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Abstract

There are many types of seed treatments, including dry treatments, liquid treatments, water-
based treatments, and oil-based treatments. There are also biorational treatments, which are
based on metabolites from fungi or bacteria. Bacteria and fungi are both used in biological seed
treatments. While all have potential uses, some organisms are more widely and successfully
used than others. Shelf life is an important consideration. For this reason, organisms that lack
cell walls are more difficult to use than ones with long-lasting spores. Bacillus and Trichoderma
are both widely effective, have good shelf life, and are frequently used. Even though
Rhizobiacae lack cell walls, which is a limitation, they are widely used because their symbiosis
with legumes facilitates nitrogen fixation which is an important factor that provides economic,
agricultural and environmental sustainability. It is crucial to store cultures properly to avoid
phenotypic changes, and mechanisms of variability and methods for storage are included in
(Samuels and Hebbar 2015). For all organisms, proper formulation of microbial agents is critical
for success; this is especially true for Rhizobiacae and other gram-negative bacteria. There are
several specialized processes used to deliver microbial agents or to enhance their biological
activity, such as solid matrix priming. Both living organisms and biorationals provide benefits to
plant agriculture by controlling diseases and increasing resistance to abiotic stresses such as
drought, temperature, salt, and flooding. They also can improve photosynthesis. For these
applications, the most effective bacteria and fungi colonize roots internally and provide season-
long benefits. These endophytes have been shown to induce systemic changes in plants’ gene
expression and encoding of proteins.
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Introduction

This review will consider:

e seed treatments and formulations,

e biorational treatments,

e benefits of seed treatments,

e the importance of, and methods for, long-term maintenance of cultures,
e endophytic and rhizospheric competence,
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e maintenance of internal cellular functions,

o effects on photosynthesis,

e control of plant diseases and pests,

e effects on biotic and abiotic stresses,

e value economically and to sustainable agriculture.

e Seed treatments and formulations

There are many types of seed treatments. Some are suitable for biological agents, while others
are not. Dry seed treatment powders have been used with a variety of microorganisms, and
originally they were the only ones used. This was particularly true for gram negative bacteria,
since the absence of a cell wall makes them very vulnerable to wetting and drying. Dry powder
treatments have limited use in commercial seed treatments.

Liquid seed treatments are usually used in commercial seed treatments because they are
convenient to use and are well-suited to high-throughput systems. They contain both pesticides
and formulary materials and are lethal to microorganisms when applied in the tank. However,
most microorganisms are compatible with biologicals if the organisms are applied after the
seeds are treated. Liquid seed treatments may be water-based or oil-based.

Water-based treatments suspend the organisms in water. With this preparation, there must be
some method to avoid growth of the organisms because if they grow, they are likely to die.
Moisture content is the percentage of moisture in a material. On the other hand, water activity
is @ measure of the water that is available to react or attach itself to another material. Water
activity (aw) = 1 indicates pure water, while aw = 0 is completely dry material. The permanent
wilting point of plants occurs at about aw = .95, while fungi such as Trichoderma can grow at
about aw =.92 and can survive at values even lower than this. Very halophilic organisms can
grow at about aw = .80. This differential is very helpful in formulating seed treatments. Water
activity meters are available, see https://www.metergroup.com/food/products/aqualab-4te-
water-activity-meter/. For a comprehensive treatment of water relations see (Leopold 1986).

Oil-based seed treatments are also available. Fungi are well-suited for such preparation. Many
contain proteins (hydrophobins) on the surfaces of their cell walls. Hydrophobins have a polar
end and a polar end. Many fungi, such as Trichoderma, can be either hydrophobic or
hydrophilic. Dry Trichoderma spores placed initially in oil readily suspend in the oil and are not
miscible with water. However, if they are initially placed in water, they become immiscible in
oil. The different portions of the molecule reorient depending upon the medium in which they
are suspended.

Other types of seed treatments are used including encrustments and pelleting. These differ
according to the thickness of the treatment (Afzal et al. 2020).
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Biorational treatments are microbial metabolites. These can be used as seed treatments.
Examples derived from Trichoderma include 1-octen-3-ol, 6-pentyl-a-pyrone and harzianic acid.
Seed treatments with 1-octen-3-ol increase yield in corn at very low concentrations (Harman
and Uphoff 2019a). Treatment of grapes with 6-pentyl-a-pyrone or harzianic acid increases
nutrient availability and induces resistance to powdery mildew (Pascale et al. 2017).

Solid matrix priming

Seeds that have been primed will germinate more quickly. For this process, seeds are placed in
a material such as humate or clay which has a moisture level below that required for the seed
to germinate. Some organisms such as Trichoderma or Enterobacter may be able to grow at
these low moisture levels (Taylor and Harman 1990; Taylor et al. 1988).

These organisms potentially can control pathogens that rot the seed, but they are ineffective
against Pythium spp. Pythium responds very rapidly to the presence of seeds, often infecting
seeds in as little as 1 hour (Stasz et al. 1980). Biocontrol organisms are unable to grow that
quickly. However, if seeds have been primed, they can grow at these low-moisture levels. Once
they are actively growing, these organisms can protect seeds against Pythium and other
pathogens (Harman and Taylor 1988; Harman et al. 1989).

e The importance of, and methods for, preserving viability for microbial agents

The issues of strain stability are critical. For example, in the 1980’s, a large international trial
was initiated, and it failed. The researcher indicated that the strain used was not the same one
used at the start of trial. If cultures are transferred repeatedly, the organism used will differ
from the original. Several mechanisms for this are known. For example, Nectria haematococca
is a pathogen of pea. The fungus contains a small unstable chromosome that encodes a gene
for degradation of pisatin. If this gene is lost, the strain is no longer pathogenic (Miao et al.
1991). Another mechanism is gene silencing, which is “the regulation of gene expression in a
cell to prevent the expression of a certain gene” (Wikipedia 2021). Additionally, modifications
of chromatin structure in the regulatory regions results in changes in translation of proteins
(Jaskiewicz et al. 2011).

Further, many fungi cells contain multiple nuclei, ranging from one to several thousand.
These nuclei may be dissimilar. These nuclei may exchange genetic material, and upon
sectoring, different phenotypes may be obtained (Roper et al. 2011; Kubicek and Harman 1998;
Harman et al. 1998). These mechanisms give rise to variability in the strains derived from them.
Another source of variability are transposons. In Magnapothe oryzae has highly unstable ends
of telomeres that undergo frequent genetic rearrangements (Rahnama et al. 2020). Given this
genetic instability, changes in phenotype of strains are inevitable. Therefore, it is essential that
strains not be serially transferred.

Methods to maintain strains in an inactive form are required. The American Type
Culture Collection lyophilizes cultures at low temperatures (American Type Culture Collection
2021) Another method uses silica gel beads (without colorant). Spores are mixed with skim milk,
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and the granules are added to vials and then sterilized (Samuels and Hebbar 2015). Cultures can
also be preserved by storage in liquid nitrogen containing 10-20% glycerol (Samuels and Hebbar
2015). Cultures of fungi can be preserved by placing spores with Wa=.03-0.5 at 0°C.

My colleagues and | never successively transfer cultures, and always start with inoculum that has
been stably preserved by one of the methods just described. For many fungi, the silica gel
procedure is convenient. To start a new culture, a few beads are scattered over an appropriate
medium from which the fungi grow across the plate. Using this method, we have stably stored
Trichoderma for a decade.

e Formulations

Formulations are essential components of seed treatments. Dry formulations may contain
clays, peat moss, and other materials along with adhesives, etc. Water-based liquid
formulations typically contain various binders, stickers, and/or colorants. For microbial agents,
growth in the liquid environment must be avoided. Water activity becomes important. The
most effective method of avoiding growth of microbial agents is through addition of an
osmoticant that can increase the osmolality of the solution.

Various materials can potentially be used. In considering which material to use, shelf life and
stability of the microbial agents need to be considered. Various salts provide the requisite
water activity (wa=.90-.94), but they are usually toxic when stored for long periods. Organic
osmoticants allow growth of microorganisms and so cannot be used. Perhaps the most useful
material is glycerol, which is non-toxic and most microorganisms cannot use it as a food source.

For liquid formulations, emulsifiers are usually needed. For living microorganisms, the
emulsifiers must be non-toxic and compatible with the other ingredients used. For biorational
materials such as 1-octen-3-ol that are volatile, oil-water emulsions are very useful. They help
keep the material in suspension and are readily mixed with other seed treatment components.

e Endophytic and rhizopheric competence

Endophytic and rhizospheric competence can be defined as the ability to grow within the root
interior and on the root surface, respectively. In many cases, the organisms persist and live for
at least the life of an annual crop. Trichoderma added as a seed treatment grows rapidly from
the seed onto the plant root radical and then grows and becomes established in the interior of
the root. The fungal endophyte usually is limited to the root and does not become established
in the above-ground portions of the plant.

Many other fungi and bacteria are endophytic and can potentially be used for seed treatment.
These include fungi in the genera Trichoderma (Harman 2011; Woo et al. 2014; Doni et al.
2017), Aspergillus (Ismail et al. 2020), Penicillium (lkram et al. 2018a), Clonostachys (Shafia et al.
2001), Piriformaspora (Sherameti et al. 2005), and Yarrowia lipolutoca (Franza et al. 2019), as
well as bacteria in the genera Pseudomonas (Konappa et al. 2020) and Bacillus (Konappa et al.
2020; Brannen 1997), and in the family Rhizobiacae (Chi et al. 2015).
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e Benefits of these seed treatments

These microorganisms have a variety of functions—they can be used to increase nitrogen
fixation, control diseases, ameliorate abiotic stress, increase plant yields, improve nutrient
utilization and for plant nutrient efficiency (Marra et al. 2019), and to increase photosynthesis.

e Nitrogen fixation

Rhizobiacae are well-known for their ability to fix nitrogen. The complex interactions between
plants and these bacteria are well documented in (Jones et al. 2007). Recently, a land race of
maize was identified that fixes nitrogen in a process supported by mucilage-associated
diazotrophic microbiota; this is expected to reduce the maize plants’ requirement for nitrogen
fertilizer (Van Deynze et al. 2018). Nitrogen fixation requires an absence of oxygen since oxygen
inactivates the enzymes responsible for nitrogen fixation. In legumes, leghaemogobin binds
tightly to oxygen and permits nitrogen fixation to proceed within the nodules affixed to plant
roots.

Rhizobiacea do not only colonize legumes, but can also become beneficially endophytes in the
roots and even in the canopies of cereal grains (Chi et al. 2005). While they colonize the roots
initially, they can move throughout plants and are found in the upper parts of plants. It is not
known whether these bacteria colonize other plants than cereal grains because this has not
been studied.

e Maintenance of internal cellular functions

Plant may be damaged by Reactive Oxygen Species (ROS). ROS damage nearly all functions
within cells (Mittler 2002). Many endophytic bacteria and fungi can mitigate the damage
caused by ROS; these include Trichoderma, which may be applied as a seed treatment. They
alleviate biotic, abiotic, and physiological stresses in germinating seeds and seedlings (Mastouri
et al. 2010). These microorganisms include mycorrhizal fungi that regulate plant growth,
photosynthesis, antioxidation, and osmosis (Mo et al. 2016); Piriformospora indica, which
stimulating the expression of drought stress-related genes in leaves (Sherameti et al. 2008);
Azospiillum; and Rhizobium, which can mitigate salinity stress (Fukami et al. 2018).

ROS may result from either biotic or abiotic stresses and from over-excitation of the
photosynthetic machinery (Nath et al. 2013). We have proposed the term ‘Optimization of
Internal Redox Environments’ (OIRE) to describe systems where the alleviation of damaging
effects from ROS is associated with the by overexpression of certain genes and of the proteins
that they encode (Harman and Uphoff 2019b). This is one of the important effects of these
beneficial organisms.

e Photosynthesis

Photosynthesis is essential to all life on Earth, providing fixed carbon for plants and ultimately
for all other organisms. This energy is necessary for processes such as plant growth, resistance
to biotic and abiotic stresses, nutrient uptake, and establishing and maintaining OIREs at the
cellular level.


https://doi.org/10.20944/preprints202103.0303.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 March 2021 d0i:10.20944/preprints202103.0303.v1

Photosynthesis having been reviewed elsewhere will just be summarized here (Harman et al.
2019). Endophytic microorganisms alter gene expression and the proteins that they encode
(Doni et al. 2019; Chi et al. 2005; Chi et al. 2010). The systems up-regulated include light-
harvesting, regulation of the dark reactions, and synthetic functions for photosynthetic
processes. These are summarized in (Harman et al. 2019). In a recent study, transcriptomic
study of plants treated with T. asperellum identified 335 transcripts differentially expressed; of
this total, 301 were up-regulated. Of these up-regulated genes, 238 were related to the
functioning of the thylakoid membranes in chloroplasts, and 192 were directly related to
photosynthesis (Doni et al. 2019; Harman et al. 2019).

Endophytic Trichoderma induce higher density of stroma (the network and chloroplasts related
to higher photosynthetic capabilities) (Paradiso et al. 2017) and increased levels of
photosynthetic pigments (Vitti et al. 2016; De Palma et al. 2016; Pelhivan et al. 2017).
Mitigation of ROS damage is also related to changes in gene expression (Mastouri et al. 2010).
Mycorrhizal fungi increase drought-tolerance through greater protection of photosynthetic
systems, a stronger root system, and an increase in anti-oxidative systems (Mo et al. 2016).
Seed treatment with two rhizobacterial strains provided greater photosynthetic activity and
chlorophyll content, and also increased water use efficiency (Stefan et al. 2013). In endophytic
T. virens, a sucrose invertase is crucial for root colonization, for plant disease control, and for
enhancing photosynthetic activity (Vargas et al. 2009).

¢ Increased plant yield and growth

Many endophytic microorganisms and biorational materials increase plant growth and yield. B.
subtilis has increased plant growth including roots of cotton, and suppressed diseases caused
by Rhizoctonia and Fusarium (Brannen 1997). Rhizobium seed inoculants have increased crop
yields (Thilakarathna and Raizada 2017; Thelen and Shulz 2007; Yanni et al. 1997). Glomus
mossea increased yield under drought conditions, but not under well-watered ones (Mo et al.
2017; Tyagi et al. 2017). Piriformaspora indica induced gene reprogramming that resulted in
greater plant growth and resistance to abiotic stresses (Varma et al. 1999). Trichoderma spp.
increased plant growth in vegetables (Inbar et al. 1994) in greenhouse ornamental plants
(Harman 2000; Harman et al. 2004a) and in cereal crops (Harman 2004a), in corn (Vargas et al.
2009), and in bean (Mayo-Prieto et al. 2020). Seed treatments with Trichoderma, Trichoderma +
Bacillus amyloiquifaciens, or the biorational 1-octen-3-ol markedly increased root growth in
maize (Fig. 5).
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Fig. 1. A hyphae of T. afroharzianum showing multiple nuclei per cell. A similar photograph was
published in (Harman et al. 1998).

e Control of plant diseases and pests

Endophytic fungi and bacteria minimize various types of plant diseases. Indeed, Trichoderma
were first proposed as agents for biological control almost 100 years ago (Weindling 1932;
Weindling and Fawcett 1936). There are many reports of the ability of these fungi to control
disease in both aerial and below-ground plant parts (Harman 2000).

Even though most endophytes colonize only roots, and may be applied as seed treatments,
there is evidence also of their control of above-ground diseases occurs, such as of anthracnose
on corn (Harman et al. 2004b) and powdery mildew on cucurbits (Fig. 2). These are examples of
systemic responses that occur throughout the plant even if the location of endophytes is in the
roots. Many endophytes exhibit this behavior, including P. indica (Gill et al. 2016), which
reprograms plant cells’ gene expression (Waller et al. 2005), as do most of the other
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endophytes described here. Endophytic microorganism have been used to control plant
diseases (Bonanomi et al. 2018).
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Fig. 2. Control of powdery mildew with Trichoderma applied as a seed treatment
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Figure 3. Nematode control on tomato with T. atroviride strain K5

Nematodes may be controlled by endophytic Trichoderma spp. A selected strain of T. atroviride
when applied to tomatoes reduced egg-laying by about 90% (Fig. 4). This result was confirmed
with corn, although the number of eggs laid was not reduced as much was with tomatoes. An
important consideration is that this effect is strain-specific. T. atroviride strain K5 was the only
effective one. Other Trichoderma stains, including another strain of T. atrovide, were found to
be ineffective, as the number of adult or juvenile nematodes was not reduced.
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Fig. 4: Ears of corn grown under drought conditions. The upper photo shows ears from corn treated
with Trichoderma plus fungicides, while the lower photo shows ears treated only with fungicides.
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This capability is systemic, i.e., it is plant-wide. Results of split-root experiments to assess
nematode control have shown a reduction in egg-laying to occur on roots in soil that had only
nematodes (no Trichoderma), when T. atrovide was applied only to the soil around the other
root (Harman et al. 2018). Frequently, Trichoderma spp. control plant diseases through
reprogramming of genes involved in systemic resistance (Poveda et al. 2019; Shoresh et al.
2006), and similar effects have been induced by Piriformaspora indica (Waller et al. 2005).

The entomopathogen Beauveria bassinia is endophytic and can be applied as seed coating,
seed drenches, or soil drenching and may result in control of aphids (Ramakuwela et al. 2020).
These effects are mediated by endophytic effects on the systemic expression of genes related
to disease-resistance pathways (Bastias et al. 2017).

Pseudomonas spp. when applied as seed treatments has suppressed Fusarium wilt of carnation,
induced resistance to Colletotrichum obiculare in cucumber, and to angular leaf spot caused by
P. syringae; it also suppresses damping-off caused by Pythium ultimum or Rhizoctonia solani
(Weller 2007).

Pennicillium roqueforti and T. reesei produce antibiotic compounds active against several
bacterial plant pathogens (lkram et al. 2018b). P. itrinum and Aspergillus terrus minimize stem
rot caused by Sclerotium rolfsii through the induction of systemic resistance (Wargas et al.
2015).

e Alleviation of stresses

Plants experience a variety of stresses, including temperature, salt, and drought. Endophytic
microorganisms provide protection to these production constraints.

e Drought stress

Many endophytes confer on plants resistance to drought stress. Grasses in coastal and
geothermal areas require symbiotic fungi for salt- and heat-tolerance (Rodriguez et al. 2008).
Mycorrhizal fungi are protective against heat stress (Mo et al. 2016). A commercial product
containing Trichoderma has been shown to confer resistance against drought (Fig. 4).
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0 meters
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Fig. 5. Root growth of corn after seed treatment with nothing, with Trichoderma
afroharzianaum and T. atroviride strain K4, with T. atroviride strain Kt plus Bacillus
amyloliquifacies, or with 1-octen-3-ol (right to left). To facilitate root recovery plants were
grown in split plastic pipes. Upon harvest, the two halves of the pipes were separated and
roots and soil removed.

There are at least three mechanisms for buffering drought stress. The first is alleviation of the
damaging effects of ROS, already discussed. Accumulation of osmolytes such as proline improve
plants’ water management systems (Ngumbi and Kloepper 2016). Accumulation of ethylene can
be damaging to plants, and some endophytes produce the enzyme 1-aminocyclopropane-1-
carboxylate (ACC) deaminase which confers protection (Glick 2014; Glick et al. 2007).

e Salt stress
Numerous endophytes Induce resistance to salt and other stresses by the mechanisms just

described. P. indica is known to confer tolerance to salt stress (Baltruschat et al. 2008;
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Abdelaziz et al. 2019). Bacillus amyloliquefaciens increases the growth of plants under salt
stress, with evidence of increased expression of several stress-related genes (Nautiyal et al.
2013). T. asperellum treatment of plants prior to exposure to salt stress gave increased seed
germination, and there were changes in expression of 137 stress-response genes (Brotman et
al. 2013). Other organisms that confer resistance to salt stress include Dietzia natronlimnaea
(Bharti et al. 2016), Enterobacter (Kim et al. 2014), and Yarrowia lipolytica (Faranza et al. 2019).
Piriformaspora indica alleviated salt stress through reprogramming of barley genes (Waller et
al. 2005).

e Temperature stress

Heat and cold stress limit agricultural production and cause significant economic loss. Cold
stress limits growth by causing membrane damage (Yadav et al. 2014). Trichoderma,
Burkholderia, and Pseudomonas have frequently been used to alleviate temperature stress in
plants (Mishra et al. 2011; Subramanian et al. 2015). Treatment with Pseudomonas increases
growth and chlorophyll content and reduces electrolyte leakage (Mishra et al. 2009).
Trichoderma strains increase the tolerance of tomato to cold stress first through mitigation of
ROS damage and increased proline content and also by changes in the regulation of gene
expression of transcription factors NAC1 and dehydrin TAS14 (Ghorbanpour et al. 2018). A.
niger has been shown to be effective in alleviating heat stress by controlling ROS damage and
increasing chlorophyll contents (Ishmail et al. 2010).

Summary

In this paper we discuss seed treatment methods; the importance of, and methods for
preservation of microbial agents. In addition, we consider rhizospheric and endophytic
competence. An economical way to apply these is through seed treatments. We also discuss
benefits of seed treatments, including nitrogen fixation, maintenance of cellular functions, and
improvements in photosynthesis. We also consider control of plant diseases and pests,
increased yield and plant growth and alleviation of various types of plant stresses.

Seed treatments can be valuable. For example Rhizobacae fix nitrogen, so they decrease the
amount of fertilizer required and are applied on legumes everywhere to the kind of microbe.
This means that their value is many millions of dollars.

Another example is Trichoderma which has been used widely. Globally, the value of
Trichoderma developed by the author and his colleagues in Israel has a net present value of
greater than 600 million dollars (Kapulnik 2020).

Soil biology provides value by better managing nutrients, by avoiding runoff of polluted water
with high levels of nitrates and nitrites, by increasing microbial diversity, and by increasing
resistance to biotic and abiotic stresses, as discussed above, increasing plant productivity and
alleviating heavy metal stresses. They have value in all these roles (Eid et al. 2019).
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