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Introduction

The EU Fertilizer Regulation 2019/1009 defines a plant biostimulant as a
‘fertilizing product the function of which is to simulate plant nutrition process
independently of the product’s nutrient content'. Plant biostimulants stimulate
natural processes in crops to enhance nutrient uptake, nutrient use efficiency
(NUE), resistance to abiotic stress and quality traits, as well as increasing the
availability of nutrients in the soil or rhizosphere. They offer the opportunity to
enhance fertilizer use and thus contribute to more sustainable crop production.
This collection reviews key advances in understanding and using biostimulants.
Part 1 reviews ways of classifying microbial and non-microbial biostimulants,
types of bioactive compound and ways of evaluating biostimulants. Part 2
surveys the various types of biostimulant, from humic substances and seaweed
extracts to protein hydrolysates, silicon, plant growth-promoting rhizobacteria
(PGPR) and arbuscular mycorrhizal fungi (AMF). Part 3 discusses advances in
designing second-generation biostimulants and their practical application.

Part 1 Introduction and biostimulant characterization

Chapter 1 sets the scene by discussing plant biostimulants as a new paradigm
for the sustainable intensification of crop production. Biostimulants are applied
to crop plants as a way of modifying plant physiological functions and of
increasing crop productivity or quality. They may be regarded as ‘functional
ingredients’ in plant nutrition, distinct from fertilizers and plant protectants
(such as insecticides or fungicides). Although biostimulants such as seaweed
extracts and humic acids have been used in agriculture for decades, they have
only recently been recognized by regulations governing fertilizing products.
Biostimulant products placed on the market are identified by claims describing
their intended effects on crops such as improved nutrient use efficiency
and tolerance to abiotic stress. These effects contribute to the sustainable
intensification of crop production. However, their further development requires
an improved knowledge of their bioactive effects on plants and associated
microorganisms, the responsiveness of recipient plants and environments to
biostimulant activity, and their interactions with fertilizers and other agricultural
inputs.

As Chapter 2 points out, regulations governing the placement of
biostimulants on the market still vary widely across countries and regions.
A key factor in all pre-market approval systems governing biostimulants
are specifications for the data required for authorization. Most regulations
share a focus on composition declarations and, in particular, efficacy claims.
A combination of laboratory trials and dedicated ad hoc field studies are

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.



xviii Introduction

recommended to address the definition of both mode(s) of action and effect(s)
of plant biostimulants. Traditionally, in vitro assays (e.g. hormone-like activity
tests) have been used to support the investigation of potential biostimulant
activity. Recent advances in analytics, technology and big data management
have raised the potential of -omic sciences in understanding, screening and
evaluation of the mode of action for biostimulants. In particular metabolomics
and phenotyping are attracting growing interest.

Part2 Non-microbial and microbial categories
of biostimulants

Humic substances (HS) are among the most established biostimulants used
in agriculture because they have been shown to significantly improve plant
growth, directly or indirectly, as well as improve soil properties and fertility. As
Chapter 3 shows, HS affect many agronomic, environmental and geochemical
processes that interact with plant growth such as soil structure and porosity,
water infiltration rate and moisture-holding capacity of soils as well as affecting
the diversity and activity of soil micro-organisms. In addition, HS influence plant
physiology by interacting with plant biochemical and physiological processes,
stimulating growth and increasing the uptake of nutrients by roots. There is
now an extensive body of research that has shown, both under laboratory and
field conditions, that HS can have a positive effect on plant growth in terms
of increases in biomass of shoots and roots, chlorophyll concentration, and
number of lateral roots. Chapter 3 reviews the range of research on key aspects
of HS: production and characteristics, biological activities, effects on soil and
plant nutrition, and the use of commercial humates in agriculture.

Seaweed extracts are a widely used class of biostimulant. Chapter 4 reviews
research on their mechanism of action with a particular focus on primary and
secondary metabolites which act as growth stimulating and protecting factors
as well as antibacterial agents. Seaweed extracts also modulate the growth
of rhizosphere microbial populations. They directly affect plant physiology, in
particular the germination of seeds, growth of shoots and roots, improvement
of fruit set, as well as improving the quality of food crops. Seaweed extracts can
also improve crop abiotic stress tolerance. Although much has been achieved,
further research is needed to more fully understand their mechanisms of action.

Protein hydrolysates (PH) are a category of plant biostimulants containing a
mixture of polypeptides, oligopeptides and amino acids that are manufactured
from animal or plant derived-protein sources using partial hydrolysis. Protein
hydrolysates are used for foliar applications and, to a lesser extent, as soil and
seed coating applications to promote crop performance in both open field and
greenhouse conditions. Chapter 5 provides an overview of the characteristics
and production of vegetal and animal-based protein hydrolysates and their

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.
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beneficial effects on nutrient use efficiency, crop tolerance to abiotic stress
and production traits. The chapter reviews recent research on understanding
the mode of action and physiological and molecular mechanisms of protein
hydrolysates and ways of optimizing the timing and rate of application.

Silicon (Si) is a mineral element that is well known to protect many
crops against a range of abiotic stresses, including osmotic and nutritional
imbalances. Whilst its exact mechanism of action is still to be fully understood,
research highlights the role of silicon in maintaining internal homeostasis in
plants. Chapter 6 begins by assessing silicon availability in fertilizers and
growing media and then summarises what we know about plant accumulation,
transport and deposition of silicon. It then reviews research on ways silicon can
enhance plant abiotic defences against drought and salinity, tolerance to heavy
metals and other environmental stresses. It also discusses the role of silicon in
enhanced crop growth.

Chapter 7 reviews what we know about plant growth-promoting
rhizobacteria (PGPR) as plant biostimulants in agriculture. Plant growth-
promoting rhizobacteria can improve growth under stressful growing
conditions by inducing abiotic stress tolerance via production of antioxidant
enzymes, altering plant metabolism, affecting the rate of photosynthesis and
shifting osmolyte concentration in plant tissues. These bacteria also help plants
resist biotic stress by competing against other microbes for niche space and
nutrients, producing antibiotic compounds, and inducing systemic resistance
by producing microbe-to-plant signal molecules. However, our understanding
of the mechanisms of action of plant growth-promoting rhizobacteria is
still relatively new. The importance of factors such as root exudates and
intermicrobial signaling needs to be the focus of future research.

Chapter 8 focuses on arbuscular mycorrhizal fungi (AMF) as biostimulants
for sustainable crop production. The chapter reviews the functions and benefits
of AMF. Asresearch shows, the basis of AMF symbiosisis a bidirectional exchange
of nutrients between the plantand AMFs. Host plants provide a physical support
and a favourable metabolic framework for the obligate biotrophic lifestyle of
AMF. AMF receive carbon fixed by the host plant’s photosynthesis in exchange
for mineral nutrients that they provide to the host plant via the fungal mycelial
network. The chapter also assesses what we know about the requirements for
successful implementation of AMF in sustainable plant production. Research
suggests that several aspects help determine successful application of AMF.
Firstly, the sites of plant production and their conditions must be advantageous
for mycorrhizal functioning. Secondly, the genotype of the plant must support
the positive functions of the symbiosis. Inocula should also be targeted to
particular conditions by ‘training’ or by combining them with other beneficial
microorganisms. The chapter also assesses the current market for mycorrhizal
products.

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.
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Part 3 Innovation and practical applications

Chapter 9 provides the first overview of the optimal design and formulation
of microbial and non-microbial biostimulants. The chapter provides an
innovative discussion of the circular production process for the development
of plant biostimulants, including i) process development, ii) elucidation of
the mode of action (by combining plant phenotyping and omics science), iii)
quality control, iv) field trial validation, v) regulation and vi) industrialization/
commercialization. The chapter includes two successful industrial case studies
of microbial (mycorrhizal inoculants) and non-microbial (vegetal-derived
protein hydrolysates) biostimulant products that have been successfully
developed and commercialised.

Chapter 10 reviews the effects of humic and fulvic substances, microbial
biostimulants, seaweeds and algae as well as protein hydrolysates (PH). It
assesses the evidence of for the effects of biostimulants on both agronomic
and internal nutrient use efficiency. Improving NUE is of great practical value as
it allows for the greater exploitation of added fertilizers and improved recovery
of residual nutrients. Regulatory guidelines in the EU and other jurisdictions
emphasize that biostimulants can be identified by claims including improved
nutrient use efficiency with the goal of enhancing cropping system efficiency.
A considerable body of research demonstrates that many biostimulants
improve ‘agronomic’ nutrient use efficiency by enhancing root growth and soil
exploration, increasing solubilization of soil nutrients or upregulating nutrient
uptake processes, thereby enabling a greater amount of the total soil nutrient
reserve to be acquired by the plant. There is, however, much less evidence
to demonstrate that biostimulants alter the internal nutrient use efficiency of
plants by increasing the productivity of a crop for a given quantity of acquired
nutrient. This is a key area for future research.

Precision site-specific application of biostimulants is a great opportunity for
optimizing biostimulant efficacy and returns. Chapter 11 looks at the available
tools and emerging technologies for the monitoring and management of
soil and crops in order to address spatial and temporal variability and inform
site-specific management strategies. The chapter assesses methods for site-
specific management based on identifying management zones for targeted
treatment. The potential of adopting precision agricultural techniques for
the use of biostimulants is discussed, focusing on the targeted application
of biostimulants in viticulture for mitigation of abiotic stresses such as water,
nitrogen and phosphorus deficiency.

Youssef Rouphael, University of Naples, Italy
Patrick du Jardin, University of Liége, Belgium
Patrick Brown, University of California-Davis, USA
Stefania de Pascale, University of Naples, Italy
Giuseppe Colla, University of Tuscia, Italy
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1 Introduction

The definition of plant biostimulants (PBs) has been intensively discussed over
the last years, mainly for regulatory purposes (Yakhin et al., 2016; du Jardin,
2015; Caradonia et al., 2019). In Europe, a consensus was reached by a recent
regulation on fertilizing products (FPs), a milestone in recognition of the
concept and the future harmonization of marketed products. In its Regulation
(EU) 2019/1009 of the European Parliament and of the Council of 5 June 2019,
laying down rules on the making of European Union (EU) FP available on the
market, PBs are defined as follows (EU, 2019):

A plant biostimulant shall be an EU fertilising product the function of which is to
stimulate plant nutrition processes independently of the product’s nutrient content
with the sole aim of improving one or more of the following characteristics of the
plant or the plant rhizosphere:

(a) nutrient use efficiency,

(b) tolerance to abiotic stress,

(c) quality traits, or

(d) availability of confined nutrients in the soil or rhizosphere.

http://dx.doi.org/10.19103/AS.2020.0068.01
© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.



4 Plant biostimulants: a new paradigm for the sustainable intensification of crops

The main elements regarding the nature and action of biostimulants contained
by this definition were initially proposed by both the industry (EBIC, at http://
www.biostimulants.eu) and academic experts (du Jardin, 2012, 2015; Traon
etal., 2014) in the preparation of the regulation.

First, PBs are anchored in plant nutrition, and it is acknowledged by
the regulation that FPs not only cover nutrient-supplying fertilizers but also
products which help the plant make better use of those fertilizers. In improving
plant nutrition, the FP may act on the plant, on biotic components of the plant
environment (e.g. soil microorganisms) and possibly on abiotic components
(like soil physico-chemical properties, possibly covered by the last part of the
definition). Inthe European regulation, PBs are regarded as one of the functional
categories of FPs, primarily defined by their intended effects on cultivated
plants. Liming materials, inorganic and organic fertilizers and soil improvers are
other examples of ‘Product Function Categories’ listed by the regulation.

Second, the intended functions of PBs are defined as a limited number of
claims, which are (a) improvement of nutrient use efficiency (NUE), (b) tolerance to
abiotic stress, (c) quality traits and (d) availability of confined nutrients in the soil or
rhizosphere. The importantfactor here is that the placing of biostimulant products
on the EU market will depend on the capacity of the company to substantiate
the claimed effect of its product. For doing so, the approach of the European
legislation is to define EU-harmonized standards, bearing on principles, methods
and protocols to which companies will refer to when developing the arguments
validating the claims. Compliance to the EU standards when generating data on
the products will be the best way to support the claims and access the European
market, yet it will not be mandatory as alternatives might be proposed by the
companies. Today, the implementation of the adopted EU regulation awaits the
setting of standards, a process driven by a dedicated agency (CEN, European
Committee for Standardization) and fueled by technical expertise from both the
private and public sectors. For such a novel category of FPs as PBs, the way is
expected to be long and difficult. The designation and role of 'notified bodies'’
for claim validation is another aspect to be considered in the near future.

Third, the definition says very little about the composition of PBs. In the
regulation, the composition of FPs is described by a separate typology, defining
‘Component Material Categories’, parallel to the ‘Product Function Categories’
discussed so far. Accordingly, biostimulant products can be composed of
substances or microorganisms in the limitations set by the regulation and
framed by implementing the standards that are yet to be adopted. Biostimulant
products marketed in the short term under the new European regulation are
expected to include substances like seaweed extracts and humic acids, as
well as microorganisms with a history of safe use like rhizobia and mycorrhiza.
In the current status of the regulation, substances which undergo chemical or
enzymatic modification will need registration under the Registration, Evaluation,

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.



Plant biostimulants: a new paradigm for the sustainable intensification of crops 5

Authorisation and Restriction of Chemicals (REACH) regulation (Regulation (EC)
No 1907/2006), and this will delay and might even hamper the CE marking of
biostimulants by dissuading companies to follow the European track for the
placing of their products on the market. Regarding the microbial biostimulants,
a limited list of eligible taxa is currently laid down by the regulation, as it will be
discussed later in Section 5. In order to anticipate the main biostimulant products
marketed under the new Regulation (EU) 2019/1009, the limitations and
opportunities set by the future conformity assessment procedure, which will use
yet-to-define EU-harmonized standards, need to be clarified. Furthermore, how
the European Commission will exercise its power to adopt delegated acts (set by
Article 42 of the regulation) to move forward on issues like the limited positive list
of microbial biostimulants, or the status of biological polymers including protein
hydrolysates, an important category of biostimulants, is uncertain.

One point related to the composition, and that is mentioned in the EU
definition, is that a biostimulant is a fertilizing ‘product’, that is, as supplied to the
grower; it is not an ingredient, that is, an isolated compound or microorganism
used to develop FPs. The consequence of thisisimportant. On the one hand, the
system aims at validating the claimed effects of the product as supplied to the
user, and this can be translated into adequate labeling provisions, which seems
to be the bestway for grower protection. On the other hand, many biostimulants
will be composed of mixtures of substances and/or microorganisms, while the
scientific research on the mechanisms of biostimulation tends to use single
substances (which can be composed of many constituents but are defined
by their single origins, for example, an extract of the brown alga Ascophyllum
nodosum) or single microorganisms. This creates a gap between the practice
and research, which challenges efforts to better understand how biostimulant
products actually work.

A fourth point to be considered is that, in practice, PBs are often added
to macro- and/or micronutrients, or with other ingredients, to give a blended
FP combining different materials and different effects on plants, converging to
result in improved plant nutrition and higher crop yield and quality. Validation
of the claimed agricultural effects is increasingly difficult when relying on
interactions between multiple components.

So far, we have discussed the main characteristics of biostimulants laid down
by the European regulation, but what about other regions of the world and the
United States in particular? The status of biostimulants has made significant
progress in the United States over the recent times as well (see http://www
.biostimulantcoalition.org/ for updates), under two processes, the 2018 Farm
Bill and the 2019 EPA's Guidance for Plant Regulator Label Claims, Including
Biostimulants, in an effort to clarify the applicability of the Federal Insecticide,
Fungicide and Rodenticide Act (FIFRA) rules on plant regulators (Neuschafer and
Paisner, 2019; draft guidance available at https://www.regulations.gov/documen

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.
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t?D=EPA-HQ-OPP-2018-0258-0002). Indeed, whether biostimulant products are
subject to FIFRA and are regulated as ‘plant regulators’ by the federal agency
EPA, or considered as fertilizers, soil amendments and other products that are
not captured by FIFRA and regulated by the state departments of agriculture
are important for the pre-market assessment and marketing of the products.
Although at the time of writing this chapter, public consultation of the EPA draft
guidance text is still ongoing, a definition of biostimulants is proposed:

a naturally-occurring substance or microbe that is used either by itself or in
combination with other naturally-occurring substances or microbes for the purpose
of stimulating natural processes in plants or in the soil in order to, among other
things, improve nutrient and/or water use efficiency by plants, help plants tolerate
abiotic stress, or improve the physical, chemical, and/or biological characteristics of
the soil as a medium for plant growth.

This definition may be compared to that adopted by the Congress in the 2018
Farm Bill:

a substance or micro-organism that, when applied to seeds, plants or the
rhizosphere, stimulates natural processes to enhance or benefit nutrient uptake,
nutrient efficiency, tolerance to abiotic stress, or crop quality and yield.

These definitions can be compared not only with each other but also with
the European definition commented before. Most important is the fact that
the three definitions are based on claims. Claims common to all definitions
are improvements in plant nutrition (nutrient uptake and use) and tolerance
to abiotic stress. Hence, they should be regarded as the cornerstones of the
concept and regulation of biostimulants.

But differences between definitions also point to gray areas. The Farm
Bill's definition indicates higher yield among the claims, which is not found
in other definitions but seems implicit as increased agronomic efficiency of
fertilizers and enhanced tolerance to abiotic stress are expected to translate
into higher yields. Another point is that the EPA's guidance definition extends
the action of biostimulants to soil characteristics, including physical properties,
which may be covered by the European definition. Indeed, although a late
amendment brought to the definition and adopted by the final regulatory
text talks about improved ‘availability of confined nutrients in the soil or
the rhizosphere’, which seems to expand the perimeter of biostimulants to
products that would influence some soil properties, clarification is needed and
awaits the EU-harmonized standards mentioned before. Furthermore, the EPA's
definition talks about ‘naturally occurring substance or microbe’, but there is no
such restriction about the natural origin of biostimulant products in the other
definitions. Typically, most biostimulants are of natural origins, like seaweed
extracts, protein hydrolysates or humic acids, but another thing is to impose

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.



Plant biostimulants: a new paradigm for the sustainable intensification of crops 7

that they are of natural origin, and the EU regulation does not make this step,
leaving the possibility of chemical derivatives of natural compounds or synthetic
compounds to be used as biostimulants. A requisite will be their registration
under the European REACH regulation (Regulation (EC) No 1907/2006 of the
European Parliament and the Council concerning the Registration, Evaluation,
Authorisation and Restriction of Chemicals).

Finally, although the placing of biostimulants on the market will be based
on marketing claims and make use of corresponding labeling provisions, the
EPA's guidance pays attention to the active ingredients as well and lists those
identifying the products as plant regulators that are captured by FIFRA and
regulated as pesticides. The bioactive ingredients listed as examples by this
text include plant hormones (e.g. cytokinins, jasmonates) and also substances
which are important sources of biostimulants today, like seaweed extracts and
humic/fulvic acids.

The reader may refer to a recent review by Caradonia et al. (2019) for
further information on the regulation of biostimulants in other countries.

2 The establishment of the term 'biostimulant’

The word 'biostimulant’ appeared when it became evident that some products
applied to plants were able to stimulate growth at low doses, which could
neither be explained by the supply of nutrients nor by some plant protection
against pests and pathogens. The pioneering work of two research teams
should be mentioned here.

In the 1980s to early 1990s, at the School of Forestry and Environmental
Studies of the Yale University, Professor G. P. Berlyn and his team studied the
response of woody and grass species to bioactive substances - seaweed
extracts, humic acids and vitamins - combined in a proprietary mixture named
Roots™. Improvements in root and shoot growth, drought resistance and
nitrogen use efficiency were reported (Russo and Berlyn, 1991). There are two
remarkable things to be pointed out in this paper. First its title, The Use of
Organic Biostimulants to Help Low Input Sustainable Agriculture’, which, to
the best of our knowledge, is the first to use the word ‘biostimulant’ in a peer-
reviewed article. The scope of using biostimulants in agriculture is also far-
reaching: low-input agriculture. The second thing is how the authors describe
the action of their biostimulant product. After listing the bioactive ingredients
of Roots, they propose that ‘the innovation of mixing them and capitalizing on
their synergistic effects is a real contribution in terms of agricultural production”.
Whether the unique properties of biostimulant products rely on synergistic
and/or emerging properties of blended bioactive compounds is an issue
which we will cover later in this chapter. In a later article describing the effects
of Roots on beans (Russo and Berlyn, 1992), the authors define biostimulants

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.
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1,3-1,6 D-glucane 110
1-aminocyclopropane-1-carboxylate
(ACC) 16,19,199,204,313
1-aminocyclopropane-1-carboxylic acid. see
Betaines
2,4 diacetyl phloroglucinol 203
2D-gel electrophoresis 170

AAPFCO. see American Association for Plant
Food Control Officials (AAPFCO)

ABA. see Abscisic acid (ABA)

Abelmoschus esculentus 89

Abscisic acid (ABA) 16, 35, 175,201, 233

Acadian™ 109,110, 114

ACC.see 1-aminocyclopropane-1-
carboxylate (ACC)

ACC-deaminase activity 19,199, 200, 313

Acinetobacter johnsonii 210

Actiwave® 81,112,114,115

AE. see Agronomic efficiency (AE)

Aerial/foliar application methods 78

Agriculture Improvement Act (2018). see
Farm Bill (2018)

Agroecological methods 227

Agroecology 20, 21

Agroecosystems 234, 240, 345

Agro-industrial wastes 280

Agronomic efficiency (AE) 37,298, 299,
303,307,314, 315, 321, 323

Agrotecnologias Naturales SL 130

Alginates 16, 35,79

Alginicacid 114

Alternaria solani 88, 89

American Association for Plant Food Control
Officials (AAPFCO) 179

AMF. see Arbuscular mycorrhizal fungi (AMF)

Amino acids 17, 34,38,103,127,129,
291,292

Amino acid transporters 321

Aminooxyacetic acid (AOA) 171
Ammonium humates 66
Angiosperms 155
Anthocyanins 172, 348
Antimicrobial compound production
205-207
AOA. see Aminooxyacetic acid (AOA)
Arabidopsis thaliana 13, 44, 64,137,164,
173,175,178,181, 200, 283
Arbuscular mycorrhizal fungi (AMF)
307-312, 342
functions and benefits
bidirectional nutrient exchange
229-230
factors impairing mycorrhizal
effectiveness 236-238
soil nutrient limitation  230-232
soil quality 234
soil water limitation 232-234
symptoms in favourable
environments 234-236
implementation in sustainable plant
production 238
agronomical aspects  239-241
inoculum-related aspects  241-243
market for mycorrhizal products
243-250
overview 227-229
Arsenite-Antimonite Efflux 164
Artemisia annua 166
Artificial intelligence 350
Ascophyllum nodosum 81, 82,90, 103,
109-114, 315, 316, 345, 348
Asir® 290,293
Asparagine-proline-alanine (NPA) 164
Aspartic acid 128
Aspergillus oryzae 210,291,292
Association of American Plant Food Control
Officials (AAPFCO) 150

251,
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Atens 287-289

Auxins 16, 35,44, 62, 64,80, 90, 304,
313,338

Azospirillum sp. 307, 309-310, 312-314

Azotobacter sp. 307, 309-310, 312-314

Bacillus sp.
B.amyloliquefaciens 200, 210
B. aryabhattai 200, 201
B. megaterium 90, 207
B.subtilis 115,200, 207,210
B.thuringiensis 207,211
B.velezensis 19
Baltic Marine macroalgae 82-83
Begonia tuber 131
Berlyn, G.P.7
Berzelius, Jons Jacob 150
Betaines 16, 35,79,109,110, 115,129
Bidirectional nutrient exchange 250
Bioassays 44
Biocides 37
Biofertilizers 247,309
Biofortification 81
Biological Products Industry Alliance
(BPIA) 276
Biological stability 281
Biostimulant activity evaluation
active components  33-36
data requirements  36-37
hormone-like activity and in vitro
assays 43-46
mode of action 38-40
omics approach 40-43
regulatory schemes 31-32
Biotrophism 242
BPIA. see Biological Products Industry
Alliance (BPIA)
Bradyrhizobium japonicum 211
Brassica napus 175
Brassinosteroids 16, 35
Brazilian Ministry of Agriculture 179
Brown algae. see Phaeophyta
Brunello di Montalcino DOCG 347

Cannabinoids 166, 206
Capsosiphon fulvescens 103
Carotenoid 83,177

Carrageenans 35,79

Casparian band formation 165
Catalase (CAT) 136,173,200
Cation exchange capacity (CEC) 63
Caulerpa sertularioides 88

cDNA microarrays 41

CEC. see Cation exchange capacity (CEC)

Cellular distension 44

Chemical hydrolysis 34,125,127, 128, 281

Chemometric models 345

Chitin 35

Chitosan 14, 35

Chlorophyll  78,83,109,170, 172,177,304,
305, 345

Chlorophyta 78,83

Choline 200

Chromatography mass spectrometry 64

Chromium 173

Cicer arietinum L. 206

Circular-economy concept 318

CK. see Cytokinins (CK)

Clavibacter michiganensis 211

C-N-P stoichiometry 230

Crop/fruit quality 32, 38

Crop Water Stress Index (CWSI) 339-340,
346

CsFRO1 gene 306

CsIRT1 gene 306

CsNRAMP gene 306

CWSI. see Crop Water Stress Index (CWSI)

Cysteine 173

Cystoseira myriophylloides 88

Cytokinins (CK) 16, 35, 45, 64, 80, 90, 103,
109,110, 175,204,313, 338

D-amino acids 127, 128, 281

Defense primers 13

Dehydroascorbate reductase (DHAR) 173
Diatomaceous earth 153

Domestication 239

Drip irrigation 301, 315

Durvillea potatorum 82

EBIC. see European Biostimulants Industry
Council (EBIC)
Ecklonia maxima 82,90, 111-113
Ecological intensification approach 227
Ecosystem resiliency 240
Ectomycorrhizal fungi 242,243, 247
Electrical conductivity measurements
(ECa) 340,341, 345,348
Electromagnetic induction (EMI) 342
ELISAimmunoassay 64
EMI. see Electromagnetic induction (EMI)
EMI geoelectric sensor 347
Environmental sustainability 227
Enzymatic hydrolysis 34,126, 127,281, 291
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EPA's Guidance for Plant Regulator Label
Claims, Including Biostimulants
(2019) 5

EPSs. see Exopolysaccharides (EPSs)

Ethylene (ET) 17,19,171,204, 205,313

EU Fertilising Products Regulation 276, 284

European and Mediterranean Plant
Protection Organization 37

European Biostimulants Industry Council
(EBIC) 113,243,246,276,307,
314

European Commission 5

European market 4,243, 245, 249

European regulation 4,5,7,14,277,297

Exopolysaccharides (EPSs) 200, 201

Farm Bill (2018) 5, 6,277

FCR. see Fe(lll) chelate reductase (FCR)

Federal Insecticide, Fungicide and
Rodenticide Act (FIFRA) 5-7

Fe-humate 67

Fe(lll) chelate reductase (FCR) 306, 322
Fe nutrition 305-306, 312
Fertilizing products (FPs) 3, 8-10

Fertilizing Products Regulations 227
Fe transporters 306
FIFRA. see Federal Insecticide, Fungicide
and Rodenticide Act (FIFRA)
Flavonoids 205
Fluorescence sensing 349
Foliar spraying 343, 347
Free amino acids 34, 80, 127, 128, 168,
172,281
Fucoidans 35
Fucoxanthin 78
Fucus spiralis 88
Functional diversity 230, 239
Funneliformis mosseae 247,287,309
Fusarium sp.
F. glycinia 204
F. oxysporum 210
F. solani 89,115
Fuzzy-c-means classification 347

GA. see Gibberellic acid (GA)

Gamma ray techniques 342, 350

Gas chromatography/mass
spectrometry 44

Gelidium serrulatum 89

Genetic plasticity 241

Genomics 40, 41

Geoelectric proximal sensing 346

Geonics EM38-MK2 sensor 348
Geophysical sensing 350
Gibberellic acid (GA) 45,204,312
Gibberellins 16, 35, 44, 64,103, 313
Glomus sp.

G. etunicatum 247

G. fasciculatum 247
Glutamic acid 128
Glutamine synthetase (GS) 321
Glutathione reductase (GR) 173
Glycine betaine 35,129,200
Glycyrrhiza uralensis 170
Goémar BM 86® 103
GR. see Glutathione reductase (GR)
Gracilaria sp.

G.dura 113

G. edulis 80
Green algae. see Chlorophyta
Greenhouse-produced inoculum 282
Green revolution 227
Ground-based spectroradiometric

measurements 348

Growth-and-demand effect 304
GS. see Glutamine synthetase (GS)
Gymnema sylvestre 90

H,SiO, movement

Halimeda tuna 88

HAs and FAs. see Humic and fulvic acids
(HAs and FAs)

H+-ATPase. see Plasmalemma proton-

166-167,174,175

adenosine triphosphatase
(H+-ATPase)

HEf. see Humic matter fraction (HEf)

High performance liquid chromatography
(HPLC) 64

High-throughput non-destructive
approach 39

High-throughput plant phenotyping
platforms 283-285

High-throughput technologies 240

Homeostasis 149, 150, 181, 200

Hormone-containing products. see Plant
biostimulants (PBs)

Horticulture 246,248,249

HPLC. see High performance liquid
chromatography (HPLC)

HS. see Humic substances (HS)

Humates 56, 66, 67

‘Humeomics' 16

Humic and fulvic acids (HAs and FAs) 16,
34,56, 61, 66,300-301
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influence on growth  303-305
nutrient uptake, solubility and
utilization  305-307

see also Humic substances (HS)
Humic matter fraction (HEf) 64
Humic substances (HS) 34, 45, 68

biological activities 63-66

commercial humates 66-67

effects on soil 63

overview 55-56

and plant nutrition  61-63

production and characteristics 56, 60-61

see also Humic and fulvic acids (HAs
and FAs)

Humification process 56
Hydraulic conductivities 233
Hydraulic properties 234
Hydrolysis methods 281
Hydrolyzation process 129
Hydroponics 238
Hydroxylysine 128
Hydroxyproline 128
Hyperspectral sensing 339, 345, 349
Hyphal anastomosis 231, 241

IAA. see Indole acetic acid (IAA)

IBA. see Indole-3-butyric acid (IBA)

IE. see Internal efficiency (IE)

Ignimbrite 153

Imaging spectroscopy systems 339

‘Inconsistent’ efficacy 13

Indole 3-acetic acid 103

Indole-3-aldehyde 90

Indole-3-butyric acid (IBA) 103

Indole acetic acid (IAA) 43, 45, 64, 66, 90,
138,204,312,313

Induced systemic resistance (ISR) 198,
204,205

Inorganic compounds 36

Internal efficiency (IE) 298,299, 306, 307,
314,323

In vivo studies 183

lonomics 68

ISR. see Induced systemic resistance (ISR)

ltalpollina 291,293

Jasmonate (JA) 204

Kahydrin 114

Kappaphycus alvarezii 80, 83
Kelpak® 90,113

Kinnersley, A. M. 8

Lactuca sativa L. 103
Laminaria sp. 315
L. digitata 88

Laminarins 16, 35,79

L-amino acids 127, 128, 281

LC-MS/MS. see Liquid chromatography-
tandem mass spectrometry
(LC-MS/MS)

Legislative Decree  75/2010 290

LelRTT and LelRT2 gene 306

Lettuce. see Lactuca sativa L.

LiDAR scanning system 340

Lignosulphonates 67

Lipid metabolism 235

Lipid peroxidation 168,171,172

Lipochitooligosaccharide 211

Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) 128

LISIVEG® 291,293

L-methionine 129

L-proline 137

Lsi1 and Lsi1-like proteins 161,163, 164

L-tryptophan 129

Macroalgae 77,78

Macrocystis pyrifera 82

Macronutrients 79, 80, 83, 154

Macrophomina phaseolina 115

Macrophylla 208

Macro-Si accumulators 155, 165

Maize. see Zea mays L.

MALDI-TOF mass spectrometry 128

Malondialdehyde (MDA) 168,169,171

Management Zone Analyst software 347

Management zones (MZs) 340-342

MDA. see Malondialdehyde (MDA)

ME. see Microalgal extracts (ME)

Melanothamnus afaghusainii 88

Meloidogyne javanica 89,115

Metabolic enhancers. see Plant
biostimulants (PBs)

Metabolic syntrophism. see Obligatorily
mutualistic metabolism

Metabolomics 18, 40-41, 68, 138,
283,285

Microalgal extracts (ME) 346

Microarray analyses 320, 321

Microbe-based biostimulants 280, 285

Microbe-microbe interactions  202-204

competition for resources  203-204
production of antibiotics 202-203
Microbe-to-plant signaling 204-207, 209
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Microbial and non-microbial
biostimulants 294

development process 277-279
field trials 285
industrialization and

commercialization 286-287

product ideas and preliminary
assessments  279-280
production 280-282
quality control and safety 284-285
regulation and market
positioning 285-286
screening products and mode of

action 282-284
mycorrhizal inoculants  287-290
overview 275-277
vegetal-based protein

hydrolysates 290-293

Microbial inoculants 282

Microbial seed-coating technology 346
Micronutrients 79, 80, 83, 154
Micro-Tom tomato 45

Monostroma nitidum 103
Montepulciano d’Abruzzo DOC wine 348
Multispectral sensors 339

Mung bean. see Vigna radiata

Mupirocin 203

Mycorrhizal fungal propagules 282
‘Mycorrhizal helper bacteria’ 242
Myxococcus xanthus 210

MZs. see Management zones (MZs)

Natural/botanical substances 33
NFT. see Nutrient film technology (NFT)
N-hydroxyethylphalimide 90
Nicotiana sp.

N. rustica 172

N. tabacum 167,173
N-indole-3-acetic acid 64
NIP. see Nodulin-26 like intrinsic protein (NIP)
NIP2 proteins 161, 163, 165, 182
Nitrate reductase (NR) 306, 317, 321
Nitrate transporters 306, 321
Nitrogen (N) 229,231,247

content 63

deficiency 321,322, 345

fertilizer rate 135
N,N-dimethyltryptryptamine 90
Nodulin-26 like intrinsic protein

(NIP) 161,163

Non-hydraulic signalling 233

Non-imaging ground-based
spectroradiometers 339
Non-microbe-based biostimulants
284-285
NPA. see Asparagine-proline-alanine (NPA)
NR. see Nitrate reductase (NR)
Nuclear magnetic resonance 44
NUE. see Nutrient use efficiency (NUE) and
plant biostimulants
Nutrient film technology (NFT) 154
Nutrient use efficiency (NUE) and plant
biostimulants  4,10-12,21, 132,
135,323-324
humic and fulvic substances  300-301
influence on growth  303-305
nutrient uptake, solubility and
utilization  305-307
microbial biostimulants 307
arbuscular mycorrhizal fungi
(AMF) 308-312
Azotobacter and Azospirillum
309-310, 312-314
overview 297-300
protein hydrolysates (PHs) 318
nutrient form effects in soils 319
nutrient transporter and
assimilation 321-322
root growth/morphology 319-321
seaweeds and algae 314
nutrient assimilation and storage 317
nutrient transport  316-317
root growth 315-316

280,

Obligatorily mutualistic metabolism 209

Official Journal of the European Union 276

Okra. see Abelmoschus esculentus

Oligochitosans 14

Oligopeptides 291

Oligosaccharides 109

Omics sciences 40

Omics technologies 18

‘One strain many compounds’
(OSMAC) 209

‘On-farm’ method 246

Optical sensors 39, 339

Organic acids 61

Organic farming 21,238

Organic nitrogen 291

OSMAC. see ‘One strain many compounds’
(OSMAC)

Osmotic stress 168, 171
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PA. see Precision agriculture (PA) and plant
biostimulants
Padina sp.
P gymnospora 88,103, 112
P. pavonia 89
PAL. see Phenylalanine ammonia-lyase
activity (PAL)
PAR. see Photosynthetically active radiation
(PAR)
Partial hydrolysis 290
PBs. see Plant biostimulants (PBs)
PEG. see Polyethylene glycol (PEG)
Pelargonium peltatum 131
Peptides 17,34, 128,129, 281,292
Peroxidase (POD) 172,200
Pesticides 238
PGPMs. see Plant growth-promoting
microbes (PGPMs)
PGPR. see Plant growth-promoting
rhizobacteria (PGPR)
Phaeophyta 35,78,82,83
‘Phenes’ 11
Phenlylpropanoid pathway 138
Phenomics 43
Phenylalanine ammonia-lyase activity
(PAL) 137-138
Phlorotannins 16, 35
Phosphate dissolution 242
Phosphate (Pi) transporters 310
Phospholipase A2 (PLA2) 66
Phosphorus (P) 11, 229,232,247, 345
Photosynthetically active radiation (PAR) 42
Photosynthetic parameters 319
PHs. see Protein hydrolysates (PHs)
Phycobiliproteins 78
Physical stability 281
Phytochelates 8
Phytohormone production 316
Phytostimulation effect 290
Phytotoxic effects 127,128
PLA2. see Phospholipase A2 (PLA2)
Plant biostimulants (PBs) 21-23
bioactive constituents of 15
humic and fulvic acids 16
protein hydrolysates 17-18
seaweed extracts 16-17
definitions and term usage 3-8
as functional ingredients  8-10
confined nutrients in soil/
rhizosphere  14-15
crop quality 14

nutrient use efficiency (NUE) 10-12

tolerance to abiotic stress  12-14
microbial 18-20
Plant breeding programmes 239
Plant growth hormones 79, 80
Plant growth-promoting microbes
(PGPMs) 18-20, 308, 346
Plant growth-promoting rhizobacteria
(PGPR) 18,342
and abiotic stress  198-201
against biotic stress  201-202
microbe-microbe interactions
202-204
microbe-to-plant signaling 204-207
dangers of assuming effectors/
mechanisms
interspecific and intraspecific
microbial interactions  208-211
root exudates 207-208
overview 197-198
plant growth promotion 198
Plant nutrient uptake  304-307, 322, 323
Plant phenotyping 39, 42-43
Plant probiotics 19
Plant protection products 36
Plasmalemma proton-adenosine
triphosphatase (H+-ATPase)
Poaceae 155
POD. see Peroxidase (POD)
Polyamines 16, 35, 168, 169
Polyethylene glycol (PEG) 168
Polyketides 202
Polypeptides 291
Polysaccharides 16, 35,79, 88,103, 109
Porphyra umbilicalis 88
Post-harvest biology 14
Potassium humates 66, 67
Potassium hydroxide 66
Potassium silicate (K,Si0,) 169,183
Precision agriculture (PA) and plant
biostimulants 240, 350
overview 337-339
precision viticulture  346-349
site-specific application of farming
inputs  342-343
site-specific management (SSM)
340-342
spatial variability 339-340
techniques 343, 345-346
Precision crop-management
‘Priming stimulus’ 12,13
Product stability 281
Proline 128,137,168,172,173

45, 66

337,339
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Protein hydrolysates (PHs) 17-18, 34, 38,
142,281,284,318
bioactive compounds  127-129

crop tolerance to abiotic stress  136-139
effects on germination, growth, and crops
yield 129-132
nutrient form effects in soils 319
nutrient transporter and
assimilation 321-322
overview 125-127
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root growth/morphology 319-321
soil nutrient availability and nutrient-use
efficiency 132,135
Proteolytic enzymes 127,291,292
Proteomics 18, 40, 41, 68, 283, 285
Proximal soil sensing 340
Pseudomonas sp. 115,211, 242
P aeruginosa 199,200, 205
P aeureofaciens 203
P. fluorescens 205
P. putida 200, 201
P.syringae 90
Pyoluteorin 203
Pythium aphanidermatum 89
Quantitative trait loci (QTL) 155, 182, 240
Radioisotope tracing 229
R&D programs. see Research and
development (R&D) programs
REACH. see Registration, Evaluation,
Authorisation and Restriction of
Chemicals (REACH)
Reactive oxygen species (ROS)
168,172
Red algae. see Rhodophyta
Red seaweeds 35,113,115
Registration, Evaluation, Authorisation
and Restriction of Chemicals

136,138,

(REACH) 4-5,7,21,36
Regulation (EU) 2019/1009 3, 5, 284
Regulation (EC) No 528/2012 37
Regulation (EC) N 1069/2009 80, 249
Regulation (EC) N 1107/2009 36, 80, 249
Regulation (EC) No 1907/2006 5, 7

Regulation (EC) No 2003/2003 80

Remote sensing 339, 345

‘Rescuers’ 13

Research and development (R&D)
programs 276

‘Restorers’” 13

Rhizobia 307
Rhizoctonia solani 115,211
Rhizoglomus irregulare 287
Rhizophagus sp.
R.clarus 181
R. intraradices 309
R.irregularis 247,309
Rhodophyta 78, 83
RHPPs. see Root hair-promoting peptides
(RHPPs)
Root hair-promoting peptides
(RHPPs) 128, 320
ROS. see Reactive oxygen species (ROS)
Rosa hybrid 171

SA. see Salicylic acid (SA)
Saccharomyces cerevisiae 291
Salicylic acid (SA) 204
Salvia sp.
S. farinacea 178
S.splendens 174
SAR. see Systemic acquired resistance (SAR)
Sargassum sp.
S. filipendula 89
S. liebmannii 88
S.swartzii 90
S.vulgare 89
S. wightii 82
Sarocladium sp.
S.oryzae 204
S. strictum 210
Schmidt,R.E. 8
Seaweed extracts (SWEs) 16-17,35,116
classification, legal requirements for
registration and market 80
effect on modulation of rhizosphere
microbial population  114-115
effect on plant physiology 90, 103
fruitset 110-111
product quality 111-112
root growth 109-110
seed germination 103, 109
shoot growth 109
effects and mode of action on abiotic
stress tolerance 113
effects and mode of action on
plant primary and secondary
metabolism
antibacterial properties 90
growth stimulation  81-83
primary metabolites 81
protecting agent 83, 88-90
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nutrient assimilation and storage 317
nutrient transport  316-317
overview 77-80
root growth 315-316
Setophoma terrestris 210
SFE. see Supercritical fluid extraction (SFE)
SGl. see Simulated gastrointestinal (SGI)
‘Siapton’ 131
Siderophores 204,313
Silent/cryptic gene clusters 209
Silicon
accumulation in lower
accumulators  181-183
availability and mobility of
nanoparticles 181
availability in fertilizers and growing
media 151-154
biofortification of foods 183-184
effect on rhizobacteria and beneficial
microbes 180-181
and enhanced growth 174
effects on germination 176-177
hormonal influences 175

micropropagation 177-178
overview 149-151
and phytotoxicity 178-179

and plant abiotic defense
drought and salinity 167-172
tolerance to environmental
stresses 174
tolerance to heavy metals  172-173
plant accumulation, transport and
deposition 154-155, 161
passive and active transport
systems 161, 163-165
in tissue and biosilicification
regulatory issues  179-180
Sil-MATRIX® 179
Simulated gastrointestinal (SGI) 183
Site-specific management (SSM) 338,
340-342
SOD. see Superoxide dismutase (SOD)
Soil degradation 63
Soil geophysical mapping systems 345
Soil imaging spectroscopy 349
Soil microbial activity 63, 67
Soil moisture 114,232,233
Soil organic matter 34, 63, 67, 234,
298,307
Soil salinity 137,200, 346, 350
Soil structure 63, 67,234
Solieria robusta 89,115

165-167

Sorghum bicolor 169
Spatoglossum variabile 88
Spectro-radiometric sensors 345
Spirulina plantensis 82
Split-root experiments 311
SSM. see Site-specific management (SSM)
Staphylococcus sp.

S.aureus 90

S. lentus 209,210
Sterols 79
Stokeyia indica 89,115
Stomatal conductance 232,233,235
Streptomyces sp. 115

S. avermitilis 247

S. rapamycinicus 210
Substances from synthesis 33
Superecritical fluid extraction (SFE) 82-83
Superoxide dismutase (SOD) 136,172,

173,200

Sustainable agriculture 199,227
Sustainable food production systems 249
SWEs. see Seaweed extracts (SWEs)
Systematic agronomy approaches 240
Systemic acquired resistance (SAR) 204

Target bioactive molecules 280
Terpenes 205, 206
‘Terra Sorb Complex” 130
Terra-Sorb foliar’ 139
TFs. see Transcription factors (TFs)
Thermal hydrolysis 125, 127, 281
Thermal infrared spectrum (TIR) 339, 346
Thermal sensors 339
Thermolabile compounds 129
Thuricin 17 211
TIR. see Thermal infrared spectrum (TIR)
Trainer’ 129-131, 135, 138, 140, 292,
293,320

Transcription factors (TFs) 321
Transcriptomics 18, 40, 41, 68, 283, 285
Trichoderma sp. 210

T. atroviride 288

T. koningii 288
‘Trigger stimulus’ 12
Triticum aestivum 82

UAV-based thermal imaging 346, 349
UAV multispectral measurements 348
UAVs. see Unmanned aerial vehicles (UAVs)
Ulva lactuca 88,89,103,112

Undaria pinnatifida 88

Unmanned aerial vehicles (UAVs) 339
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Value-added nutritional factors 81

VAM. see Vesicular-arbuscular mycorrhizal
(VAM) fungi

Variable rate application (VRA) 343, 346

Variable-rate management. see Site-specific
management

Vegetal-PH ‘BioST VPH' 129

Verbena hybrida 178

Vesicular-arbuscular mycorrhizal (VAM)
fungi 345

Vibrio harveyi 209,210

Vigna radiata 103

Viola cornuta 131

Visible and near-infrared (vis-NIR)
spectroscopy 342

vis-NIR. see Visible and near-infrared
(vis-NIR) spectroscopy

VitisL@b project 347

Volatile organic compounds (VOCs) 200,
201,205

VRA. see Variable rate application (VRA)

Water molecule bridges (WaMB) 63
Water retention capacity 63, 67
Wheat. see Triticum aestivum
Wireless sensors networks (WSN) 340
Wollastonite 153
WSN. see Wireless sensors

networks (WSN)

Xanthomonas oryzae pv. oryzae 90
Xanthophylls 78

Xenopus oocytes 164

X-ray microanalysis 169

Zea mays L. 304
Zinc concentrations 241
zmTOR gene 306
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