed microbiome on seed germination have also been
observed, such as in the seeds of the invasive grass Lolium rigidum in the wheat fields
of the Western Australian grain belt. Lolium rigidum shows poor germination due
to dormancy during the crop-growing season, rendering it difficult to remove the
invasive grass. This dormancy has been attributed to abscisic acid and cytokinin levels
mediated by endogenous seed endophytes [83].

These studies do indicate that endophytes play an important role in enhancing
seed germination. The role of epiphytic microorganisms has rarely been discussed
in seed microbiome studies. Whether the seed microbes that amplify during germi-
nation and are transmitted to seedlings are derived from epiphytic or endophytic
microbiomes is not well understood and may be a subject for future research.

4. Adverse effects of microorganisms on seed germination

The effect of microorganisms on seed germination varies with the microbial strain
applied and the prevailing environmental conditions. Only certain strains are able to
promote seed germination. For this reason, quite a few numbers of attempts on the
application of microorganisms on seed to improve germination have failed. Cuscuta
campestris seeds when treated with Bacillus sp. had no significant effect on seed
germination in comparison to the control [84]. Soybean plants are naturally found to
be associated with arbuscular mycorrhizal fungi and rhizobia [48]. When assessed for
the effect of soybean seed coating with different isolates of Trichoderma virens on the
germination of seeds and development of soybean seedlings, five of the seven strains
tested inhibited germination, and none of the strains showed improvement in the
final germination percentage compared to uncoated seeds [85].

There are reports on the inhibitory effect of the treatment of seeds with microor-
ganisms on germination rate and plant height in several crops. In one of the studies,
lettuce seeds were coated with a consortium of Trichoderma spp., Beauveria bassiana,
Metarhizium anisopliae and arbuscular mycorrhizal fungi resulting in the reduction
of germination [86]. Similar results have been reported by coating sweet pepper seeds
with T. viride, T polysporhum, T. stromaticum, B. bassiana, M. anisopliae and arbus-
cular mycorrhizal fungi [40]. Trichoderma spp., are known to produce and secrete a
wide range of extracellular hydrolytic enzymes capable of degrading plant cell walls,
attacking the seed tegument and damaging it, thus leading to a reduction in seed
germination and growth of seedlings [87, 88].

The inhibition of germination of seeds of barley and wheat by fungi has been
reported and attributed to the affinity of microorganisms for oxygen which compete
for the same with the seed [89, 90]. Inhibition of seed germination after inocula-
tion with A. chroococcum grown on a medium containing nitrate was inhibited [91].
Whereas the cells, but not the culture filtrate, inhibited germination which appears
to be due to competition between viable bacteria and seed for available oxygen. The
cultures grown on the nitrate-containing medium were inhibitory only when the
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inoculum contained much higher numbers of viable cells compared to inoculum
cultured on nitrogen-free medium. These studies suggest a limit on the number of
viable cells that can be inoculated on each seed to prevent any adverse effect on its
germination.

5. Mechanism of action of microorganisms

How the inoculation of microorganisms induces germination is not well under-
stood. Microbial isolates that exhibited a positive effect on seed germination have
been characterised for their ability to solubilise phosphates, produce various metabo-
lites like siderophores and hydrocyanic acid, synthesise antibiotics, enzymes, and
phytohormones such as auxin, cytokinin and gibberellic acid [92-94]. Most of these
isolates showed only one of the investigated properties. Findings suggest that there
is no relationship between the presence of biocontrol abilities, iron chelation by
siderophores or antibiotic production with seed germination. The modes of action of
microorganisms in the germination of seeds vary with the microorganisms. Modes
that have been reported for different microorganisms are the production of auxins,
metabolites and degradative enzymes.

5.1 Auxins

Soaking of seeds in preparations of IAA-producing bacteria has been reported to
influence seed germination positively. Improvement in germination in maize seeds
soaked in a bacterial suspension of the IAA producer Mixta theicola SAR by up to 27%
has been reported by Hagaggi et al. [22]. Carrot seed germination is stimulated by IAA
production by microorganisms [28]. Microorganisms vary in their ability to produce
IAA. While S. marcescens AF8I1 showed high IAA production, B. cereus AF8II13 did not
synthesise this hormone. Some other isolates like S. plymuthica EDC15, B. ambifaria
AFSIN0 and S. plymuthica EEPC5 produced IAA ranging from 15.23 to 51.27pg mL ™"
and showed a positive effect on seed germination. The increase in germination of car-
rot seeds by application of these microbes was 8.22, 10.22 and 10.32%, respectively.

Yeast isolates, Meyerogyma guilliermondii which increased wheat seed germina-
tion from 40 to 97% was found to produce indole-3-acetic acid [32]. Significantly
improved wheat seed germination by application of IAA-producing strains of Bacillus
pumilus MA9 and Virgibacillus halodenitrificans MA14 has also been reported by
Brahim et al. [43]. Pseudomonas sp. S3 strain which induced seed germination up to
111% in tomatoes was positive for the production of IAA, ACC deaminase, and sidero-
phores and solubilised phosphate and zinc [14]. Soil microbes are known to improve
seed germination rate in maize also via the production of plant growth hormones [95].
However, isolates of Bacillus spp. which produced IAA when applied to maize seeds
did not show any effect on germination rate as compared to the control [96]. Although
indole acetic acid-producing microorganisms can promote seed germination but it is
not a universal fact. These results indicate a great potential of some of these isolates as
plant growth-promoting rhizobacteria and as biostimulants for seed biopriming.

5.2 Metabolic products

Metabolic products of A. chroococcum appear to be involved in the stimulation of
seed germination. Although the presence of cells of A. chroococcum increased seed
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germination, the stimulatory effect of metabolites produced during culturing of the
inoculum without the necessity for colonisation of microorganisms on their seedling
indicates the role of microbial metabolites. However, the stimulatory effect was not
consistent and failed sometimes demanding further investigations. The application of
Bacillus pumilus MA9 and Virgibacillus halodenitrificans MA14 significantly improved
wheat germination rate which has been assigned to the solubilisation of inorganic
phosphate, and ACC deaminase activity [43]. The isolate B. cereus AF8II13 which
possesses the ability to solubilise phosphate has been found to exert a positive effect
on carrot seed germination in the absence of IAA synthesis [28].

5.3 Enzyme production

The hydrolytic enzymes produced by microorganisms have been reported to be
helpful in the germination of hard-coated seeds, such as that of C. densiflora. The seed
coat of C. densiflora is hard and composed of lignin and cellulose. Bilkay et al. [97]
found that A. niger, a known endophyte, helps in softening the skin of seeds of C.
densiflora, thus breaking its dormancy. The endophyte A. niger produces ligninolytic
and cellulase enzymes that make the seed skin soft [98, 99] and are responsible for the
induction of seed germination in C. densiflora.

6. Conclusion

The primary objective of the agricultural industry is improvement in seed
quality. To enhance seed quality, several different types of available technolo-
gies are being used. One such technology is the use of beneficial microorganisms
for seed treatment in various crops involving direct seed sowing. Since quickly
emerging healthy seedlings can immediately utilise available resources, tolerate
biotic and abiotic stresses and other adverse environmental conditions, rapid seed
germination and seedling vigour contribute to successful crop establishment and
performance. The role of beneficial microbes like arbuscular mycorrhizal fungi,
Trichoderma spp., rhizobia and other bacteria in seed germination and the emer-
gence of seedlings have been evaluated by numerous workers and have been found
to exert a positive effect. Application of beneficial microorganisms directly to the
seed helps in the reduction of the amount of microbial inoculum per plant, saves
labour (economic advantage) and ensures early contact between microbes and
rootlets (agronomic benefit). The germination of crops like wheat, maize, rice,
soybean, canola, sunflower, tomato, carrot, cucumber, pumpkin, etc. increased
significantly by the application of beneficial microorganisms. Although there are
many reports on the effect of microorganisms on the growth and yield of different
crops, investigations on the influence of microorganisms on seed germination are
scant and need to be strengthened.
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Abstract

Biostimulants are widely acknowledged as an effective method to alleviate
drought-induced stress in various plant species, particularly during the crucial ger-
mination stage. The goal of this study was to investigate how plant growth-promoting
bacteria (Azospirillum lipoferum and Azotobacter chroococcum) atfect specific bio-
chemical characteristics of barley under different levels of drought stress (0, -6,
and -12 bar). The study employed a factorial design with three replications using a
randomized complete block design. Our results show that the interaction effect of
inoculation treatments and stress levels on emergence percentage, mean emergence
time, seedling dry weight, and ascorbate peroxidase (APX) activity level is significant
at a 1% probability level. Additionally, the interaction effect on the emergence index,
proline content, and catalase (CAT) activity level is substantial at a 5% probability
level. There are highest emergence percentage (89.33%), emergence index (4.08),
and seedling dry weight (0.923 g) and the lowest emergence rate (6.47 days), proline
content (0.153 mg/g fresh leaf tissue), and CAT activity (29 mg/g fresh leaf tissue) in
Azospirillum-inoculated seeds. The highest APX activity (19.30 mg/g fresh leaf tissue)
was obtained under non-stress conditions. Overall, inoculation with Azospirillum
bacteria has an influential role in modulating the destructive effects of drought stress
on the evaluated traits.

Keywords: barley, biochemical indices, bio-agents, early growth, osmotic potential

1. Introduction

Barley (Hordeum vulgave L.) is an annual plant from the Gramineae family, and
its cultivation probably began in Ethiopia and Southeast Asia. It is a well-suited grain
production area with favorable climatic conditions, fertile soils with a pH between
7 and 8, and high water-holding capacity. This species is more drought tolerant than
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wheat, so it can produce the highest yields in areas where water restricts grain produc-
tion. Like other plants in the germination stage, barley is susceptible to drought stress,
which can diminish growth and seedling characteristics in this crop [1, 2].

Drought stress is one of the most significant and everyday environmental stressors
that has constrained agricultural production and the efficiency of using semiarid
areas [3]. Drought stress reduces the germination index, seedling length, weight,
and emergence uniformity, affecting seedling establishment [4-6]. Environmental
factors, such as drought stress, can disturb the germination process by reducing the
absorption of water by the seed, influencing the supply of seed storage resources, or
interfering with the involvement of structural components and protein formation in
the emerging embryo [7].

Applying some methods, such as seed bioremediation as a cost-effective, easy, and
environmentally friendly treatment, can effectively counter drought stress’ effects
during germination and improve emergence index and seedling emergence [8]. As
a substitute for chemical seed treatments, bio-priming or biological pretreatment
uses advantageous microbes, and plant compatibility and stability can be improved
by biological agents [8]. As a substitute for chemical seed treatments, bio-priming
or biological pretreatment uses advantageous microbes, and plant compatibility and
stability can be improved by biological agents [9].

Drought is the most hazardous environmental element that lowers agricultural pro-
ductivity worldwide. Due to its severity and duration variations, drought may negatively
impact agricultural output more than any other abiotic stress. By the end of the twenty-
first century, droughts are anticipated to occur more frequently globally and in already
dry places due to the continually changing climate, which tends to worsen. According to
predictions, there will also likely be more than 8.6 billion people on the earth by 2030. To
feed the world’s population, agricultural output must increase globally by 70% by 2050
[10-13]. Food security would be a significant issue because more than 65% of people
would only depend on agriculture [14]. As aresult, it is crucial and essential to stabilize
agricultural productivity and provide food security. To accomplish this aim, it is neces-
sary to look into the processes behind crop drought tolerance [10-13].

Abiotic and biotic stressors are the two main categories of plant stress. Abiotic
stressors that negatively impact crop and other plant growth, development, and pro-
duction include salt, drought, water logging, mineral toxicity, and high temperatures.
The genetic, molecular, biochemical, and physiological impacts of salt and drought
conditions are highly comparable. Both of these affect nutrient availability, absorp-
tion, and transport in plants, which affects nutrient uptake [14].

Regional to global ranges of severe drought may impact terrestrial ecosystems,
and the severity and length of the drought significantly impact plant production
and ecosystem health. Understanding how plants adapt to drought is essential [15].
Plants have developed various complex and successful techniques to adjust to dry
circumstances. Among them, maintaining the high water potential in tissues through
osmotic adjustment and the generation of abscisic acid and dehydrins has given plants
the ability to withstand drought [10].

Plant growth-promoting rhizobacteria (PGPR) can improve plant growth and
drought stress tolerance by controlling physiological and biochemical traits [16].

A high-value food crop like barley would benefit from PGPR inoculation as it would
encourage the development of stems, roots, and leaves and reduce salt and drought
stress in the plant’s numerous organs.

According to the definition, the improvement of seed quality refers to seed
treatment using compounds and processes that improve characteristics, such as
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maximum physical purity and the ability and speed of germination, which help
the seed to create plants that achieve quantitative yield. Moreover, they make the
quality of the product possible; they help. Improving seed quality is considered
one of the most important ways to achieve sustainable agricultural systems, and
adding plant growth-promoting bacteria (PGPBs) to seed biofortification is one of
the newest ways to improve seed quality. So now, various physiological and biologi-
cal seed priming methods are gradually replacing chemical treatments [17-21].
Improvement of seed health due to the role of these bacteria as pest and plant
pathogen inhibitors, as well as their growth-stimulating effect on seed germination
and seedling structure through the production of growth-enhancing hormones in
the environment of seed and seedling root, is among the most important of these
mechanisms [22-25].

Bacterial priming with Pseudomonas fluorescens has improved fennel seedlings’
germination percentage and vigor index under drought stress conditions [26]. While
the dry weight of shoots and roots per Marigold’s pot was decreased under drought
stress, Pseudomonas and Azotobacter treatment has improved these indicators [27].
Plant growth-promoting bacteria (PGPBs) have promoted the germination rate
and improved corn seedling growth [28]. Inoculation of barley seeds with PGPBs
increases the length and weight of barley roots [29]. PGPBs-mediated tolerance to
oxidative stress and improved activity of antioxidant enzymes, such as CAT, have
been reported in plants under drought stress conditions [30, 31]. Moreover, biological
priming of cumin seeds with PGPBs increased the activity of ascorbate peroxidase
(APX) and catalase (CAT) enzymes. It could improve germination and emergence
under drought stress conditions [32].

Following the environmental pollution crisis, especially soil and water resources,
which have contaminated human food resources and threatened human communities’
health, many efforts have been made to find appropriate solutions to eliminate con-
taminants, promote soil quality, and enhance the efficiency of agricultural products.
Biofertilizers, especially in nutrient-poor soils, are crucial in sustainable agricultural
systems for boosting output rates and preserving soil quality [33, 34]. Many research-
ers have proved the importance of biological treatments in adapting to the environ-
ment. Their role in mitigating the destructive effects of stress at the most critical stage
of plant growth, namely the germination stage, can influence many plant species.
Azospirillum lipoferum and Azotobacter chroococcum play significant roles as plant
growth-promoting bacteria (PGPBs). Azospirillum lipoferum enhances plant growth
through various mechanisms, including nitrogen fixation, phytohormone production,
and promoting tolerance to abiotic stresses. Studies have shown that Azospirillum
lipoferum can improve maize growth under saline conditions by enhancing physi-
ological activities [35]. On the other hand, Azotobacter chroococcum is another benefi-
cial bacterium that contributes to plant growth promotion. It is involved in nitrogen
fixation and can enhance the growth of plants by improving nutrient availability in
the soil [36]. Azospirillum lipoferum and Azotobacter chroococcum are valuable com-
ponents of sustainable agricultural practices because they support plant growth and
productivity through different mechanisms [35].

The increase in the activity of antioxidant enzymes, such as superoxide
dismutase (SOD), peroxidase, and CAT of Catharanthus roseus seeds and seed-
lings, as a result of priming with diazotrophic bacteria, such as Azospirillum
and Azotobacter, has led to the improvement of germination and germination
index [37]. Inoculation of peanut seeds with two strains of Pseudomonas fluorescens
has increased seed germination percentage by 15-30% [38]. A significant increase
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in the germination percentage of lettuce seeds inoculated with Azospirillum com-
pared to non-inoculated seeds has also been shown [39]. A substantial increase in
the germination percentage of biologically primed radish seeds with Pseudomonas
putida has been reported [40].

Based on these publications and observations, our research aimed to study the
effect of biological priming of Azospirillum lipoferum and Azotobacter chroococcum on
germination components, seedling development, and some biochemical characteris-
tics of barley plants under drought stress.

2. Materials and methods
2.1 Plant material

Barley seeds were obtained from Pakan-Bazr Company, Isfahan, Iran. To assess
the effect of PGPBs on germination, seed growth indices, and biochemical changes
of barley cv. Valfajr, under drought stress, a factorial experiment was conducted in
arandomized complete block design with three replications in the Laboratory of
Agronomy at the Faculty of Agriculture, Shahrekord University, Iran. The studied
treatments involved three seed inoculation treatments with bacteria (Azospirillum
lipoferum strain OF (NCIMB 11861), Azotobacter chroococcum strain W5 (GenBank
accession no. MT299751), control, and three levels of drought treatment (0, —6,
and — 12 bar) in three replications. These bacteria are cultivated under controlled
conditions to ensure their viability and effectiveness as plant growth-promoting
bacteria. For bacterial inoculation, the seeds were sterilized with 2.5% sodium
hypochlorite for 1 minute and washed three times with distilled water. After mix-
ing the seeds with gum arabic, 7 grams of each bacterium (containing 10® CFU/
ml (colony-forming units) per milliliter) per kilogram (kg) of seeds was added for
bacterial inoculation. To reach the inoculum density of 10° CFU/ml, this absorp-
tion density (bacterial suspension) reaches 0.5 in a wavelength of 600 nm by a
spectrophotometer. Totally, 25 seeds from each seed treatment were planted in
sand-filled pots. Each replicate for each treatment consisted of five pots. After
sowing, each pot was irrigated with the specified drought treatment level. Drought
treatments were applied from the beginning of the germination stage. Industrial
Grade Polyethylene Glycol 8000 (PEG8000) was used to apply drought stress
(Formula (1)) [41].

PS=—(1.8x107)C—(1.8x10™")C* +(2.67x10™* ) CT +(8.39x107 )C'T (1)

Here, WS is the osmotic pressure in mega-pascal (MPa), C is the polyethylene
glycol (PEG) consumption in grams per kilogram of water, and T is the germination
medium temperature in degrees Celsius.

The experimental period lasted for 25 days. Then, emergence percentage (EP),
emergence index (EI), seed vigor, rate, seedling dry weight (SDW), seedling height,
number of leaves, proline content, and the activity of CAT and APX enzymes were
measured. To measure the seedlings’ dry weight, the plants were harvested entirely
and subsequently dried in an oven at 72°C for 72 hours. Then, they were weighed
using a scale with 0.0001 milligram (mg) readability.
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2.2 Measurement of seedling biochemical characteristics

Fresh leaves of 25-day-old plants were sampled, and the enzyme activity was mea-
sured: Leaf samples (1 g) were frozen in liquid nitrogen and then ground in 10 mL of
extraction buffer. The extraction buffer was prepared by combining 0.1 M phosphate
buffer (pH 7.5) with 0.5 mM ethylenediaminetetraacetic acid (EDTA) to estimate
CAT, proline, and APX. The extract was filtered through a four-layered cheesecloth
and then centrifuged at 15000 x g for 20 minutes at 4°C. The enzyme activity was
assessed using the supernatant. A temperature of 4°C was maintained throughout the
preparation of the enzyme extract.

Catalase activity was estimated by measuring the decrease in hydrogen peroxide
(H,0,) concentration [42]. To prepare the reaction mixture, 0.5 mL of H,0, (75 mM),
1.5 mL of phosphate buffer (0.1 M, pH 7), and 50 pL of diluted enzyme extract were
mixed. The absorbance at 240 nm was monitored for 1 minute to observe the decrease
in H,0, concentration. The catalase enzyme activity was determined based on the
amount of H,0, that was decomposed.

Ascorbate peroxidase activity was determined by measuring the decrease in
optical density caused by ascorbate at 290 nm, following the method described
by Nakano and Asada [43]. A reaction mixture of 3 mL was prepared by combin-
ing 50 mM potassium phosphate buffer (pH 7.0), 0.1 mL H,0, (0.1 mM), EDTA
(0.1 mM), ascorbate (0.5 mM), enzyme extract (0.1 mL), and water. The decrease
in absorbance was measured using a spectrophotometer, and the activity was deter-
mined by comparing the results to a standard curve based on the reduction of ascor-
bate concentration.

Proline activity was measured using a spectrometer with an absorbance rate of
520 nm. The concentration of proline in milligrams per gram (mg/g) of fresh leaf
tissue was determined using a standard curve [44].

To measure the protein content, 1 ml of Bradford solution was completely mixed
with 100 pl of enzyme extract, and the solution’s absorbance rate was recorded at
595 nm using a spectrometer. A standard curve determined proline content as mg/g of
fresh leaf tissue [45].

2.3 Statistical analysis

Analysis of variance (ANOVA Statistix 10 software) was used. The mean com-
parison was conducted utilizing the Duncan test at 1 and 5% probability levels. The
graphs were created using the Excel software.

3. Results
3.1 ANOVA test

The results demonstrated that the main effects of seed bacterial inoculation
and stress levels on all measured traits are significant at the 1% probability level.
Moreover, the interaction effect of inoculation treatments and stress levels was
significant on emergence percentage, mean emergence time (MET), seedling dry
weight, and APX activity at the 1% probability level and on emergence index, proline
content, and CAT activity at the 5% probability level (Table1).
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3.2 Emergence percentage and emergence index

A comparison of the mean interaction of barley seed bacterial inoculation and
drought stress on germination percentage and germination index showed that with
increasing drought stress, there is a significant decrease in germination percentage. Using
PGPBs increased the emergence index so that the highest emergence percentage, with
an average of 89.33%, and the highest emergence index, with an average of 4.08, were
allocated to seed inoculation with Azospirillum bacteria under non-stress conditions.

The lowest emergence percentage (11.5%) and emergence index (0.17) were related to
non-inoculated treatment with a — 12 bar drought stress level (Figures1and 2).

O Control O Azospirillum W Azefobacter
100 - 2 a
. 20 b T
& 80~ T
@ 70 | ¢
]
&0 60 T
5] d d
S 50 - d
v L
2 497 e
= 30 +
3 £
w7 20 A f
10 |—’—|
0 -6 -12
Osmotic potential (bar)
Figure 1.

The effect of inoculation treatments on emergence percentage of barley seedlings under drought stress conditions.
Common letters in each column indicate insignificance level.
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Figure 2.
The effect of inoculation treatments on emergence index of barley seedlings under drought stress conditions.
Common letters in each column indicate insignificance level.
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3.3 Mean emergence time (MET)

A comparison of the mean interaction of barley seed bacterial inoculation and
drought stress on MET showed that, with increasing the level of osmotic potential
due to drought stress, MEt also increases significantly. The use of PGPBs could reduce
this parameter under stress and optimal conditions so that the lowest MET (6.47 days)
was related to non-stress Azospirillum inoculation treatment, and the highest MET
(13.44 days) was obtained in non-inoculation treatment with —12 bar stress level
(Figure 3).

3.4 Seedling dry weight

With increasing drought stress, drought stress intensity significantly affected
seedling dry weight, so a decreasing trend was observed with increasing stress levels.
Bacterial inoculation treatments had a positive effect as well. The highest seedling dry
weight (0.92 g) belonged to Azospirillum inoculation treatment under non-stress con-
ditions, and the lowest seedling dry weight (0.1 g) was observed in non-inoculation
treatment with a — 12 bar stress level (Figure 4).

3.5 Seedling length

A comparison of the mean indicated that bacterial seed injection causes an
increase in barley seedling length so that the highest seedling length (21.22 cm) was
related to seed inoculation with Azospirillum, and the lowest (17 cm) was allocated
to control treatment (no inoculation). Moreover, with increasing stress levels, barley
seedling length decreased significantly so that among the stress levels, the highest
seedling length (25.44 cm) was observed in non-stress conditions (control), and
the lowest seedling length (9.66 cm) was observed at —12 bar osmotic potential level
(Figure 5A-B).
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Figure 3.
The effect of inoculation treatments on MET of barley seedlings under drought stress conditions. Common letters
in each column indicate insignificance level.
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Figure 4.
The effect of inoculation treatments on seedling dry weight of barley under drought stress conditions. Common
letters in each column indicate insignificance level.
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Figure 6.
The effect of inoculation treatments on the proline content of barley seedlings under drought-stress conditions.
Common letters in each column indicate insignificance level.
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3.6 Proline content

A comparison of the mean interaction of barley seed bacterial inoculation and
drought stress on proline content and APX and CAT activity showed that with
increasing drought stress, proline content and CAT and APX activity decrease signifi-
cantly. The use of PGPBs boosted proline levels and APX and CAT activity so that the
highest proline content (0.153 mg/g of fresh tissue) was related to Azospirillum treat-
ment under non-stress conditions and the most minor proline content (0.034 mg/g
of fresh tissue) was observed in non-inoculation treatment with —12 bar stress level
(Figure 6).

3.7 Catalase (CAT') and ascorbate peroxidase (APX) enzyme activity

The activity of CAT and APX enzymes was also affected by the treatments used in
this study. There was a decrease in the activity of these enzymes with an increase in
osmotic potential. The highest CAT (29 mg protein/min) and APX (19.3 mg protein/
min) activity were observed in the Azospirillum and Azotobacter treatments under
non-stress conditions. The lowest CAT (12.5 mg protein/min) and APX (7.91 mg
protein/min) activity were observed in non-inoculation treatment at —12 bar osmotic
potential level (Figure 7A-B).

3.8 Correlation between the studied traits

The correlation results showed a significant difference between Emergence
percentage (EP), Emergence index (EI), Mean emergence time (MET), Seedling
dry weight (SDW), Proline, CAT, and APX traits. The lowest correlation level
(—0.9621) was observed between MET and Seedling dry weight (SDW) traits, and
the highest correlation level (0.9547) was observed between EI and SDW traits
(Figure 8).
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The effect of inoculation treatments on CAT (A) and APX (B) activity of barley seedlings under drought stress
conditions. Common letters in each column indicate insignificance level.
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The correlation between Emergence percentage (1, A), Emergence index (2, B), Mean emergence time (3, C),
Seedling dry weight (4, D), Proline (5, E), CAT (6, F), and APX (7, G) (Heat MAP).

4. Discussion

Adverse effects of drought stress on the percentage and germination rate of fennel
plants have been reported [26]. According to this study, Azospirillum and Azotobacter
PGPBs have increased alfalfa’s germination and emergence percentages under salinity
stress conditions [46]. Our results showed a significant decrease in germination per-
centage and germination index with increasing drought stress, though using PGPBs
could increase the emergence index.

As drought stress increased, the mean germination time increased. Still, using
different seed pretreatments decreased the mean germination time, indicating
faster seed germination in a shorter period [47, 48]. Our results showed a significant
increase in barley emergence time with increasing the osmotic potential level due to
drought stress. However, using PGPBs could reduce this parameter under pressure
and optimal conditions.

Inoculating barley seeds with PGPBs has increased seedling dry weight and
length [29]. Similarly, our result showed a significant decrease in seedling dry weight
with increasing drought stress.

Seedling length decreases significantly with increasing drought stress levels [47].
The use of bacterial treatments has caused an increase in corn seedling length [49].
The present study found that inoculating seeds with bacteria increases the size of
barley seedlings.

Environmental stresses have reduced plant growth and germination indices;
nevertheless, using various seed pretreatments, including priming and bio-priming,
has improved these indices. In addition, PGPBs promote plant growth indices in
multiple ways, such as the production and secretion of the hormones such as auxin,
gibberellin, and cytokinin, as indicated in these studies [50, 51], which are similar to
our results.

Drought stress, as one of the biological stresses, can diminish the germination and
emergence of various plants. With increasing drought stress, germination rate and
percentage are significantly reduced [52, 53]. In this study, barley seedling emer-
gence and growth indices decreased considerably with increasing osmotic potential
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levels. Decreased stress-induced germination and emergence may be associated with
reduced seed water uptake. Suppose the water uptake by the seed is impaired or slow.
In that case, the germination metabolic activities take place slowly, resulting in a more
extended period for the radicle to emerge from the seed, thus reducing the emergence
rate [54, 55].

The reduction or non-transfer of nutrients from seed storage tissues to the embryo
is one of the reasons for decreased seedling length under drought stress conditions
[56, 57]. Diminished germination percentage and seedling dry weight can be due toa
drop in seed consumed material weight and rate of seed storage material [52]. PGPBs
could improve morphological traits under stress conditions through the activity of
biochemicals such as oxidant and proline enzymes [58, 59]. The CAT enzyme converts
this molecule into water and oxygen in a reaction using ascorbate as the hydrogen
donor. Moreover, it reduces the production of toxic substances such as oxygen free
radicals and hydrogen peroxide and activates plant defense mechanisms against stress
conditions [60, 61].

Based on the provided sources, it has been shown that Azospirillum lipoferum and
Azotobacter chroococcum can increase proline content in barley under certain condi-
tions. Inoculating maize with these bacteria has also improved physiological activities
and promoted growth, especially under saline conditions. Although the sources do
not explicitly mention proline in barley, the overall enhancement of physiological
activities and development in plants like maize suggests that these bacteria could also
increase proline content in barley. Proline accumulation is a typical response of plants
to various stresses, including salinity, and the positive effects of these bacteria on
plant growth under stressful conditions indicate a potential role in increasing proline
content in barley, too [35].

According to the research, Azospirillum lipoferum and Azotobacter chroococcum
do not directly boost catalase activity in barley. However, they positively affect plant
growth and nutrient absorption, particularly when exposed to stress conditions such
as cadmium exposure. The study discovered that Azospirillum lipoferum significantly
increased root length and biomass in cadmium-treated barley, enhancing plant
nutrient content. Although these bacteria did not directly influence catalase levels,
their presence improved plant growth and reduced the toxicity effects of cadmium on
barley plants [36, 62].

The effects of Azospirillum lipoferum and Azotobacter chroococcum on barley plants
have been studied based on the sources provided. The research shows explicitly that
Azospirillum lipoferum positively impacts barley seedlings. It increases the nutrient
content in the roots and shoots and promotes root length and biomass growth, even
in the presence of cadmium chloride (CdCl,). However, the sources do not explicitly
mention the direct effect of these bacteria on the APX enzyme in barley. Therefore,
based on the available information, no direct evidence suggests that Azospirillum
lipoferum or Azotobacter chroococcum increase the APX enzyme in barley [36].

Plant growth-promoting bacteria (PGPBs) promote plant growth through direct
mechanisms such as nitrogen fixation, element dissolution, and the synthesis of
plant growth regulators, as well as indirect means such as phytotoxicity reduction
and removal and competition with plant pathogens [63]. PGPBs can promote plant
growth by developing root structures and producing plant hormones (including
auxin, cytokinin, and gibberellin) [64]. Reports of auxin and gibberellin production
in the soil rhizosphere have significantly increased root growth in different plant
species [65]. Azotobacter has a high potential for producing auxin and decreasing
ethylene levels, which considerably promotes the growth and formation of root
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structures. PGPBs produce the cytokinin hormone, stimulating cell division and
improving root growth and development [58].

One of the effects of PGPBs is that they increase the solubility and availability
of elements, such as potassium, phosphorus, and iron, in the root environment and
actively participate in nitrogen fixation and uptake [66]. These bacteria increase the
plant’s mineral uptake from the soil by helping to increase root area, develop capillary
roots, and improve ion uptake [58].

This research was significant in the correlation between MET and SDW traits.
Distilled water allowed okra seeds to germinate faster, with a mean germination time
of about 42 hours. However, when rinsed with a wastewater treatment plant, the ger-
mination rate was relatively lower, and the mean germination time was longer. Their
results on mean germination time are comparable to those reported by Ok¢u [67],
who showed that the mean germination time of seed increases with salinity [68].

In research, the correlation between the germination percentage and the indicators

of germination speed, dry weight, and seedling length was significant [69]. Simple
correlation coefficients between seed germination ability and some related traits have
shown a substantial correlation between MET and Seedling dry weight traits. Also, in
this research, the correlation of characteristics like primary shoot and root dry weight
and seedling vigor index was significant with the MET trait [70].

Studies have demonstrated that Azospirillum lipoferum and Azotobacter chroococ-
cum positively influence barley plant growth, particularly in root and shoot devel-
opment. Azospirillum lipoferum, a species within the Azospirillum genus, secretes
phytohormones that induce changes in root architecture, encouraging the growth of
adventitious roots and root hairs, which are advantageous for the plant. Moreover,
Agzospirillum bacteria have been proven to enhance crop yields in various plants, such
as wheat, corn, rice, and sugar cane, by using nitrogen fixation and the production of
growth regulators [36]. On the other hand, Azotobacter chroococcum, another benefi-
cial bacterium, is known as a biofertilizer that enhances plant growth by improving
the mobility and absorption of nutrients and plant growth hormones [71]. While
the provided sources do not explicitly mention the specific impact of Azotobacter
chroococcum on barley plants, its known role in promoting plant growth suggests that
it could contribute to the development of both the root and shoot parts in barley.
Therefore, considering the available information, it is reasonable to conclude that
both Azospirillum lipoferum and Azotobacter chroococcum can potentially enhance the
growth of both the root and shoot parts in barley plants [36, 71].

This study suggests that Azotobacter (Azotobacter spp.) and Azospirillum
(Azospirillum spp.), as the most critical PGPBs, have modulated the destructive
effects of stress by increasing the activity of antioxidant enzymes such as CAT and
APX. They also improved the initial growth of barley seedlings by significantly
producing growth-promoting hormones, particularly auxins, gibberellins, and
cytokinins.

5. Conclusion

The results of the present study revealed that drought stress-induced osmotic
potential diminishes all morphological and biochemical traits in barley plants. The
use of PGPBs in this study could partially affect these plant characteristics and
improve them under stress and optimal conditions. All indicators showed a signifi-
cant decreasing trend with increasing osmotic potential. Azospirillum inoculation

191



New Perspectives on Seed Germination

treatment was the best treatment for drought stress, which partially mitigated the
destructive effects of increased osmotic potential, enhancing drought stress tolerance
in barley plants. From this point of view, applying the Azospirillum of PGPBs to other
plants under various stress conditions should be addressed.
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Abstract

Seed dormancy and germination are highly regulated processes under the control
of various factors, among which stand out the internal balance of abscisic acid (ABA)/
gibberellin (GA) and environmental conditions that impact this ratio. Germination
determines when plants enter to natural or agricultural ecosystems. It represents the
basis of agricultural production, and several agricultural strategies have been imple-
mented to improve it. Plant Growth Promoting Rhizobacteria (PGPR) are ubiquitous
soil microorganisms that favorably impact plant performance through pathogen
control, nutrient uptake, tolerance to stress conditions, and even the production
plant growth regulators, which impact both seed germination and subsequent plant
development. Seeds germinate as soon as they are embedded and sown, so even when
most studies have focused on the mechanisms that depend on plants themselves, it is
evident that a better knowledge of plant-microorganism interactions could be useful
to improve agricultural production and achieve sustainable and ecologically friendly
agriculture. Here, after describing the endogenous mechanisms controlling germina-
tion and dormancy, we will update the information about the potential of PGPR to
improve germination, and we will give a general overview of their use in agriculture
systems to guarantee the food security in the years to come.

Keywords: seed dormancy, seed germination, seed biopriming, plant
growth-promoting rhizobacteria (PGPR), sustainable agriculture

1. Introduction

The constant increase in the world population, which leads to a growing demand
for food, coupled with climate change and increasing environmental pollution, aggra-
vated by the indiscriminate use of chemical fertilizers and pesticides that increasingly
compromise agricultural production, has motivated the search for cultivation methods
that, while increasing yields, are more environmentally friendly. With this idea in mind,
many investigations have focused on the study of the rhizosphere, considered the largest
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and most diverse ecosystem on the Earth, to identify those microorganisms, mainly
bacteria, that in favor of their own survival positively impact the growth and health of
plants whose roots are an important biotic component of their ecological niche. The
study of the generically called Plant Growth Promoting Rhizobacteria dates back many
years, but the strategies and approaches with which they are currently studied are novel.
Among these strategies, molecular biology, omics technologies, and even bioinformat-
ics approaches based on mathematical predictions and the use of big data stand out.

An exhaustive review of each of these is beyond the scope of this review, instead, after
giving an overview of the germination and dormancy processes, which represent the
determining factors for the successful establishment of a crop, we focus on describing
the composition of the rhizosphere in terms of PGPR, the mechanisms they use to inter-
act with plants, the main strategy for their incorporation into agricultural programs, and
the novel strategies that have already begun to be put into practice, to achieve sustainable
agriculture that guarantees the efficient supply of food in the medium and long term.

2. Seed dormancy and germination
2.1 Seeds

The seed is the structural element that contains the plant embryo, allowing its
dispersal in the environment, its maturation, and establishment of the seedling.
Therefore, it is a critical stage to ensure the survival of the next generation of the plant.
Its structure is composed of the embryo, the result of fertilization of the nucleus of
the ovule by the nucleus of the male pollen tube, which will form the future seedling;
the embryo is enveloped by two structures: the endosperm, a storage tissue for energy
reserves, available for early growth of the seedling, and the seed coat, a substantial
constituent that protects the embryo from the external environment [1].

2.1.1 Seed dormancy concept

Dormancy is the inability of a viable seed to germinate under favorable conditions
[2]. This state is particularly important because it allows seeds to germinate in time
and order, reducing the risk of premature death in conditions that are not favorable
for plant growth, such as heat, cold, and drought [1].

There are five types of dormancy/latency described: physiological, morphological,
morphophysiological, physical latency, and combined (physical latency + physiologi-
cal latency). Physiological latency is the most common of all. Gymnosperm plants
and all major clades of angiosperms present it. Within physiological dormancy,
three levels are recognized: deep, intermediate, and non-deep; most seeds have the
last class. Non-deep dormancy is characterized by producing normal seedlings;
germination can be promoted by the phytohormone gibberellin; depending on the
species, cold (0-10°C) or warm (>15°C) stratification can break dormancy; seeds
can subsequently mature in dry storage, and scarification can promote germination
[3]. In addition, another generally accepted distinction of the concept is primary and
secondary dormancy. Primary dormancy refers to seeds that are in the final stage of
maturation. Then, the primary dormancy can be released post-ripening or through
the stratification treatments described above. However, if the conditions required
to end dormancy and induce germination are absent, the seed can re-enter a state of
dormancy called secondary dormancy until conditions are again acceptable [4].

200



Mechanisms and Use of Plant Growth-Promoting Bacteria to Improve Seed Germination...
DOI: http://dx.doi.org/10.5772/intechopen.1007390

2.1.2 Germination concept

Germination is a process that begins when the seed absorbs water (imbibition)
and ends with the emergence of the embryonic axis, generally the radicle, through
the structures that surround it (seed coat and endosperm); the last event is known as
visible germination [1]. With seed imbibition, various optimal conditions are needed
to initiate the various mechanisms to promote germination such as the presence of
optimal temperature, oxygen, and humidity. It may also need other factors such
as light and/or nitrate, in addition to the absence of stress factors such as salinity,
drought, cold, or heat [4, 5].

Germination is divided into three phases. In Phase I, the dry seed rapidly absorbs
water which leads to a change in the temporal structure of the membrane upon hydra-
tion. During this phase, various solutes and low molecular weight metabolites are
released into the imbibition solution that surrounds the seed. Then, water absorption
stabilizes, and then quiescent seed resumes its metabolic activity as Phase II begins.
This phase is the most important since various cellular and biochemical events are
triggered that prepare the emergence of the radicle, such as the resumption of oxygen
consumption, DNA repair, and reform of the cellular cytoskeleton. Because dormant
seeds cannot complete germination, they do not enter the next phase. Finally, during
Phase III, plant cells expand by absorbing water and loosening their cell walls, allow-
ing the initiation of growth from the embryo to the formation of the seedling [1, 2].

2.2 Hormonal control during seed dormancy and germination

There is experimental evidence that dormancy and germination, like any other
biological process, are regulated by different hormones working independently
(co-regulation) or in coordination (crosstalk). At least seven different phytohor-
mones (abscisic acid, gibberellins, ethylene, auxins, cytokinins, jasmonic acid, and
brassinosteroids) have been involved in the regulation of both processes; however, it
has been clearly demonstrated that abscisic acid (ABA) and gibberellins (GA) are the
main hormones that antagonistically regulate dormancy and germination. The role
of endogenous ABA in seeds is necessary, as in addition to inducing and maintaining
dormancy, it prevents early germination, allowing seed maturation. On the other
hand, increased GA levels facilitate the release of dormancy and the initiation of
germination, when endogenous ABA levels decrease [6, 7]. The contribution of each
of them is described in the following sections.

2.2.1The role of ABA in the seed

Genetic studies demonstrate through reciprocal crosses of wild-type plants and
ABA-deficient mutants of Arabidopsis thaliana L. that ABA is synthesized during the
maturation stage, mostly by maternal tissues and then in lower concentrations in
the embryo and endosperm. However, ABA produced by maternal tissues or sup-
plied exogenously are not sufficient to induce dormancy, implying that it is a form of
embryonic-controlled dormancy that depends on ABA synthesis in the embryo and/
or tissue [8, 7]. However, overexpression of genes responsible for ABA biosynthesis
can increase dormancy or delay germination [9, 10]. Furthermore, in the A. thaliana
Cvi (Cape Verde Islands) ecotype, a decrease in ABA levels is described in the early
stages of imbibition but in late stages, they increase and remain at high concentrations
only in dormant seeds [11].
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2.2.1.1 ABA biosynthesis

Active ABA is synthesized through indirect xanthophyll pathways (zeaxanthin,
violaxanthin, and neoxanthin). Three types of genes responsible for the successive
steps of ABA biosynthesis have been identified, such as zeaxanthin epoxidation
(ZEP), oxidative cleavage of 9-cis-epoxycarotenoids (NCED), and abscisic alde-
hyde oxidation (AAO) [11]. Zeaxanthin is converted to violaxanthin by zeaxanthin
epoxidase (ZEP) via the anteroxanthin intermediary pathway. Although thereisa
biosynthetic pathway of abscisic acid independent of zeaxanthin epoxidase, mutants
defective in zeaxanthin epoxidation result in ABA deficiency and therefore reduced
seed dormancy [8, 12]. The next critical gene in the next stage of ABA biosynthesis
is NCED9, which cleaves the cis-isomers of violaxanthin and neoxanthin. The first
NCED gene, VIVIPAROUS14, was cloned from the maize plant (Zea mays L.) after
isolating the viviparous vpl4 mutant deficient in the oxidation of the 9-cis epoxyca-
rotenoid during ABA biosynthesis and consequently a decrease in ABA levels in the
dry seed [13]. The last step for ABA biosynthesis is the oxidation of abscisic aldehyde
by the abscisic aldehyde oxidase. Arabidopsis contains four aldehyde oxidases (AAO),
of which AAO3 has been reported to have activity on the abscisic aldehyde. The AAO3
mutant alleles exhibit a decrease in ABA content and seed dormancy [14].

2.2.1.2 ABA signaling

ABA is detected by pyrabactin resistancel/pyrabactin-like/regulatory components
of ABA receptors (PYR/PYL/RCAR) [15]. Currently, PYLs are the largest family of
phytohormone receptors. In Arabidopsis, 14 PYL members with redundant func-
tions have been reported, which mediate the ABA response by interacting with
type 2C protein phosphatases (PP2C; negative regulators) and antagonizing their
action. In the absence of ABA, PP2C proteins (ABA-insensitive 1/2 (ABI1/2) and
ABA-hypersensitive germination3 (AHG3)) inhibit the activity of the ABA signal-
ing proteins, sucrose nonfermenting 1-related protein kinase 2 s (SnRK2s; positive
regulators) by dephosphorylation of its kinase activation loop. While in the presence
of ABA, PYR/PYL/RCAR proteins form a complex with PP2C and inhibit the phos-
phatase activity of PP2C, allowing the function of SnRK2 to be activated [11].

Arabidopsis consists of three SnRK2s (SnRK2.2, SnRK2.3, and SnRK2.6) that
act redundantly in the transmission of ABA signaling in seed maturation and
dormancy induction. The main targets of SnRKs are the abscisic acid responsive
element (ABRE) binding factors (ABF). The ABF family consists of nine members
ABF1, ABF2/ABA-responsive element binding proteinl (AREB1), ABF3, ABF4/
AREB3, AREB3, ABI5, bZIP15, bZIP67, and EEL of the bZIP subfamily, which are
predominantly involved in the regulation of ABA-mediated transcription [11].
Furthermore, through genetic analysis, it has been revealed that the key transcrip-
tion factors in the ABA response in the seed are ABI3 (B3 type), ABI4 (AP2 type),
and ABI5 (bZIP type) [16]. The seed phenotypes of the ABA-insensitive response
(abi) mutants of A. thaliana ABI1 to ABI5 demonstrate that ABI1 to ABI5 are
involved in dormancy and/or germination [15].

The ABI3 gene together with two members of the leafy cotyledon class of regula-
tors, FUSCA3 (FUS3) and leafy cotyledons 1 and 2 (LEC1/2) form a regulatory
network involved in seed maturation and the embryo-to-embryo transition phase to
the seedling. All ABI3, LEC1, LEC2, and FUS3 mutants are affected in seed matura-
tion and share common phenotypes, such as decreased maturation dormancy [17].
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Another positive regulator of seed dormancy is the ABI4 gene. It has been reported
that MYB96, the R2R3-type MYB transcription factor, positively regulates dormancy
and negatively regulates germination through regulating the expression of ABI4 and
biogenesis genes, such as NCED2 and NCED6 [6]. While ABI5 participates in the
regulation of seed germination and early seedling growth in the presence of ABA and
under abiotic stress [18].

2.2.1.3 ABA catabolism

In addition to ABA biosynthesis, catabolism is an important mechanism for
regulating ABA levels. There are two main pathways of catabolism in Arabidopsis:
the hydroxylation of ABA in the 8’ position by P-450 type monooxygenases to obtain
an unstable intermediate (8’-OH-ABA) that is then isomerized to phasic acid (PA)
and the esterification of ABA to ABA-glucose ester (ABA-GE) [19]. The enzymes
responsible for inactivating ABA to phasic acid and therefore reducing ABA levels
are ABA-8’hydroxylases, which are cytochromes P459 that code for the CYP707A
family. These cyp707a mutants exhibit delayed germination [20]. In Arabidopsis, four
members of the CYP707A family have been identified, demonstrating a different role
during seed development and post germination growth. The CYP CYP7071 is mainly
expressed during mid-maturation, while CYP707A2 is responsible for the regulation
of ABA levels in the late maturation of germination [21].

2.2.2 The role of giberellins in the seed

The phytohormone gibberellin (GA) is essential to promote germination because
GA-deficient mutants such as GA1/GA2/GA3 are not able to germinate without
exogenous GAs [22]. Furthermore, it was observed that the use of GA biosynthesis
inhibitors, such as paclobutrazol and tetcyclacis, prevents germination, concluding
that de novo biosynthesis of GAs is required during seed imbibition [23]. Likewise,
GAs can promote germination due to their ability to overcome the limitations required
for post-ripening (after-ripening) such as light and cold, as possibly the biosynthesis
of GAs is regulated by the phytochrome pathway [24]. Also, induction of second-
ary dormancy due to sub/supraoptimal imbibition temperatures has been shown to
be correlated with suppression of bioactive GA level via the expression of specific
GA20o0x and GA3ox genes [25].

The promotion of seed germination by high levels of GA or by GA signaling is pos-
sible by overcoming the mechanical barriers imposed by the layers that surround the
embryo such as the seed coat [26] and by endosperm weakening through enzymatic
degradation of mannan-rich cell walls [27].

2.2.2.1 GA biosynthesis

The biosynthesis of GAs is mainly regulated by the catalytic action of the enzyme
GA 20-oxidase (GA200x) and GA 3-oxidase (GA3o0x), while their inactivation is
controlled by GA 2-oxidase (GA20x) [28]. Bioactive GAs accumulate before radicle
emergence GA biosynthesis occurs at two separate locations within the embryo: (1)
the early biosynthetic pathway, includes steps catalyzed by the ent-copayl diphos-
phate synthase (CPS, the gene GA1 of Arabidopsis) and the ent-kaurene oxidase
(KO, the GA3 gene of Arabidopsis), in the provascular tissue where the activity of
the promoter of the AtCPS gene and (2) the late biosynthetic pathway that includes
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the bioactive formation of GA is located by GA 3-oxidase, in the cortex and endoder-
mis of the root where AtGA3ox2 transcripts and AtGA3ox2 gene promoter activity
accumulate [29].

2.2.2.2 GA signaling

The signal transduction cascade of gibberellin pathway is triggered by the percep-
tion of bioactive GAs by its receptor gibberellin insensitive dwarfl (GID1) [30]. The
GA response in germination requires the induced degradation of DELLA (aspartic
acid-glutamic acid-leucine-leucine-alanine domain) proteins, which are negative
regulators of GA signaling. Binding of GA-GID1 promotes the formation of the
GA-GID1-DELLA complex, which triggers the recognition of DELLA by the F-box
protein, the central component of the SCFSLY1/GID2 ubiquitin E3 ligase complex for
its poly-ubiquitination and subsequent degradation by the 26S proteasome [31].

The endosperm layer represents a physical restriction for the seedling to emerge;
therefore, the endosperm weakening layer is vital to complete germination. GAs
are involved in this process, as several genes regulated by GAs are known to encode
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Figure 1.

Sefd Dormancy and Germination Graphical Abstract. The balance of Abscisic Acid (ABA) and Gibberellic Acid
(GA) levels during dormancy and germination processes is shown at the bottom. The main components of the
ABA (left) and GA (right) biosynthesis and signaling pathways involved in both processes are shown at the top.
ZEP (zeaxanthin epoxidase); NCED (cis-epoxycarotenoid oxidase); AAO3 (aldehyde oxidase 3); PYR/PYL/
RCAR (pyrabactin vesistance1/pyrabactin-like/regulatory components of ABA receptors); PP2C (type 2C protein
phosphatases); SnRKz2s (sucrose nonfermeting 1-related protein kinase 2); ABI (aba insensitive 3, 4 ¢'5); ABF
(abscisic acid binding factors); FUS3 (Fusca 3); LEC1 (leafy cotyledon1). GAox (GAoxidase); GID1 (gibberellin
insensitive dwarf1); SCFSLY1/GID2 (ubiquitin ligase); DELLA (GA repressors); EXP (expansins 4, 8 €10);
XET4 (xyloglucan endotransglycosylases) SLN1 (DELLA preotein).
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enzymes that modify the cell wall. For example, endo-f-mannases, expansins
(EXP4, EXP8, and EXP10), and xyloglucan endotransglycosylases (XET4), which
are expressed in different locations, endo-p-mannases, XET4, and EXP4 are
expressed in the endosperm layer, EXP8 in the radicle cortex, and EXP10 in the
embryo [32]. On the other hand, it has also been reported that GA, through aleurone
cells, stimulates the synthesis and secretion of a-amylases that allow the mobiliza-
tion of stored endosperm reserves necessary for seedling growth through target of
rapamycin (TOR) signaling-dependent activation in wheat [33].

A graphical abstract of the components of the ABA and AG pathways involved in
the signal transduction cascade controlling germination and dormancy processes is
presented in Figure 1.

Much knowledge has been accumulated about the functions of the ABA and GA
signaling pathways, but much remains to be discovered about the specificity and
redundancy of the signaling of these and other hormones whose effects, in addition to
being spatiotemporal and consequently, depending on the stage of development, are
most likely also species-specific.

In the following sections, the participation of rhizosphere bacteria that impact
seed dormancy/germination processes will be described, as well as their use in the
biopriming strategy, which will most likely be the predominant alternative for the
manipulation of both processes that have a great impact on agricultural production.

3. Growth promoting bacteria/rhizobacteria and their impact on
germination

3.1 Plant-microorganisms interactions

Plant-microorganism interactions can be beneficial (mutualism), neutral (commen-
salism), or negative (pathogenic). The microorganisms that establish beneficial associa-
tions with the plant became plant’s microbiota, plant’s microbiota form a holobiont,
maintaining a benefic or neutral interaction within the ecosystem [34, 35]. The plant
has the capacity to select beneficial microorganisms by secreting compounds which
function as substrates or signals to favor the microbial colonization, as seed germination
stage to the root establishment. The interactions plant-microorganism become ben-
eficial because some microorganisms stimulate plant growth through improving plant
nutrition or due to hormone production, and on the other hand, the microorganisms
can also protect or stimulate the plant’s defense system to resist biotic and/or abiotic
stress condi-tions. The adverse abiotic conditions abate the plant health and addition-
ally make it prone to diseases caused by biotic factors (phytopathogens or pests).
Together, the stress factors affect not only the productivity of the crop but also the vigor
of the seed and therefore the beginning of the next life cycle of the plant. Consequently,
the establishment of beneficial interactions with microorganisms is a plant’s strategy
that helps to overcome different stress conditions caused by the environment.

3.2 Seed microbiome

Seeds are considered the end and beginning of plant’s life cycle. Seed germination
is the most important process in the plant development, and the seed microbiota
is determinant in promoting the nutrition and health of seedling, which is highly
desired from the beginning of the plant life cycle, especially in agricultural crops.
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DNA metabarcoding analysis has been used to know the abundance, structure,
and possible function of endophytic (microorganism that inhabits internal tissues of
plants) bacteria in non-germinated and germinated seeds of economically important
vegetable families as Apiaceae (parsley and carrot), Asteraceae (lettuce), Brassicaceae
(cauliflower and broccoli), and Solanaceae (tomato) [36]. It was found that the micro-
biome abundance (quantification of the endophytic bacterial community) in these veg-
etables was in the range of 1.6 x 10° to 7.4 x 10* copies of 16S rRNA gene g-1 seed, which
was associated with 23 different phyla of endophytic bacteria, and around 50 species
were found in non-germinated seeds and 93 species in germinated seeds. The phyllum
of Pseudomonadota, Actinomycetota, and Bacillota were the most dominant commu-
endophytic bacteria, and the relative abundance of each phyllum was a function of
avariety plant analyzed and the seed germination state. There were no statistically
significant differences in alpha-diversity (measurement of the abundance and diversity
of species within a community) between germinated and non-germinated seeds of
vegetables in the families Apiaceae, Asteraceae, and Brassicaceae, and in contrast, dif-
ferences were found within the Solanaceae family. In terms of beta-diversity (number
of different species with respect to the set of species of various communities), it was
found that diversity overlapped only between germinated and non-germinated seeds
in the Solanaceae family. In the four plant families analyzed, the relative abundances
of bacteria were mainly associated with the microbial function of chemoheterotrophy
and fermentation in non-germinated and germinated seeds, followed by functions
such as nitrate reduction, inhibition of phytopathogens, and manganese oxidation,
nitrogen, and nitrate respiration. The growth-promoting activities of bacteria present
in seeds were motility and nitrogen fixation and to a lesser extent in germinated seeds
1-aminocyclopropane-1-carboxylate (ACC) deaminase activity, auxin production, and
phosphate solubilization. It was found that, in non-germinated seeds and in germinated
seeds, respectively, 70 and 60% of the endobacteria had biological control activity
against some phytopathogen such as Xanthomonas sp. RGM 2955, Pseudomonas syringae
pv. syringae RGM 3354 or Pseudomonas viridiflava RGM 3342 [36].

Seed vigor is a quality that encompasses characteristics such as seed longevity,
post-storage seed germination, seedling growth, and initial stress resistance; together,
they determine the time and successful plant establishment. Germination rate is the
most correlated characteristic with seed vigor [37]. In this sense, those bacteria that
achieve the establishment in the spermosphere (soil around the seed affected by
carbon deposition) are contributing to different biological processes with the vigor of
the seed.

For example, Ormosia henryi seeds (species with high economic and ecological
value in China) is known to have low germination rate due to the hardness of its
protective layer, but a seed treatment with Bacillus or Pavaburkholderia a 76% and
73% germination rate, respectively, was obtained [38]. In perspective, it was interest-
ing to know how the microbiota of the spermosphere of O. henryi contributed to
seed germination under natural conditions. The germination stage of O. henryi has
five stages: (I) clarification, (II) imbibition, (III) radicle protrusion, (IV) radicle
expansion, and (V) cotyledon elongation. Using metagenomic analysis, it was found
that community abundance and richness of bacteria in the spermosphere of O.
henryi changed depending on the germination stage, and there was a positive cor-
relation between bacteria abundance and seed germination rate. In each germination
stage, 50 genera of bacteria belonging to eight different phyla were detected in the
spermosphere of O. henryi, with the highest abundance of Proteobacteria (32-36%)
and Actinobacteriota (16-19%) phylum and the lower abundance of Choroflexi,
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Bacteroidota, Acidobacteroidota, Myxococcota, Verrucomicrobiota and Firmicutes. The
biological functions of bacteria varied depending on O. henryi seed germination
stage. In germination stages IV and V, the highest abundance of bacteria was detected,
and the dominant biological activities of bacteria were degradation of polysaccharides
and fats as well as biological control.

Using microbial culture techniques and metagenomic analysis, the effect of tem-
perature on microbiome dynamics of rice seeds was analyzed [39]. It was found that
the amount of culturable endophytic bacteria in rice seeds (Shindongjin and Sukwang
varieties) increased during seed maturation stage but decreased due to the effect of
temperature (15 or 4°C) and storage time (2, 4 or 6 months). After 6 months of stor-
age, the abundance of culturable bacteria and microbiome recovered from seeds was
significantly higher with the condition of seed storage at 4°C compared to 15°C. In the
seedlings, the total endobacteria from seeds with 6 months of storage were quantified
in the range of 10’ CFU g for both rice varieties, and the storage temperatures were
evaluated. The Pantotea genus was the most abundant in the seeds of both varieties
and in the different conditions analyzed, followed by Pseudomonas and Allorhizobium.
The storage temperature defined the migration (toward shoot or root), composition,
and abundance of the microbiota in the seedling emerged from seeds with 6 months
of storage. With storage at 4°C, 15 different endobacteria genera were preserved: the
most abundant was Pantotea. In contrast, only nine genera were preserved at 15°C: the
most abundant were Herbaspirillum, Xhantomonas, Paenibacillus, and Pseudomonas in
residues of the germinated seed, Pseudomonas in root and Pantotea in shoot.

It is currently known that transference of plant microbiome can occur in three ways:
(1) from plant to seed through sexual, asexual, or migration of endophytic microor-
ganisms to the seed, (2) in seed dormancy by acquiring microorganisms during stor-
age, or (3) from seed to seedling when endophytes migrate toward root or phyllosphere
as well as other microorganisms acquired from the environment [40]. The microorgan-
isms that remain stable in the seed make up the “core microbiota”, those microorgan-
isms of the “core microbiota” that remain inside the plant (endosphere), and that pass
from generation to generation through the seed are known as “seed microbiota trans-
ferred”, and it is recognized as a vertical transfer. However, the microbiota preserved in
the external part of the seed (episphere) can also be transmitted from the seed to the
plant and can maintain interaction throughout the whole plant’s life cycle. On the other
hand, it is known that the plant also acquires microbiota through horizontal transfer,
being the soil, rhizosphere, stem, pollinators, flowers, and fruit sources of the microor-
ganisms that will colonize the plant and will later be transferred through the seed [41].

3.3 Plant growth promoting bacteria

The use of beneficial microorganisms results in the improvement of structure and
soil fertility, agricultural production, nutritional quality of the agricultural product,
as well as reduction or elimination of use of chemical products for plant diseases and
pest control. Plant Growth Promoting Bacteria (PGPB) are all those bacteria that
through one or more biological functions are promoters of plant growth with mecha-
nisms which are generally grouped as direct or indirect [42]. Direct mechanisms
positively impact plant nutrition by improving soil nutrient availability and/or modi-
fying root structure and architecture, which increases nutrient acquisition efficiency
and therefore root functionality. The most frequent biological functions are nitrogen
fixation, nutrients solubilization (i.e., phosphate and iron), and hormone production
(i.e., auxins and cytokinins). In contrast, the indirect mechanisms of PGPB benefit to
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plant health having effect not only in the root but in different parts of the plant. The
most frequent biological functions are space-nutrients competition, antimicrobial
compound production, and the activation of induced systemic resistance (ISR) in
the plant. In some cases, the bacteria have the capacity to form biofilms to attach it

to plant tissues as part of its colonization process, and biofilms sometimes could be
visible to our eyes. It must keep in mind that when a PGPB interacts with the plant, it
exerts one or more biological functions simultaneously. This means that the effect of
plant growth promotion is a result of direct and indirect mechanism interaction.

3.3.1 Divect mechanisms of PGPB

PGPB have ability to improve the availability of nutrients that under certain condi-
tions the plant cannot acquire from the environment. One macroelement needed by
plant and that significantly affects plant productivity is nitrogen. Some bacteria have
the biological function of nitrogen fixation (they are diazotrophs). They take the
atmospheric nitrogen (N;) and convert it into ammonium (NH4") through an enzy-
matic reaction mediated by the “nitrogenase system” [43]. Bacteria such as those of the
genus Rhizobium interact with roots of leguminous plants and form structures known
as nodules; some others such as Azotobacter, Azospirillum, Burkholderia, Paenibacillus,
Bacillus, Pseudomonas do not form nodules, but are found associated with plant or free-
living [44]. Another element necessary for plant is phosphorus, which is frequently not
available in the soil because the P ion is precipitated with ions such as Ca**, Fe**, or AI".
It has been found that certain strains such as those of genera Acinetobacter, Burkholderia,
Bacillus, Pseudomonas, and Brevibacillus have the ability to make mineral (inorganic) and
organic phosphorus available. Phosphate-solubilizing bacteria (PSB) that make mineral
phosphate available use biological processes such as excretion of organic acids (i.e., glu-
conic), production of hydrogen sulfide, release of protons through nitrogen fixation and
respiration, or also production of exopolysaccharides. However, that PSB make organic
phosphate available using enzymes such as alkaline phosphatase, acid phosphatase,
or phytase enzyme [44]. Iron is another nutrient that sometimes is not available to the
plant because Fe is normally part of complexes such as hydroxides, hydroxy acids, and
oxides, being the ferric (Fe’*) and the ferrous (Fe**) state the most common in the soil
and cannot be assimilated by the plant [45]. To acquire this nutrient, some PGPB pro-
duce siderophores (low molecular weight chelating compounds) in which the function is
to sequester Fe from soil and making it available to the plant. Four types of siderophores
produced by PGPB are known: catecholate, hydroxamate, carboxylates, and mixed
[46]. These compounds are of particular interest because the siderophore-producing
PGPB can inhibit the growth of phytopathogens by deprivation of Fe. Additionally,
some siderophores have an affinity for other heavy metal ions such as cr*, AP, Cu®,
and Pb** also contributing to soil bioremediation [47]. Some PGPB genera that produce
siderophores are Bacillus, Pseudomonas, Acinetobacter, Klebsiella, and Azotobacter [46].
On the other hand, PGPB produce compounds that are detected by the plant trigger
signaling cascades that generate changes in biosynthesis and homeostasis of phyto-
hormones (auxins, salicylates, ethylene, cytokinins, gibberellins, brassinosteroids,
jasmonates, abscisic acid, and strigolactones) affecting the plant growth, the activation
of plant immune system, and tolerance to abiotic stress factors [48]. Several strains of
PGPB in Acetobacter, Acinetobacter, Aeromonas, Arthrobacter, Azospirillum, Azotobacter,
Bacillus, Bradyrhizobium, Brevibacillus, Burkholderia, Entevobacter, Herbaspirillum,
Mesorhizobium, Paenibacillus, Pantoea, Pseudomonas, Rhizobium, Rhodococcus, Ser-
vatia, Stenotrophomonas, and Streptomyces are known to promote changes in the root due
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to auxin synthesis [49]. The effect of PGPB in root architecture is observed as follows:
(1) inhibition of primary root growth, development of more lateral roots and root hairs,
associated to an increase in root biomass or (2) increase in primary root length with an
increase in shoot biomass [50]. With the increased root growth, the area of water and
nutrient absorption increases, which is reflected in the increase in the total biomass of
the plant. These changes will increase sites of the root with plant exudates from which
PGPB will obtain substrates for their metabolism.

3.3.2 Indirect mechanisms of PGPB

The indirect mechanisms of PGPB benefit plant’s health and have an effect not only
in the root but also in different parts of the plant. An essential requirement for PGPB
is to establish its interaction with the plant. The PGPB must have the ability of com-
petition for space and nutrients to colonize the plant. Various biotic and abiotic stress
factors such as salinity, heavy metals, drought, and phytopathogens affect the compo-
sition of root exudates and therefore the interaction with beneficial microorganisms.
Some exudates serve as a substrate to support microbial growth and others as signals
to activate clusters of genes that favor the colonization of beneficial microorganisms in
the plant, for example, genes for motility, chemotaxis, and biofilm formation in plant
tissues [51]. The genera Bacillus and Pseudomonas are examples of efficient biofilm-
forming bacteria. In the case of Bacillus, it is known that cells within the biofilm are
held together by an extracellular matrix, which is composed of exopolysaccharide
(EPS), proteins (TasA and BslA), extracellular DNA (DNAe), and poly-y-glutamic
acid (y-PGA) [52]. The biofilm allows the PGPB to remain attached to the plant tissues
to ensure colonization and the acquisition of nutrients, and it also functions for the
plant as a protective physical barrier against biotic (phytopathogens) and abiotic stress
factors (drought, salinity, and heavy metals) [53, 54]. The production of compounds
such as antibiotics, enzymes, and volatile compounds (inorganic and organic) is part
of the biological strategy of the PGPB to colonize the plant and to compete for nutri-
ents against other microorganisms. Bacillus, Streptomyces, Pseudomonas, and Servatia
stand out for having species that in addition to being growth promoters, are highly
effective as biological control agents because they produce antimicrobial compounds
that inhibit phytopathogenic bacteria and fungi that cause diseases in a wide variety of
plants. Bacillus antimicrobial compounds are lipopeptides, polyketides, volatile organic
compounds (VOC), chitinase, protease, and siderophore that inhibit phytopatho-
gens such as Ralstonia, Penicillium, and Erwinia. Streptomyces produce macrocyclic
lactones, tripyrrole pigments, p-lactam antibiotics, biosurfactants, thiopeptide antibiot-
ics, and polyketide-type compounds that inhibit phytopathogens such as Fusarium,
Rhizoctonia, Gaeumannomyces, and Magnaporthe. Pseudomonas produces tricyclic
compounds with nitrogen that inhibit phytopathogens such as Pantoea, Thielaviopsis,
Clavibacter, and Hyaloperonospora [55]. On the other hand, the PGPB also produce
compounds that, when are perceived by the plant, activate phytohormone signaling
pathways that are involved in generating the stress response caused by phytopatho-
gens. Some strains of Bacillus, Pseudomonas, Enterobacter, Klebsiella, Azospirillum,
and Paenibacillus genus are recognized for activating ISR, which is known to be plant’s
mechanism to prepare and respond more strongly and quickly against the phyto-
pathogen attack. VOC such as acetoin and 2,3-butanediol from Bacillus strains trigger
signaling mediated by jasmonic acid and ethylene, causing ISR activation in the plant.
Other bacterial compounds such as N-acyl-homoserine lactones (AHLs), siderophores,
and cyclic lipopeptides could activate the ISR in some plants [56].
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3.4 The PGPR in the rhizosphere

The rhizosphere is the closest part of soil that surrounds the plant root, and in
this area, the greatest abundance of microorganisms has been detected. It is known
that bacteria and fungi are the most abundant microorganisms forming part of plant
microbiome; however, archeae, algae, nematodes and protists are also present, having
different functions when interacting with the plant. These functions are determined
by the diversity of environmental factors that the plant faces [57]. In particular, the
term Plant Growth Promoting Rhizobacteria (PGPR) is used for bacterial strains
that have been isolated from the rhizosphere. Currently, the use of PGPR has been
proposed as a sustainable strategy to reduce the negative effects that cause biotic or
abiotic stress on plants with the aim of increasing the productivity of agricultural
crops [58]. There are several examples of cultivated plants where different PGPRs
have been used to alleviate abiotic stress conditions to favor a more sustainable
agriculture. Novel information on this topic can be found in the recent review by
Aloo etal. [59]. In addition to being used as study models, some PGPR (i.e., Bacillus
velezensis FZB42, Pseudomonas putida KT2440) are the active ingredient of products
marketed in different parts of the world. Over the years, it has been observed that an
ideal “PGPR” should have the following characteristics [42]:

* Highly competent to establish it in the rhizosphere

* Colonization of root plant in a significant way (in quantitative terms) after its
inoculation

* Promoting plant growth
* Exhibition to a broad spectrum of action in terms of biological control

* Tolerance to physicochemical factors such as heat, desiccation, radiation, and
antioxidant compounds

The PGPR promote the nutrition and health of plants through processes such as soil
biofertilization, favoring plant nutrition, biostimulation due to the production of hor-
mones, bioprotection against abiotic factors (tolerance to heat stress, drought, salinity,
and heavy metals) and biotics (pests or phytopathogens) or bioremediation (degrada-
tion or mobilization of contaminating compounds, like heavy metals) [57]. The genera
among which the largest number of PGPR have been identified are Rhizobium, Frankia,
Kilebsiella, Clostridium, Nostoc, Anabaena, Azospirillum, Azotobacter, Burkholderia,
Paenibacillus, Bacillus, Pseudomonas, Streptomyces, and Serratia [60].

The communication between the plant and microorganisms has two basic require-
ments, the first is the generation of a plant signal and the second is the response of
the microorganism to the signal [61]. Biotic and abiotic stress factors trigger internal
plant signaling (orchestrated by phytohormones) resulting in the production of
antimicrobial compounds, reinforcement of the cell wall, oxidative stress, senescence,
among others, which are signals that determine the abundance and the biological
functionality of beneficial microorganisms and the association with the plant [62].
Exudates are the communication bridge between the microorganism and the plant;
the exudates contain some compounds that are chemical signals or substrates which
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stimulate microorganisms to colonize the plant. Plant exudates are classified as
follows: (1) low molecular weight compounds (sugars, amino acids, phenols, volatile
organic compounds, secondary metabolites, and organic acids) and (2) high molecu-
lar weight compounds (proteins and complex carbohydrates). The qualitative and
quantitative composition of the exudates secreted by the root depends on the species
and phenological stage of the plant, biotic and abiotic stress factors, the characteris-
tics of the soil, and the diversity of microorganisms that surround it [61, 63].

In addition to the phenotypic characterization of a PGPR, genome analysis can be
very useful to understand the potential of a microbial strain to establish beneficial
interactions with plants. A clear example is the case of species of Bacillus genus.
Bacillus velegensis is a bacterial species recognized as an efficient PGBR. The abil-
ity of this microorganism, as surely that of many others, to interact with plants is
multifactorial, since it depends on: the production of hydrolytic enzymes (xylanase,
cellulase and amylase) that participate in the degradation of plant cell walls allowing
the assimilation of carbohydrates and giving it advantages to compete for nutrients
present in plant exudates; synthesis of biofilm components to adhere to roots and
efficiently compete for space with other microorganisms; synthesis of antimicrobial
metabolites (difficidin, macrolactin, bacillaene, iturin, fengycin, surfactin and bacil-
libactin), which makes it an efficient biological control agent; synthesis of phyto-
hormones, such as auxins and cytokinins, that stimulate growth and modify plant
development; synthesis of VOC, such as acetoin and 2,3-butanediol, which trigger ISR
in some plants, reducing the incidence and severity of diseases; as well as the synthe-
sis of phytase, which helps to solubilize phosphate, making it available to the plant
and promoting its nutrition [42, 63]. In contrast, in most cases, the other species of
Bacillus (B. subtilis, B. amyloliquefaciens, B. siamensis, B. licheniformis, and B. pumilus)
are mainly characterized by their performance as biological control agents due to
the production of antimicrobial compounds. In the world, there are several bioprod-
ucts already marketed with strains of Bacillus, Streptomyces, Pseudomonas, Serratia,
Paenibacillus, Azospirillum, Pantotea, Rhizobium, and Azotobacter as active ingredients
[64, 65], and some bioproducts even contain several strains, taking advantage of the
compatibility of biological functions between strains.

The use of metagenomic analysis has allowed us to know the diversity and abun-
dance of microbial species in seeds, additionally to know the microbiome dynamics
during storage, germination, and seedling development, even to know how the seed
storage condition and germination stage affects the abundance and seed microbial
diversity. Knowing the microbial genera and their biological functions at each plant
stage is important to develop strategies for preserving the seed microbiota or for the
inoculation of PGPR before sowing the seeds or other stages of plant development.
Additionally, it is important to consider the effect of the environmental factors to
which the plant-beneficial microorganism interaction is exposed.

Due to all potential biological functions of PGPB (or PGPR) that are currently
known, their use is recommended as a sustainable agricultural practice to improve
plant productivity, particularly for crops in soils with problems such as nutrient avail-
ability or presence of contaminating compounds, as well in regions of the world in
which plants are exposed to stress conditions due to climate change (i.e., high tem-
peratures, drought, and excess humidity) that reduce the health of plants and make
them prone to diseases.

In the next section, we will further discuss PGPR with an emphasis on how they
can be used to advance crop yield and sustainability.
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4. Strategies to improve germination

The search and implementation of strategies that result in increases in crop
production is a permanent concern of farmers and plant breeders. Thus, the selec-
tion and sowing of high-quality seeds with uniform germination that promotes the
vigorous development of seedlings in early stages to guarantee the uniform establish-
ment of crops in the field is a priority. With that idea in mind, seed priming has long
been used as a strategy to enhance germination and consequently crop yields. More
recently, based on the study of the rhizosphere and the interactions that plants estab-
lish with the microorganisms in their environment, biopriming has been considered
one of the most promising and environmentally friendly strategies to achieve sustain-
able agriculture [66, 67].

Efficient and homogeneous seed germination is critical for proper crop establish-
ment that is later reflected in greater production and sustainability. For this reason,
farmers, growers and plant breeders are constantly searching for strategies that help
improve seed quality and/or its performance at the time of germination. Within these
strategies, the so-called biopriming is probably the most used and has the greatest
potential to be used routinely to positively impact seed germination and consequently
increase agricultural production [68].

4.1 Seed biopriming

In recent years, the so-called biopriming, based on the use of plant beneficial
microorganisms, has received great attention as an effective alternative to improve
seed germination with the idea of strengthening the development of sustainable
agriculture by making more efficient use of natural resources. However, can be
said that the concept of seed biopriming as such comes from when Callahan and
collaborators reported the treatment of corn seeds with a strain of Pseudomonas
aureofaciens for the biological control of Pythium ultimum [69]. From here on,
the use of this strategy that combines the benefits of priming (i.e., homogeneous
germination and increased seedling vigor) with those of the use of beneficial
microorganisms (i.e. disease resistance and enhanced nutrient assimilation) has
been the subject of numerous investigations focused on studying the potential of
different microorganisms on different crops and application conditions, with the
idea of optimizing protocols for their large-scale application [70]. Formulations
for seed biopriming are already being marketed, and thanks to their effectiveness
they are increasingly gaining popularity among farmers and plant breeders [71].
For the establishment of crops in stress conditions where germination is compro-
mised, and the emerging seedlings vigor is essential, the use of these products
is becoming the best alternative [72]. Ongoing research aims to unravel the
biochemical and molecular mechanisms on which successful biopriming depends
to extend its use to various crops and adverse environmental conditions [73].
Biotechnological approaches based on omics strategies will result in the identifica-
tion of more effective microorganisms and the implementation of more efficient
protocols for their incorporation into biopriming strategies [74-76]. In the next
few years, seed biopriming will be recognized as a more ecologically friendly
sustainable agricultural practice, which will necessarily reduce the indiscriminate
use of pesticides and chemical fertilizers that characterizes current unsustainable
farming practices [66, 68, 77, 78].
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The bacterial genera best represented in the rhizosphere are Beijerinckia,
Arthrobacter, Burkholderia, Ochrobactrum, Derxia, Herbaspirillum, Klebsiella, Pan-
toae, Acinetobacter, Enterobacter, Rhodococcus, Gluconacetobacter, Bacillus, Alcaligenes,
Acetobacter, Arthrobacter, Azospirvillum, Pseudomonas, Lactobacillus, Azotobacter,
Stenotrophomonas, Zoogloea, Peanibacillum, Azoarcus, and Servatia [77, 79].

Some of them, such as Pseudomonas [80], Bacillus [81], Azospirillum [82],
Serratia [83], and Enterobacter [84] due to their well-known properties as growth
promoters and/or biological control agents, are already used for seed biopriming,
but probably all/many of them, hand in hand with better knowledge of their proper-
ties as beneficial bacteria, could be incorporated into this type of strategies over
the next few years. For some of those bacteria, such as Pseudomonas and Bacillus, it
is already known that they produce phytohormones, like auxins and gibberellines,
and solubilize Pi to decrease the level of ethylene in the root and as a result increase
its growth and development [85, 86], but research about this is required to reveal
the mechanisms that other PGPR use to improve plant performance. Research
has shown that coating maize seeds with Bacillus promotes the growth of corn
seedling, and this also could induce droughts and salt stress tolerance enhancing
its germination performance [85]. In beans, cyanobacterial extracts seed bioprim-
ing control Pythium ultimum infection and promoted the growth parameters [87].
Even some other bacterial genera that are not very abundant in the rhizosphere,
such as Paenibacillus and Rhizobium, have already demonstrated their efficiency
in improving the performance of some plant species when used for seed bioprim-
ing [88]. Given that the estimated number of bacterial species that make up the
rhizosphere reaches tens of thousands, our knowledge in this regard is clearly very
limited. However, this same limitation allows us to see that the potential for using
rhizospheric bacteria to improve plant performance through their incorporation into
biopriming strategies is huge. Since the deficiency and/or availability of nitrogen is
crucial for agricultural production, farmers around the world have historically used
nitrogen fertilizers; unfortunately, the adverse effects of the indiscriminate and
prolonged use of this type of agrochemicals are currently one of the most serious soil
and water bodies contamination problems that affect animal and human health [89].
For this reason, of particular interest among PGPR with the potential to be incorpo-
rated in biopriming strategies are nitrogen-fixing rhizobacteria, either free-living
or establishing symbiotic relationships with leguminous plants, like beans, with the
ability to provide essential nitrogen to the plant [70, 82].

Some PGPR, known as endophytes, are capable of colonizing, establish-
ing, and proliferating plant tissues from where they can even flow into the soil
through root exudates [90]. An even greater number of rhizobacteria can form
biofilms on roots to increase their survival [91]. In any case, plant-microbe
interactions are mediated by diffusible and volatile chemical compounds that
flow bidirectionally. The chemical nature of such compounds is diverse and
depends on the species involved in the interaction. Regarding their impact on
germination, it is intuitive to assume that diffusible compounds would be easier
to apply for such purposes; however, both the use of encapsulation and sol-gel
matrices represent viable alternatives for the application of volatile compounds
in biopriming to large scale [92]. Some of the strategies for the encapsulation of
bacterial compounds and/or complete bioactive microorganisms represent some
of the most promising strategies for seed management that will allow to achieve
sustainable agriculture.
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4.2 Future prospects
4.2.1 Seed enhancement technologies (seed invigoration)

Soon, the integration of basic science with practical applications in agribusiness will
make it possible the implementation of seed enhancement technologies (SETs). For
instance, understanding the mechanisms of seed germination and the role of beneficial
microorganisms in the rhizosphere will support innovative approaches such as seed
biopriming [93]. By harnessing scientific knowledge on plant-microbe interactions, SETs
will address critical issues in agribusiness, such as poor crop establishment and reduced
yields, thereby contributing to sustainable agricultural practices. This synergy between
basic research and applied science will not only advance our knowledge but also provide
tangible solutions to real-world challenges faced by farmers and agribusinesses.

SETs include methods like biopriming, coating, and pelleting technologies
that makes possible to treat seed surfaces with several materials such as nutrient
components, plant growth regulators, beneficial microorganism, or even nutrient
components and plant growth regulators [94]. Adopting seed biopriming with PGPR
or coating technology that improve establishment rates are useful in early emergence,
thereby promoting success in seed-based restoration efforts [95].

Currently, there are multiple studies on biofertilizers and PGPR that we can use
with SETs and could be a hope for agriculture in marginal and polluted conditions.

In this regard, there is a particular interest in identifying and using PGPR to promote
the establishment of crops in saline, drought, and heavy metals contaminated envi-
ronments, all of them increasing constantly and irremediably [96, 97]. These can
include not only PGPR but also mycorrhizal fungi (another common inhabitants of
the rhizosphere), which help plants by improving nutrient availability through N or
P solubilizing effects, the release of growth regulators, and the reduction of diseases
caused by soil-borne pathogens. A particular contribution of mycorrhizal fungi is to
increase the surface coverage of roots to improve nutrient uptake [98].

4.2.2 Synthetic communities of microbes (SynCom)

Another revolutionary advance in agricultural biotechnology is the use of
Synthetic Communities of microbes, or SynComs. These engineered microbial
consortia exploit the characteristics of natural ecosystems to provide improved plant
function, health, and productivity. By selectively assembling supportive microorgan-
isms, SynComs can either mimic or enhance the types of rhizosphere interactions that
already take place within ecosystems to make crops more resilient [99].

The merge of SynComs with SETs is a promising innovation for the agribusiness
sector. The fusion of these technologies would further increase their efficiency,
providing growers with a plant microbiome tailored to the microbes in which the crop
germinates and develops [100].

For example, biopriming with SynComs placing PGPR directly to the seeds surface
and creating symbiosis from the early days of plant development. This method not
only should enhance the seed germination and vigor of seeding but also could provide
the sustainability to cope up with various stresses and also improve plant resistance
against different pathogens. Nitrogen-fixing bacteria, phosphate-solubilizing
microbes, and growth-promoting hormones producing ones may further be selected
as the microbial strains for SynComs which could provide all kind of supports indis-
pensable to growing plant [101].
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The incorporation of SynComs into SETs follows the guidelines behind sustainable
agriculture, which uses fewer chemical fertilizers and pesticides to increase plant
growth using natural processes. Not only is this good for the natural environment but
it also makes agribusiness more economically sustainable due to lower input expen-
sive and better crop yields [102].

In conclusion, SynComs offers an innovative perspective toward achievable food
security right alongside environmental stewardship, whose use will surely soon
be adopted to improve agricultural practices around the world. As they combine
advanced biotechnological solutions with conventional agriculture, there is a strong
possibility that the use of SynComs and PGPR-based SETs will indicate the future
direction for improving productivity hand in hand with sustainability. Crops using
these novel technologies will be robust, with high yields, and acceptance of these
innovations could revolutionize conventional farming, ensuring food security and
economic prosperity for farmers worldwide.

5. Conclusions

The main aspects that stand out from this review are that the search for alterna-
tives that help increase agricultural production in increasingly limiting conditions
is urgent to achieve the production levels required to satisfy the food demand of a
constantly growing world population. A high rate of homogeneous seed germination
has a positive effect over the efficiency of agricultural production, so any strategy that
improves it will be useful for such purposes. Seed germination is mainly controlled
by the endogenous balance of abscisic acid and gibberellins; however, the rhizo-
sphere inhabits numerous bacteria, generically known as “Plant Growth Promoting
Rhizobacteria (PGPR)”, which favorably impact seed germination and plant develop-
ment. The study of these bacteria, mainly focused on a better understanding of the
PGPR-plant interaction, with different approaches that should include cutting-edge
technologies and strategies, represents an excellent alternative that sooner or later will
have an impact on the already unavoidable establishment of sustainable and ecologi-
cally friendly agriculture.
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Unveiling the Role of Arbuscular
Mycorrhiza in Seed Germination
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Abstract

Seed germination is a pivotal stage in the life cycle of plants, marking the transi-
tion from dormancy to active growth. Arbuscular Mycorrhizal (AM) fungi form
symbiotic associations with the roots of most terrestrial plants, profoundly influ-
encing various aspects of plant growth and development. This chapter provides a
comprehensive exploration of the intricate relationship between AM fungi and seed
germination, spanning genetic, molecular, ecological, and practical dimensions.
Moreover, insights into hormonal regulation, mycorrhizal networks, soil conditions,
and ecological implications mediated by AM fungi in modulating seed germination
processes are also discussed. The chapter also addresses the role of AM symbiosis in
conferring abiotic stress tolerance to seeds, particularly under drought, salinity, and
temperature stress. Practical applications and management strategies involving the
utilization of AM fungi in agriculture and restoration ecology are outlined, emphasiz-
ing their potential to improve seed germination rates and facilitate ecosystem restora-
tion efforts. Challenges and future directions are discussed, underscoring the need
for continued research to fully harness the benefits of AM symbiosis for sustainable
plant growth and ecosystem management. In conclusion, this chapter offers a com-
prehensive synthesis of the role of AM fungi in seed germination, emphasizing its
multidimensional impacts and potential applications across various fields.

Keywords: arbuscular mycorrhiza, seed germination, nutrient availability, hormonal
regulation, abiotic stress tolerance

1. Introduction

A specific group of fungi known as arbuscular mycorrhiza (AM) is essential to
the complex system of interactions between soil and plants that keep ecosystems
alive [1]. Plant growth and development depend on these symbiotic partnerships,
which are defined by the connection between AM fungus and plant roots [2]. This
study explores the many facets of AM fungus, including their extensive distribu-
tion in many environments and their structural and functional characteristics.
Another crucial stage in the life cycle of plants is seed germination, which signifies
the change from a dormant seed to an active, developing plant. Seed germination is a
complicated process that is crucial for plant establishment and ecosystem dynamics
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because it is impacted by a wide range of physiological processes and environmental
stimuli [3]. This chapter investigates the relationship between AM fungus and seed
germination at the interface of these two fields. AM fungus modulates plant hor-
mones and improves nutrient absorption, which can have a major effect on seedling
establishment and development. Comprehending the communication channels and
mycorrhizal networks between AM fungus and seeds/plants offers a valuable under-
standing of the manner in which microbial populations and soil conditions influence
these interactions. This article also investigates the molecular and genetic bases of
plant responses to AM fungus during seed germination. The investigation also looks
at how abiotic stressors like salt, dryness, and severe temperatures affect how well
AM symbiosis promotes seed germination. Lastly, the wider ecological effects of
AM-mediated seed germination are discussed, with a focus on succession patterns
and community dynamics.

2. Understanding arbuscular mycorrhiza and seed germination

AM (Arbuscular Mycorrhiza) is an obligate eukaryote in nature involved in a
unique mutualistic association with eukaryotic plants, which not only colonize root
tissue but shoot, rhizomes, etc. [4]. AM fungi form mycorrhizal networks by con-
necting the roots of multiple plants with multiple species, causing positive fitness
in both organisms [5]. Coevolution and reciprocal genetic changes of ancestral
free-living fungi and ancestral terrestrial plants may have played a major role in this
association [6]. AM are endomycorrhiza group that forms tree-like branches inside
plants upon symbiosis and are obligate. AM are members of the ancient fungus group,
which enhances nutrient acquisition among symbionts through signal transduction
[7]. They are a member of the monophyletic group Glomeromycota. Pre-penetration
appendages make epidermal bridges for plant and AM fungi communication through
hyphae [8]. A specialized hyphal network for nutrient and water uptake in AM fungi
helps in plant association, which completes its lifecycle using plant carbon as a nutri-
ent source [9]. Besides, the plant supplies lipids to AM fungi, which enhance the fungi
life cycle [10].

The transition of an inactive embryo into an active growth phase occurs through
seed imbibition and cell elongation. This process enhances cell numbers and initiates
new growth in plant seeds through germination, which also signals metabolic activa-
tion upon hydration. The emergence of seedlings from embryos, with the potential
to develop into healthy plants, completes the seed germination process [11]. Seed
germination is characterized by the activation of mitochondrial enzymes, increased
gibberellic acid (GA) biosynthesis, and a heightened requirement for oxygen. This
leads to the hydrolysis of starch, proteins, lipids, and phytic acids, followed by the
flow of sucrose to the embryonic axis [12]. Various phytohormones play crucial roles
in seed germination and dormancy, with the abscisic acid (ABA) ratio being particu-
larly important due to their antagonistic relationship [13]. Additionally, strigolactone
enhances seed germination by increasing a-amylase activity [14].

3. AM fungi influence on seed germination

Phytohormones and enzyme releases from AM fungi enhance seed germination
and help convert nutrients into bioavailable forms, promoting plant tolerance under
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nutrient-deficient conditions [15]. The inactivation of GA (gibberellic acid), which
leads to mycorrhizal symbiosis and enhanced germination, has also been observed
[16]. Orchid seeds, which lack endosperm, require external nutrient sources for
germination. The initial absence of photosynthesis reduces the carbon supply to AM
fungi, which is supplemented until the first green leaf emerges [17]. The potential
of AM fungi to enhance seed germination is significant across various orchid spe-
cies, improving the quality and quantity of secondary metabolites in some plants
[18]. Mycorrhizal associations are crucial for the successful iz vitro germination

of several endangered orchid species [3, 19]. AM fungi are particularly beneficial
for terrestrial orchids, supplying nitrogen and phosphorus in exchange for carbon,
thus enhancing germination even under low light conditions [20]. AM fungi have
been reported as germination enhancers for Cinchona officinalis [21]. They also
improve nitrogen nutrition from organic matter through symbiosis, converting
nutrients into bioavailable forms [22]. Acting as biofertilizers, AM fungi promote
growth and protection from multiple abiotic stresses [23]. Under heavy metal
contamination, antioxidant activity reduces. Since antioxidants are crucial for stress
tolerance and germination, AM fungi help phytostabilize heavy metals [24, 25].

The light requirement varies among terrestrial orchids, but AM fungi associations
mitigate the effects of limited light, enhancing germination [20, 26]. The presence
of trehalase in the orchid genome underscores the importance of AM fungi in orchid
germination [27]. Seed coating with fungal mycelia reduces costs and enhances
germination efficiency and growth [28]. The universal effect of AM fungi on orchid
seed germination supports conservation efforts for critically endangered orchids

by providing essential initial support (Table 1). In conclusion, AM fungi play a
crucial role in enhancing seed germination, nutrient uptake, and plant tolerance

to various stresses, making them invaluable for agricultural practices, ecological

Role of AM fungi

Effect

Reference

Protection from High Light

Enhances Germination in Orchid

Alghamdi etal. [20]

Protection from Harsh
environments, Sustainable Crop
production

Acts as Biofertilizer, Low chemical input

Begum et al. [23];
Lanfranco et al. [29]

Nitrogen and Phosphate
Acquisition and Nutrient Cycling

Growth Promotion

Artursson et al. [30];
Bonfante and Genre [31]

Plant Growth

Synergistic effect for growth

Nanjundappa et al. [32]

GA inactivation

Seed germination

Miura et al. [16]

Protection of Endangered Orchids

Seed germination and seedling growth of
Paphiopedilumhirsutissimun

Tian etal. [3]

Disease resistance in Nonhost
species

Multifunctional Systemic resistance

Ferndndez et al. [33]

Ecosystem Function and Global
Nitrogen Cycle

Enhanced Nutrient availability

Hestrin et al. [22]

Nutrient Exchange

Mutualism of Survivability

Parniske et al. [7]

Secondary Metabolite Secretion

Disease and Stress resistance

Smith and Read [34]

Phytostabilization

Heavy Metal Toxicity reduction

Bano and Ashfaq [24]

Table 1.

Effect of beneficial role of AM fungi in plants physiology and seed germination.
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restoration, and the conservation of endangered species. Strigolactone secretion

in the rhizosphere induces AM fungi association in plant roots by attracting the
fungi and promoting hyphal branching. A complex lipopolysaccharide ‘Myc’ factor
initiates AM fungal association with plants through a Common Signaling Symbiosis
Pathway (CSSP), facilitated by N-acetylglucosamine-based molecules via a tri-level
structured hierarchy of perception, transmission, and transcription of lipopolysac-
charide modulation [35]. Continuous oscillation and spiking of Ca”" in the root hair
nuclear membrane enhance root colonization and symbiosis [31]. While strigolac-
tone enhances the germination of parasitic plants, its role in enhancing AM fungi
interaction also inhibits the germination of these parasitic plants [36]. The associa-
tion between fungi and plants helps transfer multiple responses, including defense
signals and allelochemicals, between plants [5].

4. Genetic and molecular insights

Most terrestrial plants have symbiotic relationships with AM fungi in their
roots, which are essential for nutrient absorption, stress tolerance, and overall
plant health. Plant-AM fungal interactions during seed germination influence
numerous physiological processes that affect seedling establishment and future
development. Understanding the genetic basis of these interactions is crucial
for deciphering the underlying processes and harnessing their potential for
agricultural benefits [37]. Researchers are investigating the genetic basis of plant
responses to AM fungi during seed germination to better understand the complex
mechanisms regulating these symbiotic relationships (Table 2). This work focuses
on examining various genetic factors that influence the initiation and development
of these symbiotic interactions, which in turn affect seed germination and sub-
sequent plant growth. By analyzing these genetic components, researchers aim to
uncover the molecular pathways and regulatory systems that govern plant-fungus
interactions. This research not only addresses fundamental questions in plant biol-
ogy but also has the potential to lead to improved agricultural practices [44]. The

S.N. AM Gene/QTL/Transcription Response References
(type/Strain) factor involved

1 Glomus NPR1 (Non-expressor of Reduced reactive oxygen Zhang etal.
intravadices Pathogenesis-Related Genes 1) species (ROS) activity [38]

2 Funneliform LjERF1 (Ethylene Responsive Inhibit seedling growth Berrocal-Lobo
ismosseae Factor 1) [39]

3 Rhizophagus PT4 (Phosphate Transporter 4) Increase in enzyme Zhang etal.
irvegularis activity [40]

4 Gigaspora MYB72 (Transcription Factor Increased Root Exudation ~ Massalhaetal.
margavita MYB72) (41]

5 Glomus mosseae PHT1 (Phosphate Transporter 1) Increase (P) phosphate Victor Roch

uptake etal. [42]

6 Rhizophagus RAMI1 (Required for Increase (Colonization Oliveira et al.

clarus ArbuscularMycorrhization 1) Efficiency) [43]
Table 2.

Plant responses to major AM strain and gene/factors implicated.
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Figure 1.
Essential genetic components and roles of AM fungus.

main genetic variables linked to plant responses to AM fungi during seed germina-
tion are illustrated in Figure 1.

4.1 Genetic variables affecting plant responses to AM fungi

Understanding the molecular mechanisms behind plant-AM fungus symbiosis
is essential for enhancing agricultural practices. Key signaling pathways, including
those mediated by strigolactones, phosphate availability, and plant hormones, along
with transcriptional regulation and complex regulatory networks, play crucial roles in
establishing and maintaining these symbiotic relationships.

4.1.1 Signaling pathways

Important signaling molecules that facilitate the identification and formation of
symbiotic connections between plants and AM fungus include strigolactones and
jasmonic acid. Genetic research has revealed the receptors and downstream signaling
elements involved in these pathways, providing insight into the molecular processes
controlling the start of symbiosis [45]. The three main signaling pathways in plant
and fungi interactions are described with the following:

a.Strigolactone Signaling: The significance of strigolactone receptors in plant-fungus
interactions has been highlighted by recent research that has clarified their role
in mediating the formation of symbiosis and emphasizing downstream signaling
components [46].

b.Phosphate Signaling: The symbiotic connection between plants and AM fungus is
regulated by the availability of phosphate. In the symbiotic interface, phosphate
transporters and regulatory proteins control phosphate signaling pathways,
which affects fungal colonization and nutrition exchange [47].

c. Plant Hormones: Plant-fungi interactions involve a variety of hormonal signaling
pathways, such as those involving ethylene, cytokinins, and jasmonic acid. Many
features of symbiosis, including colonization, nutrition transport, and defensive
responses, are regulated by crosstalk between hormone pathways and symbiosis-
related genes [48].
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4.1.2 Transcriptional regulation

In response to AM fungus invasion, transcription factors are essential in coordi-
nating changes in gene expression. Research has revealed transcriptional regulators
that affect the expression of genes related to defense mechanisms, nutrition trans-
port, and the formation of symbiosis. These discoveries provide light on the genetic
regulation of plant-fungus interactions [40].

4.1.3 Regulatory networks

Complex regulatory circuits that control how plants react to AM fungus are
created by the integration of many signaling pathways and transcriptional networks.
These regulatory networks are starting to be untangled by genetic studies, which
emphasize the linkages between various pathways and the hierarchical structure of
gene regulation in symbiotic relationships [49].

4.2 Molecular signaling between AM fungus and seeds/plants

Molecular signaling is a key component in understanding the complex interactions
that result in symbiotic relationships that are vital for nutrient exchange and plant
health between seeds and AM fungus [37]. Several studies clarify the signaling pro-
cesses controlling the establishment and maintenance of symbiosis through an exami-
nation of current developments in this field, providing insights into the molecular
underpinnings of plant-fungus interactions and their consequences for agriculture.
Agriculture will be greatly impacted by our understanding of the molecular signal-
ing pathways and genes associated with symbiosis that is engaged in plant-fungus
interactions. By using this information, methods for increasing crop resistance to
environmental stressors, increasing nutrient absorption efficiency, and encouraging
sustainable agriculture practices may be developed [50]. There are symbiosis-related
genes for the connections that play important roles.

a.Mycorrhiza-Induced Genes: When AM fungi colonize plants, they cause the
expression of genes linked to symbiosis, such as those that code for phosphate
transporters (PTs) specialized to symbiosis and proteins called Arbuscular
Mycorrhiza-induced proteins (MIPs). These genes create an environment that is
favorable for symbiotic contact and allows the flow of nutrients [2].

b. Transcription Factors: Transcription factors, particularly those from the
myeloblastosis (MYB) and gibberellin-acid insensitive (GAI)-repressor of GA1
(RGA)- and -scarecrow (SCR) (GRAS) transcription factors families, play a
pivotal role in orchestrating plant-fungal interactions. These proteins regulate
the activation of genes involved in symbiosis by responding to fungal presence.
Their function is essential in the genetic changes that occur when plants and
fungi establish a symbiotic relationship [37].

5. Abiotic stress tolerance

Exciting new insights into the relationships between plants and fungi have been
revealed by studies on how AM fungi promote seed germination under severe salt
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Figure 2.
Response of AM fungi symbiosis with host under stress.

and water stress conditions (Figure 2). AM fungi are crucial mediators that help
plants adapt and become resilient to drought and salinity (Table 3). By enhanc-
ing water intake and increasing water use efficiency through the expansion of the
plant root system, AM fungi improve seed germination under water stress [75].
Additionally, these fungi aid in the production and accumulation of osmoprotec-
tants like proline and trehalose, which mitigate the negative effects of water deficit
on seed germination. Similarly, by regulating ion homeostasis, reducing sodium
absorption, and increasing potassium accumulation in plant tissues, AM fungi play
avital role in alleviating salt stress in high salinity conditions. Furthermore, AM
fungi stimulate the production of antioxidant enzymes and compatible solutes,
which reduces oxidative stress and enhances seed germination in saline environ-
ments. Overall, understanding the mechanisms behind the symbiotic relationships
between plants and AM fungi holds potential for developing strategies to increase
crop resistance to salinity and drought, thereby advancing sustainable agriculture in
affected areas [76].

6. Community dynamics and succession

AM fungi play a pivotal role in enhancing plant growth and survival rates, facili-
tating phosphorus uptake, and shaping the dynamics and succession of plant commu-
nities. Smith and Read [34] assert that the mutualistic relationship between AM fungi
and plants, initiated during seed germination, results in stronger seedling develop-
ment and higher germination success rates. Compared to non-inoculated controls,
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Bever [77] found that seedlings inoculated with AM fungi exhibit higher germination
success, providing these plants with a competitive advantage for resources such as
light, water, and nutrients, potentially altering competitive hierarchies. Furthermore,
AM fungi significantly influence plant succession, aiding pioneer species in establish-
ing themselves in primary succession by enhancing soil nutrient availability [78].

In secondary succession, AM fungi promote ecosystem recovery and stability by
facilitating plant reestablishment following disturbances like fire or human activity
[79]. The abundance and diversity of plant species within ecosystems are profoundly
affected by AM fungi. While mycorrhizal interactions can sustain biodiversity by
promoting cohabitation, they may also confer competitive advantages to certain
species, potentially reducing overall biodiversity [80]. Johnson et al. [81], who note
that different species offer distinct advantages to host plants, influencing interspecies
interactions and community composition, highlight the importance of functional
diversity in AM fungi. Mycorrhizal networks, according to Van der Heijden et al.

[82], enhance community resilience and stability by facilitating nutrient flow across
plants, particularly in stressful conditions. Environmental factors and the functional
diversity of AM fungi significantly influence these interactions [81, 83]. Overall, AM
fungi enhance nutrient uptake and competitiveness, thereby influencing community
structure and dynamics, while also fostering cohabitation and biodiversity within
ecosystems.

7. Practical applications

AM symbiosis is a critical component for sustainable agricultural systems, offer-
ing numerous benefits such as enhanced seed germination, plant growth, host plant
nutrition, and mineral cycling [84]. AM fungi absorb nutrients and water through
two primary modes. Initially, in the asymbiotic phase, hyphal morphogenesis occurs
when root exudates from host plants become available [85]. The germling hyphae,
which elongate and branch, physically contact host roots, penetrate root cells using
appressoria, and form arbuscules within the root cortex [86, 87]. This extensive
hyphal network enhances absorption capacity and surface area, thereby improving
the uptake and translocation of essential nutrients like phosphorus and nitrogen
[88]. These extraradical hyphae can access nutrients and water from fine soil crev-
ices beyond the reach of roots [89]. The expansive mycelial network significantly
increases the absorptive surface area and aids in soil moisture retention [90]. Beyond
nutrient and water uptake, AM fungi play a vital role in improving soil structure
and quality. Their external hyphal networks promote soil aggregation by creat-
ing a skeletal structure in the mycorrhizosphere. AM fungi enhance soil structure
by releasing various organic compounds, including the highly effective glomalin
protein, which binds soil particles, stabilizing these aggregates for up to 6 months
even after the hyphal network has disappeared. Arbuscular mycorrhization boosts
soil organic matter content and water-holding capacity [75, 91], contributing to
soil ecosystem conservation. Additionally, the extended hyphae help mitigate water
deficits in dry soils and reduce evaporation [92]. AM fungi play a significant role
in nutrient solubilization by secreting acid and alkaline phosphatases and organic
acids, which help mineralize and release nutrients [93]. The uptake of nutrients,
particularly phosphorus (P), is influenced by the physiology of both the plant and
the fungus. The translocation of nutrients occurs through the processes of loading
and unloading via extracellular hyphae and cortical arbuscules, and this is affected
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by the plant’s nutrient requirements, arbuscular mycorrhizal fungi (AMF) species,
strains, and environmental conditions [94]. AM fungi are particularly crucial for
phosphate uptake in P-deficient soils, as they mobilize P from rock phosphate [95].
Additionally, AM hyphae can decompose larger organic molecules [23], facilitat-

ing nitrogen transfer from organic matter to plant tissues and thus increasing plant
biomass [96]. The AM hyphal network also aids in the uptake of potassium [97] and
essential micronutrients such as magnesium, zinc, copper, calcium, sulfur, sodium,
manganese, boron, molybdenum, and iron, all of which are vital for plant growth
[64]. By participating in nutrient cycling, AM fungi ensure adequate nutrient avail-
ability even in infertile or less fertile soils [98]. Additionally, AM symbiosis signifi-
cantly boosts the levels of chlorophyll, carotenoids, and phenolics in plants [99]. This
early enhancement in germination and growth improves plant vigor and reproductive
health, ultimately increasing yield. The positive effects of AM inoculation on plant
growth and productivity have been well-documented [100]. Recent studies on crops
such as tomato, rice, wheat, maize, yam, and potato have demonstrated these benefits
[101]. Furthermore, AM colonization has been shown to enhance food quality by
increasing levels of antioxidants, flavonoids, and vitamin C [102]. AM can serve as

a valuable amendment to improve soil fertility, crop productivity, yield quality, and
to revitalize agro-ecosystems [103]. Incorporating the benefits of AM inoculation
into farming practices can promote sustainable agricultural systems by enhancing
plant growth and product quality [104]. Additionally, AM increases nodule forma-
tion in leguminous plants and enhances free nitrogen fixation [105]. By acting as a
biofertilizer, AM can reduce the need for chemical fertilizers in crop production.
Consequently, this reduces reliance on chemical fertilizers. AM plants also produce
beneficial phytochemicals like carotenoids and flavonoids, which help reduce oxida-
tive damage and benefit human health [106].

8. Management strategies
8.1 Fertilizer management

The application of slow-releasing fertilizers, such as rock phosphate, can enhance
AM colonization and activity. Rock phosphate, as an unconventional yet effective
alternative to inorganic phosphate fertilizers, promotes mycorrhizal growth and func-
tion [84]. Plants colonized by AM and supplemented with rock phosphate exhibit
greater growth compared to non-AM plants, given double the amount of superphos-
phate. Additionally, low to moderate nitrogen levels boost AM colonization, sporula-
tion, plant growth, and root development. Initial nitrogen supply can sometimes aid
the establishment of mycorrhizae [107]. AM fungi perform better even with reduced
fertilizer doses [108]. Low to moderate doses of fertilizer, especially organic ones,
enhance AM-mediated plant growth and biocontrol capabilities. Without mycor-
rhizal application, increased phosphorus supply can decrease biomass, while low
phosphorus levels promote root branching for better phosphorus acquisition [109].
Mycorrhizae increase biomass at low fertilization levels, but high fertilization levels
reduce biomass. Mycorrhizae also improve resistance to herbivores at medium fertil-
ization levels, with the strongest resistance observed when plants are fertilized with
phosphorus-rich organic fertilizers [110]. Modifying conventional agricultural prac-
tices toward an integrated eco-friendly approach, such as avoiding over-fertilization
and applying beneficial soil microorganisms and mycorrhizae-helper bacteria, can
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improve phosphorus use efficiency, reduce phosphorus toxicity in soil, and minimize
phosphorus leaching into groundwater [111].

8.2 Tillage improvement

Conservation agriculture practices, which include minimal soil disturbance
and retaining more than 30% of crop residue, are increasingly adopted globally.
These practices are known to enhance soil health by optimizing key soil attributes.
Conservation tillage combined with the application of organic manure can support
the survival and inoculation of beneficial organisms, improve soil aggregation, and
enhance phosphorus uptake [112].

8.3 Choice of crops, cultivars, and management

Choosing highly mycotrophic crops and cultivars with root architectures that
efficiently access phosphorus and form active symbioses with arbuscular mycorrhizal
fungi (AMF) is essential [86]. It is beneficial to avoid crop rotations involving non-
mycorrhizal families like Brassicaceae and Amaranthaceae, as they release fungi-static
compounds into the soil. Instead, growing mycorrhizal cover crops after these non-
mycorrhizal crops can prepare the soil for the next planting [113]. Domestication may
have reduced the ability of plants to respond positively to AMF in high-phosphorus
soils. Mathur et al. [114] found that both wild and domesticated species of 27 crops
benefited similarly from AMF under low phosphorus conditions. However, under
high phosphorus conditions, the response of wild varieties to AMF did not differ
significantly, whereas growth was strongly reduced in domesticated species. This
suggests that domesticated crops only benefit from mycorrhizal associations at low
soil phosphorus concentrations. Although AM fungi do not have strict host specific-
ity, they do exhibit host preferences, which can vary with geographical distribution
and land use [115]. The AMF community in different hosts may respond similarly to
soil phosphorus gradients. Crop rotation with highly mycotrophic crops from families
such as Fabaceae or Poaceae can positively influence AM function. While AM species
composition may vary with plant species and take time to adjust, the subsequent
mycotrophic crop will benefit from reduced phosphorus requirements compared to
fallow land without vegetation [116].

8.4 Soil-host compatibility

The native arbuscular mycorrhizal fungi (AMF) flora in upland ecosystems has
shown high efficiency and responsiveness to upland rice. Crop rotation with rice has
been found to enhance soil phosphorus content and boost native AM inoculum [117].
Although AMF generally does not thrive in wetland habitats, and their application is
minimal in lowland rice cultivation, some species like Glomus etunicatum, G. mosseae,
and G. intraradices have performed well. These species increase phosphorus uptake
and root colonization under flooded conditions, in both high- and low-fertility soils,
thereby promoting nutrient acquisition and yield in rice [118]. Additionally, Glomus
intraradices has been found to enhance growth response, photosynthetic efficiency,
and antioxidative responses in rice plants under drought stress [119]. Host-fungi
compatibility is a significant factor, as intraspecific strain diversity impacts the
efficiency of AMF. Host cultivars exhibit differential responses to AMF, with various
genotypes showing different behaviors in distinct environments [120]. The molecular

236



Unveiling the Role of Arbuscular Mycorrhizga in Seed Germination
DOI: http://dx.doi.org/10.5772/intechopen.1006655

mechanisms determining fungal performance in plants are largely unknown and may
relate to the amounts of carbohydrates and lipids shared. Studies have shown that the
expression pattern of monosaccharide transporter genes in Rhizophagus irregularis
varies between intraradical and extraradical hyphae depending on the host plant and
phosphorus uptake [121]. Biomass gain correlates with extraradical mycelial mass,
indicating complex genotype-environment interactions [122]. Research on molecular
diversity in roots has revealed differences in AM community composition associated
with wheat and nitrogen-fixing crops [115]. The AM community composition associ-
ated with wheat varies with the growing season, phosphorus fluxes, and fertilization
levels [123]. Dominant AM species differ between conventional (Funneliformis spp.)
and organic systems (Claroideoglomus spp.) [124], highlighting the variation in AM
efficiency with different fertilizers, especially phosphorus [125]. Soil-AM strain
compatibility is also crucial for effective AM application, as soil conditions deter-
mine the most effective AM species for a given crop. Studies by Aguilera et al. [126]
found Acaulospora and Scutellospora to be dominant in acidic soils under continuous
wheat cropping, while Castillo et al. [127] reported a prevalence of Acaulospora and
Claroideoglomus in similar conditions. Thus, applying a few AM inocula indiscrimi-
nately in any soil for any crop may not be effective. The growth response of a single
host crop species can vary with different AM fungal species, and similarly, the same
AM fungal isolate can lead to different growth responses with various plant species,
cultivars, or genotypes [128]. Soil conditions have been found to control native AM
dominance and effectiveness in the rhizosphere, as observed in rice fields in Ghana
with Rhizophagus, Glomus, Scutellospora, and Acaulospora [129].

9. Conclusion future and directions

The practical applications of AM symbiosis offer promising solutions for sustain-
able agricultural systems, contributing to enhanced seed germination, plant growth,
host plant nutrition, and mineral cycling. AM fungi play crucial roles in nutrient
absorption and water uptake, influencing soil structure and quality and promoting
ecosystem stability. However, despite these benefits, several challenges and future
directions need to be addressed to fully leverage the potential of AM symbiosis in
agricultural management. One major challenge lies in optimizing fertilizer manage-
ment strategies to enhance AM colonization and activity. While slow-releasing
fertilizers like rock phosphate can promote mycorrhizal growth and function, balanc-
ing fertilizer doses, especially nitrogen levels, is crucial for maximizing AM-mediated
benefits without compromising plant growth. Integrating organic fertilizers and
minimizing over-fertilization can further enhance phosphorus use efficiency and
reduce phosphorus leaching, contributing to sustainable soil fertility management.
Improving tillage practices, such as adopting conservation agriculture techniques
and retaining crop residues, can support the survival and inoculation of beneficial
microorganisms, including AM fungi. Conservation tillage combined with organic
manure application can enhance soil aggregation and phosphorus uptake, thereby
improving soil health and crop productivity. The choice of crops, cultivars, and
crop management practices also plays a significant role in optimizing AM symbiosis.
Selecting highly mycotrophic crops and cultivars with efficient root architectures can
enhance phosphorus acquisition and symbiotic interactions with AM fungi. Avoiding
crop rotations involving non-mycorrhizal families and promoting mycorrhizal cover
crops can prepare the soil for optimal mycorrhizal colonization and subsequent plant
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growth. Ensuring soil-host compatibility is essential for effective AM application,
particularly in diverse agricultural ecosystems. Understanding the native AM fungal
flora and its responsiveness to different host plants and soil conditions can guide the
selection of suitable AM inocula for specific crops and soil types. Molecular diversity
studies can further elucidate the genotype-environment interactions influencing AM
fungal performance and host plant responses. In conclusion, addressing these chal-
lenges and implementing targeted management strategies can enhance the practical
applications of AM symbiosis in agriculture, leading to improved soil fertility, crop
productivity, and sustainability. By integrating AM symbiosis into agricultural
practices, we can foster resilient and environmentally friendly farming systems that
promote long-term soil health and food security.
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