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Abstract. Improper Seed Germination (SG) of plants is an undesirable factor in agriculture,
pasture and rangeland restoration operations. Therefore, researchers are trying to examine different
techniques to facilitate germination and improve seedling establishment. Facilitators play an
important role in managing and improving growth processes, through accelerating SG. In this
regard, the key aim of this study is to review different types of facilitators and their effects on the
germination, growth, and establishment of plants. Results showed that: firstly, the most used
method by various facilitators was seed pretreatment and secondly, most of the germination tests
for nanoparticles have been done in laboratory environments. It is necessary to examine these
facilitators in the field and natural environments to determine their real efficiency and
effectiveness. Thirdly, it seems that the use of effective microorganisms is much more cost-
effective than nanoparticles due to the ease of use in large areas, cheaper price and higher
efficiency. The general positive effects of facilitators include improving environmental stress
resistance, plant growth, surface coverage, root depth, root length, the fresh and dry weight of root,
SG, crop quality, and vyield. Their adverse effects also differ depending on the various
characteristics of both facilitators and plants.
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Introduction

Seed germination provides a suitable platform for plant growth, development, and performance.
Wide-range factors have been threatening the seedling survival of different species, especially in
arid and semi-arid lands. Since plants growth begins from SG, success in this stage has a critical
role in life survival, succession, final density per unit area, and preservation of the PS. Weak
germination and establishment of plants are significant problems in these regions (Allen, 2019).
Thus, it is essential to use techniques to improve the germination and establishment of plant
seedlings in arid land.

One of the most important ways to improve this is to use seed facilitators (Moameri and
Abbasi Khalaki, 2019). Using nanoparticle-type facilitators improves plant performance to absorb
nutrients, germination and plant production, repel pests and diseases, and to create a substrate for
planting plants (Eskandarinasab et al., 2019).

The reason for the increase in germination speed in seeds treated with facilitators can be due
to the increase in the activity of regulatory enzymes such as alpha-amylase, increase in ATP
production, increase in RNA and DNA synthesis, and increase in mitochondrial function (Mosavi
et al., 2021). Different studies are trying to find appropriate methods to increase the percentage of
SG. Seed pretreatment with facilitators is recognized as an economical, simple, and recommended
technique. The general results of facilitator experiments under different soil, climate, and
ecological conditions for various plants showed improvements in the SG, seedling growth,
seedling emergence vigor, plant establishment, and plant forage quality and production (Moameri
etal., 2018).

Therefore, this review was conducted to 1) introduce the most used types of facilitators
regarding their influential role in the growth and establishment of plants; 2) summarize the positive
and negative impacts of selected facilitators on plant germination, growth, and establishment .

1. Types of facilitators and their effects on growth and establishment

1.1. Nano-particles

Nano-particles are three-dimensional materials with a size of 1 to 100 nm. Although there are
different ways to synthesize nano-particles, biological production is considered due to
advantages such as environmental compatibility and low energy consumption. These particles
are characterized by high thermal conductivity, catalytic reactivity, nonlinear optical
performance and chemical stability due to their large surface area-to-volume ratio (Agarwal et
al., 2017). Furthermore, some nano-particle characteristics (e.g., their adsorption, transport, and
accumulation) differ in various PS depending on the PS type and the nano-particle's size,
chemical combination, structure, and strength (Arora et al., 2012).

Plant responses to nano-particles vary depending on the type of plant species, their
vegetative stage, age, and the nature of the nano-particles (Abbasi Khalaki et al., 2022). Through
penetrating the seeds, the nano-particles increase germination by increasing the water uptake via
the seed (Azarnivand et al., 2011). The large surface area of nano-particles results in adsorption
molecules and thus becomes more effective. Using nano-particles as a facilitator is a
considerable opportunity to enhance plant production and minimize environmental hazards.

Although nano-particles have high positive effects, their application in large-scale fields is
expensive. Nano-particles of trace elements also damage the cell in high concentrations and
cause oxidant action. Like other abiotic stresses, they induce the production and accumulation of
active oxygen species (Anjitha et al., 2021). Different types of nano-particles have been applied
to PS improvement of physiochemical properties.



Nano-silicon is also considered as an excellent growth-promoting agent, increasing plant
growth and stimulating or strengthening plant biomass, height, and productivity under stressful
situations (Siddiqui et al., 2014). It could amend the saline stress depression on various PS and
transfer DNA and chemicals into plants and organs of living organisms (Torney et al., 2007).

Silver nanoparticles (AgNPs) have lately been applied in the endowment of new
formulations like pesticides. It vastly improves silver's bactericidal and fungicidal efficiency
against furthermost significant plant pathogenic fungi and protects seeds (Lamsal et al., 2011).
Effects of Titanium dioxide (TiO,) nano-particles on germination and growth of Eurotia
ceratoides, Nitraria schoberi, Halothamnus glaucus, Salsola rigida, Kochia prostrata showed
that in most of these plants, low concentrations of nano-titanium dioxide had no critical impact
on germination and seedling growth. However, high concentrations (1500 mg L™) reduced
germination and seedling growth by causing toxicity. High condensation of nano-magnetite
(FesO4) reduced the SG and seedling growth of Agropyron desertorum and Agropyron
elongatum (Kamali et al., 2017). Most studies conducted on nano-particles of iron oxide, silver
and silica oxide. The effect of some nano-particles including potassium silicate, potassium
nitrate, and silver nano-particles, on the studied species including Onobrychis sativa, Thymus
kotschyanu, Festuca ovina, and Silybum marianum, has been investigated (Mosavi et al., 2021).
Also, these studies have been limited to Iranian and Turanian vegetation areas including high
mountains, dry forests, and cold semi-steppe areas (Fazeli-Nasab et al., 2018). Abbasi Khalaki et
al. (2022) summarized the effects of nano-particles on biological activity and plant growth
parameters in Fig. 1.
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Fig. 1. The effects of nanoparticles on biological activity and plant growth parameters (Abbasi Khalaki et al., 2022)

1.2. Hydrogels

Lack of water and its low quality are two dangers to natural resources in most tropical, temperate,
arid, and semi-arid lands. Moreover, rainfall is usually low in arid and semi-arid regions, and its
circulation and distribution are irregular. Therefore, water shortage and drought pressures are



restrictive features for plant production and control of the plant's existence. Vegetation restoration
and recovery with the help of hydrophilic hydrogels such as hydrogels are effective during
ecosystem restoration programs. Hydrogels with three-dimensional hydrophilic polymer networks
could absorb water or aqueous solutions in their network structures without losing structural
integrity (Zhang et al., 2022).

Hydrogels can improve germination by solving the dehydration difficulty and improving the
product's quantity and quality. Hydrogels are a set of hydrophilic molecules and polymers that can
store high amounts of water, which lead to an increase in water-holding valence, reduce the soil
water and nutrients leaching, decrease evaporation rate from the soil surface and increase soil
aeration, improvement growth and thus increasing yield under normal and stressed conditions.
Hydrogel polymers enable to increase their initial weight a hundred times within a short period and
release the absorbed water gradually under stressed conditions. Oladosu et al. (2022) reported that
hydrogel polymers increase soil aeration and cause better plant growth and thus, yield. The use of
hydrogel polymers due to the water supply required by the plant can also be a significant factor in
increasing plant resistance to heavy metal stress (Fig. 2). In addition to the benefit of increasing
available water, hydrogels can improve soil physical, chemical, and biological properties,
especially in arid and semi-arid areas where rainfall is scant and irregular long dry spells and
evaporation are high (Guo et al., 2020; Albalasmeh et al., 2022).
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Fig. 2. Vegetation restoration with the help of hydrogels (Saha et al., 2020)

Several studies in arid and semi-arid lands stated that hydrophilic polymers enhanced water-
holding capability in sandy soils and reduced water losses over leakage. For example, Wu et al.
(2008) and Nezami et al. (2010) obtained about 11 and 50% reduction in water usage due to
polymer treatment compared with control. Bal et al. (2008) verified the sound performance of
hydrogels in increasing soil moisture content and decreasing bulk density and electrical
conductivity of sandy soil. The germination and growth experiments showed that CMC-g-
PAA/HC was retained with 78.3% germination vigor (GV) and 80.0% germination (GR) ratio,
dramatically improving plant growth to 28 days. The results indicated that as-prepared eco-friendly
CMC-g-PAA/HC could be a water retention agent and nutrient carrier in arid and semi-arid regions
(Zhang et al., 2022). Moreover, the cost of CMC-g-PAA/HC raw materials in this study is



potentially competitive with other products in the market. The effect of various physical and
chemical stimuli on hydrogels is briefly shown in Fig. 3.
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Fig. 3. Stimuli response swelling hydrogel (Ahmed, 2015)

1.3. Organic or biotic matters

Organic or biotic matters (bio-fertilizers) are a marketable mixture of microbes including yeasts,
fungi, bacteria, and actinomycetes. Photosynthetic bacteria could work synergistically with other
microorganisms to decrease the pathogenic prevalence. Studies have shown that effective micro-
organisms can positively affect the physiological characteristics of plants, such as photosynthesis,
soil biological activity, and plant disease, thus leading to increased plant yields (Nayak et al.,
2020).

When effective micro-organisms are used with soil or as a foliar spray on plants, they
increase the photosynthetic and nitrogen-fixing bacteria and then cause more plant growth and
higher yield and quality by increasing photosynthetic efficiency, increasing surface area, and
stabilizing nitrogen (Sairam and Srivastava, 2002).

The increase in stem length by effective microorganisms is due to the production of some
growth-promoting hormones, especially axing gibberellins and cytokines (Olle and Williams,
2015). Zydlik and Zydlik (2008) pointed to the positive effects of effective micro-organisms in the
soil and reported an increase in the root volume of plants. The results showed the increased
phosphorus, nitrogen, and potassium in the plant culture medium. Mowa and Maass (2012)
designed an experiment to investigate the influence of the effective micro-organisms on SG of
Harpagophytum procumbens. The results showed that germination increased by 32% in the
treatment of effective microorganisms. The effective micro-organisms increase soil and plant
resistance to dehydration, carbon mineralization, and root penetration in the soil (Anon, 1995). The
effect of organic matter on soil properties is depicted in Fig. 4.
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(Abbreviation: MBC: microbial biomass C, CEC: Cation exchange capacity)

1.4. Seed bio-priming

Seed bio-priming involves covering the seed with some helpful bacteria and hydrating it for a
certain period without cracking the seed coat's root. Seed priming is a novel yet simple technique
that involves using beneficial and eco-friendly biological agents to improve the physiological
functioning of seeds. This technique also plays a vital role in restoring agroecological balances
through the improvement of soil fertility or by decreasing soil and water pollution (Chakraborti et
al., 2022). It is a technique for enhancing seed germination, stress management, plant growth
regulation, and acting as a bio-control agent/inoculum by inducing plant immunity (Mitra et al.,
2021; Sarkar et al., 2021). One of the seed priming methods is using micro-organisms in seed
inoculation, known as priming. Using these micro-organisms in seed inoculation increases the
yield of plants, especially if the micro-organisms settle in the root zone of plants and coexist with
the plant. Priming treatments improve the yield of Festuca arundinacea and increase stress
resistance. Two genera of Azospirillium sp. and Azotobacter sp. are nitrogen-fixing free bacteria
that can fix nitrogen without forming nodules on the roots. In addition to stabilizing atmospheric
nitrogen and increasing the absorption of high-consumption nutrients such as phosphorus and
minerals, these bacteria can also metabolize carbon, which is very important as an energy source
for the plant. Using these micro-organisms in seed inoculation increases plant harvest, primarily if
the micro-organisms used in seed insemination are located in the root zone of the seed and coexist
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with the plant (Bennett and Whipps, 2008). These bacteria have increased plant growth, effective
nutrient uptake, root growth and development, competitiveness with other plants, and resistance to
various stresses (Bothe et al., 1992). Fig. 5 shows the physiological, biochemical and molecular
basis of the prime seed and its effect on germination.
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Fig. 5. Plant seeds priming mechanism (Farooq et al., 2010)

1.5. Humic matters

Humic matters are categorized into three subtypes humic acid, fulvic acid, and humic (Muscolo et
al., 2013). Humic acid is a dominant component of humic matter and an excellent natural resource
generated during organic material's decay. It is active in interacting with organic and inorganic
contaminants and is used to increase plant production, growth, and ion binding. Its primary
resources are peat and lignites. Colorful organic polymers with irregular molecular formulas are
the main form of humic matter. Humic matter lacks nitrogen, phosphorus, or potassium (NPK).
While their organic structures motivate plants to form multiple proteins related to germination,
secondary metabolites, and abiotic stress stability (Garcia et al., 2016).

Humic acids increase the yield of alfalfa and Italian ryegrass, in which their root masses are
intensely enlarged (Khaleda et al., 2017). In general, humic matters promote the mitotic spaces in
roots, activating lateral root development linked to enhanced root density. This result is attributed
to the strengthened absorption of soil nutrients (Zandonadi et al., 2007). Atiyeh et al. (2002)
showed that the indoleacetic acid, gibberellins, and cytokinins extracted from the humic acid of
vermicompost had critical impacts on plant growth. Humic acid has cytokinin, auxin and
gibberellin like activity (Zhang et al., 2006).

1.6. Composts



Composts are enriched organic matter produced during an aerobic process of recycling organic
matter. Composting has low operating costs and greater social and environmental values (Abdellah
et al., 2022). For instance, conventional mushroom compost is generated from a mix of wheat
straw (40-45% dry weight), stable bedding (20-25%), poultry manure (10-15%), and gypsum (5-
10%) with varying amounts (10-15%) of other potential substances wastes.

Applying compost as organic fertilizer can reduce fertilizer dependence and improve crop
quality. Composts contain high amounts of nitrogen, phosphorous, potassium, and micro-nutrients.
Composting can maximize the material cycle and carbon capture. They could increase soil carbon
storage plant productivity (Meyer and Monsen, 2004), soil water-holding capability, and nutrient
emissions from micro-organisms (Ryals et al., 2015).

The results of the experiment by Sadeghi and Khani, (2013) on two species of Salsola
tomentosaand Artemisia aucheri showed that the application of compost up to a concentration of 40
m?>/ha increased the height of the plant (1.25%), canopy diameter (5.1%), The fresh and dry weight
of the plant (respectively 0.7% and 9.5%) more than the control treatment (without compost
application). Also, the apparent specific mass, electrical conductivity, and organic carbon content
of soil increased with compost application in both species.

The results of this experiment showed that the concentration of 30 m*ha was the best
concentration to increase the growth of both species of Salsola tomentosaand Artemisia aucheriin
dry desert conditions. The composting process is described in Fig. 6.
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Fig. 6. The process of composting (Risse and Faucette 2009)

1.7. Animal manure

Animal manure has been broadly used today due to the sustainable cultivation of plants. It can also
be selected as a facilitator because in addition to modulating soil temperature fluctuations, it
decreases runoff, increases permeability, and improves soil structure, micro-organism activity, and
plant yield with high allopathic properties can reduce weeds (Bilalis et al., 2003). Livestock
manure is used not only to meet the nutritional needs of the plant but also to improve the physical
structure of the soil so that it can retain moisture during drought and lack rainfall and organic
matter, several times as many mineral particles in the soil (Rayne and Aula, 2020). However,
inorganic fertilizers have a notable effect on food production increasing worldwide; their high
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costs, poor distribution systems, and privation of manufacturing capacity are some of the
preventing factors to their accessibility for users. Besides its ability to add nutrients to the soil,
Kraal manure (ordinary livestock manure in rural areas) also significantly improves the soil
structure. The addition of kraal manure to the soil increase the ratio of large to small pore spaces so
that they increase a gaseous exchange between the soil and the atmosphere, and this also improves
the soil's water-holding capacity. Animal manure contains nitrogen, one of the soil's most valuable
nutrients. Animal manure can help plant growth due to its long-term decomposition and activation
of other nitrogen-fixing bacteria.

1.8. Karrikin matters

Karrikins are a newly discovered group of plant growth regulators. They are Effective for
removing seed eco-dormancy and successfully germinating many plant species. One of the priming
techniques is a smoke extract, which has been reported to improve SG in various plants
(Ghebrehiwot et al., 2013). This stimulatory effect of smoke on germination has been attributed to
karrikinolide activity. Karrikinolide is an active chemical compound of butenolide or 3-methyl-2H-
furo [2, 3-c] pyran-2-one formula, which is named karrikins (Nair et al., 2013). Karrikins (KARs)
have been identified as molecules derived from plant material smoke (Antala et al., 2019), which
play a crucial role in various biological processes including seed dormancy release, germination
regulation, and seedling establishment. The karrikins regulate seed germination differently in
different species (Meng et al., 2017). One possible means of KARs application to agricultural and
pasture soils is indirectly through biochar, where KARs have recently been identified (Antala et
al., 2019). Sunmonu et al. (2016) revealed that karrikins benefit seed growth by effective
mobilization of starch accumulation from cotyledons/endosperms to various seedling tissues, and
the likely type of action by which this is facilitated could be by helping hydrolytic enzyme
activities, mostly amylase.

Moreover, it has been shown that karrikins decrease lipid peroxidation and oxidative enzyme
activity, thereby motivating seedling growth. Levesque (2013) described that exogenous
strigolactone treatment had a positive regulatory role in Arabidopsis and enhanced the drought
stability of the plants. In addition, genetic regulation of karrikin content/response could be
responsible for a novel way to develop a crop with high drought tolerance. Generally, karrikins
have been presented as generally efficient stimulants that raise SG of more than 1200 species;
however, various species are stimulated differently by this plant growth regulator according to their
genetic potentials (Dixon et al., 2009).

The most widely used types of facilitators are summarized in the following figure according
to their effective role in the growth and establishment of plants (Fig. 7).
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2. Positive and negative effects of facilitators
Depending on the type of plant, different concentrations of facilitators can cause different positive
and negative effects in the plant. The most use of facilitators is in the seed and seedling stage.
Tables 1 and 2 summarize the positive and negative effects of various facilitators examined in this

article.
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Table 1. Positive effects of facilitators on germination, growth, and establishment of plant species

Facilitators Concentration ~ Stage Plant species Test type Positive effects on plant parameters References
Nanoparticles 1mM Seed Sorghum bicolor Laboratory  Basis height; leaf height; chlorophyll amount Namasivayam &
Chitrakala (2011)
50 ppm Seed Brassica juncea Laboratory  Root height; shoot height; chlorophyll content Sharma et al., (2012)
60 % Seed Thymus kotschyanus Laboratory  Seed germination; seedling size; fresh and dry weight; Abbasi Khalaki et al.,
medium germination period (2016)
Silicon/silicon 40 mg/L seed Agropyron elongatum  Laboratory  Seed germination; root and shoot size; fresh and dry weight ~ Azimi et al., (2014)
dioxide
(Si-Si02)
40 mg/L seed Astragalus squarrosus  Laboratory  Seed germination Azimi et al., (2016)
30mg/L Seedling Medicago sativa Field Plant growth; yield; plant fresh and dry mass Zmeeva et al., (2017)
1000mg/L seed Onobrychis sativa Laboratory ~ Algometric coefficient; shoot height Moameri et al., (2018)
1000 ml/L Seed Alopecurus textilis Field Canopy cover; amount of florescence; survival rate Abbasi Khalaki et al.,
(2019)
1000 ml/L Seed Medicago sativa Field Plant height; basal space; canopy cover; branch number; Abbasi Khalaki et al.,
depth of rooting (2021)
Zinc/zinc oxide 10ppm seed Cyamopsis Laboratory  Plant biomass; shoot and root height; root capacity; Raliya &Tarafdar (2013)
(Zn-Zn0) tetragonoloba chlorophyll content
15mg/kg seed Hordeum vulgare Laboratory  Root elongation; biomass Najaf Disfani et al.,
(2016)
500ppm seed Capsicum annuum Laboratory  Plant development Garcia-Lopez et al.,
(2018)
Silver (Ag) 40 &80 ppm  Seedling Crocus sativus Field Stem size; humid and desiccated weight of root Rezvani &cSorooshzadeh
(2014)
Titanium dioxide 30 mg/ml Seed Petroselinum crispum  Laboratory ~ Shoot and root height; weight; chlorophyll content Dehkourdi & Mosavi
(TiOy) (2013)
40 &60 ppm Seed Foeniculum vulgare Laboratory ~ Germination speed; average germination time; shoot arid Feizi et al., (2013)
weight; vigor index
150 mg/L Seed Mentha piperita Field Essential oil content; active ingredient amount Ahmad et al., (2018)
5hakg ™ Seed Ocimum Basilicum Field Photosynthesis speed; chlorophyll content; seedling fresh Parande & Mirza (2011)
and dry shoot and root size
Iron /lron oxide 0.05 mM/L Seed Capsicum annuum Laboratory  Plant development Yuan et al., (2018)
(Fe—FeO)
Gold (Au) 10 pg/ml Seed Arabidopsis thaliana Laboratory  SG; seed function; vegetative development Kumar et al., (2013)
Superabsorbent 0.4 % Seedling  Haloxylon persicum Field Weight, root fresh and dry weight and root size Zangooei nasab et al.,
(2013)
20&30mg/Kg Seedling Vigna radiata Pot Javaid & Bajwa (2011)
Effective 1&2% Seedling  Harpagophytum Field Germination Mowa & Maass (2012)
microorganisms procumbens
20 ml/L Seedling  Cucumis sativus Pot Plant quality; pests and diseases reduction; development Olle & Williams (2015)
Humic acid 86 mg/L Seedling Alfalfa & Italian Pot Productivity; root density Khaleda et al., (2017)

ryegrass
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Table 2. Negative effects of facilitators on germination, growth, and establishment of RPS

Facilitators Concentration  Stage Plant species Type test Negative effects on plant References
parameters

Silver 10 mg/L Seed  Linum Laboratory  Shoot and root height El-Temsah and Joner

(AQg) usitatissimum (2010)

Lolium perenne
Hordeum vulgare

40 mg/L Seed Medicago sativa Laboratory  Shoot height Ramezani et al., (2014)
800- Seed  Brassica nigra Laboratory  Seed germination Amooaghaie et al.,
1600mg/L (2015)
Titanium 4% Seed Vicia Laboratory  Seed germination Castiglione et al.,
dioxide (2011)
(TiOy)
1000 mg/L Seed  Nitraria schoberi, Laboratory ~ Germination and seedling Dietz and Herth (2011)
Salsola rigida, development; toxicity
Halothamnus
glaucus,
Kochia prostrata
2.5 mg/L Seed Panicumvirgatum  Laboratory Plant development; root Boykov et al., (2018)
growth
Iron oxide ~ 400pg/mL Seed  Agropyron Laboratory  Percentage and seedling Kamali et al., (2017)
(Fes0,) elongatum development, reduced
Agropyron germination
desertorum
Iron /Iron 750- Seed  Linum Laboratory ~ Shoot and root size El-Temsah and Joner
oxide 1500mg/L usitatissimum (2010)
(Fe- FeO)
3.2 mg/Kg Seed  Trifolium repens Field Mycorrhizal biomass Feng et al., (2013)

Conclusions and prospects

Seed germination (SG) depends on the potential of embryo growth, hormones, and environmental
factors. The results of a review of 85 articles showed that the characteristics of germination and
seedling growth, in most cases, have a significant and positive effect on improving germination
and growth plants . Facilitators can improve the SG partly by changing soil metals’ behavior, their
accessibility to plants, toxicity, and leaching potential. Applying facilitators including
nanoparticles, hydrogels and organic or biotic maters has significantly enhanced the SG potential.
Different concentrations of facilitators have different positive and negative effects on the SG
characteristics of PS. Therefore, it seems that facilitators in the appropriate concentrations can
improve the seed germination characteristics, growth, and establishment of plants (Tables 1 and 2).
While sometimes high concentrations of facilitators had reduced the components of germination,
growth, and establishment of plants (Table 2). According to the review of articles, the most used
method of facilitators were seed pretreatment and their use in the initial stages of germination.
Therefore, the use of various facilitators in order to improve germination and rapid seedling growth
in the early stages can increase germination success.

It should be noted that although nano-particles had high positive effects, their application in
large-scale fields is expensive and most of the research has been done in a laboratory. Therefore, it
is suggested to use nanoparticles to improve plant parameters, their performance in natural habitat
and field to determine their real efficiency and effectiveness. According to the review of the
articles, the use of effective microorganisms is much more economical than nanoparticles due to
the ease of use in wide areas, cheaper price and higher efficiency. Most current methods employ an
environmentally sustainable and cost-effective seed pre-treatment process. More effective
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treatments can be used for each species to promote better establishment, growth, and yield of the
species and restore the arid and semi-arid lands.
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