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Abstract: Modern agriculture increasingly demands an alternative to synthetic chemicals (fertilizers
and pesticides) in order to respond to the changes in international law and regulations, but also
consumers’ needs for food without potentially toxic residues. Microbial (arbuscular mycorrhizal and
plant growth promoting rhizobacteria: Azotobacter, Azospirillum and Rizhobium spp.) and non-microbial
(humic substances, silicon, animal- and vegetal-based protein hydrolysate and macro- and micro-algal
extracts) biostimulants represent a sustainable and effective alternative or complement for their
synthetic counterparts, bringing benefits to the environment, biodiversity, human health and economy.
The Special Issue “Toward a sustainable agriculture through plant biostimulants: from experimental
data to practical applications” compiles 34 original research articles, 4 review papers and 1 brief
report covering the implications of microbial and non-microbial biostimulants for improving seedling
growth and crop performance, nutrient use efficiency and quality of the produce as well as enhancing
the tolerance/resistance to a wide range of abiotic stresses in particular salinity, drought, nutrient
deficiency and high temperature. The present compilation of high standard scientific papers on
principles and practices of plant biostimulants will foster knowledge transfer among researchers,
fertilizer and biostimulant industries, stakeholders, extension specialists and farmers, and it will
enable a better understanding of the physiological and molecular mechanisms and application
procedure of biostimulants in different cropping systems.

Keywords: humic substances; protein hydrolysates; silicon; arbuscular mycorrhiza; plant growth promoting
rhizobacteria; macroalgae; microalgae; abiotic stresses; nutrient use efficiency; physiological mechanisms

1. Biostimulants in Agriculture: Rationale

Modern agriculture needs to review and broaden its practices and business models, by integrating
opportunities coming from different adjacent sectors and value chains, including the biobased industry,
in a fully circular economy strategy [1-3]. Farmers need to operate as managers of the countryside,
valorizing their own by-products and using agricultural products with improved environmental profile.
Therefore, searching for new technologies and approaches to boost crop productivity under optimal
and sub-optimal conditions and to improve resources use efficiency (water and fertilizers) is crucial
to ensure food security, while preserving soil quality and providing opportunities of business for
farmers [4]. Biobased products such as biostimulants represent a sustainable, efficient technology or
complement to their synthetic counterparts (i.e., agrochemicals) to improve nutrient use efficiency
and secure yield stability of agricultural and horticulture crops under optimal and sub-optimal
conditions [5,6]. Recently, under the new Regulation (EU) 2019/1009, plant biostimulants were defined
based on four agricultural functional claims as follow: “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

Agrononty 2020, 10, 1461; doi:10.3390/agronomy10101461 1 www.mdpi.com/journal/agronomy



Agronomy 2020, 10, 1461

one or more of the following characteristics of the plant andjor the plant rhizosphere: (1) nutrient use efficiency,
(2) tolerance resistance to (a)biotic stress, (3) quality characteristics, or (4) availability of confined nutrients in the
soil or rhizosphere” [7]. Many diverse natural substances and chemical derivatives of natural or synthetic
compounds as well as beneficial microorganisms are catalogued as plant biostimulants including:
(i) humic substances; (ii) vegetal- or animal-based protein hydrolysates; (iii) macro- and micro-algal
extracts; (iv) silicon; (v) arbuscular mycorrhizal fungi (AMF); and (vi) plant growth promoting
rhizobacteria (PGPR) belonging to the genus Azotobacter, Azospirillum and Rizhobium spp. [8-16].

Plant biostimulants were initially used in organic production, but now they are adopted in
several cropping systems such as conventional and integrated crop production [17]. Microbial and
non-microbial plant biostimulants are usually used for open field and greenhouse crops including fruit
trees, berry crops, grapevines, vegetables, ornamentals, cereals and turfs [18-21]. The biostimulants
market is increasing year by year; as a matter of fact, the market of active ingredient biostimulants
(amino acids, seaweed extracts, humic substances and microbial amendments) is estimated to account
for 2.6 billion dollars in 2019 and is projected to reach almost 5 billion dollars by 2025, at a compound
annual growth rate of 11.2% during the forecast period [7,22]. Moreover, more than 1000 scientific
papers published in the last 10 years (2010-2020) were found by searching the term “plant biostimulants”
and many more articles are available on the Scopus database using related words/terms (i.e., humic
substances, seaweed extracts, microalgae, silicon, AMF or PGPR) (www.scopus.com).

The current Special Issue collects 39 scientific contributions (34 research papers, 4 reviews and
1 brief report) covering the different aspects of the agronomic and horticultural crops response to
microbial and non-microbial biostimulants application. We highly believe that the current Special
Issue: (i) will foster knowledge transfer among scientists, commercial enterprises, stakeholders and
farmers; and (ii) will shed light on the cellular, molecular and physiological mechanisms as well as the
application procedure of biostimulants in different cropping systems including organic farming.

2. The Role of Non-Microbial and Microbial Biostimulants in Morpho-Anatomical, Biochemical
and Physiological Traits of Crops

Applications of non-microbial and microbial plant biostimulants have been shown to enhance
plant growth and development, as well as macro- and micronutrient uptake and translocation in
several agronomic and horticultural crops resulting in increased biomass production and yield [3].
The stimulation of seedling growth and crop productivity in response to application of non-microbial
and microbial plant biostimulants is attributed to the action of bioactive substances on the primary
and/or secondary metabolisms, leading to a wide array of biochemical, physiological and molecular
responses [3]. Seven combinations of soy flour, diatomaceous earth, concentrated vermicompost extract
(liquid) and micronized vermicompost were investigated in laboratory experiments to assess their
potential biostimulant action to improve cover crops (red clover and perennial ryegrass) germination
and seedling growth [23]. In their research, the authors reported that coated treatments affected in
a species-specific manner the germination rate and uniformity, with a significant improvement in
total germination rate recorded in red clover, while a reduction was observed in perennial ryegrass.
Interestingly, the application of soy flour:diatomaceous earth at a rate of 30:70 boosted the seedlings
performance in terms of shoot and root growth as well as dry matter percentage in both tested species.
The authors concluded that soy flour provided a sustained source of key amino acids, thus positively
influencing N uptake and transplant quality. Furthermore, Ben-Jabeur et al. [24] conducted a three-year
experiment on durum wheat aiming to assess the effect of coating wheat seeds with thyme essential oil
or Paraburkholderia phytofirmans PsJN strain on yield and resistance/tolerance to spetoria leaf botch.
The two tested biostimulants were able to alleviate the Septoria leaf botch and to enhance yield in
terms of number of spikes per square meter as well as straw and grain yields. The dual beneficial
effect (i.e., biocontrol and biostimulant action) was also observed on tomato, where the application of
four commercial biostimulants: neem seed cake, sesame oil, quillay extract and seaweeds significantly
mitigated the parasitism of root-knot nematodes by reducing eggs and galls on tomato roots with the



Agronomy 2020, 10, 1461

best results recorded on neem seed cake and sesame oil treatments [25]. The authors also demonstrated
that the four tested biostimulants triggered shoot and root biomass production compared to untreated
control. The dual beneficial effect was also recorded on tomato, since Allaga et al. [26] reported
that a composite bioinoculant containing beneficial fungi and bacteria (Trichoderma, Azotobacter and
Streptomyces) was an efficient biocontrol agent, as well as an efficient biostimulant able to improve
growth and photosynthetic activity of tomato.

Ertani etal. [27] carried out a short-term trial on hydroponically grown maize to assess the physiological
responses to leonardite-humate- and lignosulfonate-based biostimulants. The biostimulants application in
particular lignosulfonates boosted root and leaf growth by 51-140% and 5-35%, respectively. The authors
concluded that a putative mechanism involved in the biostimulant action of these products might be the
stimulation of N metabolism in the belowground organs (i.e., roots) according to the increased activity
of key enzymes such as glutamine synthetase and glutamate synthase [27]. Moreover, Kim et al. [28],
elucidated the hormonal effects of a commercial vegetal-based biostimulants containing amino acids,
lateral root promoting peptide, lignosulfonates and micronutrients on cuttings of basil, tomato and
chrysanthemum, characterized by different relative root ability: easy, moderate and difficult, respectively.
Thanks to the combination of morphological, biochemical and metabolomics approaches, the authors
demonstrated that the vegetal-based biostimulant exerted similar effects to the synthetic hormone (i.e.,
auxin) by improving adventitious rooting responses. Finally, the authors shed light for the first time onto
hormonal regulation of vegetal-based biostimulant and the crucial role of brassinosteroids in adventitious
root formation.

Different amino acids (L-methionine, L-glycine and L-tryptophan at 20, 210 and 220 mg/L, respectively)
were applied separately on hydroponically grown butterhead lettuce to assess their stimulators role [29].
In their study, L-methionine boosted lettuce growth parameters, whereas a negative effect was observed
when L-glycine and L-tryptophan were applied. Based on the results of the first experiment, Khan and
co-workers conducted a second experiment with five increasing concentrations of L-methionine (0.02,
0.2,2.2,22,220 and 2220 mg/L). The authors concluded that L-methionine at a concentration of 0.2 mg/L
exhibited the best effect of lettuce growth parameters. In fact, it is well established that key amino acids
are rapidly absorbed by the crops and act as a stable source of molecule precursors to be integrated into
plant metabolism [30]. This was demonstrated by the former authors, who reported that foliar application
of glutamate to creeping bentgrass foliage was rapidly absorbed and directly utilized as a precursor to
synthesize gamma-aminobutyric acid and proline, two important metabolites with well-known roles in
plant stress adaptation.

Bakonyi et al. [31] and Kisvarga et al. [32] reported that alfalfa brown juice could be considered
a potential growth stimulator. In their studies, Celosia seedlings where sprayed at five increasing
rates of fermented brown juice (0.5%, 1.0%, 1.5%, 2.0% or 2.5%), while basil was sprayed at three
different increasing doses (0.5%, 1.0% or 2.5%). Water was adopted in both experiments as an untreated
control. The application of alfalfa brown juice at a rate of 0.5% boosted plant growth parameters in
both tested species due to the modulation of the anatomical and biochemical responses, in particular
increasing the antioxidant activity of key enzymes (catalase and peroxidase) and photosynthetic
pigments (chlorophyll a and b) as well as reducing the content of malondialdehyde. Moreover,
Niewiadomska et al. [33] carried out a three-year experiment on white lupine cultivation, where two
commercial biostimulants and six foliar fertilizers were tested. The commercial biostimulants and
fertilizers were able to boost some of the biochemical activity of the soil. The authors attributed the
better performance of treated-white lupine to a higher uptake, translocation and assimilation of macro-
and microelements.

Seaweed extracts, also known as macroalgae, are considered an important category of non-microbial
plantbiostimulants due to their use on several agronomic and horticultural crops under both conventional
and organic farming systems [34]. Several authors reported that macroalgae such as Ascophyllum nodosum,
Ecklonia maxima or Pterocladia capillacea can: (i) improve the agronomic performance of soybean and
bean [35,36], potato [37], and Jew’s mallow [38]; and (ii) enhance fruit setting in eggplant [39]. In addition
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to seaweed extracts, the use of PGPR such as Bacillus thuringiensis was also considered an efficient
approach to boost yield in a sustainable manner. Jo and co-workers [40] inoculation of Bacillus
thuringiensis KNU-07 incurred a significant increase of total growth biomass of pepper seedlings.
The beneficial effect recorded on inoculated pepper plants was associated with a strong modulation of
the soil bacterial community even quantitatively or qualitatively.

3. The Role of Non-Microbial and Microbial Biostimulants in Enhancing Nutrient Uptake
and Efficiency

Non-microbial and microbial plant biostimulants may positively influence nutrient use efficiency
(NUE), in particular nitrogen (N) by enhancing root system architecture and soil exploration as well
as increasing macro- and micronutrient solubilization that can result in an increase in NUE [17,41].
Di Mola et al. [42] demonstrated that foliar application of vegetal- (protein hydrolysates or tropical
plant extract) and seaweed extract-based biostimulants (brown macroalgae: Ecklonia maxima) is
considered a sustainable approach to increase greenhouse baby lettuce productivity and NUE in
low-input cropping systems. In their study, the authors reported that the application of legume-derived
protein hydrolysates and especially seaweed extract elicited important increases in fresh yield under
sub-optimal and optimal N conditions (0 and 10 kg ha™!) compared to the untreated and tropical plant
extract-treated plants, but the beneficial effect of plant biostimulants was not apparent under luxurious
N fertilization conditions (20 and 30 kg ha™!). Similar results were also observed by the same research
group [43] on two other important greenhouse leafy vegetables, namely baby spinach and lamb’s
lettuce, treated with a legume-derived protein hydrolysates and grown under optimal and sub-optimal
N regimes. Interestingly, the foliar application of vegetal-based biostimulants incurred a significant
increase in N uptake and N use efficiencies in both leafy vegetables (19% and 18%, respectively,
for baby spinach and 50% and 73%, respectively, for lamb’s lettuce). The authors concluded that
improved agronomical performance and use efficiency of baby lettuce, baby spinach and lamb’s
lettuce was associated with a better photosynthetic activity and biochemical status (higher content
of chlorophyll a, b and total and carotenoids) [42,43]. The synergistic biostimulant action through
the application of microbial (Trichoderma virens) and non-microbial biostimulant (vegetal biopolymer
containing amino acids, peptides and vitamins) was demonstrated on greenhouse lettuce grown with
three N conditions: sub-optimal, optimal and supra-optimal (0, 70 and 140 kg ha™!) [44]. Lettuce
grown under non-fertilized conditions showed an increase in marketable yield when inoculated with
T. virens alone (45%) and a greater increase with both microbial and non-microbial biostimulant (67%).
The beneficial effect of plant biostimulant was less pronounced under optimal N condition and absent
under luxurious N conditions. Rouphael and co-workers concluded that, based on the improved fresh
yield and NUE in greenhouse lettuce plants, treatment with plant biostimulants improved not only
the chlorophyll synthesis and mineral status but also the synthesis and accumulation of antioxidant
metabolites that were responsible for reactivating the photosynthetic activity and consequently the
agronomic performance.

Concerning floricultural species, Leoni et al. [45] investigated the application of chemical fertilization
and integrated nutrient management on yield, quality attributes and NUE of two chrysanthemum cut
flower cultivars. Integrated nutrient management based on 50% synthetic fertilizers plus seaweed extract
(A. nodosum) and microbial consortium (Glomus sp. and Bacillus sp.) was able to boost yield, quality
parameters and NUE compared to the untreated control treatment.

4. The Role of Non-Microbial and Microbial Biostimulants in Abiotic Stresses
Tolerance/Resistance

Abiotic stresses, in particular drought, salinity, heat stress, hypoxia and nutrient deficiency,
are responsible for 60-70% of yield gap, dictated by global climate changes [46]. To overcome the
detrimental effects of sub-optimal conditions on agronomic and horticultural crops, plant biostimulants
have been proposed as an efficient agronomic tool to improve tolerance/resistance to unfavorable
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environment and soil conditions [47]. In their review paper, Bulgari and co-workers summarized
the biostimulants literature (humic substances, seaweed extracts, protein hydrolysates, amino acids
and beneficial microorganisms) regarding their use on vegetables, focusing on their application and
mode of actions to counteract the most common abiotic stresses: cold/chilling stress, heat, salinity,
drought stress and nutrient deficiency. In addition to the categorized plant biostimulants, Arnao and
Hernandez-Ruiz [48] proposed the dual use of melatonin (N-acetyl-5-methoxytryptamine) as plant
protector and biostimulant. In their review paper, they discussed the different legal aspects to categorize
this natural substance as potential biostimulant at the European level. Arnao and Hernandez-Ruiz [48]
summarized studies of different responses of melatonin in different plant species and under diverse
stress conditions by reporting the observed effects/mechanisms.

The application of four commercial biostimulants containing protein hydrolysates, humic acid and
especially brown seaweed extracts (A. nodosum) were found to mitigate the negative effects of water stress
(70% or 50% of the container substrate capacity) on potted mint by increasing the antioxidant activity of
key enzymes such as catalase and superoxide dismutase and by reducing the H,O, accumulation in leaf
tissue [49]. The physiological and biochemical effects of 3-(1,3)-glucan (paramylon) purified from the
microalga Euglena gracilis on water-stress Micro-Tom were also assessed by an Italian research group [50].
The eco-physiological approach adopted in this study allowed the identification of several physiological
and biochemical mechanisms of improved water stress tolerance, following the application of paramylon
nanofibers, for example: (i) increasing of the photosynthetic rate; and (ii) reducing the sensitivity of
photosystem II to potential dehydration damages. Moreover, Petropoulos et al. [51] showed that the
application of four commercial microbial biostimulants containing AME, Trichoderma and rhizosphere
symbiotic bacteria enriched with amino acids or seaweed extracts were able to increase the pods and
seeds yield as well as nutritional value and chemical composition of common bean under both optimal
and sub-optimal water regimes. In the study by Mannino et al. [52], the impacts of four microbial
biostimulants, namely AMF mono fungal inoculum, AMF multi fungal inoculum, PGPB and AMF +
PGPB, on molecular and physiological responses of water-stressed tomato were evaluated. Different
physiological and molecular responses of tomato to water limitation were recorded depending on
microbial inocula, confirming the importance to characterize the optimal plant/beneficial microorganism
genotype combination(s) to enhance plant resilience to water stress condition. Non-microbial plant
biostimulants such as amino acids/peptides-based product and protein hydrolysates can also be considered
an effective tools to improve the tolerance to a wide range of abiotic stresses: heat, hypotoxic, nutrient and
salt stresses as well as combined environmental stresses [53,54]. The application of biostimulant based
on plant and yeast extracts and containing amino acids, soluble peptides and vitamins improved the
heat stress tolerance of four tomato landraces grown under Mediterranean conditions. The biostimulant
effects were associated to physiological and biochemical mode of actions, for example: (i) stronger
antioxidant defense system; and (ii) maximal photochemical efficiency (Fy/Fm) in leaves of the four tested
tomato landraces [53]. Finally, Trevisan et al. [54] demonstrated in a short-term trial that the application of
a protein hydrolysates-based biostimulant was able to mitigate the detrimental effects of single (hypoxia,
salt or nutrient deficiency) and multiple (nutrient stress + hypoxia or nutrient stress + salinity) stresses
of hydroponically grown maize. Root development in terms of biomass and architecture (length and
density) was strongly influenced by protein hydrolysates, by upregulating the expression of key genes
involved in nitrate transport and reactive oxygen species detoxification and consequently inducing a
significant boost of shoot biomass.

5. The Role of Non-Microbial and Microbial Biostimulants in Improving Quality Traits

Pre-clinical and clinical studies have demonstrated the functional (i.e., health-promoting) effects
of fruit and vegetables consumption in supporting human health and longevity [55]. In their review
paper, Drobek et al. [56] gave an overview on how the application of microbial and non-microbial
plant biostimulants can modulate the primary and secondary metabolisms of horticultural species,
leading to the synthesis and accumulation of lipophilic and hydrophilic antioxidant molecules also
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known as phytochemicals [3,15]. The application of vegetal-based biostimulants, in particular tropical
plant extract and legume-derived protein hydrolysates, in two important leafy and fruit vegetables
induced significant increase in lettuce and tomato nutritional and functional quality [57,58]. Weekly
foliar application of tropical plant extract incurred a significant increase of hydrophilic antioxidant
activity and total ascorbic acid in lettuce compared to untreated control [57]. Similar results were also
recorded in tomato fruits, where tropical plant extract and protein hydrolysates resulted in higher
bioactive compounds (total phenols and vitamin C) and lipophilic antioxidant activity than those
observed in the non-treated control [58]. Concerning berry fruits, Soppelsa et al. [59] investigated the
application of ten commercial biostimulants belonging to almost all the categories including: alfalfa
hydrolysate, humic acids, macro-seaweed, extract and microalgal hydrolysate, amino acids alone
or in combination with micronutrient (zinc), B-group vitamins, chitosan and a commercial product
containing silicon. Biostimulant products based on chitosan had a major impact on strawberry pulp
firmness, whereas biostimulant products based on alfalfa hydrolysate, macro-seaweed extract and
microalgal hydrolysate induced an improvement in phenolic compounds compared to the remaining
treatments. Moreover, in three varieties of winter rape, the application of three biostimulants with
the following active substances improved the content of crude fiber and fat: titanium, sodium orto
nitrophenol, sodium para nitrophenol, sodium 5-nitroguaiacolate and silicon [60].

Concerning the implications of microbial plant biostimulants on improving produce quality,
Chandrasekaran et al. [61] reported that the inoculation of PGPR strain, Bacillus subtilis CBR05 induced
a significant increase in tomato quality in terms of carotenoids profile (3-carotene and lycopene).
Finally, Caser et al. [62,63] showed that the inoculation of soilless-grown saffron with Rhizophagus
intraradices and to a lesser extent with a mixture of R. intraradices and Funneliformis mosseae boosted
significantly the synthesis and accumulation of health-promoting molecules such as anthocyanins,
polyphenols and vitamin C; antioxidant activity; and important bioactive compounds in saffron, such
as crocin II, picrocrocin and quercitrin.

6. Conclusions and Looking Forward

In the coming few years, we can expect that plant biostimulants including both natural and synthetic
substances, as well as microbial inoculants, will not only make a significant contribution to ecologically
and economically sustainable crop production systems within more resilient agro-ecosystems, but will
also lay the cornerstone for a future large-scale sustainable agriculture catalyzed by the biobased
industry. Although plant biostimulants appear to be a novel and potential category of agricultural
inputs complementing synthetic fertilizers, there is an urgent need among the research community
and fertilizer industries to elucidate the molecular and physiological mechanisms which will definitely
facilitate the diffusion of these bio-products in the agricultural sector. Briglia et al. [64] demonstrated
that the combination of phenomic (high-throughput plant phenotyping) and genomic (Next Generation
Sequencing) tools opens new perspectives to release effective biostimulant formulations to meet the
emerging needs of crops. Finally, Giovannini etal. [65] suggested that, in the near future, transcriptomics
research should be adopted as an integrated tool to identify the best synergistic combinations of AMF
and associated bacterial communities able to enhance resources use efficiency, plant resilience and
boosting nutraceutical compounds in plant species.
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Abstract: Arbuscular mycorrhizal fungi (AMF) establish mutualistic symbiotic associations with
plant roots and act as biofertilizers by enhancing plant nutrient and water uptake. Moreover, AMF
colonization may influence the biosynthesis of plant bioactive compounds in medicinal and aromatic
plants. There is limited information on AMF associations with Crocus sativus L. (saffron) roots and
their effect on crop performances and spice quality. In the present work we verified the efficiency
of root mycorrhization in potted conditions, and then we evaluated the yield and quality of the
saffron produced in two Alpine sites during two cultivation cycles with the application of AMFE. Two
inocula were applied, either a single-species (Rhizophagus intraradices) or a multispecies mixture (R.
intraradices and Funneliformis mosseae). The trial conducted in potted conditions confirmed that both
AMF commercial inocula established symbiotic relationships with saffron roots. The multispecies
inoculation yielded the highest content of arbuscules in colonized portions of the root (100%), while
the single-species was slightly less (82.9%) and no AMF were recorded in untreated control corms. In
open-field conditions, AMF colonization of the root systems, flower production, and saffron yields
were monitored, and bioactive compounds contents and antioxidant activity in the dried spice were
analyzed using spectrophotometry and high performance liquid chromatography. Overall, the saffron
produced was high quality (ISO category) and had high contents of bioactive compounds, with very
high total polyphenol content and elevated antioxidant activity. The use of arbuscular mycorrhizal
symbionts as biostimulants positively affected saffron cultivation, improving the crop performances
and the content of important nutraceutical compounds. In particular, the inoculum composed by
R. intraradices and F. mosseae increased flower production and the saffron yield. R. intraradices alone
enhanced the spice antioxidant activity and the content of bioactive compounds such as picrocrocin,
crocin II, and quercitrin. Since saffron is the world’s highest priced spice, the increases in yield and
quality obtained using AMF suggests that farms in marginal areas such as alpine sites can increase
profitability by inoculating saffron fields with arbuscular mycorrhiza.

Keywords: Crocus sativus L.; biofertilization; arbuscular mycorrhizal fungi; antioxidant activity;
crocin; picrocrocin; polyphenols; safranal
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1. Introduction

Saffron (Crocus sativus L.) is a triploid herbaceous geophyte that is reproduced by means of
replacement corms and is cultivated in environments with very different soil characteristics [1-3] for
its red scarlet stigmas that are used worldwide as a spice and natural dye [4]. Origin, abiotic stresses,
agronomical practices, and processing methods (stigma separation, drying, and storage) can influence
both the plant and the saffron spice yield, composition, and quality [5,6]. The spice’s organoleptic
properties are ascribed to the relative percentage of peculiar secondary metabolites—crocin, picrocrocin,
and safranal—which provide the unique color, bitter taste, and aroma, respectively. The concentrations
of these constituents combine to determine the saffron spice quality, as defined by the International
Organization for Standardization [7]. Studies related to saffron quality are expanding mainly due to
the antioxidant properties of this spice and their positive influence on human health [8]. Antitumor
and cancer-preventive properties are mainly attributed to the high carotenoids content [9].

Reproductive, vegetative, and dormancy are the main phenological stages [10]. Saffron flower
induction is a very complicated mechanism directly related to ecological conditions and field
management [11,12]. As in most geophyte plants, both seasonal and daily thermoperiodism are
involved as the main environmental factors [11]. Flower induction requires an incubation of the corms
at high temperature (23-27 °C), followed by a period of exposure at moderately low temperature
(17 °C) for flower emergence. In Mediterranean environments, flower induction occurs from early
spring to mid summer, while flower emergence occurs from early- to late-autumn. Differences in
the time required for flower initiation have mostly been attributed to the corm size [13]. In addition,
Molina et al. [14] reported that air and soil temperatures might be responsible for differential flower
induction and duration of up to two months. Flowering is followed by a vegetative stage throughout
the winter and formation of replacement corms at the base of shoots. At the end of spring, the leaves
reach the highest length, start to senesce, and wither, and the bulbs go into dormancy [14].

Due to its unique biological, physiological, and agronomic traits, saffron is able to exploit
marginal land and is included in low-input cropping systems, even if high amount of skilled labour
is required [11]. In Italy, saffron cultivation is gaining increasing attention as an alternative crop for
sustainable agriculture systems [11,15], where it could represent a valid mean for increasing incomes
of multifunctional farms, with a positive impact on the recovery and economy of these areas [15,16].
Since saffron is the world’s highest-priced spice due to the intensive hand labour required for daily
flower picking and stigma separation [14], small increases in the yield and/or quality can connote
a large increase in profitability. In this context, the adoption of sustainable cultivation techniques such
as the use of biostimulants may represent further help in both the increase in spice yield and active
ingredients accumulation [17].

Recent research has focused on the benefits of soil organisms to crops, especially to promote plant
nutrient uptake and assimilation [18,19]. Indeed the soil is not only the location of plant life cycle
stages, but also the main reservoir for a wide range of plant biostimulants (PBs), including arbuscular
mycorrhizal fungi (AMF) [19-21]. Ubiquitous and abundant, AMF are obligate endosymbionts
living inside most plant roots present in diverse environments, including productive agricultural
systems [22-25]. When colonizing roots, hyphae extend root limits, improving water and inorganic
nutrient acquisition from the soil, mainly phosphorus (P) and other minerals, in exchange for
photosynthetic products. The use of AMF has a demonstrated economic impact on agriculture and
horticulture and they may also confer pathogen protection by altering plant physiological parameters,
and improving soil nutrition and aggregation under different growing conditions [26-28].

Mounting evidence indicates that AMF may induce changes in primary and secondary metabolism
of host plants, increasing polyphenols, flavonoids, and phytohormone dynamics [29,30]. Such
metabolic changes may be ascribed to a transient activation of host defence reactions in colonized
roots [20,31]. The role of AMF symbiosis in flowering date and flower production is fragmented [32].

In medicinal and aromatic plants (MAPs), such as Arnica montana L., Coriandrum sativum L.,
and Anethum graveolens L., AMF colonization influenced bioactive compound biosynthesis such
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as ascorbic acid, flavonoids, polyphenols, carotenoids, and vitamins [33-36]. Inoculation with
Funneliformis mosseae Gerd. & Trappe and G. versiforme P. Karst. improved plant growth and enhanced
the glycyrrhizin concentration in Glycyrrhiza uralensis Fisch plants [26]. Moreover, under low P
availability, a mix of AMF increased the production of root biomass and of pseudohypericin and
hypericin content in flowers of Hypericum perforatum L. [32]. Although widely applied, evidence
for AMF symbiosis efficacy and persistence is scant, incomplete, or lacking [37,38] and the use
of AMF in crop production is facing some limitations due to product costs, producer awareness
levels, and variability in mycorrhizal inoculum quality [21,27]. Many factors can affect the success
of inoculation and AMF persistence, including environmental and cultivation conditions, species
compatibility, degree of spatial competition with other soil organisms, and the time of inoculation.
However, once AMF inoculation is restored and well established in soil, the AMF community will
persist through time. If detrimental practices are minimized before and after cultivation, biodiverse
mycorrhizal hyphal networks will remain unaltered and infective in the field [27]. Hence, it is important
to assess the effects of AMF on crop traits both as early application and as residual persistence in the
following crop cultivation seasons.

Incidence of AMF, alone or in combination with plant growth promoting bacteria (PGPB),
was reported in corms of C. sativus [39-44]. Different authors report that well-established AMF
colonization of saffron roots results in increased corm P content, chlorophyll, fresh and dry corm
mass, and leaf matter, and greater soil P and nitrogen assimilation [43-45]. Shajari et al. [44] indicated
a significant effect of AMF in corm growth and mineral assimilation during the second cultivation
season, supporting their effective residual effects in saffron cultivation. However, little is known about
the effects of AMF on spice yield, and phytochemical profiles in open field cultivation [46,47].

The possibility that AMF can enhance the economic value of saffron by increasing yield and
quality is even more interesting if we consider the worldwide increase in use of biocompounds in
the food and pharmaceutical industries. Thus, the aims of the present study were (1) to preliminarily
verify the constitutive association of AMF with saffron roots in sterile pot conditions, and (2) to assess
the AMF symbiosis in open field conditions and its effects on saffron plant growth, productivity,
and bioactive compounds content in Alpine open field conditions.

2. Materials and Methods

2.1. AMF Inoculation in Pot

Saffron corms with horizontal diameters of 1.3 to 2.8 cm were sown in pots (4 L; 1 corm per
pot) in the last ten days of August 2016. Pots were filled with sterile quartz sand (3 L per pot) on
a layer of sterilized expanded clay (1 L per pot). Corms were treated with two inocula (MycAgro Lab,
Breteniére, FR), one composed of a single fungus Rhizophagus intraradices (Ri) and one of R. intraradices
and Funneliformis mosseae (Ri + Fm). Ten grams of each inoculum were placed under each corm in
order to guarantee the contact between the inoculum and the roots and therefore to favor the symbiosis
between AMF and roots. Saffron corms used as controls were not inoculated (AMF-). Corms were
not treated against fungal pathogens. A randomized block design was used with a total of 48 pots
displayed in two experimental plot units (24 pots per unit) and three treatments (8 pots per treatment).
Cultivation lasted for one cycle (August 2016-April 2017) in a heated glasshouse of the Department of
Agricultural Forest and Food Sciences (DISAFA) of the University of Torino (Italy, 45°06'23.21” N Lat,
7°57'82.83” E Long; 293 m a.s.l.), with an average temperature of 22 °C during the day and 16 °C in the
night. Irrigation water (pH 7.4, EC 505 uS cm) was added weekly (250 mL per pot) with a drip system.
The corms were fertilized by fertigation (VIGORFLOR, AL.FE. srl, MN, Italy) every two weeks starting
from the emergence of the spate, in quantities of 1.5 g L~! of water. No flowering occurred because of
the small size of the corms.
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2.2. AMF Inoculation in Open Field

Saffron corms with horizontal diameters of 2.5 to 3.5 cm were planted in the last ten days of
August 2016 in two Alpine experimental sites located in the municipality of Morgex (45°45'35.1” N;
7°02'37.3” E; 1000 m a.s.l.) and Saint Cristophe (45°45'06.9” N; 7°20'37.0” E; 700 m a.s.l.) in Italy
and cultivation lasted for two cycles (2016-2017 and 2017-2018). Both sites were cultivated with
saffron for at least the previous three years. Before starting the experiment both fields were milled.
To assess the effects of AMF inocula on saffron cultivation and production, the same treatments used
in the pot trial were applied (Ri, Ri + Fm or AMF-). A randomized block design was used, with
three experimental plot units (blocks). Each plot unit consisted of 56 corms, planted in a 1.44 m? area
(39 corms m~2). Inter-row planting distance was of 7 cm, while between-row distance was 25 cm. Plots
were separated from each other with at least 4 m distance. Before planting, 10 g of inoculum was placed
under the corms to ensure contact between plant and the treatment. Irrigation was provided when
needed and hand weeding control was conducted during cultivation, while no preplanting fertilization,
tillage, or treatments against pathogens were applied. The two Alpine sites were characterized by
semicontinental climate, with a long and cold winter (Supplementary Figure S1). In general, both sites
had a sandy-loam texture according to the USDA classification and similar chemical characteristics
(Supplementary Table S1).

2.3. AMF Evaluation

At the end of the vegetative phase in both pot (February 2017) and open field experiments
(April 2017 and 2018), saffron roots were harvested, rid of topsoil, cleaned and stained with 0.1%
(w/v) cotton blue in 80% lactic acid overnight, then destained 3 times with lactic acid for 18 h,
cut into 1-cm-long segments and placed on microscope slides for further morphological analysis.
Approximately 25 fragments were observed under light microscope for each replicate for a total of
300 root fragments. Fungal colonization was determined and calculated as described by Trouvelot et
al. [48].

2.4. Plant Performance and Saffron Yield in Open Field

The daily number of picked flowers per corm (Supplementary Figure S2) and the yield of spice
(i-e., stigmas dried at 40 °C for 8 h in an oven) were measured at flowering (November 2016 and 2017).
When leaves were fully expanded (April 2017 and 2018), 50 mg of fresh leaves per treatment were used
to determine chlorophyll and carotenoids content as described by Caser et al. [49]. Simultaneous with
leaf sampling, the Chlorophyll Meter SPAD-502 (Konica Minolta Sensing Inc., Osaka, Japan) was used
to determine the relative quantity of chlorophyll present in 27 randomly selected plants per treatment
in the field.

At the end of full plant development (April 2017 and 2018), the leaves length of all corms was
measured. Then, 27 plants per treatment were lifted, and corms rid of topsoil, cleaned, and detunicated.
The wilted rate as the ratio between the number of wilted corms and the total number of sown corms,
the shoot caliber size, and the number, the size and the weight of replacement corms were determined.

2.5. Saffron Extract Preparation and Quality

The saffron aqueous extracts were prepared according to Gresta et al. [11]. Fifty mg of powdered
saffron from each treatment and both cultivation years were put into 5 mL of deionized water.
After stirring for 1 h at room temperature (circa 21 °C) in the dark, the solution was filtered with
polytetrafluoroethylene (PTFE, VWR international, Milano, Italy) filters of 25 mm diameter and
0.45 um pore size. The saffron extract obtained was diluted 1:10 with deionized water (1 mg mL™1).
Saffron extracts were analyzed with a spectrophotometer (Ultrospec 2100 Pro, GE Healthcare, UK Ltd.,
Little Chalfont, Buckinghamshire, UK) to determine the amount of picrocrocin, crocin, and safranal,
according to ISO 3632 [7].
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2.6. Total Phenols

The content of total phenols (TPC) was measured by using the Folin-Ciocalteu’s phenolic method
and determined as reported by Donno et al. [50]. Five hundred ul of saffron extract was added and
mixed with 30 mL of deionized water, 2.5 mL of Folin—Ciocalteu’s reagent (diluted 1:10), and, after eight
minutes, 10 mL of 7.5% (w/v) saturated sodium carbonate solution. The solution was incubated at room
temperature for 2 h in the dark and the absorbance was detected at 765 nm with a spectrophotometer
(Ultrospec 2100 Pro, GE Healthcare, UK Ltd., Little Chalfont, Buckinghamshire,UK). The results were
expressed as mg of gallic acid equivalents (GAE) per 100 g of fresh weight (FW).

2.7. Total Anthocyanins

The total anthocyanins content (TAC) was determined using the pH-differential method [50].
Saffron extracts were added to a pH 1 and pH 4.5 buffer solutions. Absorbance of samples was
determined at 515 nm and 700 nm after a 15 min equilibration. The formula for calculating TAC is
as follows

TAC (mg L H=(Ax sample dilution factor x 1000)/(molar absorptivity x 1) 1)

where A is (Absorbance 515 nm—Absorbance 700 nm) at pH 1.0—(Absorbance 515 nm Absorbance
700 nm) at pH 4.5. The results were expressed as milligrams of cyanidin 3-O-glucoside (C3G) per
100 gof fresh weight (mg of C3G 100 g~! FW).

2.8. Antioxidant Activity

The antioxidant activity (AOA) was determined using the ferric reducing antioxidant power
(FRAP) method as reported by Caser et al. [51] and the 2"-azinobis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) method as described by Urbani et al. [52].

For the FRAP method, a total of 30 uL of saffron extract was added and mixed with 90 uL of
deionized water and 900 uL of the FRAP reagent. After incubation at 37 °C for 30 min, the absorbance
of the solutions was measured at 595 nm using a spectrophotometer (Ultrospec 2100 Pro, GE Healthcare,
UK Ltd., Little Chalfont, Buckinghamshire, UK). Results were expressed as millimoles of ferrous iron
(Fe?*) equivalents per kilogram of fresh weight.

The ABTS radical cation (ABTS +) was obtained by the reaction of 7.0 mM ABTS stock solution
with 2.45 mM potassium persulfate solution. After the incubation for 12-16 h before use in the dark
and at room temperature, the solution was diluted with distilled water to obtain an absorbance of 0.70
(£0.02) at 734 nm. After addition of 0.6 mL of diluted ABTS-+ solution to 180 uL of saffron extract,
the reaction was left in the dark at room temperature for six min. The absorbance was then measured
at 734 nm using a spectrophotometer (Ultrospec 2100 Pro, GE Healthcare, UK Ltd., Little Chalfont,
Buckinghamshire, UK). The antioxidant activity was expressed as pmol of Trolox equivalents per gram
of dry weight (umol TE g~! DW).

All analyses were performed in three replicates.

2.9. Identification and Quantification of Bioactive Compounds

The chromatographic analysis of saffron extracts (Supplementary Table S2) was conducted
with an Agilent 1200 high-performance liquid chromatograph coupled to a diode array detector
(HPLC-DAD; Agilent Technologies, Santa Clara, CA, USA), according to established methods [53].
Different chromatographic methods were used for analysis: benzoic acids (ellagic and gallic acids),
catechins ((+) catechin and (—) epicatechin), cinnamic acids (caffeic, chlorogenic, coumaric, and ferulic
acids), flavonols (hyperoside, isoquercitrin, quercetin, quercitrin, and rutin), carotenoids (crocin I and
II and safranal), and vitamin C (ascorbic + dehydroascorbic acids).

Four chromatographic methods were used to separate the bioactive molecules on a Kinetex C18
column (4.6 x 150 mm, 5 um, Phenomenex, Torrance, CA, USA). Several mobile phases were used for
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bioactive compound identification and ultraviolet (UV) spectra were recorded at different wavelengths,
based on HPLC methods, previously tested and validated [4], with some modifications. UV spectra
were recorded at 330 nm («), 280 nm (3), 310 and 441 nm (x), and 261 and 348 nm ().

All single compounds were identified in samples by comparison and combination of their
retention times and UV spectra with those of authentic standards analyzed with the same
chromatographic conditions.

2.10. Chemicals and Reagents

All the chemicals and reagents used for the AMF evaluation, phenols, anthocyanins, FRAP,
and ABTS assays and bioactive quantification were purchased from Sigma-Aldrich (Saint Louis, MO,
USA).

2.11. Statistical Analysis

Arcsin transformation was performed on all percent incidence data before statistical analysis
in order to improve homogeneity of variance (Levene test). All the analyzed data were checked
for normality of variance. For all indices analyzed in the greenhouse assay, mean differences were
computed using a one-way analysis of variance (ANOVA) with Tukey’s post hoc test (p < 0.05). Data
from open field were analyzed by means of a linear mixed effect models considering AMF treatments
as a fixed factor, year as a repeated measure, and sites and blocks as random factors. The following
interactions (year x AMF treatment) were included in the model. Pairwise comparisons (according to
sequential Bonferroni post hoc tests) were used to separate means when a treatment was significantly
affecting the variable at a p < 0.05. All presented values are means of untransformed data. All
computations were conducted with SPSS statistical package (version 25.0; SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Assessment of Saffron Mycorrhization at Pot and Open Field Scale

Values concerning intensity of colonization in the root system and abundance of arbuscules or
coils in the saffron roots in potted conditions are shown in Table 1. Corms treated with Ri + Fm reached
the highest level of mycorrhization (M%) (93.33%), however, high levels were also obtained with Ri
inoculum (71.37%). The Ri + Fm treatment also had the highest occurrence of arbuscules (a%) in the
mycorrhizal portions (100%), being significantly higher than Ri (82.99%) and AMF-(0%).

Table 1. AMF colonization indices (intensity in the whole root system, M; intensity of the mycorrhizal
portions, m; presence of arbuscules in the whole root system, A; presence of arbuscules in the
mycorrhizal portions, a) of Crocus sativus L. roots treated with the inoculum composed by Rhizophagus
intraradices and Funneliformis mosseae (Ri + Fm), R. intraradices alone (Ri), or the control (AMF-) in the
saffron pot cultivation.

Index (%)
Treatment M m A a
Ri + Fm 93.33 a 93.33 a 93.33 a 100.00 a
Ri 71.37b 80.28 b 58.98 b 82.99b
AMF- 0.07 ¢ 0.33 ¢ 0.00 ¢ 0.00 ¢
P . . . .

Mean values with the same letter are not statistically different at p < 0.05 according to Tukey’s post-hoc tests.
The statistical relevance is provided (*** p < 0.001).

In open field conditions, the AMF root colonization measurements in C. sativus treated with Ri +
Fm or with Ri alone during the two cultivation cycles are presented in Table 2. In general both the
presence of arbuscules in the mycorrhizal portions (a%) and in the whole root system (A%) indices
were affected by the inoculum composition only in the first cultivation year, while control plants
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(AMF-) were not colonized. In the second year, low root colonization was observed and no differences
among the treated and untreated corms were detected.

Table 2. AMF colonization intensity in open field conditions after the first and second cultivation year
of the whole root system (M) and of the mycorrhizal portions (m), and presence of arbuscules in the
whole root system (A) and in the mycorrhizal portions (a) of Crocus sativus roots treated with inoculum
composed of Rhizophagus intraradices and Funneliformis mosseae (Ri + Fm), R. intraradices alone (Ri), or
the control (AME-).

Effect Index (%)
Year 1 M m A a
Ri + Fm 116a 117 40a 26.6 a
Ri 13.8a 14.2 69a 381a
AMF- 1.7b 34 0.0b 0.0b
) * ns . .
Year 2
Ri + Fm 7.0 8.5 0.8 12.5
Ri 16.1 16.5 1.6 8.31
AME- 473 6.1 2.5 18.8
4 ns ns ns ns
Year x

*
Treatment (p) ns

Values with the same letter denote no significant differences. The statistical relevance is provided (ns, not significant;
*p <0.05; *** p < 0.001).

3.2. Impact of AMF Symbiosis on Saffron Productivity and Qualitative Traits in Open Field

Significant differences between the two cultivation years emerged for several studied parameters.
In general, the wilting rate, all the main productivity traits (number of flowers m~2, number of flowers
per corm, mg of saffron m~2, saffron per flower, and the number of replacement corms), and the
content of leaf chlorophyll and carotenoids significantly increased after the second year of cultivation

(Table 3); a reduction in leaf length, SPAD unit, and shoot size was also observed.

Table 3. Effects of cultivation seasons (Year 1 and Year 2), AMF treatments (Ri + Fm was composed
of Rhizophagus intraradices and Funneliformis mosseae, Ri of R. intraradices alone, and AMF-was the
uninoculated control), and their interaction (Year x AMF treatment) on saffron plant growth and
productivity based on linear mixed-effects models considering AMF treatments as a fixed factor, year
as a repeated measure, and sites and blocks as random factors.

Growing Seasons AMEF Treatments Year X AMF
Traits Year 1 Year 2 4 I;;: Ri AMEF- r r
Wilting rate (%) 39.0 54.4 o 443 50.0 45.8 ns ns
Flower (n m~2) 49.8 101.7 o 91.8a 61.9b 66.4b * *
Flower/corm (n) 1.5 4.2 i 51a 38b 39b * *
Saffron yield (mg m~2) 278.0 700.0 e 6453a 3774b  4772b * *
Saffron/flower (mg) 6.0 7.0 ** 71a 5.8b 73a * *
Leaf length (cm) 36.8 24.1 i 31.4 30.3 29.9 ns ns
SPAD unit 74.8 45.7 wex 60.0 61.1 59.7 ns ns
Shoot size (mm) 53 4.1 w* 55a 33b 4.2 ab w* *
Corm size (mm) 211 20.2 ns 19.8 20.0 222 ns ns
Replacement corm (n) 22 3.7 * 2.8 34 27 ns ns
Corm weight (g) 7.7 6.5 ns 7.8 74 6.3 ns ns
Chlorophyll (g mg ™) 1.6 4.1 wE 29 29 27 ns ns
Carotenoids (ug mg™!) 0.6 22 wE 14 15 14 ns ns

Values with the same letter denote no significant differences. The statistical relevance is provided (ns, not significant;
*p <0.05; ** p < 0.01; *** p < 0.001).
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In Table 3, the productivity and growth traits influenced by the AMF treatments are also reported.
Particularly, the inoculum composed of the mix of R. intraradices and F. mosseae significantly increased
the number of flowers m~2 (+138.2%), the number of flowers corm~! (+130.8%), and the mg of saffron
m~2 (+135.2%) in comparison to other treatments. In contrast, the mg of saffron flower~! and the
shoot size were significantly reduced (—20% and —40%, respectively) by the inoculum of R. intraradices
alone in comparison to Ri + Fm and AMEF-. Significant interaction between cultivation year and AMF
treatments resulted for the number of flowers m?2, the number of flowers corm !, saffron yield, saffron
flower—!, and shoot size.

Regarding the synthesis of bioactive molecules in the studied saffron spice, differences between
the two cultivation seasons occurred (Table 4). Overall, the saffron produced at the two experimental
sites belonged to the quality category I for the picrocrocin, safranal, and crocins analysis [7] with
a significant increase after the second cultivation year. On the contrary, different bioactive compounds
(isoquercitirin, quercitrin, ellagic acid, safranal, and total vitamin C) were significantly reduced. Very
few differences were observed among AMF treatments (Table 4). Both Ri + Fm and Ri positively
affected the antioxidant activity (FRAP assay) of the saffron produced. While, the effect of the Ri
inoculum significantly increased the absorbance value of picrocrocin (ISO 3632) and the content
of quercitrin in comparison to Ri + Fm, and the content of crocin II compared to AMF- (Table 4).
A significant interaction between cultivation seasons and AMF treatments resulted for picrocrocin
(ISO), quercitrin, crocin II, and antioxidant activity (FRAP assay).

Table 4. Effects of cultivation seasons (Year 1 and Year 2), AMF treatments (Ri + Fm was composed
of Rhizophagus intraradices and Funneliformis mosseae, Ri of R. intraradices alone, and AMF- was the
uninoculated control), and their interaction (year x AMF treatment) on bioactive compounds, total
polyphenol content (TPC), anthocyanins, quality traits as defined by ISO 3632 [7], and antioxidant
activity of the produced saffron based on liner mixed-effects models considering AMF treatments as a
fixed factor, year as a repeated measure, and sites and blocks as random factors.

Growing Seasons AMF Treatments Year X AMF
Traits Year 1 Year 2 4 I;:; Ri AME- 4 4
1SO 3632 [7]

Picrocrocin 131.4 135.0 * 1302b 138.7a 136.1a * *
Safranal 38.8 442 ** 39.9 43.8 40.8 ns ns

Crocins 207.1 368.5 wE 2759 303.5 284.1 ns ns

Bioactive compounds (mg 100 g~
dry weight)

Coumaric acid 23.6 23.5 ns 23.6 235 23.7 ns ns
Isoquercitrin 26 25 * 25 2.5 2.6 ns ns
Quercitrin 22.8 16.0 ek 17.0b 223a 18.9 ab * *

Gallic acid 5.0 49 ns 49 49 5.1 ns ns

Ellagic acid 2.7 0.8 o 2.0 2.1 1.3 ns ns
Catechin 34 3.1 ns 27 3.0 43 ns ns
Epicatechin 6.1 83 ns 6.4 6.3 9.0 ns ns
Safranal 44 4.0 oo 4.2 43 42 ns ns

Crocin I 325 67.9 ** 49.2 37.7 63.8 ns ns

Crocin II 31.1 36.6 * 35.0 ab 388a 27.7b * *

Total Vitamin C 76.5 67.0 ** 71.4 70.1 73.2 ns ns

TPC (mggag 100 g~! DW) 1340.7 23555 ns 1906.1 1868.8 1819.5 ns ns
Antocyanins (mgcsg 100 g~ DW)  1866.5 1633.6 ns 964.1 2418.8 1867.3 ns ns

Antioxidant activity

FRAP (mmol Fe** kg~!) 408.9 1937.1 e 4248a 4638a 3382b o o
ABTS (umolrg g ') 42 4.6 ns 43 45 4.6 ns ns

Values with the same letter denote no significant differences. The statistical relevance is provided (ns, not significant;
*p <0.05; ** p < 0.01; *** p < 0.001).
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4. Discussion

4.1. AMF Colonization

In the literature only some studies report AMF colonization of C. sativus roots. In the present study,
their presence in potted cultivation was detected in C. sativus roots subjected to both AMF treatments
(Ri + Fm and Ri). Saffron root fragments showed extensive AM fungal colonization, characterized by
a moderate to high intensity of colonization and arbuscule formation. Saffron root colonization in the
present pot cultivation trial was markedly superior to the results obtained in the open field test. This
could be due to the antagonistic action of the naturally occurring fungi in the soil that compete with
the AMF and by the different cultivation substrate used. However, to the best of our knowledge, this
is the first report clearly indicating and measuring successful symbiosis between C. sativus roots and
AMEF under pot cultivation conditions.

Our open field data are equal or lower than findings obtained in other open field trials as
reported by Aimo et al. [40] and Lone et al. [43]. Applying the percent colonization method for
root AMF evaluation, these authors reached a maximum of 30% and 60% mycorrhizal colonization
in saffron roots in Italy and Kashmir cultivation fields when using a mix of AMF belonging to the
genus Glomus, respectively. In a similar study conducted in Iranian fields, the percentage of root
colonization of saffron was of 39% [42], while in a field in Kashmir, ranged between 15 and 90% on
the basis of the season [43]. As reported in Supplementary Table S1, P Olsen values measured at
the experimental sites are high (>69.2 mg kg~1), indicating the potential for a detrimental effect of
P on AMF colonization in our experiment. As the cost of the symbiosis to the plant outweighs the
benefit of access to P via the fungal pathway, plants reduce fungal access to carbohydrate [54]. Similar
data were reported also in other species such as Zea mays L. in which the AMF root colonization was
reduced with a soil P content of 90 mg kg*1 [55]. In other geophyte plants, such as Allium tricoccum
Aiton., a low level of AMF symbiosis was observed in the absence of leaves and photosynthetic activity.
However, once leaves elongate in early spring, root colonization increases rapidly. This is similar
to the pattern of Maianthemum racemosum L., where AMF colonization peaked during vegetative
growth [56]. Here, AMF sampling was performed during maximum leaf elongation, and therefore,
the detection of low colonization is likely more related to soil characteristics than to other physiological
or biochemical parameters.

Taken together, all these findings indicated that under open field conditions in alpine
environments, AMF colonization was substantially lower than under pot conditions as already
indicated in literature. This is in agreement with the meta-analysis of Berruti et al. [27], in which
successful outcomes of AMF inoculation were more often found in controlled (greenhouse and growth
chamber) conditions. In this condition, environmental extremes and variation are minimized or
absent [38]. Moreover, one of the most important confounding factors in pot or field experiments is the
effect of root temperature on the AMF growth [57]. The higher temperatures typical of greenhouse
conditions favor greater growth and superior colonization by AMF [58].

4.2. AMF Modulate Crop Performance and Spice Quality

Flower yield is a difficult parameter to forecast in saffron since it is influenced by a combination
of agronomic, biological, and environmental factors [11]. Generally, a saffron field may produce from
200 to 3000 mg m~2 of spice, depending on the cultivation factors [11] and obviously, by the planting
density, which may vary considerably. By planting at a 55 corms m~2 density in southern Italy (Sicily),
Gresta et al. [3] obtained more than 1200 mg m~2. In the area of Navelli (central Italy) [59], with
a similar corm density, the average yield ranged between 1000 and 1600 mg m~2. In Iranian fields
with a density of 150 and 100 corms m~2, Mollafilabi et al. [60] and Koocheki et al. [61] obtained
740 and 370 mg m~2 of saffron, respectively. Recently, the path coefficient analysis conducted by
Bayat et al. [62] highlighted that fresh stigma weight, flower number, dry stigma and flower weight,
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leaf size, and number and size of replacement corms have the highest positive correlation with
saffron yield.

Arbuscular mycorrhizal fungi are known to be beneficial to several important plants, including
some medicinal plants [30]. Unfortunately, very scarce reports of the effective role of AMF in saffron
yield are available. Only, Aimo et al. [40] indicate an increase in flower production m2 (equal to 68%,
compared to control) using a mix of AMF species belonging to the genus Glomus. Our results are
generally more supportive of the benefits of AMF inoculation with an increase of flower production
m 2 of circa 140%. Taken together, these findings suggest a beneficial effect of AMF inoculation with
a mixture of R. intraradices and F. mosseae on saffron yield performance.

Few spices are able to provide the combination of color, taste, and aroma to the foods and possess
several nutraceutical properties for human health as saffron. Most of the beneficial effects of saffron,
recognized since ancient times, are due mainly to its total phenolic content (TPC) and antioxidant
activity (FRAP and ABTS assays). R. intraradices alone was found to induce an increase in secondary
metabolite contents, such as terpenes and phenolics, in Salvia officinalis L. [63] and Echinacea purpurea
L. [64]. Overall, the saffron produced in the studied alpine areas had very high TPC (ranges between
1340.7 and 2355.5 mg GAE 100 gfl DW), which was more than saffron cultivated in different areas of
Lebanon (160 mgGAE 100 g~! DW) [65], and is much greater when compared with other common
food additives and spices, such as Eugenia caryophylate (Thunb.), Lavandula spp., Curcuma domestica
Val, and Curcuma longa L. (0.26, 0.22, 23, and 36 mg GAE 100 g*1 DW, respectively) (Table 4) [66,67].
Results of ABTS and FRAP assays also demonstrated elevated antioxidant activity (Table 4). ABTS
assay values were comparable to what was found in Greek saffron by Ordoudi et al. [68]. FRAP assay
values (between 408.9 and 1937.1 mmol Fe?* kg~1) were generally higher in comparison to the Iranian
samples (circa 570 mmol Fe?* kg~!) analyzed by Karimi et al. [69]. The saffron produced in the west
Italian Alps also had different bioactive compounds (Table 4) known for their health-promoting activity,
that is, cinnamic acids, flavonols, benzoic acids, catechins, and carotenoids [50]. Other studies report
that water-soluble carotenoids such as crocins have antioxidant effects superior to «-tocopherol [67]. It
was recently observed in a clinical study that high crocin I and crocin II contents (4000 and 1000 mg,
respectively) inhibit 3-amyloid and tau aggregation [70]. Apart from crocins, Asdaq and Inamdar [71]
suggest that flavonols are responsible for the synergistic antihyperlipidemic and antioxidant potential
of saffron. Amin et al. [72] indicated that a concentration of 1 mg of safranal attenuated the behavioral
symptoms of neuropathic pain. Our data indicate that the saffron produced presented high crocin
II content (27.7—38.8 mg 100 gfl DW), almost in line with the saffron produced in Sardinia (Italy,
DOP Zafferano di Sardegna) [73], while also presenting a higher content of gallic acid compared
to what was found in Iranian and Greek saffron (2 mg and 1.2 100 g*1 DW) by Karimi et al. [69]
and Proestos et al. [74], respectively. Thus, the saffron obtained could be of particular interest for its
elevated antioxidant properties.

5. Conclusions

Saffron quality may vary greatly by site on the basis of several factors, among which are
climatic conditions and cultivation techniques. We hereby provide data indicating the production of
high quality saffron in marginal alpine areas, thus confirming that this crop is a strategic resource
and good alternative for mountainous areas building multifunctional economies. Besides the
phytochemical profile highlighted, the crop had many bioactive compounds. The use of arbuscular
mycorrhizal symbionts as biostimulants positively affected saffron cultivation, mainly by increasing
crop productivity, and partially by increasing the content of important nutraceutical compounds.
Specifically, the inoculum composed by R. intraradices and F. mosseae was particularly effective in
increasing flower production and saffron yield, while R. intraradices alone increased the content of
some bioactive compounds—picrocrocin, quercitrin, crocin Il—as well as antioxidant activity. Since
saffron is the world’s highest priced spice, the increases in yield and quality obtained using AMF
should allow for an increase in profitability.
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Furthermore, a new perspective can be envisaged. Since AMF symbiosis was more effective under
soilless pot cultivation, this system may be a valuable alternative for saffron production and further
work is underway to assess the potential of AMF inocula in saffron soilless cultivation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/1/12/s1,
Figure S1: Climatic conditions of the Alpine experimental sites, Figure S2: Effects of AMF inoculum composed by
Rhizophagus intraradices and Funneliformis mosseae (Ri + Fm), R. intraradices alone (Ri), or control (AME-) on flower
production m-2 during the first (a) and second (b) cultivation cycle, Table S1: Physical and chemical properties of
the soils collected in the three saffron experimental fields located in the municipality of Saint Cristophe and Morgex
(north west Italy), Table S2: Characteristics of the HPLC methods applied to analyse the bioactive compounds
present in the studied saffron samples.
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Abstract: The main challenge to agriculture worldwide is feeding a rapidly growing human
population, developing more sustainable agricultural practices that do not threaten human and
ecosystem health. An innovative solution relies on the use of biostimulants, as a tool to enhance
nutrient use efficiency and crop performances under sub-optimal conditions. In this work a novel
biostimulant (APR®, ILSA S.p.A., Arzigano VI, Italy), belonging to the group of protein hydrolysates,
was supplied to maize seedlings in hydroponic and its effects were assessed in control conditions and
in the presence of three different kinds of stresses (hypoxia, salt and nutrient deficiency) and of their
combination. Our results indicate that APR® is soluble and is able to influence root and shoot growth
depending on its concentration. Furthermore, its effectiveness is clearly increased in condition of
single or combination of abiotic stresses, thus confirming the previously hypothesised action of this
substance as enhancer of the response to environmental adversities. Moreover, it also regulates the
transcription of a set of genes involved in nitrate transport and ROS metabolism. Further work will
be needed to try to transfer this basic knowledge in field experiments.

Keywords: Maize; biostimulant; root; stress; growth; gene expression

1. Introduction

Global population is expecting to increase to nine billion by 2050 [1] and agriculture will need to
push crop production accordingly in order to sustain the greater demand for food. This is especially
true in developing countries where high rates of population growth are associated to an increased
urbanization, leading to changes in income levels and food preferences [2].

Moreover, climate change leading to abiotic pressures, such as rising droughts and other stresses
correlated to higher temperature, are predicted to escalate in their severity and frequency [3,4] thus
seriously compromising crop productivity [5]. In fact, abiotic stress can reduce crop yields by more
than 60% for major crops [6-8].

New crop protection solutions able to mitigate the main abiotic stresses represent a substantial
opportunity to contribute to secure, higher and more stable yields. These innovations span across
conventional breeding to biotechnology solutions [9] and also encompass new generations of
agrochemicals [10]. The global crop protection market attained US $56.7 billion in 2014. However,
there are only limited solutions currently available to mitigate abiotic stresses.

In recent years, the use of natural-derived biostimulants is proposed as an innovative solution
to address the challenges of sustainable agriculture, by ensuring optimal nutrient uptake, crop yield,
quality, and tolerance to abiotic stress [11].

Agrononty 2019, 9, 28; doi:10.3390/agronomy9010028 27 www.mdpi.com/journal /agronomy
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An innovative technology with promising application potential entails the use of a particular class
of biostimulants, the protein hydrolysates (PHs). PHs are mixtures of polypeptides, oligopeptides,
and free amino acids derived by chemical or enzymatic hydrolysis of plant residues or animal
connective tissues. The protein hydrolysates have been demonstrated to stimulate root growth and
leaf biomass of several crops. Du Jardin [11] reviewed various effects resulting from the application of
these compounds to crops and Van Oosten [12] reported several studies demonstrating the role of PHs
in abiotic stress response.

Although the effects of protein hydrolysates on crop performance have been documented by
several studies [11,12] the scientific basis of their action has only partially been elucidated mainly due
to the complex nature of these products [13]. However, the synthesis of the enzymatic hydrolysis of
protein has been an advantageous, ecologically safe strategy to produce biostimulant [13], and more
studies are needed to improve protein hydrolysates production techniques and to ensure a low- cost
product for consumption and a high use efficiency [14].

In an earlier study we demonstrated a role for a new-synthetized PH (APR®, ILSA S.p.A.)
in regulating the expression level of a thousand of genes in maize roots, and hypothesised that it
could act by improving the plant responses to various environmental stresses [15]. Based on the
results therein obtained APR® has been proposed to enhance plant response to stress. However,
this preliminary work has tested APR® on plants grown in not adverse conditions and APR® was
applied directly to the soil mixture as solid granules. The chemical composition of this compound
(identified also as AA309) is reported in subsequent study by Ertani et al. [16] which also performed
Fourier transform infrared (FTIR). The chemical analysis revealed the presence of several amino acids,
as lysine, phenylalanine, glycine, aspartate, and isoleucine. The present substance is still under study
and its dossier is expected to be definitively completed by the next three months.

Due to the economic importance of maize and the limitations in fertilizer applications imposed
during its development, it is important to dissect the effects of the biostimulant on the initial growth of
maize seedlings, at both morphological and transcriptomic levels. For this reason, most of the present
works on APR® are focused on its effects on this species.

Our previous work [15] suggested that APR® is at least in part soluble and reach root through the
soil solution. Furthermore, it seems to act as a stress tolerance enhancer, by modulating the transcription
of a wide set of genes involved in ROS detoxification and nutrient acquisition. However, no results
on its effects in abiotic stress conditions were gained until now. Our various results with this species
indicate that maize is able to sense and rapidly respond to nutritional fluctuations already after hours
or minutes of treatment [17-20]. Therefore in the present work, we tried to deepen the effects of APR®,
supplied in in hydroponic, in affecting the early response of maize seedlings to abiotic stresses. To this
aim we first aimed to assess the APR® activity by measuring its effects on plant growth and identified
the optimal concentration to be used in further experiments. Subsequently, to study the effectiveness
of APR® as an enhancer of plant tolerance to abiotic stress we grown maize seedlings in the presence
of different single and combined abiotic stresses and supplying them with APR®. Our results on
root and shoot growth and on the expression profiles of a number of previously identified genes [16]
provide further evidence of the APR® biostimulant activity, which early induce root to elongate and
affects gene expression, especially increased in conditions of environmental limitations.

2. Materials and Methods

2.1. Maize Seedlings Growth

Seeds of maize (Zea mays L.), inbred line B73, were washed in distilled water and germinated
on wet filter paper at 25 °C in the dark. After three days, maize seedlings were transferred in
a controlled environmental chamber in 500 ml tanks containing a nutrient medium which was
constantly aerated and composed as previously described in Quaggiotti [21] and changed every

two days. Plants were grown in a growth chamber with an 8-h photoperiod under 200 pmol m~2 s~
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of photosynthetically active radiation (PAR; daylight and warm white 1:1, LF-40W) at day/night
temperatures of 21/18 °C [21]. The pH of the medium was checked during the growth period and
remained at a stable level of around pH 6.5. For analysis of RNA root samples were frozen in liquid
nitrogen and stored at —80 °C.

2.2. Set up of the Novel Biostimulant Concentration to be Supplied to Stressed Maize Plants

Maize seedlings were hydroponically grown for three days in distilled water containing different
APR® concentrations, resulting in a variable nitrogen content which ranged from 1% to 10% of
the amount of nitrogen supplied by the Hoagland-modified nutrient solution previously described.
APR® granules were added to tanks 2 h before putting plants into the water and constantly stirred
until all product has dissolved.

This series of concentrations was selected basing on their relative content of nitrogen, paying
attention to keep it to a sub-nutritional level. To evaluate their effects the root length, root and shoot
fresh weight were measured. Data are expressed as the average of three replicates (1 = 10) = standard
error. For statistical analysis, we compared morphological data derived from the corresponding four
different APR® concentrations with those of control plants.

2.3. Stress Application and Morphological Analyses

To try to assess the effect of APR® on maize tolerance to abiotic stress three single stress (hypoxia,
salt and nutrient starvation) and two stress combination (hypoxia plus nutrient starvation, salt plus
nutrient starvation) were imposed to seedlings for three days. Comparisons were made among
non-stressed and stressed plants, which were then compared with plants supplied also with 5% of
APR®.

Hypoxic stress conditions were achieved by not bubbling air through the liquid solution for the
entire experiment. For salt stress, a 25 mM NaCl concentration, which corresponds to mild salt stress
in maize was employed [22-24]. For nutritional stress, seedlings were grown in distilled water only.
Each treatment was performed in three biological replicates.

After 3 days, roots and shoots of control and APR® treated plants were harvested. For the
morphological analyses, 10 randomly selected seedlings for biological replicate were used.

The remaining plants were immediately frozen in liquid nitrogen and kept at —80 °C for
subsequent RNA extraction.

2.4. RNA Extraction, and cDNA Synthesis

Total RNA was extracted from root tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
as previously described by Trevisan et al., [17]. DNAse digestion was performed whit RQ1 RN Ase-free
DNAse (Promega, Madison, WI, USA) on an aliquot of total RNA as described by Trevisan et al. [17].
RNA was quantified using a Nanodrop 1000 (Thermo Scientific, Nanodrop Products, Wilmington, DE,
USA) and its quality further validated by sterile agarose gel electrophoresis. cDNA was synthesized
from 500 ng of total RNA mixed with 1 pl of 10 uM oligo-dT, as described by Manoli et al. [25].

2.5. Real Time gPCR

Relative quantification of transcripts by RT-qPCR was performed in a StepOne Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). Reactions were performed using SYBR Green
chemistry (Applied Biosystems fast SYBR Green Master Mix, Thermo Fisher Scientific, Waltham, MA,
USA), following the manufacturer’s instructions. Reverse-transcribed RNA (2.5 ng) was used as
template in each reaction as indicated by Manoli [26]. Three technical replicates were performed for
each thesis using the conditions described by Trevisan et al. [17]. Melting-curve analysis confirmed
the absence of multiple products and primer dimers. Data were exported and analysed according
to the method of Livak and Schmittgen [27] and MIQE guidelines [28]. Only transcripts showing
amplification with quantification cycle (Cq) < 35 were selected for subsequent gene expression analysis.
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All of the primers used in these assays are listed in Table S1.

2.6. Data Analysis

The expression levels of the analysed genes were normalized via comparison to the
expression of the internal reference gene (MEP, membrane proteinPB1A10.07c, primers: forward
5-TGTACTCGGCAATGCTCTTG-3 and reverse 5-TTTGATGCTCCAGGCTTACC-3'), as the reference
gene [25]. The standard error was calculated from the standard deviation and the variation coefficient
of the reference gene and of the genes under assessment.

For statistical analysis, we compared stress condition plants with its own control. Data represent
means + SD of 3 independent experiments performed in triplicate. For the gene expression levels
analyses and the choice of the APR® concentration, multiple comparison statistics were calculated
using the software RStudio (https://www.rstudio.com/) Version 1.1.453. differences among samples
were verified with either ANOVA (normality and homogeneous variances) or Welch’s one-way
ANOVA (normality and non-homogeneous variances) followed by post hoc LSD or Waller-Duncan
test, respectively, and with Kruskal-Wallis (non-normality and homogeneous variances) or Friedman
test (non-normality and nonhomogeneous variances). For all statistics a p-value threshold of 0.05 was
adopted. For the subsequent growth analyses, one-way ANOVA test followed by Tukey’s HSD test
was performed. Asterisks indicate significant differences (*: p < 0.05; **: p < 0.02). One-way ANOVA,
Tukey’s HSD test.

3. Results

3.1. Choice of the Novel Biostimulant Concentration to be Used for Subsequent Treatments in Hydroponics

In order to assess the most effective APR® concentration four different APR® concentrations
(1%, 2%, 5% and 10%) were used and their effects were observed in comparison to those measured for
seedlings grown in distilled water for the same period (Ctrl) (Figure 1).

APR® application induced a significant increment of root length when supplied in hydroponic at
a concentration of 5%The 10% dose showed a reduction on root length respect to the 5%.

In the case of root and shoot weight no statistically significant differences were observed
(Figure 1B,C). According to these data, we decided to use a 5% concentration of APR® for all
subsequent analyses.
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Figure 1. Effects of different APR® concentrations on the physiological growth parameters of Zea
mays L. seedlings. The graphs represent the root length, the root weight and the shoot weight of maize
seedlings hydroponically grown for three days at increasing concentrations of APR®. The values
represented in the graphs were calculated from three independent experiments (1 = 10) and represent
the mean = the standard error. Significantly different values (p < 0.05) are evidenced by different letters
(One-way Anova, LSD post-hoc test).

3.2. Biostimulant Effects on Root Length in the Presence of Different Stress

When maize seedlings were subjected to hypoxic stress (H) the root length showed values 12%
lower if compared to control plants (Figure 2). However, when APR® was supplied to the nutrient
solution a significant increase of root elongation was measured, with values 10% higher than those
observed for hypoxic plants and similar to those noticed for control plants.

A similar pattern was observed when plants were subjected to salt stress (S), which triggered
a visible reduction in primary root length. However, the provision of APR® triggered a significant
increment of root length, thus restoring the phenotype of control plants.

Also in the case of nutrient deprivation (N) the supply of APR® significantly induced the primary
root to elongate.

The positive effect of APR® provision was even more marked in the case of combined stress.
In fact, when hypoxia was associated to nutritional stress (N/H) primary root length was visibly
in comparison to the control, but the presence of APR® markedly and significantly restrained this
negative effect leading to a phenotype comparable with that observed in not stressed plants. A positive
influence of the biostimulant was observed also in the case of the combination between salt stress and
nutritional stress (N/S), which inhibited the primary root growth, but the provision of APR® led to a
root elongation 40% higher than that measured for stressed plants.

The provision of APR® to control plants did not induce significant effects on root elongation.
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Figure 2. APR® counteracts the negative effects of single and combined abiotic stress on root length.
Maize seedlings were subjected for 3 days to several abiotic stresses in absence (grey bars) or in presence
(black bars) of 5% APR®. The applied single stresses were: hypoxic stress (H), salt stress (S), nutritional
stress (N). The single stresses were combined as: hypoxic stress plus nutritional stress (N/H) and salt
stress plus nutritional stress (N/S). The values of root length (cm) are represented in the graphs (mean
=+ SE) and were calculated from three independent experiments (1 = 10). Significantly different values
are evidenced by * (*: p < 0.05; **: p < 0.02; One-way ANOVA, Tukey’s HSD test).

3.3. Biostimulant Effects on Root and Shoot Weight in the Presence of Different Stress

To verify if the increments observed in terms of primary root length were associated to an increase
of total root weight, these parameters was measured in the same conditions described above (Figure 3).
When maize seedlings were subjected singularly to the three different stresses (hypoxia, salt, nutritional
deficiency) or to the hypoxia and nutritional deficiency (N/H) combination the root weight did not
evidence significant differences in comparison to the control plants nor in response to the biostimulant.
On the contrary, a significant increase of root weight in response to APR® provision was measured
when plants were subjected to the combination of nutritional and salt stress (N/S).

300

200 f--
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100
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Figure 3. Effects of APR® on root weight in response to different single and combined abiotic stresses.
Maize seedlings were subjected for 3 days to several abiotic stresses in absence (grey bars) or in presence
(black bars) of 5% APR®. The applied single stresses were: hypoxic stress (H), salt stress (S), nutritional
stress (N). The single stresses were combined as: hypoxic stress plus nutritional stress (N/H) and salt
stress plus nutritional stress (N/S). The values of root weight (g) are represented in the graphs (mean
=+ SE) and were calculated from three independent experiments (1 = 10). Significantly different values
are evidenced by * (*: p < 0.05; **: p < 0.02; One-way ANOVA, Tukey’s HSD test).

As far as the shoot weight was concerned (Figure 4) no differences were observed in response to
stress, nor providing APR®, except in the case of the contemporary presence of nutritional starvation
and salt stress (N/S). In fact, the co-presence of these two stresses highly inhibited shoot weight
accumulation, which was significantly induced in response to APR®.
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Figure 4. Effects of APR® on shoot weight in response to different single and combined abiotic
stresses. Maize seedlings were subjected for 3 days to several abiotic stresses in absence (grey bars) or
in presence (black bars) of 5% APR®. The applied single stresses were: hypoxic stress (H), salt stress
(S), nutritional stress (N). The single stresses were combined as: hypoxic stress plus nutritional stress
(N/H) and salt stress plus nutritional stress (N/S). The values of root weight (g) are represented in the
graphs (mean =+ SE) and were calculated from three independent experiments (1 = 10). Significantly
different values are evidenced by * (*: p < 0.05; **: p < 0.02; One-way ANOVA, Tukey’s HSD test).

3.4. Biostimulant Regulation of Gene Expression

A number of genes belonging to the group of nitrate transporters and of ROS metabolism were
selected basing both on previous results (Trevisan et al. 2017 [20]) and on their putative physiological
role (Table 1).

Table 1. Description and classification of the targets genes studied in qPCR expression analysis. The
expression levels of genes belonging to nitrate transport system (HATS and LATS) and related to
reactive oxygen species (ROS) generation and homeostasis were analyzed.

Maize GDB Accession ID Code Description

Zm00001d054057 ZmNRT2.1 High affinity nitrate transporter

HATS Zm00001d054060 ZmNRT2.2 High affinity nitrate transporter
Zm00001d014976 ZmNRT2.3 High affinity nitrate transporter
Zm00001d017095 ZmNAR2.1 High affinity nitrate transporter
Zm00001d003287 ZmNAR2.2 High affinity nitrate transporter
Zm00001d024587 ZmNRT1.1 Nitrate transporter

LATS Zm00001d029932 ZmNRT1a Dual-affinity nitrate transporter
Zm00001d036941 ZmNRT1b Nitrate transporter
Zm00001d017666 ZmNRT1.5 Nitrate transporter
Zm00001d007785 ZmNRT Nitrate and chloride transporter
Zm00001d042961 ZmRbohA Respiratory burst oxidase protein A
Zm00001d043543 ZmRbohB Respiratory burst oxidase protein B

ROS Zm00001d038762 ZmRbohC Respiratory burst oxidase protein C

Zm00001d052653 ZmRbohD Respiratory burst oxidase protein D
Zm00001d031908 ZmSOD Superoxide dismutase [Cu-Zn]
Zm00001d027511 ZmCAT2 Catalase 2

The nitrate transporters genes include five genes encoding putative high affinity components of
nitrate transport (three ZmNRT2 and two ZmNAR?2 genes respectively, Figure 5) and five encoding
members of the NRT1 gene family which is involved in the low affinity nitrate transport system
(Figure 6). As far as the ROS genes were concerned this group comprise four genes encoding
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NADPHoxidase (ZmRBOH a, b, c and d), one encoding Catalase2 (ZmCAT2) and a gene encoding a
Cu-Zn Superoxide dismutase (ZmSOD).
The specific effects of the biostimulant on the different groups of genes in conditions of different

stress are discussed below.
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Figure 5. The gene expression patterns of nitrate transporters belonging to the High Affinity Transport

Systems (HATS) maize gene family in response to different single and combined abiotic stress are
influenced by the presence of APR®. Q-PCR analyses were carried out on root of stressed (H, S,
N, N/H, N/S) or unstressed (optimal) maize seedlings grown for 3 days in absence (grey bars) or
in presence (black bars) of 5% APR®. Relative mRNA level represents data normalized to control

(Optimal = 1). The values shown are means of three biological replicates 4 SE. Significantly different
values (p < 0.05) are evidenced by different letters (One-way Anova, LSD post-hoc test).
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Figure 6. The gene expression patterns of nitrate transporters belonging to the Low Affinity Transport
Systems (LATS) maize gene family in response to different single and combined abiotic stress are
influenced by the presence of APR ®. Q-PCR analyses were carried out on root of stressed (H, S,
N, N/H, N/S) or unstressed (optimal) maize seedlings grown for 3 days in absence (grey bars) or
in presence (black bars) of 5% APR®. Relative mRNA level represents data normalized to control
(Optimal = 1). The values shown are means of three biological replicates + SE. Significantly different
values (p < 0.05) are evidenced by different letters (One-way Anova, LSD post-hoc test).

3.5. Biostimulant Effects on ZmNRT2 Genes Expression

In general, the most striking effects of APR® on gene transcription regulation in roots were
observed in conditions of stress and for the group of genes operating in the high affinity nitrate
transport system. In hypoxic conditions, the expression of ZmNRT2.1, ZmNRT2.2, ZmNRT2.3 and
ZmNAR2.1 was down-regulated in response, but when APR® was supplied a significant increase of
their transcription was observed (Figure 5).

The same group of genes were, on the contrary, up-regulated in response to salt stress, but
the provision of APR® significantly counteracted this effect, leading to restore the phenotype of
un-stressed roots (Figure 5).

In the case of nutrient starvation, instead, unique behaviours were observed for each gene
belonging to the high affinity nitrate transport group, with ZmNRT2.1 and ZmNRT2.2 being
significantly up-regulated and, ZmNRT2.3 and ZmNAR2.2, being down-regulated as a consequence of
APR® provision (Figure 5).

When seedlings were subjected to a combination of hypoxia and nutritional stress the transcription
of ZmNRT2.1 and ZmNRT2.3 were clearly induced, whilst ZmNRT2.2 expression was down-regulated
(Figure 5).

The co-presence of nutritional deficiency and salt triggered for all these genes significant
dysregulation of transcription. However, APR® provision restrained this outcome for all of
them, except for ZmNAR2.3 which was further induced by APR®. Except for this situation, the
transcription of ZmNAR2.3 evidenced always minor changes in response to both stress conditions and
APR® provision (Figure 5).

In the case of ZmNRT2.1, ZmNRT2.3 and ZmNAR2.2 a significant up-regulation of expression was
noticed also in control condition (un-stressed plants),
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3.6. Biostimulant Effects on NRT1 Genes Expression

The transcription of genes implicated in the low affinity transport apparatus was less affected by
both stress conditions and APR®, if compared to that of high affinity constituents. Hypoxic conditions
induced an increase of the transcription of ZmNRT1.5 which was significantly counteracted when
APR® was provided to the solution (Figure 6). Salt stress triggered an increased transcription of
ZmNRT1a, which was then inhibited by APR®. The supply of APR® to nutritional starved roots
triggered significant change of transcription for ZmNRT1.1, ZmNRT1b, ZmNRT (Figure 6).

APR® significantly affected the expression of these genes, except for ZmNRT1.5 in plants subjected
to a combination of hypoxia and nutrient deficiency (Figure 6). When the combination of nutritional
starvation and salt was applied to plants and APR® was supplied to roots significant changes of
transcription were noticed, except for ZmNRT1a and ZmNRT1.5 (Figure 6).

3.7. Biostimulant Effects on ROS Genes Expression

As observed for NRT1 genes also in this case no regulation of expression was noticed upon
APR® supply on unstressed seedlings (Figure 7). A more appreciable effect of the biostimulant
was observed upon stress conditions. As reported in Figure 7 ZmSOD1A transcription was induced
upon APR® treatment in hypoxia, nutritional deficiency, association between hypoxia and nutritional
stress and also in the case of nutritional and salt combined stresses. On the contrary no evident
alterations of expression were measured for ZmCAT?2 neither in response to stress nor in response to
APR® (Figure 7). As far as ZmRboh genes were concerned their expression was regulated by APR® in
response to single and combined stress, even if to a lower extent in compared to ZmSODI1A (Figure 7).
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Figure 7. The expression patterns of ROS-related genes in response to different single and combined
abiotic stress are influenced by the presence of APR ®. Q-PCR analyses were carried out on root of
stressed (H, S, N, N/H, N/S) or unstressed (optimal) maize seedlings grown for 3 days in absence
(grey bars) or in presence (black bars) of 5% APR®. Relative mRNA level represents data normalized
to control (Optimal = 1). The values shown are means of three biological replicates 4- SE. Significantly
different values (p < 0.05) are evidenced by different letters (One-way Anova, LSD post-hoc test).

4. Discussion

Protein hydrolysates are defined as ‘mixtures of polypeptides, oligopeptides and amino acids
that are manufactured from protein sources using partial hydrolysis’ [29]. Their positive effects on
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plant performance have encouraged an increasing interest for their use in a more sustainable model of
agriculture [30], this leading likewise to a promising solution to the issue of waste disposal [29-33].

Recently a trascriptomic approach was used to study the molecular effects of a collagen derived
protein thermal hydrolysate (APR® ) produced by Ilsa S.p.A. (Arzignano) on maize roots grown in
a solid medium and supplied with localized patches of APR® [16]. Globally the results allowed to
recognize a complex APR® action on physiological pathways involved in the stress response and in
nutrient acquisition, which seems likely to prime the plant to better tolerate environmental adversities.
In the present work the effectiveness of this biostimulant in modulating and improving the maize
tolerance to environmental constrains was tested by growing seedlings in different specific abiotic
stress conditions and supplying APR® in hydroponics. Overall our data indicate that this compound
is soluble in an aqueous solution, suggesting the idea that in soil it can likely move toward roots
through mass flow and diffusion and not only being intercepted as a nutrient patch by root growth.

To choose the most effective APR® concentration on plant development, the root and shoot
growth were assessed by determining their fresh weights and the root length upon four different
concentrations, chosen on the basis of our previous results [16]. The most accepted scientific definition
for biostimulants is: “a plant biostimulant is any substance or microorganism applied to plants with
the aim to enhance nutrition efficiency, abiotic stress tolerance and/or crop quality traits, regardless of
its nutrients content”, as reported in du Jardin [11]. According to this, we tested different solutions
containing four APR® amounts to which corresponded four different N sub-nutritional concentrations
(1%, 2%, 5% and 10% respect to the control Hoagland solution). The most remarkable effect was
observed for primary root growth which was stimulated in response to APR® concentrations ranging
from 1 to 5% and then inhibited in the presence of a 10% concentration. Detrimental effects of high
concentrations of various protein hydrolysates have been observed also by other authors depending
on the crop, the typology of biostimulant and the conditions of application [34].

Furthermore, the present results showed that APR® affects root elongation and gene expression
in particular when seedlings were subjected to different kind of stresses, confirming the hypothesis
put forward by Trevisan and co-authors [16] and thus supporting the suggestion that biostimulants
could act as plant protectors able to improve stress tolerance [11], likely by activating the main
signalling pathways underlying the response to adverse conditions. Other reports showed that protein
hydrolysates modulate plant growth, increase yield and alleviate the impact of abiotic stress on
crops [35,36]. The present results, together with those of Trevisan [16] further suggest that this action
could involve the molecular regulation of definite genes.

In general, the combination of two or more abiotic stresses has a detrimental impact on crops that
is not predictable from that of each of the stresses composing the combination if applied individually.
In recent years stress combination has been acknowledged as a novel state of stress and as a major
cause of crop loss worldwide [37-39]. For this reason, we decided to assess the APR® potentiality in
alleviating stress impact also in condition of stress combination.

As expected the most striking effect of APR® on growth re-establishment in conditions of abiotic
stress was observed for roots, which are the main target for hypoxia, salt and nutrient deprivation
stresses. The plastic control of the root development throughout time and in response to endogenous
and exogenous stimuli allows plants to efficiently adapt to environmental constraints [40,41]. Root apex
is highly responsive to external stimuli and rapidly adjusts its growth to efficiently adapt to
environmental constraints and resources availability [19,26,42-47]. In this work a clear induction
of primary root growth upon APR® treatment was noticed in all the conditions examined, with the
most prominent effect in the case of combination of stresses. The simultaneous presence of nutritional
deficiency and salt stress led to the most relevant arrest of growth which was, however, at least partially
prevented when plants were supplied with APR®. In this case a similar behaviour was observed also
in shoot, leading to hypothesise that APR® is able to act also as a systemic clue, firstly perceived
by root cells, but likewise triggering a phenotypic response in shoots. This systemic action could be
the outcome of the already hypothesised function of APR® as activator of the stress tolerance [16].
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Moreover, it could depend on the protein hydrolysates ability to interfere with hormonal signaling,
due to the presence of bioactive peptides (for a review Colla [48]) or aminoacids, as confirmed by the
chemical composition of this same compound described by Ertani et al., [15]. Recent transcriptomic
findings which highlighted the regulation of hormonal key elements by APR® [16] and a different
study aimed to characterize the metabolomic regulation by biostimulant [49] reinforces this hypothesis.

Protein hydrolysates seem to improve nutrient uptake through modifications of root architecture
(density, length and number of lateral roots), as well as through complexation of nutrients by peptides
and amino acids, and also enhancing microbial activity thus increasing the nutrient availability in
soil [11,34]. Moreover, a recent paper [50]. demonstrated that protein hydrolysates modulate plant
growth and the expression of key genes in N assimilation (including Nitrate and ammonia transporters)
in tomato. However only few information has been obtained on protein hydrolysates regulation of
nutrient transport system. To better decipher this last aspect, a number of previously identified by
Trevisan et al. [16] target genes involved in nitrate transport were chosen as markers for evaluating the
transcriptional effects of the treatment.

Our results evidenced a marked regulation of the transcription of genes encoding members of the
high affinity nitrate transport system (HATS, NRT2 and NAR genes), which was particularly relevant
in condition of abiotic stresses. The impact of APR® supply on the molecular regulation of the Low
Affinity Transport System was less evident, leading to suppose that the provision of APR® mainly
affects the functioning of the uptake of nitrate in the range of the High Affinity System, which are
recognised to play a crucial role in determining the global Nitrogen Use Efficiency (NUE) in condition
of limited nutritional inputs [51].

Trevisan et al. [16] also hypothesised that APR® could activate tolerance pathways, by mimicking
the plant responses to environmental stresses, thus priming them against unfavourable conditions
through the regulation of enzymes involved in the pathway governing the response to oxidative stress.
To deepen this hypothesis the analyses of the expression of six genes involved in ROS signalling and
defence was assessed, in condition of stress and in the presence of APR®. Only SOD1A showed a clear
regulation in response to APR® which almost in all the conditions analysed induced its expression,
whilst for the other five genes no significant differences were evidenced upon APR® supply.

Superoxide dismutases (SODs) are key enzymes functioning as the first line of antioxidant defence
by virtue of the ability to catalyse the enzymatic dismutation of superoxide to H,O, [52]. The present
result reinforces the hypothesis that APR might preventively prepare plants to oxidative stresses,
by enhancing their own detoxifying tools.

In conclusion, basing on the more acknowledged definition of biostimulant [11], our results
confirm the effectiveness of APR® as an enhancer of abiotic stress tolerance, thus allowing to definitely
include it among the category of biostimulants (Figure 8). Moreover, present results strengthen the
importance of root as a target for APR®, which has been proven to affect both root development and
transcription of genes involved in Nitrogen Use Efficiency and ROS detoxification. Both these actions
could lead to an improved tolerance to abiotic stresses, as nutritional starvation, salt and hypoxia
which take place in the soil environment.

These preliminary knowledges should be in the future transferred in field experiment to further
assess the APR® usefulness in agriculture.
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Figure 8. Direct and indirect effects of APR on plant growth in response to single and combined abiotic
stresses. APR is perceived by the roots and modulates the root length by balancing the expression of
genes involved in nitrate transport and ROS detoxification. APR could be systemically transported to
the upper part of the plant, inducing a growth response in the shoot.
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Abstract: Plant-derived protein biostimulants exhibit hormone-like activities promoting plant growth
and yield, yet detailed investigations on hormonal function have remained limited. This study was
conducted to investigate the effects of vegetal-derived-biostimulant on morphological and metabolic
changes in cuttings of three herbaceous species demonstrating different rooting ability, basil (Ocintum
basilicum L.), tomato (Solanum lycopersicum L.), and chrysanthemum (Chrysanthemum indicum L.), in
comparison to auxin. Unrooted cuttings were applied with or without biostimulant (100, 1000, 5000,
and 10,000 mg L~!) or auxin [1% indole-3-butyric acid (IBA) plus 0.5% 1-naphthaleneacetic acid
(NAA); 100, 200, 300, and 500 mg L*I] as a basal quick-dip, stuck into inert media, and evaluated at
20 days after placement under intermittent mist. Both compounds increased adventitious rooting in
all cuttings. Biostimulant required a significantly higher threshold for a series of adventitious
rooting responses than auxin, and the maximum effectiveness was achieved at 5000 mg L~!
for biostimulant and 100, 200, and 300 mg L~! for auxin in basil, tomato, and chrysanthemum,
respectively. Adventitious rooting responses (dry mass and length) to biostimulant showed a gradual
logarithmic rise as a function of increasing dosages, which was not in agreement with biphasic
dose-response of auxin. Biostimulant significantly increased or tended to increase fine roots in
all tested cuttings, which was not consistent with auxin. Relatively high levels of endogenous
brassinosteroids (BRs) were present in non-treated cuttings of basil, tomato, and chrysanthemum in
decreasing order. Both compounds had no effects or concomitantly increased or decreased BR levels
in plant tissues, with fewer effects on basil and tomato, containing high BR levels, but more prominent
effects on chrysanthemum, containing relatively low BR levels. Contrasting effects of biostimulant
and auxin were found in antioxidant activities, which were promoted by biostimulant but inhibited
by auxin either in roots or shoots. These results indicate that the hormonal effects of vegetal-derived
biostimulant are primarily exerted by BR-mediated processes while involving interaction with auxin.
Both the biostimulant-derived BRs and auxin were suggested to modulate endogenous BR pool
via overlapping and interdependent regulatory functions, inducing morphological and metabolic
changes during adventitious rooting of cuttings in a plant species-specific manner.

Keywords: stem cuttings; propagation; root morphology traits; indole-3-acetic acid (IAA);
indole-3-butyric acid (IBA); gibberellins; phenolic compounds
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1. Introduction

Plant-derived biostimulants represent a well-known group of biostimulants and have been
proposed as an innovative tool to address the sustainability challenges facing horticulture and to
ensure high yield and quality of horticultural commodities [1-3]. Manufactured from plant protein
sources using partial hydrolysis, plant biostimulants are considered as a subgroup of growth regulators
and bioregulators which are composed of a mixture of polypeptides, oligopeptides, and amino acids [4].
Plant-derived biostimulants are reported to be more effective than animal-derived biostimulants as
they contain a higher concentration of amino acids and soluble peptides, with peptides being the
principal active compounds [5-7]. Plant-derived biostimulants are defined as materials other than
fertilizers that promote plant growth when applied in small quantities or metabolic enhancers [8].
They are available on the market as various forms, including liquid products, soluble powder or in
granular form, and were demonstrated to be effective as a seed treatment, foliar spray, and soil drench
for crop production [9-11]. When applied as a foliar spray or soil-drench, biostimulants can induce a
series of physiological responses in crops changing their phenotypic characteristics and promoting
plant growth [10,12].

It has been proposed that such plant responses induced by biostimulants are derived from
hormone-like activities and the production of secondary metabolites [13]. Auxin- and gibberellin-like
activities were demonstrated in corn coleoptiles and tomato cuttings [5,6], particularly due to the
presence of bioactive peptides [14,15]. Peptides are known to be involved in cell differentiation,
protease inhibitor induction, cell division, and pollen self-incompatibility response [16,17]. Similar
results were reported in degraded soybean meal products, which had promotive effects on root hairs
in Brassica rapa and tomato cuttings [7].

The positive effects of biostimulant on plant growth and yield have been demonstrated in many
studies. The application of biostimulant not only enhanced the growth of corn seedlings [5,6,18]
and stem cuttings of tomato [5], but also improved nutrient status, yield, and quality of herbaceous
and woody plants, including corn, bean, tomato, sweet yellow pepper, strawberry, banana, papaya,
and red grape [5,13,19-22]. It also enhanced tolerance to a wide range of abiotic stresses, such as
drought [23], salinity [9], extreme temperatures [24], nutrient deficiency [25], and adverse soil pH [26].
The application of biostimulant increased root morphology, such as root dry mass, total root length,
and root surface area, which was associated with improved nitrogen status [5,6]. However, it is not
clear how such morphological and physiological changes are induced by the biostimulant.

Adventitious rooting involves significant cellular metabolic activities, leading to the formation
of new roots at the base of stem cuttings. Auxin plays a pivotal role in promoting cell growth, cell
division, and adventitious root formation in cuttings [27-29] and its mode of action on adventitious
rooting is well-elucidated [27,30-32]. Rooting compounds commonly contain indole-3-butyric acid
(IBA), 1-naphthaleneacetic acid (NAA), or a combination of the two compounds. The application of
auxin to unrooted cuttings promotes adventitious rooting at relatively low doses.

Meanwhile, the mode of action of plant-derived biostimulants on adventitious rooting is largely
unknown. An auxin-signaling mediated pathway was proposed to be involved in adventitious rooting
of tomato cuttings and their improved nitrogen status, as represented by higher Soil Plant Analysis
Development (SPAD) values, following the biostimulant Trainer® treatment [5]. They also found
that biostimulant applications increased the shoot elongation rate of dwarf pea plants, prompting
the idea of gibberellin involvement in regulating their shoot growth. Unlike auxins, gibberellins are
known to inhibit the production of adventitious roots [33-35]. Therefore, stem cuttings provide an
ideal experimental system with which mechanistic investigations on hormonal regulations associated
with plant-derived-biostimulant can be undertaken. The system eliminates: (1) gibberellic acid as a
potential candidate for biostimulant effects due to their antagonistic nature on adventitious rooting and
(2) nutritional effects of biostimulant because nutrients are not required for initial stages of adventitious
root formation. Nevertheless, carbohydrates play important roles in adventitious rooting, not only by
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providing energy and carbon chains for biosynthetic processes of new meristems and roots, but also
by affecting gene expression, in collaboration with auxin [32].

Recent metabolomic investigations of the hormonal profile on greenhouse melon demonstrated
that the application of biostimulant induced upregulation of metabolites related to brassinosteroids
(BRs) and their interactions with other phytohormones were postulated to play a critical role in
plant growth responses [36]. Similarly, transcriptomic profiles of lateral roots of maize seedlings
demonstrated the involvement of BR signal transduction when treated with biostimulant [37].
Meanwhile, the effects of biostimulants were varied by plant species and/or cultivars, growing
seasons, and the application method and concentration of the product [38] although the causes for
these variations are not clear.

The objectives of the present study were: (i) to examine the hormonal effects of a
plant-derived-biostimulant on adventitious rooting in cuttings of three herbaceous plant species with
different rooting ability, (ii) to determine dose responses of stem cuttings to biostimulant and auxin,
and (iii) to characterize morphological and metabolic changes induced by biostimulant. Cuttings
of basil, tomato, and chrysanthemum were treated with biostimulant by a basal quick-dip, and
morphological, physiological, and metabolic changes were evaluated to elucidate the hormonal
regulation of biostimulant involved in adventitious rooting formation.

2. Materials and Methods

2.1. Plant Materials

Based on our preliminary observations on adventitious root formation of herbaceous plants,
cuttings of basil (Ocimum basilicum L. cv. Genovese), tomato (Solanum lycopersicum L. cv. Washington
Cherry), and chrysanthemum (Chrysanthemum indicum L. cv. Hollister) were chosen in this study
for differences in their relative rooting ability: easy-to-root, moderate-to-root, and difficult-to-root,
respectively. In general, herbaceous plant species can produce adventitious roots without application
of exogenous auxin; however, auxin application is of commercial importance in cutting propagation,
because the endogenous level of auxin is critical to increase the ease during root induction period [34].
The experiment was carried out in summer 2017 to spring 2018, in a glass greenhouse situated at
Purdue University, West Lafayette, IN (lat. 40N, long. 86W; altitude 188m above sea level).

Seeds of tomato and basil were acquired from a commercial source (Johnny’s Selected Seeds,
Albion, ME, USA). The seeds were sown and grown in a growth room for 2 to 3 weeks at Plant
Growth Facilities. Meanwhile, unrooted cuttings of chrysanthemum ‘Hollister” were obtained from
a commercial source (Syngenta Flowers, LLC., Gilroy, CA, USA). Immediately upon receipt, a box
of stem cuttings was kept in a refrigerator maintained at 5 °C. The cuttings were applied with auxin
within three days and then stuck into the media and propagated as described below to produce stock
plants. Uniform seedlings of basil and tomato and rooted cuttings of chrysanthemum were randomly
chosen and transplanted into 2 L plastic containers filled with a commercial potting mix (Fafard 2P Mix;
Conrad Fafard, Agawam, MA, USA). Plants were fertigated with acidified water supplemented with
a combination of two water-soluble fertilizers (3:1 mixture of 15N-2.2P-12.5K and 21N-2.2P-16.6K,
respectively; Everris NA Inc., Dublin, OH, USA) to provide the following (in mg L~!): 150 nitrogen
(N), 20 phosphorous (P), 122 potassium (K), 38 calcium (Ca), 15 magnesium (Mg), 0.8 iron (Fe), 0.4
manganese (Mn) and zinc (Zn), 0.2 copper (Cu) and boron (B), and 0.1 molybdenum (Mo). Nitrate form
was 76% of nitrogen provided. Irrigation water was supplemented with 93% sulfuric acid (Brenntag,
Reading, PA, USA) at 0.08 mL L! to reduce alkalinity to 100 mg L calcium carbonate (CaCO3) and
pH to a range of 5.8 to 6.2. The stock plants were grown in a glass-glazed greenhouse with exhaust
fan and evaporative-pad cooling, radiant hot water heating, and retractable shade curtains controlled
by an environmental computer (Maximizer Precision 10; Priva Computers, Vineland Station, ON,
Canada). The average day and night temperatures were 23.8 & 0.8 and 20.3 4= 0.9 °C, respectively. The
photoperiod was 14-h (0800 to 2200 HR) consisting of natural day lengths with supplemental lighting
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using high-pressure sodium (HPS) lamps. A supplemental photosynthetic photon flux (PPF) was
measured using a quantum sensor (LI-250A light meter; LI-COR Biosciences, Lincoln, NE, USA) and
was approximately 150 pmol m~2 s~ ! at canopy height. The relative humidity inside the greenhouse
ranged from 50% to 70% during the study.

Cuttings were taken from the tips of mature stock plants grown in a greenhouse for 2 to 3 months.
The cuttings were prepared to have four apical leaves by removing extra leaves from the basal node
and trimmed to be uniform in length.

2.2. Biostimulant and Auxin Treatments and Propagation Conditions

The commercial plant-derived biostimulant Quik-link® (Italpollina S.p.a, Rivoli Veronese, Italy)
was used in this study. It contains trace elements (10 g kg ™' Fe; 7 g kg™ ! Mn; 3 g kg ™! Zn; 1 g kg~ !
Cu; 0.2 g kg~ Mo) and organic compounds biologically active like vegetal amino acids and peptides.
The aminogram (expressed as percentage of the total amino acids) is: Ala(4.5), Arg(6.7), Asp(12.7),
Cys(1.1), Glu(20.2), Gly(4.5), His(3.0), Ile(4.9), Leu(8.3), Lys(6.8), Met (1.5), Phe (5.6), Pro (5.6), Thr (4.1),
Trp (1.1), Tyr (4.1), Val (5.3). The product also contains the Root Hair Promoting Peptide (RHPP) which
is a signaling peptide stimulating root growth [36].

Quik-link is allowed in organic agriculture according to the Council Regulation (EC) No.
834/2007 of 28 June 2007 [36], and is manufactured by Italpollina USA Inc. (Anderson, IN, USA).
The biostimulant was prepared in five concentrations of 0 (control), 1000, 3000, 5000, and 10,000 mg L-L
Meanwhile, a commercial formulation of indole-3-butyric acid (IBA) and 1-naphthaleneacetic acid
(NAA) (Dip’N Grow, Inc., Clackamas, OR, USA) was used for auxin treatment, since indole-3-acetic
acid (TAA), a naturally occurring compounds, can be easily degraded in the presence of light and is
susceptible to destruction in the plant by IAA-oxidase [27-29]. IBA and NAA are more effective than
the naturally occurring or synthetic IAA for rooting, and therefore, are the most widely used auxins
for rooting stem cuttings [34]. The formulation was prepared in five concentrations of 0, 100, 200, 300,
and 500 mg LY, providing IBA and NAA concentrations at 0, 492 uM IBA + 537 uM NAA, 984 uM
IBA + 1074 uM NAA, 1476 uM IBA + 1611 uM NAA, and 2460 uM IBA + 2685 tM NAA, respectively.

Stem base of unrooted cuttings were dipped into a solution of either biostimulant or auxin using
a basal quick dip method for 3 s to a depth of 2 cm. The stems were quickly stuck into polystyrene cell
packs (300 cm® soil volume per cell) filled with inert media (1:1 (v/v) perlite and vermiculite mixture).
The cell packs were then placed into polystyrene trays and placed under an intermittent mist, providing
bottom heat and overhead mist for 10 s every 20 min during daylight hours with 76 to 98% relative
humidity at canopy height for a rooting period of 21 days. The photoperiod was 14-h (0800 to 2200 HR)
consisting of natural day lengths with supplemental lighting using high-pressure sodium (HPS) lamps.
A supplemental photosynthetic photon flux (PPF) was approximately 75 pmol m~2 s~! at canopy
height and daily maximum /minimum temperatures in the greenhouse were 23.3 £ 0.8 /22.6 £ 0.7 °C.

2.3. Plant Growth Measurements

When the maximum rooting was observed at day 20, stem length was measured from the stem
end to the apical growing point and the number of leaves were recorded. The Soil Plant Analysis
Development (SPAD) value, an index of chlorophyll content per unit leaf area, was measured using the
SPAD chlorophyll meter (Minolta Corporation, Ltd., Osaka, Japan) on three newly expanded leaves
and three fully matured leaves separately, and averaged at each group.

At the end of the rooting experiment, plant parts were separated into leaves, stems and
roots. The fresh mass of each part was determined immediately after harvest and were dried in
a forced-convection oven at 70 °C (Heratherm OMH400, Thermo Scientific Inc., Waltham, MA, USA)
for 3 days until a constant weight was reached. Shoot dry mass was calculated as the sum of aerial
vegetative parts, and total dry mass was calculated as the shoot and root dry mass. The root-to-shoot
ratio was calculated based on the dry mass of roots and shoots. Total plant dry mass was calculated by
adding the dry mass of each plant part. Shoot and root dry mass were analyzed by regression as a
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continuous response to log [concentration] and by analysis of variance to the treatment. The dried
plant tissues were ground in a Wiley mill to pass through a 20-mesh screen, and 0.1 mg samples were
weighed and subsequently analyzed for the nitrogen content using a Flash EA elemental analyzer
(Thermo Scientific, Waltham, MA, USA).

2.4. Measurements of Root Morphological Traits

Cuttings were subjected to root morphological analysis at day 20. The number of adventitious
roots were counted manually at harvest when the roots were separated from the stems using a razor
blade. Entire roots were carefully rinsed and scanned using the Epson Expression 11000XL scanner
(Epson America Inc., Long Beach, CA, USA). The debris removal filter was set to discount objects less
than 1 cm? with a length/width ratio less than 4. The scanned images were then used to determine
root morphological traits, such as total root length, root surface area, average root diameter, and root
volume, using WinRHIZO Pro software (Regent Instrument Inc., Quebec City, QC, Canada). After root
images were taken, the roots were weighed and dried in an oven set at 75 °C until the samples were
completely dry to weigh dry mass. Diameter class length (root length within a diameter class) were
generated in the images of adventitious roots acquired from WinRHIZO. The roots were divided into
26 diameter classes at 0.25 mm intervals and root length per each root diameter class was calculated.
The root diameter class distribution was computed based on the proportion of the root length in each
root diameter class compared to the total root length.

2.5. Primary Metabolite Extraction and Qualitative Analysis from Biostimulant

Primary metabolites were extracted following published protocols with modifications of extraction
solvent volume. Quik-link (0.5 mL) were weighed into 2 mL microcentrifuge tubes, followed by the
addition of 0.2 mL of water. To fractionate non-polar compounds, 0.375 mL of cold chloroform (—20 °C)
and 0.7 mL methanol were added. After vigorous up-and-down mixing by hand (50 times), the extracts
were centrifuged at 12,000 x g for 4 min, 100 uL supernatant (water soluble metabolites) and organic
phase (lipid soluble metabolites) were transferred to 1.5 mL microcentrifuge tubes, respectively.
The extracts were dried using Vacufuge concentrator (Eppendorf, Thermo Fisher Scientific, Waltham,
MA, USA) with 20 uL of methanol to facilitate water evaporation. For water soluble metabolites, dried
extracts were derivatized with 50 uL. methoxyamine hydrochloride (40 mg ml~! in pyridine) for 90 min
at 37 °C, then with 100 uL MSTFA + 1% TMCS at 50 °C for 20 min. For lipid soluble metabolites,
dried extracts were derivatized with 200 uL n,o-bis(trimethylsilyl)trifluoroacetamide with 1% of
trimethylchlorosilane at 75 °C for 30 min. Metabolites were analyzed using a gas chromatography-mass
spectrometry (GC-MS) (Trace 1310 GC, Thermo Fisher Scientific, Waltham, MA, USA) coupled to
an MS detector system (ISQ QD, Thermo Fisher Scientific, Waltham, MA, USA) and an autosampler
(Triplus RSH, Thermo Fisher Scientific, Waltham, MA, USA). A capillary column (Rxi-55il MS, Restek,
Bellefonte, PA, USA; 30 m x 0.25 mm x 0.25 um capillary column w/10 m Integra-Guard Column)
was used to detect polar metabolites. For water-soluble metabolite analysis, after an initial temperature
hold at 80 °C for 2 min, the oven temperature was increased to 330 °C at 15 °C min™! and held for
5 min. For lipid-soluble metabolite analysis, after an initial temperature hold at 150 °C for 1 min, the
oven temperature was increased to 320 °C at 12 °C min~! and held for 7 min. Injector and detector
temperatures were set at 250 °C and 250 °C, respectively. An aliquot of 1 puL. was injected with the
split ratio of 70:1. The helium carrier gas was kept at a constant flow rate of 1.2 mL min~!. The mass
spectrometer was operated in positive electron impact mode (EI) at 70.0 eV ionization energy at m/z
40-500 scan range. Metabolite identification was based on the National Institute of Standards and
Technology (NIST) library.

2.6. Quantification of BRs in Plant-Derived Biostimulant and Plant Samples

Campesterol, stigmasterol, and beta-sitosterol were quantified based on GC-MS. Quik-link
(0.5 mL) were weighed into 2 mL microcentrifuge tubes, followed by the addition of 0.2 mL of

47



Agronomy 2019, 9, 74

water. To fractionate non-polar compounds, 0.375 mL of cold chloroform (20 °C) and 0.7 mL methanol
were added. After vigorous up-and-down mixing by hand (50 times), the extracts were centrifuged
at 12,000x g for 4 min, and 187.5 uL chloroform layer were transferred to 1.5 mL microcentrifuge
tubes. For the quantification of BRs from plant samples, 100 uL of organic phase from the primary
metabolite analysis above session was used. The extracts were dried using Vacufuge concentrator
(Eppendorf, Thermo Fisher Scientific, Waltham, MA, USA). Dried extracts were derivatized with
200 pL n,o-bis(trimethylsilyl)trifluoroacetamide with 1% of trimethylchlorosilane at 75 °C for 30 min.
BRs were analyzed using a GC-MS (Trace 1310 GC, Thermo Fisher Scientific, Waltham, MA, USA)
coupled to an MS detector system (ISQ QD, Thermo Fisher Scientific, Waltham, MA, USA) and an
autosampler (Triplus RSH, Thermo Fisher Scientific, Waltham, MA, USA). A capillary column (Rxi-55il
MS, Restek, Bellefonte, PA, USA; 30 m x 0.25 mm X 0.25 um capillary column w/10 m Integra-Guard
Column) was used to detect polar metabolites. After an initial temperature hold at 150 °C for 1 min,
the oven temperature was increased to 320 °C at 12 °C min~! and held for 7 min. Injector, MS detector
temperatures were set at 250 °C, 250 °C, and 300 °C respectively. An aliquot of 1 uL was injected
with the splitless mode. The helium carrier gas was kept at a constant flow rate of 1.2 mL min~".
The mass spectrometer was operated in positive electron impact mode (EI) at 70.0 eV ionization
energy at m/z 45-600 scan range. Metabolite identification was based on standard compounds in
comparison with the mass spectra and retention time. The standard BRs were injected from 25 ng
mL~! to 1000 ng mL~! concentrations.

2.7. Amino Acid Quantification of Vegetal-Biostimulant

To quantify the free amino acid content in the sample, EZ:faast free amino acid for GC-MS kit
(Phenomenex, Torrance, CA, USA) was utilized to extract and measure the amino acid concentration.
75 mg of the sample was incubated with 1.5 mL water overnight to extract the free amino acid from
the sample. After the 24 h incubation, samples were centrifuged at 12,000 x g for 3 min. Amino
acid purification and derivatization were conducted on EZ:faast instruction. The analysis of amino
acid was carried out in a gas chromatograph (Trace 1310 GC, Thermo Fisher Scientific, Waltham, MA,
USA) coupled to a flame ionization detector (FID), and an autosampler (Triplus RSH, Thermo Fisher
Scientific, Waltham, MA, USA). A capillary column (ZebronTM EZ-AAA amino acid GC, Phenomenex,
Torrance, CA, USA; 10 m, 0.25 mm) was used. The injection ratio was set at 1:15 and the injection
temperature was 250 °C. The injection volume was 1.5 uL. The carrier gas was helium and the flow rate
was 1.1 mL min~!. The column oven was set at 110 °C and increased 30 °C per minute to 320 °C. FID
temperature was set at 220 °C and the air flow 450 mL min~! and the hydrogen flow was 45 mL min~!.

2.8. Total Phenolic Content and Antioxidant Capacity

Total phenolic content and antioxidant capacity were analyzed using methanol extracts that
described above primary metabolite analysis based on the published methods [39]. Freeze-dried
samples (20 mg) were extracted in 1.4 mL of 100% methanol at 60 °C for 10 min. After centrifuge
the supernatants were used for the total phenolic content, 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS), and 2,2-diphenyl- 1-picryl-hydrazyl-hydrate (DPPH) antioxidant capacity
analyses. Various concentrations of vitamin C were used as standard curves for ABTS and DPPH
assays [39]. For the DPPH assay, reaction mixtures containing test samples (10 puL) and 190 uL
of a 200 uM DPPH in ethanol were incubated at room temperature for 30 min in 96-well plates.
The absorbance of the DPPH free radical was measured at 515 nm using an Epoch 2 plate reader
(Biotek Instruments Inc., Winooski, VT, USA). Antioxidant data were expressed as vitamin C equivalent
concentration (ug g*1 DW). For the ABTS assay, 7 mM ABTS ammonium salt was dissolved in a
potassium phosphate buffer (pH 7.4) and treated with 2.45 mM potassium persulfate. The mixture
was then allowed to stand at room temperature for 12-16 h for full color development (dark blue). The
solution was then diluted with potassium phosphate buffer until absorbance reached 1.0 + 0.02 at
735 nm using an Epoch 2 plate reader (Biotek Instruments Inc., Power Wave XS, Winooski, VT, USA).
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Subsequently, 190 uL of this solution was mixed with 10 uL of the sample extracts. The absorbance was
recorded at room temperature after 6 min. Antioxidant data were expressed as vitamin C equivalent
concentration (g g~' DW). For total phenolic content, Folin-ciocalteu reagent was used to determine
total phenolic content [39]. Each sample (10 uL) was mixed with (100 uL) of Folin-Ciocalteu reagent
(0.2 N) followed by 3 min of incubation at room temperature. Then, 90 pL of sodium carbonate (7.5%)
was added. After 60 min of incubation in the dark at room temperature, absorbance was obtained at
735 nm. The total phenolic concentration was determined based on a standard curve of gallic acid.

2.9. Experimental Design and Statistical Analysis

Treatments were arranged in a completely randomized block design. The procedure was repeated
at three different time blocks, and each block consisted of 9 treatments and 10 replicates per treatment,
amounting to a total of 270 cuttings (90 samples per each plant species) per each time block. All data
were subjected to analysis of variance using JMP for Windows, Version 13.2 (SAS Institute Inc., Cary,
NC, USA). Polynomial contrasts were used to compare the treatment effects of biostimulant and auxin.
Mean separation within each measured parameter was performed by Tukey’s honestly significant
difference (HSD) test at p < 0.05. Regression analysis was carried out to look for trends in response to
the concentration for each treatment. Results from the three experiments showed similar trends and the
data sets were consistent with each other. However, because the error variance was not homogeneous
between experiments, statistical analyses were conducted separately for each experiment, and data
from the two trials were pooled and presented here.

3. Results

3.1. The Effects of Biostimulant on Adventitious Rooting in Cuttings of Basil, Tomato, and Chrysanthemum

All cuttings achieved 100% rooting regardless of plant species and treatment. The average number
of adventitious roots in untreated cuttings of basil, tomato, and chrysanthemum were 39, 22, and 16,
respectively, demonstrating genetic variations in rooting ability. Total root length was higher in the
order of tomato, basil, and chrysanthemum (Table 1).

Meanwhile, both biostimulant and auxin increased adventitious rooting in a dose-dependent
manner: The number of adventitious roots, root dry mass, and total root length in all plant species
increased or showed an increasing trend by higher concentrations of biostimulant and auxin, with
exception of overdoses (IBA + NAAQ.5) in auxin (Table 1). However, the response level of plant
species varied significantly by the treatments. Rooting response increased more prominently by auxin
than biostimulant. An optimal level of auxin to induce rooting was highly plant-species specific and
maximum root length was achieved nearly at concentrations of 100, 200, and 300 mg L~ in basil,
tomato, and chrysanthemum, respectively (Figure 1f). When compared to auxin, biostimulant was
required approximately 15- to 50-time higher concentrations to induce the onset of adventitious root
formation. In general, the application of biostimulant at a concentration of 5000 mg L~ increased
total root length in all tested cuttings (Table 1). An overdose of auxin tended to negatively affect
the dry mass of adventitious roots in basil and tomato to the levels of unrooted cuttings but not in
chrysanthemum. Such response was contrasting to biostimulant, where higher concentrations of
biostimulant tended to increase or gradually increased adventitious rooting, and even the highest
concentration at 10,000 mg L~! did not negatively affect root morphological characteristics (Table 1).
The root dry mass was positively correlated with the total root length of cuttings treated with either
biostimulant or auxin (Figure S1); however, the relationship between dry mass and total root length
slightly varied among plant species and between the treatments (Figure S1), indicating that dry mass
and/or total root length do not precisely predict response levels of cuttings to biostimulant and
auxin applications.
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Figure 1. Dose response curves showing the effects of biostimulant or auxin applications on shoot and
root dry mass, and total length of adventitious roots in cuttings of basil, tomato, and chrysanthemum.

Each data point is the mean =+ SE of 20 replicates.
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Table 1. Effects of biostimulant (B) or auxin (IBA + NAA) applications on adventitious root
characteristics in cuttings of basil, tomato, and chrysanthemum. Cuttings were treated with or without
biostimulant (100, 1000, 5000 (Bs), and 10,000 (B1p) mg L) or auxin (100, 200 (IBA + NAA ), 300,
and 500 (IBA + NAA(5) mg L) at the stem base as quick-dip, stuck into inert media, and evaluated
at day 20 after placement under intermittent mist. Note that two concentrations per each treatment
were presented here.

Root Root Dry Total Root Root Root Root
Treatment Number Mass Length Surface Volume Diameter
(g plant™1) (mm) Area (mm?) (mm®) (mm)
Basil
Control 39.4 0.033 a 286 b 48.7b 0.67b 0.55
Bs 52.0 0.041a 436 a 69.0 a 0.88 a 0.51
Bio 51.9 0.041a 420 ab 66.4 a 0.84a 0.52
IBA+NAA(» 424 0.034 a 322 ab 60.1 ab 0.89a 0.60
IBA+NAA( 5 49.8 0.033 a 346 ab 60.9 ab 0.87a 0.57
Significance ns ns * * * ns
Tomato
Control 222c¢ 0.017 ab 355b 41.8a 0.39 0.38b
Bs 369 a 0.023 a 454 ab 50.2a 0.44 0.35 be
Bio 36.2a 0.022 a 484 a 50.7 a 0.42 0.33 ¢
IBA+NAA( 28.3b 0.021 ab 362 ab 424a 0.40 0.38 b
IBA+NAA(5 16.2 ¢ 0.014b 183 ¢ 28.0b 0.34 048 a
SlgnlflCanCe A * A A ns A
Chrysanthemum
Control 16.4 ¢ 0.029 d 173 ¢ 35.0c¢ 0.57b 0.63
Bs 20.1 bce 0.033 cd 223b 45.7b 0.75a 0.65
Byo 21.1bc 0.036 be 230 b 47.0b 0.77 a 0.66
IBA+NAA( 39.8a 0.041 ab 275 ab 53.4 ab 0.83a 0.63
IBA+NAA(5 25.1b 0.046 a 285a 57.1a 0.92a 0.64
Significance *%% *k% X% *%% *%% ns

ns, *, **, and *** indicate non-significant, or significant at p < 0.05, 0.01, and 0.001, respectively. Different letters

within each column indicate significant differences according to Tukey’s HSD test (p = 0.05). Data are means of
20 replicates.

3.2. The Effects of Biostimulant on Root Diameter Class Distribution

Average diameters of adventitious roots varied among plant species. Tomato cuttings had
relatively fine roots with an average root diameter of 0.38 mm, while the roots of basil and
chrysanthemum composed of coarser roots with average root diameters of 0.55 and 0.63 mm,
respectively (Table 1). In tomato, most of the roots were in the finer root class ranging from 0.0
to 0.50 mm, accounting for 75% of total root length (Table 2). The roots of basil consisted of a mixture of
finer root diameter classes: about 43% of the total roots were in the finer root class (0.0 to 0.50 mm) and
about 41% were intermediate root class (0.50 to 0.75 mm) (Table 2). On the other hand, chrysanthemum
produced a wide range of root diameter classes (0.0 to 3.0 mm). About 40% of the total roots were in
the finer root class, while the rest of the roots were composed of coarser roots (>0.5 mm). Unlike basil
and tomato, where the roots thicker than 1 mm were only a small fraction among the roots (less than 3
and 0.5%, respectively) and were primarily proximal near the stem, more than 10% of the total roots of
chrysanthemum were in the coarse root class (>1.0 mm).

Root diameter class distribution analyses revealed treatment differences even within the same
plant species (Table 2). In basil and tomato, increasing biostimulant concentrations promoted fine
roots (0.0 to 0.25 mm). These results were contrasting to auxin-treated cuttings, in which higher
auxin concentrations had an increasing trend of promoting coarser roots (0.50 to 1.00 mm). The
response of chrysanthemum roots was quite different from those of basil and tomato: Auxin had more
pronounced effects on changing root morphological traits in chrysanthemum, and an optimal auxin
concentration (IBA + NAAO.2) significantly promoted the formation of fine roots (0 to 0.25 mm) while
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decreasing coarser roots (>0.75 mm). Likewise, vegetal-biostimulant tended to promote finer roots in
chrysanthemum, but to a lesser degree than auxin.

Table 2. Root diameter class (mm) and relative diameter class length (%) of cuttings of basil, tomato,
and chrysanthemum. Cuttings were treated with or without biostimulant (100, 1000, 5000 (Bs), and
10,000 (Byp) mg L~1) or auxin (100, 200 (IBA + NAA,), 300, and 500 (IBA + NAAgs) mg L) at
the stem base as quick-dip, stuck into inert media, and evaluated at day 20 after placement under
intermittent mist. Note that two concentrations per each treatment were presented here. Percentage
values at each diameter class are given.

Treatment Root diameter class (mm)
0-0.25 0.25-0.50 0.50-0.75 0.75-1.00 >1.00
Relative root diameter class length (%)
Basil
Control 15.7b 27.0 41.0 13.8 2.5
Bs 22.7a 28.5 40.0 11.7 3.8
Bio 2l.6a 30.3 38.2 114 4.5
IBA+NAA ) » 20.6 ab 26.8 33.4 11.3 3.1
IBA+NAAg 5 155b 25.3 322 15.5 3.6
Significance > ns ns ns ns
Tomato
Control 352b 40.1 224D 12b 03b
Bs 39.2 ab 42.3 17.3 be 1.0b 02b
Bio 434a 41.6 13.8 ¢ 1.0b 02b
IBA+NAA » 33.1b 45.7 18.6 be 19b 0.7b
IBA+NAAg 5 21.6¢ 38.1 343a 40a 21a
Significance ok ns wE e o
Chrysanthemum
Control 10.4b 30.1a 299b 19.1a 10.4 ab
Bs 11.5 ab 29.8a 272b 20.1a 114a
Bio 11.9 ab 26.9 ab 304b 193 a 11.5a
IBA+NAA ) » 14.0a 27.2 ab 32.0b 17.7 ab 89b
IBA+NAA 5 12.8 ab 24.8b 38.7 a 15.0 b 8.6b
Significance * ** wx ** **

ns, *, **, and *** indicate non-significant, or significant at p < 0.05, 0.01, and 0.001, respectively. Different letters
within each column indicate significant differences according to Tukey’s HSD test (p = 0.05). Data are means of
20 replicates.

3.3. The Effects of Biostimulant on Shoot Growth

Consistently with adventitious rooting, response levels of shoots to biostimulant and auxin
slightly varied among plant species (Table 3; Tables S1-S3). Increasing concentrations of biostimulant
increased or showed an increasing trend of shoot dry mass (Table 3). Biostimulant increased shoot
dry mass in cuttings by 10 to 20% at a concentration of 5000 mg L', which was somewhat associated
with the increase in leaf or stem dry mass of the cuttings. Contrarily, auxin did not affect shoot dry
mass of cuttings in basil and tomato with exception of chrysanthemum. SPAD index measured on
newly expanded leaves and three fully matured leaves were not significantly different among the
treatments, and therefore, pooled for comparisons. The results showed that SPAD index increased
only in chrysanthemum when applied with auxin at an optimum level (IBA + NAAO0.2), but there were
no differences in total nitrogen (N) concentration among treatments (Table 3).
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Table 3. Effects of biostimulant (B) or auxin (IBA + NAA) applications on stem length, leaves, stems,
and shoot dry mass, the Soil Plant Analysis Development (SPAD) index, total nitrogen (N), and
root-to-shoot ratio of basil, tomato, and chrysanthemum cuttings. Cuttings were treated with or
without biostimulant (100, 1000, 5000 (Bs), and 10,000 (B1p) mg L~1) or auxin (100, 200 (IBA + NAA.),
300, and 500 (IBA + NAAgs5) mg L~1) at the stem base as quick-dip, stuck into inert media, and
evaluated at day 20 after placement under intermittent mist. Note that two concentrations per each
treatment were presented here.

Treatment Dry Mass (g plant™") Stem Total N Root-to-Shoot
Length (cm) SPAD Index o, .
Total Shoots Leaves Stems eng (%) Ratio
Basil
Control 0.228ab  0.200 ab 0.145 0.055 6.0 35.1 1.42 0.144
Bs 0.287 a 0.246 a 0.185 0.061 6.3 35.1 1.39 0.170
Bio 0.285a 0244 a 0.177 0.059 6.6 317 1.56 0.177
IBA+NAA(, 0.234ab  0.200 ab 0.115 0.050 5.8 35.5 1.44 0.175
IBA+NAA)5 0.218b 0.185b 0.137 0.049 5.9 32.5 1.45 0.183
Significance ** * ns ns ns ns ns ns
Tomato
Control 0473bc  0457bc  0.323 ab 0.133b 7.2ab 41.5 253 0.038 b
Bs 0.526ab  0.505 ab 0.360 a 0.146 ab 7.5 ab 414 2.54 0.046 a
Big 0.551 a 0.530 a 0.358 a 0.173 a 78a 40.8 247 0.042 a
IBA+NAAg, 0414c 0.399 ¢ 0.283 be 0.111b 70b 39.5 2.22 0.046 a
IBA+NAAgs 0.412c 0.398 ¢ 0.262 ¢ 0.134b 6.8b 39.2 2.38 0.036 b
Significance ** ** ** * * ns ns ns
Chrysanthemum
Control 0.287 b 0.259 b 0.182 0.077 b 69b 341c 3.34 0.104 ¢
Bs 0.346 a 0313 a 0.209 0.099 a 7.6 ab 35.4bc 3.00 0.109 ¢
Bio 0.343ab  0.307 ab 0.206 0.101 a 83a 34.6 be 3.02 0.118 be
IBA+NAAg, 0.356 a 0315a 0.212 0.103 a 6.9b 37.6a 293 0.136 b
IBA+NAA(5 0.343ab  0.297 ab 0.210 0.087 ab 7.3 ab 36.4 ab 297 0.159 a
Significance * * ns b o o ns o

ns, *, **, and *** indicate non-significant, or significant at p < 0.05, 0.01, and 0.001, respectively. Different letters

within each column indicate significant differences according to Tukey’s HSD test (p = 0.05). Data are means of
20 replicates.

3.4. Tissue Responsiveness to Biostimulant and Auxin

Cuttings of basil, tomato, and chrysanthemum differently responded to biostimulant in
comparison to auxin. Biostimulant induced gradual and progressive changes on shoot and root
dry mass, as shown in the logarithmic curves (Figure 1a,c), and there were no detrimental effects
or phytotoxicity caused by higher doses of biostimulant. This was contradictory to auxin-treated
cuttings where higher doses had negative effects on rooting responses, especially in basil and tomato
(Figure 1b,d). The rooting responses, as expressed as root dry mass and total root length, were less
dramatically influenced by biostimulant than by auxin in all plant species tested.

Basil cuttings were more responsive to a lower concentration of auxin compared to tomato and
chrysanthemum, rapidly increasing adventitious roots (Figure 1d,f). At an optimal concentration,
auxin-treated cuttings produced similar or higher root biomass relative to biostimulant-treated cuttings
(Figure 1c,d). Regression analyses showed that auxin responsiveness of plant species increased in a
biphasic manner with increasing concentrations (Figure 1d,f). The response pattern of adventitious
rooting to auxin showed that basil and tomato were highly responsive. Basil responds to a lower
threshold for rooting followed by a rapid polynomial decay, while tomato required a higher threshold
than basil (Figure 1d). Chrysanthemum responded to a lower threshold for rooting, but displayed a
gradual polynomial rise to a wide range of auxin, possibly followed by a gradual polynomial fall to a
higher concentration of auxin. This rooting response was associated with increased total root length
in all the plant species tested (Figure S1). However, a universal scenario of increased root dry mass
and/total root length accompanied by biostimulant treatment does not explain the root morphological
changes as represented by the proliferation of fine roots, as such subtle changes contribute less to dry
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mass. Shoots were slightly less responsive to biostimulant applications than roots as characterized by
a gentle slope in a logarithmic plot (Figure 1a). Shoot dry mass of basil and tomato did not increase
even when a wide range of auxin was applied; however, that of chrysanthemum increased with higher
doses of auxin, indicating that chrysanthemum had different responsiveness to auxin from basil and
tomato (Figure 1b).

3.5. BRs in Roots and Shoots of Cuttings

Metabolic analyses demonstrated that biostimulant contained precursors of BRs, such as
campesterol and stigmasterol (or 3-sitosterol) at 11.87 and 28.86 ng mL~! in 5000 mg L~ solution.
In addition, a large profile of various compounds, including sugars (ribofuranose, arabinose, and
galactose), organic acids (lactic, oxalic acid, glycolic acid, butanoic acid, tartaric acid, and gluconic
acid), glucono-1,4-lactone, and fatty acids (palmitic acid and stearic acid) were found to be present as
major compounds in the biostimulant (data not shown).

Metabolic profiling of cuttings elucidated that relatively high levels of BRs were present in
non-treated cuttings of basil, tomato, and chrysanthemum in decreasing order. Total sterol levels
were higher in roots than shoots by 3.4-, 5.3-, and 1.4-times in basil, tomato, and chrysanthemum,
respectively) with the highest concentration in roots of basil, tomato, and chrysanthemum in decreasing
order, which averaged at 1126, 397, and 213 pug g~ ! dry weight, respectively (Table 4). There were
three major phytosterols present in these plant species: stigmasterol, beta-sitosterol, and campesterol
(Table 4). Overall, the combined proportions of stigmasterol and sitosterol were more than 80% of the
total sterols, and the proportion of campesterol was less than 20%.

Notably, biostimulant and auxin treatments concomitantly increased or decreased BR levels in
plant tissues or had no effects on the levels. Stigmasterol levels in roots tended to be affected by the
treatments in all the tested crops (p < 0.12); however, in a different manner. For example, in basil and
chrysanthemum, the optimum level of biostimulant tended to increase stigmasterol levels in roots,
while, biostimulant significantly (p < 0.01) reduced the levels in tomato. Auxin had similar effects as
biostimulant on stigmasterol levels in roots. Correlation relationships were determined between BRs
and growth parameters of basil, tomato, and chrysanthemum, i.e., root dry mass, total root length,
length of fine roots (0.00 to 0.25 mm) and shoot dry mass. Overall, total sterol levels were not correlated
or weakly correlated with root growth parameters in basil and tomato, but moderately correlated
(e.g., root dry mass: 7% = 0.51, p < 0.001; root length: 7> = 0.27, p < 0.01) in chrysanthemum.

Total sterol levels in shoots were the highest in basil, chrysanthemum, and tomato in decreasing
order, and averaged at 327, 155, and 75 ug g~ ! dry weight, respectively (Table 4). Both biostimulant
and auxin treatments appeared to have similar increasing or decreasing effects on the levels of BRs as
observed in roots. Sitosterol levels were significantly increased in shoots of tomato and chrysanthemum
cuttings by biostimulant. Auxin had similar increasing effects on the levels of sitosterol in shoots of
those cuttings.
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Table 4. Sterol profiles of roots and shoots in cuttings of basil, tomato, and chrysanthemum at day 20
after treatment with or without biostimulant at 5000 (Bs) and 10,000 mg L~ (Byp), or auxin at 200 mg
L1 (IBA + NAAy,).

. Treatment Stigmasterol 3-Sitosterol Campesterol Total
Plant Tissue -1
(ug g~ DW)
Basil
Roots Control 440 £ 10 454 +£19 232 £ 10 1126 + 36
Bs 474 + 27 430 +17 231 490 1136 + 51
Bio 410+9 389 4 32 214 4+ 18 1013 + 52
IBA+NAA(» 420 + 13 402 £+ 15 217 £10 1039 + 31
Significance ns? ns ns ns
Shoots Control 59 £40 204413 64 + 60 327 +£23
Bs 59 £ 60 158 + 14 55+6 272 425
Bio 47 £20 164 £ 40 53+2 264 +5
IBA+NAA( 47 £3 166 + 16 53+ 4 261 422
Significance ns ns ns ns
Tomato
Roots Control 270 £ 16 a 97 £ 12 30+3a 397 £28a
Bs 197 £17b 7949 22 +3ab 298 +27b
Bio 182 +5b 69+ 6 20+ 1ab 270 4 90b
IBA+NAA 2 155 +17b 71+6 17+2b 243 +20b
Significance o ns * *’“
Shoots Control 55+38 17 +3b 3.0£06 75+ 12
Bs 54 +40 22 +2ab 57+18 81+6
Bio 62 +90 31+5a 40+19 97 £15
IBA+NAA(» 48 + 50 32+2a 31+19 82+7
Significance ns b ns ns
Chrysanthemum
Roots Control 83+7 111 +9 19.5+23 213 + 18
Bs 92+5 115+ 6 209+ 15 228 4+ 10
Byo 104 £ 6 111£5 20.7+£0.8 23547
IBA+NAA( 103 £ 6 114 £8 21.0+19 238 + 15
Significance ns® ns ns ns
Shoots Control 89+5 65+5b 13+05b 155 £+ 10
Bs 95 +2 71+ 2ab 1.8+02b 168 =+ 40
Bio 99 +4 86+4a 20+04b 169 +£7
IBA+NAA» 104 £7 78 4 ab 65+t1.6a 188 £13
Significance ns® * ** ns

ns, ¥, **, and *** indicate non-significant, or significant at p < 0.05, 0.01, and 0.001, respectively. Different letters
within each column indicate significant differences according to Tukey’s HSD test (p = 0.05). Data shown are means
+ SE of five replicates. a Significant at p < 0.12. a Significant at p < 0.1.

3.6. Antioxidant Capacities and Total Phenolic Content of Cuttings

The radical scavenging activities of roots and shoots in cuttings of basil, tomato, and
chrysanthemum were examined as estimated by the DPPH (Figure 2a,d,g) and ABTS assays
(Figure 2b,e,h). The DPPH method is one of the most frequently used and inexpensive antioxidant
assays; however, pH sensitivity is a major disadvantage of the assay [40]. In order to generate robust
results, we used the two different scavenging radical assays in this study. The antioxidant capacities
obtained from DPPH assay were in accordance with those obtained from ABTS assays regardless of
plant species and tissue type (basil: roots 2 = 0.94, shoots 72 = 0.79; tomato: roots % = 0.75, shoots
2 =0.82; chrysanthemum: roots % = 0.94, shoots 7> = 0.91).

The results showed large variations in antioxidant capacities among plant species and tissues.
Roots of basil showed the highest antioxidant activities (3.6 mg ascorbic acid equivalent per g DW)
followed by chrysanthemum (2.3 mg) and tomato (0.4 mg) (Figure 2). In basil, antioxidant capacities
were three-times higher in roots than shoots and were less affected by the treatment (Figure 2a,b),
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while tomato and chrysanthemum was approximately two-times lower in roots than shoots and were
either positively or negatively affected by the treatment (Figure 2d,e,gh).

Biostimulant significantly increased the scavenging activities of roots of chrysanthemum, and
such increases were strongly correlated with the concentrations of total phenolic acids (r*> = 0.77 for
DPPH and 2 = 0.78 for ABTS) (Figure 2g—i). Meanwhile, shoots of chrysanthemum behaved differently
and demonstrated significantly higher antioxidant activities concomitantly by both biostimulant
and auxin compared to control. There was a trend of concentration-dependent increase in radical
scavenging activities by biostimulant in shoots and roots of basil and chrysanthemum (Figure 2).
Opverall, biostimulant had stimulatory effects on antioxidant activities of adventitious roots in cuttings
(based on DPPH and ABTS assays), and such results were contradictory to those induced by auxin.
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Figure 2. Antioxidant capacity and total phenolic compounds of roots and shoots in cuttings of basil
(a—c), tomato (d—f) and chrysanthemum (g-i) at day 20 after treatment with either control (Cont),
biostimulant at 5000 (B5) or 10,000 mg L~! (B10), or IAA+NAA at 200 mg L~! (A0.2). Antioxidant
capacity was estimated by the DPPH and ABTS assays. The antioxidant capacity and total phenolic
compounds of the aqueous extracts are equivalent to indicated concentrations of water-soluble standard
antioxidant ascorbic acid (mg g~! DW) and gallic acid (mg g~! DW), respectively. Different letters
indicate significant differences within each plant part (roots or shoots) according to Tukey’s HSD test
(p = 0.05). Data shown are means of five replicates.
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4. Discussion

4.1. Biostimulant Promotes Adventitious Rooting Responses of Stem Cuttings Similar to Auxin, but to a
Lesser Extent

It is well established that auxin promotes the formation of adventitious roots [41,42] and lateral
roots [43-45]. Previous studies have reported on root morphological changes induced by biostimulant
applications; however, the changes have been focused primarily on the increases in root biomass, total
root length, and root surface area [5,6] without sufficient information on root characteristics. Further,
no detailed investigations have been made on hormonal effects of biostimulant in promoting plant
growth and yield although these aspects have been demonstrated in many studies.

First, we measured morphological responses of stem cuttings, including the number of
adventitious roots, root dry mass, total root length, and average root diameter, as a function of
the exogenous concentration of either biostimulant or auxin. While most of these variables exhibited
plant species-specific responses, partly due to the genetics of differential tissue responsiveness, it was
clear that biostimulant was effective in promoting adventitious rooting of basil and tomato, easy-to-root
types, as well as chrysanthemum, moderate-to-root type.

Dose-response analyses were used to evaluate the relationship between compound dosage
and plant response (Figure 1), and it was found that rooting responses to biostimulant not only
were considerably less compared to auxin but also did not fully in agreement with those to auxin.
Biostimulant promoted adventitious rooting leading to a gradual logarithmic rise as a function of
increasing dosages, while auxin induced a biphasic dose response characterized by rapid polynomial
rise and fall in a plant species-specific manner. A significantly higher threshold was required for
biostimulant to induce a series of responses compared to auxin. One of the reasons for the mild
changes over a wide range of concentrations induced by biostimulant in cuttings is partly due to a
basal quick dip method employed in this study. It was confirmed that such an approach eliminates
the possibility of biostimulant as a nutrient source, since there were no differences in total nitrogen
level regardless of treatments (Table 3). Changes in endogenous auxin pool may be another possibility
because biostimulant Quik-link we used in this study contained about 4.1% tryptophan, as well as
other amino acids. As a precursor for auxin biosynthesis pathways in plants, tryptophan might
have exerted a weak auxin-induced process, which was postulated in maize seedlings treated with
animal-based biostimulant [6]. We did not quantify IAA and other auxin derivatives from plant
samples, and therefore, it was not possible to determine how biostimulants interact with endogenous
auxin in adventitious rooting formation. Nevertheless, a similar but somewhat unique behavior of
biostimulant-treated cuttings observed in our study cannot be justified solely by auxin-mediated
activities, opening the possibility of other hormonal regulation in this process.

Variations in adventitious rooting responses were also observed in root architectural traits.
An adventitious root system has two major components of root: long, relatively thick roots arising
either from the cut stem end or the lower part of the stem that forms its framework and shorter, fine
lateral roots arising either directly from these framework roots or indirectly as higher-order lateral
roots. Since the complete physical separation of lateral roots from adventitious roots was not possible,
particularly in basil and tomato due to fibrous nature of their roots, we performed root diameter class
distribution analyses to differentiate these root components by carefully manipulating parameters.
This method has been proven to be effective in separating different root types [46], and commonly used
in root studies. The results revealed that the roots examined in our study are actually classified into
very fine (<0.5) to fine (0.5-2 mm) [47] and we further classified them into multiple categories within
the range. The adventitious roots of untreated tomato cuttings were composed primarily of finer roots
(average root diameter: 0.38 mm) with about 76% of the total roots within 0 to 0.50 mm diameter class,
whereas those of basil cuttings consisted primarily of fine to intermediate roots with about 70% of
the roots within 0.25 to 0.75 mm diameter class (average root diameter: 0.55 mm). More than 30% of
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the total roots in chrysanthemum were composed of coarse roots (>0.75 mm) (average root diameter:
0.63 mm) with a wide range of root diameter classes (Table 2).

Interestingly, biostimulant applications significantly increased or tended to increase finer root
classes in these plant species, providing direct evidence that biostimulant stimulates proliferation of
lateral roots in cuttings. This is in agreement with a recent study in maize seedlings, in which protein
hydrolysates increased length and surface area of lateral roots by about 7 and 1.5 times compared to
inorganic nitrogen and free amino acids, respectively [48]. Fine roots are considered to be the most
permeable part of a root system and play the key role in the acquisition of water and nutrients and root
adaptation to extreme environments, particularly in herbaceous plants [49] and such developmental
changes may confer significant advantages on long-term plant growth and survival, particularly under
suboptimal water and nutrient conditions.

4.2. Biostimulant Induces Adventitious Rooting of Stem Cuttings Primarily via BR-Mediated Processes

In this study, we measured metabolic responses, including BR levels in plant tissues, antioxidant
capacities, and total phenolic compounds in roots and shoots of basil, tomato, and chrysanthemum. We
found that biostimulant negatively or positively affects BR biosynthesis in plant tissues and increases
antioxidant activities and total phenolic compounds in both roots and shoots of cuttings. Consistently
with morphological traits, these metabolic responses were not fully in agreement with auxin.

As a group of steroidal plant hormones, BRs are known to mediate modulation of various
components of the antioxidant defense system in plants under abiotic stresses, including drought,
salinity, and temperature extremes [50]. BRs were reported to be involved in mitigating the adverse
effect of high temperature stress on snap bean plants by increasing total free amino acids in leaves
and total phenolic acids in the pod [51]. Increases in antioxidative capacities and phenolic compounds
were also found in BR-treated Brassica junica seedlings under lead toxicity [52]. The BR-mediated
antioxidant system was also demonstrated to modulate root growth as the Arabidopsis det2-9 mutant
defective in BR biosynthesis exhibited inhibited root growth and accumulated more reactive oxygen
species than the wild type [53]. We found that stigmasterol, sitosterol, and campesterol were the
major phytosterols in cuttings of plant species tested. These phytosterols serve as precursors for BR
biosynthesis and are integral membrane components which regulate the permeability and fluidity of
membranes [54], and phytoserol composition in the plasma membrane affects the proper functioning
of auxin transporters [55]. Campesterol influences the level of active BR, and regulates a number of
physiological activities in plant development, such as cell elongation, xylem differentiation, and stress
tolerance [54].

Herein, we postulate that biostimulant induces adventitious root formation primarily via
BR-mediated processes while interacting with auxin-mediated mechanisms and that native BR pool
in plant tissues influences adventitious rooting responses to biostimulant. There are at least six
pieces of evidence to support this view: (1) endogenous auxin plays the key role in adventitious
rooting formation in these cuttings as adventitious roots were produced in cuttings that did not
receive any treatment, (2) endogenous BRs also play a critical role in adventitious rooting formation
in these cuttings as relatively high levels of native BRs were present in cuttings that did not receive
any treatment, (3) both biostimulant and auxin influenced endogenous BR levels in most cuttings,
(4) biostimulant exerted weaker effects on adventitious rooting of cuttings than did auxin treatment,
(5) adventitious rooting responses to biostimulant was most prominent in chrysanthemum cuttings
that have relatively low native BR levels and are less responsiveness to auxin, and (6) antioxidant
activities in adventitious roots tended to be increased by biostimulant but decreased by auxin.

As discussed earlier, the extent to which the increased induction and formation of adventitious
rooting varied greatly in response to the compound, with more prominent effects by auxin than
biostimulant (Figure 2). For example, the optimal levels of auxin and biostimulant increased the
dry mass of adventitious roots by 54% and 20% in chrysanthemum, 67% and 26% in tomato, and
42% and 26% in basil, compared to untreated cuttings. Further, major differences between auxin and
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biostimulant existed not only in the patterns of dose response curve, but also in the absolute amount
of the compounds required for promoting adventitious rooting (Figure 1).

Clouse et al. [56] noted that measurable effects on cell elongation induced by BR required much
longer treatment time compared with the rapid effects caused by auxin. Nembhauser et al. [57]
elucidated that auxin-response element ARFAT is the crucial intersection point of BR and auxin
pathways, which is BR responsive and requires BR biosynthesis for normal expression. These findings
are consistent with our observations and support our interpretations that the hormonal effects induced
by biostimulant is more likely to be related to BRs than auxin and that auxin and BRs interact
in controlling BR pool in plant tissues and work coordinately in fine-tuning adventitious rooting
responses of cuttings.

4.3. Biostimulant-Induced BRs and Auxin Have Overlapping Functions in Adventitious Root Formation

We found that roots and shoots of cuttings produce relatively high levels of endogenous BRs
which were increased or decreased concomitantly by biostimulant and auxin. This similar effect of
both compounds demonstrates that their overlapping role in BR biosynthesis. Although auxin was not
quantified in this study, there is no doubt that auxin plays an important role in adventitious rooting
formation in these tested plant species. Auxin and BRs are two important phytohormones and are
known to exert some similar physiological effects exclusively or through their functional interaction,
which include cell division and expansion, vascular differentiation, root growth, and senescence [58].
It was reported that a shared auxin and BR pathway is required for seedling growth, and response from
one pathway requires the function of the other, and this interdependence occurs at gene expression
level [57]. Consistently, auxin-treated cuttings in our study showed increased levels of BRs, indicating
that auxin treatments in cuttings also involve BR biosynthesis. The extent of increased response
levels and more remarkable effects on rooting responses induced by auxin indicate that auxin triggers
cellular and molecular responses of adventitious rooting synergistically and interdependently from
BRs. While such synergistic and interdependent interactions of auxin and BRs have been demonstrated
in other plant systems and was well reviewed by Tian et al. [59], this is the first time demonstrating
the interactions between biostimulant-induced BRs and auxin in adventitious rooting responses of
cuttings. The interaction also includes the lateral root formation of an adventitious root system. BRs are
required for lateral root development in Arabidopsis and act synergistically with auxin to promote
lateral root formation by increasing acropetal auxin transport [58,60]. BRs mainly function at the lateral
root primordia initiation while auxin is required for both initiation and emergence stages of lateral
root formation [43,58].

Based on this view, various responses of plant species to biostimulant and auxin can be explained
by endogenous BR pools of plant species. The application of biostimulant and auxin had negative
effects on BR levels in basil and tomato, highly responsive plant species containing a higher level of
native BRs, but had positive effects on BR levels in chrysanthemum, less responsive plant species
containing lower BR levels (Table 4). We also demonstrated that a high level of auxin has an inhibitory
effect on antioxidant capacities and phenolic compounds in chrysanthemum cuttings (Figure 2).
A similar inhibitory effect of increased auxin levels on BR-induced growth responses was observed in
auxin-overproducing yucca mutants [57]. Thus, it is likely that different plant species have a different
level of BR-pool which restricts plant growth response to these compounds, and that increased auxin
levels saturate the BR-pool, significantly reducing BR-effects on regulatory changes.

The induction phase in cuttings or detached organs, such as leaves, is generally marked by the
immediate consequences of the wounding response caused by severance. It encompasses the first
hours after cutting removal, with a local increase in jasmonate, phenolic compounds and auxin at the
cutting base [32]. Phenolic compounds exert antioxidant properties against oxidative stress [61], and
were demonstrated to promote adventitious roots of stem slices from apple microshoots by protecting
IAA from decarboxylation and the tissue from oxidative stress caused by wounding [62], contributing
to the auxin stability for adventitious root induction [62]. The high positive correlation (p < 0.001)
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between antioxidant capacities and total phenolic content indicates that phenolic compounds are a
major contributor to the antioxidant activities of these plants. Phenolic compounds act as antioxidants
protecting auxins from decarboxylation and the tissue from oxidative stress, allowing more auxin is
available to induce roots [62].

In addition to BR-related proteins, other plant hormone related proteins were identified when
maize seedlings were exposed to protein hydrolysate [37]. Metabolomics studies of greenhouse melons
treated with biopolymer-based biostimulant as substrate drench demonstrated that BRs interact with
other hormones in the leaves, possibly via translocation from roots, as the compounds related to other
hormones were observed in the leaves [36], and this translocation may explain the lower level of BRs
in shoot of cuttings observed in our study. These findings suggest that there are cross-talks among
hormones during the adventitious rooting process. BRs positively regulate lateral root formation
whereas cytokinin and abscisic acid negatively regulate the event, and ethylene has positive and
negative roles during lateral root formation [60]. On the contrary, the root growth-stimulating effect of
BRs was proposed to be independent of auxin and gibberellin action, in which processes genes related
to other phytohormones did not show changes, suggesting that the stimulatory effect of BRs on root
growth is an autonomous effect rather than cross-talks with other phytohormones [63].

Relatively little is known about the effects of BRs on growth and development of adventitious
roots. There are only a few reports showing that BRs mainly inhibit adventitious root development
in cuttings of tomato and mung bean at low concentrations (0.1 uM), but the effects mainly occur on
the shoot [64,65]. BRs have shown to be involved in jasmonate signaling and exert a mild negative
regulation of jasmonate-induced inhibition of root growth [66]. Increase in adventitious root formation
in geranium stem cuttings were observed in the treatment with BRs which also improved shoot growth
of coleus cuttings [67,68].

Our results provide evidence that adventitious rooting responses of cuttings treated with
biostimulant involve BR biosynthesis and their overlapping function with auxin, leading to the
morphological and metabolic changes occurring during adventitious root formation. Due to the
short-term investigations on adventitious rooting processes, we did not find subsequent effects of
morphological changes occurring in roots and shoots. Yet, it is expected that such developmental
changes improve crop performance and resource acquisition under suboptimal water and nutrient
environment and confer significant advantages on long-term plant growth and survival, particularly
under abiotic stresses.

5. Conclusions

To elucidate the hormonal effects of plant-derived-biostimulant, adventitious rooting responses of
cuttings were examined after a basal quick-dip treatment with various concentrations of biostimulant
in comparison to auxin. This approach allows detailed investigations on the hormonal function of
biostimulant as auxin is known to play a key role in adventitious rooting process and eliminates
potential nutrient effects of the compound. Biostimulant exerted similar effects as auxin increasing
adventitious rooting responses. Dose-response analyses revealed that biostimulant showed a gradual
logarithmic rise as a function of increasing dosages, contrary to a typical biphasic dose response of
auxin, and required a significantly higher threshold than auxin. Metabolic profiles showed that BRs
were highly present in non-treated cuttings of basil, tomato, and chrysanthemum in decreasing order,
and both biostimulant and auxin had fewer effects in basil and tomato, high BR producers, and greater
effects in chrysanthemum, less BR producer, indicating that native BR-pools of plant species influence
adventitious rooting responses to biostimulant, as well as auxin. Biostimulant promoted antioxidant
activities and phenolic compounds in cuttings, particularly in chrysanthemum, while auxin inhibited
these metabolic responses. The inhibitory effect of auxin is likely due to the saturation of BR-pool,
significantly reducing BR-effects. These provide evidence that biostimulant has overlapping functions
with auxin in adventitious root formation, while exerting distinctive and independent contributions.
We demonstrate for the first time that biostimulant induces adventitious rooting responses of cutting
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via BR-mediated processes while interacting with auxin and that there are interdependent effects of
BRs and auxin on antioxidant activities of cuttings. Our results provide new insight into the hormonal
regulation of biostimulant and a fine-tuning role of BRs in adventitious root formation.
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Abstract: Currently, modern agriculture aims to improve the quantity and quality of crop yield,
while minimizing the negative impact of treatments on the natural environment. One of the methods
to increase plant yield and quality, especially after the occurrence of both abiotic or biotic stress
factors, is the application of biostimulants. The aim of the study was to determine the effect of Ecklonia
maxima extract on plant growth, and the yield, nutritional, and nutraceutical properties of soybean
seeds. A field experiment was conducted in three growing seasons (2014-2016). Soybean seeds of
Atlanta cultivar were sown in the third 10-day period of April. Ecklonia maxima extract was applied
in the form of single or double, spraying in the concentrations of 0.7% and 1.0%. Determinations
were conducted for: biometric traits, seed yield, seed number, thousand seeds weight, contents of
lipids, and proteins in seeds. Further analyses included the contents of total polyphenols, flavonoids,
anthocyanins, and reducing power. The number of seaweed extract applications and its concentration
modified biometric traits, yield, and quality of crop, while also also altering the nutraceutical and
antioxidative potential of soybean. The application of this preparation improved the growth and
yield of soybean without any negative effect on the nutritive value of seeds.

Keywords: antioxidant activity; growth; nutrients; nutraceutical potential; soybean; yield

1. Introduction

Soya (Glycine max (L.) Merrill.) is one of the most important leguminous plants that are cultivated
around the world because it is a precious source of both protein and fat [1,2]. Its use for production
of food, oil, and fodder means that the demand for this plant is continuously growing [3]. Due to
its broad use, it is called a “wonderful crop” [4]. However, this plant is sensitive to unfavourable
climatic conditions [5]. Thus, to ensure its effective protection against biotic and abiotic factors, it is
recommended to use it in the cultivation of biostimulants, which may improve the biochemical,
morphological, and physiological processes that take place in a plant [6-8].

Biostimulants as plant-growth promoters were defined for the first time in the world literature
by Kaufman [9]. In turn, Du Jardin [10] claims that “a plant biostimulant is any substance or
microorganism, in the form in which it is supplied to the user, applied to plants, seeds or the root
environment with the intention to stimulate natural processes of plants to benefit their nutrient use
efficiency and/or their tolerance to abiotic stress, regardless of its nutrients content, or any combination
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of such substances and/or microorganisms intended for this use”. The European Biostimulants
Industry Council (EBIC) was established in order to develop legal regulations regarding the registration
of biostimulants, according to the specificity of their action. However, currently, the registration of
these preparations is still based on legal regulations that are set for fertilizers and plant protection
products [11-13]. According to Colla et al. [14,15] and Battacharyya et al. [16], among the entire group of
those preparations, extracts from seaweed and protein hydrolysates constitute the two most-important
categories of substances of natural biostimulants. According to Aguilar, brown algae are the most often
used in agriculture [17]. The most popular are, among others, Ecklonia maxima (Osbeck) Papenfuss
and Ascophyllum nodosum (L.) Le Jolis. Brown-algae extracts include various phytohormones, such as
auxins, gibberellins, cytokininis, abscisic acid, ethylene, betaine, and polyamins, and other growth
promoters as well as trace elements and microelements [18]. Seaweeds also include a varied range of
organic compounds, among others, aminoacids, such as asparaginic acid, glutamine acid, and alanine.
While, alginic acid, laminarin, and mannitol constitute almost half of the total content of carbohydrates
in such biostimulating preparations. Seaweeds also contain a wide range of vitamins that can be used
by plants, such as C, B2, B12, D3, E, K, niacin, panthotenic acid, and folic acid. Although, vitamin A
does not occur in algae extracts, the presence of its precursor—carotene and another possible precursor,
fucoxnathin—was determined [18-20].

According to Ecoforce [21] and Van Oosten et al. [22], seaweed extracts that are used as
biostimulants increase the yield and its quality in two ways: a. they stimulate hormone synthesis,
influence absorption, and translocation of nutrients; b. they condition the soil, improving its ability to
retain moisture and stimulate the activity of favourable microorganisms. Medjdoub estimates that
the use of biostimulants, which include extracts from seaweeds, has greater meaning in agriculture.
That is because plant growth and development is controlled by plant hormones, which directly or
indirectly control the course of various physiological reactions and their integration with the total
metabolism [23]. Many studies on seaweed extract indicate that they may increase: a. plant growth,
b. activity of photosynthesis, c. resistance to fungi, bacteria and viruses, d. tolerance to ground frost,
drought, and salt content, and e. yield and productivity of many cultivations [24-26], mainly by
activation of protective mechanisms of plants [27]. Foliar application of biostimulants that are based
on seaweeds is an agrotechnical treatment that brought many advantages in numerous cultivations,
including grapevine, watermelon, strawberry, apple, tomato, spinach, onion, bean, pepper, carrot,
potato, wheat, corn, barley, rice, and turf grass. The results show that plants treated with lower
concentrations of extract indicated a stronger growth, higher yield, and higher mineral and nutritive
elements content relative to the control [28-33]. Positive reactions also included an improved flowering
and fructification ability, product quality and efficiency, and resistance to abiotic stress [31,34,35].
Studies that were performed on a wide group of crops proved that the application of sea-algae-based
biostimulants stimulates the primary and secondary metabolisms in plants through the absorption
and assimilation of nutrients [36—44]. Growth of productivity of crops induced by the use of such
biostimulants in optimal and suboptimal conditions may be related to several direct and indirect
mechanisms, including the stimulation of enzymatic activities that are related to carbon, nitrogen
metabolism, Krebs cycle, and glycolysis. Such use may also induce activity similar to hormones,
especially the one that is assigned to auxins and gibberellins, and improve the nutrition of treated
plants by the modulation of the root system [14-16,45].

However, other results indicate that the application of such biostimulants, despite its numerous
advantages, like faster germination and earlier growth [46,47], may inhibit the growth and development
of many plants. This calls for greater care in the use of seaweeds extracts [48]. Therefore, the inhibition
of plant growth after application of biostimulants is a potential problem in plant production.
The concentration of these products is an important factor in this regard [49]. This issue may be caused
directly by elements that are included in the extract [50], or it might be a consequence of modifications
in the regular physiological growth of the plant [51,52]. Improvement of commercial-product formulas,
and knowing the mechanisms of active substances in plants and their persistence, should mitigate such
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negative effects. The exact effect of various elements (e.g., nutrients, betaines, oligomers, polymers)
from seaweeds on improving plant growth, vigour, and fractioning of extracts is not fully known.
Therefore, a detailed analysis of composition and the fractioning of elements on plant physiology,
together with a better ability to monitor the impact of such extracts on those variables and on the
expression of genes, would shed light on some of the performance mechanisms [53,54].

Among biostimulants that include seaweeds, Kelpak is particularly interesting. It is extracted
from the species Ecklonia maxima Osbeck and then harvested along the shores of Africa. Kelpak contains
phytohormones, such as auxins (11 mg dm~3) and cytokinins (0.031 mg dm~3), and also alginates
(1.5 g L™1), amino acids (total 441.3 mg 100 g~!), mannitol (2261 mg L~!), neutral sugars (1.08 g L),
and small amounts of macro- (mean composition: N 0.09%, P 90.7 mg kgfl, K7163.3 mg kgfl,
Ca 190.4 mg kg~ !, Mg 337.2 mg kg !, Na 1623.7 mg kg~!) and microelements (mean composition:
Mn 17.3 mg kg~!, Fe 40.7 mg kg~!, Cu 13.5 mg kg~!, Zn 17.0 mg kg, B 33.0 mg kg™!) [55,56].
Moreira Sisalema [57] indicates that Kelpak, due to the unique extraction process, contains a very-high
auxins-to-cytokinins ratio. The dominance of auxins stimulates the dynamic growth of plant roots,
which increases the absorption of indispensable nutrients and minerals, and consequently, of plant
production. Activity of this biostimulant may also increase plant resistance to drought and enable
faster plant regeneration after water stress. Cals [58] shows that Kelpak should be used in leguminous
plants before flowering in the dose of 2.0 L ha™!, in relation to the condition of plant nutrition.
The concentration of these preparations in foliar applications is usually from 0.2% to 1% and it rarely
exceeds these concentrations. Depending on the specific cultivation, cultivar, and climatic conditions,
farmers are usually recommended to use these biostimulants in the form of two-week spraying in the
stage of intense plant growth [28,59,60].

Because of the varied reactions of many plants to the application of biostimulants from seaweeds,
and due to small number of studies on their influence in soya cultivation, a three-year log field
study was carried out. Its main aim was to assess the impact of the application of Ecklonia maxima
extract (Kelpak) on plant growth, yield size, and the quality and nutraceutical potential of genetically
non-modified seeds of Atlanta cultivar. The initial hypothesis was that the introduction of agrotechnical
treatment to soya cultivation in the form of plant spraying with Kelpak preparation would modify
the plant growth, yield, and chemical composition of soya seeds. To test this hypothesis, the yield
and structural elements of soya cropping were assessed, as well as the protein, fat, and anti-oxidant
potential of seeds in relation with the applied doses and concentrations of the tested preparation.
In order to know the morphological and biochemical plant reaction on seaweed extract performance,
the responses of treated and untreated control plants in the same environmental conditions were
compared. It was expected that the observation of plant reaction would considerably increase
knowledge regarding the manner of seaweed extract performance, particularly in leguminous plants
cultivation, which are sensitive to biotic and abiotic stresses. The present work is a concrete step
towards broadening the understanding of the advantages of the application in agricultural practice of
Ecklonia maxima seaweed extracts for the improvement of the size and quality of crops.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The field experiment was carried out in 2014-2016 in Perespa (50°66" N; 23°63" E, Poland).
It was established in a randomized block design in four replications on experimental plots with an
area of 10 m?. Soybean was cultivated on the soil belonging to the Gleyic Phaeozems, which was
characterized by alkaline pH (pH in 1M KCl: 7.4-7.5). The soil content in the assimilable nutrients
was at the medium level, as follows: P (12.6-14.2 mg P,Os in 100 g soil), K (15.3-17.1 mg K,O in
100 g soil), and Mg (6.2-6.8 mg Mg in 100 g soil). Each year, winter wheat was used as a forecrop.
Soybean seeds (Glycine max (L.) Merr.) of Atlanta cultivar (Agroyoumis, Poland) were sown on
the 25 of April in 2014 and 2015, and 23 of April in 2016 in rows every 30 cm at a raw spacing of
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3.5 cm. The weeds were mechanically and manually removed. No pesticides were used (pests did
not exceed the thresholds of harmfulness). In the growing season, the plants were sprayed with
biostimulant (water solutions) that was based on the Ecklonia maxima extract (Kelpak). Kelpak contains
phytohormones (mostly auxins 11 mg kg, cytokinins 0.03 mg kg !, and auxin: cytokinin ratio 367:1),
carbohydrates (16.9 g kg™!), amino acids (2.5 g kg™ !), vitamin B1 (0.9 mg kg~!), B2 (0.1 mg kg™1),
C (20 mg kg~1), and E (0.7 mg kg~ !). The elemental profile of the biostimulant is: N 3.6 g kg1, P 8.2
gkg !, K72gkg™!,Ca08gkg ™!, Mg02gkg !, Fe13.6 mgkg™!, Mn 84 mgkg!,B0.24 mg kg~ !,
Zn 4.2 mg kgfl, and Cu 0.2 mg kg’1 [14,61]. The scheme of doses, developmental stages of plants,
and terms of spraying are presented in Table 1.

Table 1. Plant developmental stages and dates of biostimulants application.

K] g Date of Sprayin
] ate o
.L; Number of Sprays and Plant '% Ve\l,ulir.le of praymns
g Developmental Stages in E S lr mng /
H Which the Biostimulants were 54 ° utl.on 2014 2015 2016
=] . c Working
= Applied g
) o Pressure
Single sPra}(’I‘f‘Sgs)BBCH 1315 70, June21 June20 June7
Double spraying BBCH 13-15, 0.79% June 21, June20, June?,
Kelpak SL BBCH 61 (LDS) S 300lhatl/ July5  July3  June23
Single sprazf:lggS?BCH 13-15 1.0% 0.30 MPa June2l June20 June7
Double spraying BBCH 13-15, 1.0% June 21, June20, June?,
BBCH 61 (HDS) o July 5 July3  June23

Plants sprayed with water served as the control. The biostimulant (or water) was sprayed with a
GARLAND FUM 12B battery field sprayer (Lechler LU 120-03) at a pressure of 0.30 MPa, using 300 1
liquid per hectare. The average temperature and rainfalls in the soybean growing season are shown in
Table 2.

Table 2. Temperature (T) and rainfalls during the soybean growing season 2014-2016.

Year Average from 2002
2014 2015 2016 to 2013
Month ° ° °
TCO Rainfall TCO Rainfall TCO Rainfall ° Rainfall
Average Average Average T(°C)
. (mm) . (mm) . (mm) (mm)
(min/max) (min/max) (min/max)

9.4 8.2 9.2

v —eo/mn ¥ (im0l (C12)me B4 85 412
13.7 12.7 13.8

v (0.5/277) 208.3 (1.5/24.9) 108.6 (2.6/267) 61.3 12.7 63.4
l6.1 17.4 18.1

VI (67/589) 67.1 (6:6/905) 14.1 (42/315) 97.1 17.7 68.6
20.3 19.6 19.5

VII (10.0/31.0) 104.2 (8.4/33.4) 59.2 8.8/312) 107.6 18.9 79.1
18.2 21.6 18.2

VIIL (6.3/34.0) 1154 (5.6/35.5) 23.4 7.1/30.7) 95.3 194 71.8
13.7 15.1 152

X (37/%58) 894 yoms 76 qepsn 412 141 692

Average/Total 15.1 620.9 15.8 373.0 17.1 470.9 15.2 393.3

2.2. Plant Growth, Yield, and Nutritional Value Determination

After the pods have matured, when the seeds have obtained a typical color and hardness (BBCH
89), the plant height, the internode number on the main shoot, and the first pod height were recorded.
In addition, after harvesting, the number of pods per plant, the number of seeds per 1 m?, the weight
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of seeds, and the weight of thousand seeds were determined. Subsequently, the seeds were dried and
then grinded. The flour was used for further analysis.

Protein content was determined with the Kjeldahl method, whereas the content of lipids was
based on the acid hydrolysis method [62].

2.3. Nutraceutical Potential

Seed extract was prepared following the methodology that was proposed by Swieca et al. [63].
The ground soybean seeds were extracted with a mixture of acetone, water, and hydrochloric acid
(70:29:1; v/v/v). Afterwards, the samples were centrifuged for 10 min (6800 x g) and the resulting
supernatant was collected and then used for further analyses.

2.3.1. Phenolics Determination

Determination of Total Phenolic Compounds (TPC)

The content of total phenolic compounds (TPC) was determined with the method of Singleton
and Rossi using the Folin-Ciocalteau reagent [64]. Absorbance of the samples was measured with a
UV-vis spectrophotometer at a wavelength of 725 nm, then TPC was computed and expressed as gallic
acid equivalents (GAE) in mg per g of dry matter (DM).

Determination of Flavonoid Content (TFC)

The total content of flavonoids was determined acc. to the method that was presented by Lamaison
and Carnet [65]. The prepared soybean extract was mixed with a methanolic solution of AICl3 x 6H,0.
After incubation, the absorbance was measured with a UV-vis spectrophotometer at the wavelength of
430 nm. The total flavonoid content was expressed as quercetin equivalents (QE) in mg per g DM.

Determination of Anthocyanins (TAC)

Using the method that was proposed by Fuleki and Francis using potassium chloride and
sodium acetate buffer at two pH values (1.0 and 4.5), the content of anthocyanins was assayed [66].
After 15 min, absorbance of each sample was measured at wavelengths of 520 nm and 700 nm.
Subsequently, anthocyanin content was calculated as cynidin-3-glucoside equivalents (Cy3-GE) in mg
per g DM.

2.3.2. Reducing Power

Reducing power was measured following the method that was provided by Pulido et al. [67].
The soybean extract was mixed with a phosphate buffer (200 mM, pH 6.6) and 1% solution of
K;3[Fe(CNp)]. Next, the samples were incubated at 50 °C for 20 min. The reaction was stopped with
trichloroacetic acid and the samples were centrifuged (6800 x g, 10 min). The resulting supernatant
was mixed with distilled water and FeClz. Afterwards, absorbance was measured at the wavelength of
700 nm. Reducing power was expressed as Trolox equivalents in mg per g DM.

2.4. The Index of Biostimulant Effect

The index of biostimulant effect (ABT-C) was determined as the difference between the mean
result that was obtained after biostimulant application (ABT) and the control (C), which enabled
the evaluation of the effect of biostimulant type on the analyzed traits. The mean value for each
treatment has been obtained clustering the means of lower concentration single spraying (LSS),
lower concentration double spraying (LDS), single application of the higher concentration (HSS),
and higher concentration double spraying (HDS) from different years all together. The standard
deviation value (SD) was determined for all reported mean values of ABT-C [5].
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2.5. Statistical Analysis

The obtained results were statistically elaborated with Statistica 13 software (StatSoft, Inc.).
The materials were collected over three seasons (2014-2016). Laboratory analyses were performed in
triplicate. Normality of data distribution was assessed with the Shapiro-Wilk test. The significance of
differences between the evaluated mean values was estimated with the Tukey test at a significance
level of p < 0.05.

3. Results
3.1. Effect of Biostimulants on Biometric Traits

3.1.1. Plant Height

The single application of the higher concentration (HSS) of Kelpak biostimulant ensured better
effects in increasing soybean plant height (increased by 35% as compared to the control) (Table 3).
The highest plants were obtained in the growing season 2016 after their single spraying with the
higher concentration of Kelpak. In contrast, the smallest plants were produced in the 2015 season and
their height differed significantly from the values noted in seasons 2014 and 2016. The biostimulant
increased the height of plants, which was indicated by a value of the Kelpak effect index (ABT-C) of
28.2 cm for this trait (Table 4).

Table 3. Effect of Ecklonia maxima extract (Kelpak) treatment on biometric traits of soybean (average
from 2014-2016).

Parameters Ecklonia maxima Season Average from
Treatment 2014 2015 2016 2014 to 2016
C 85.4 81.92 88.12 85.12
LSS 1149 1077 1126° 111.7°
b b b b
Plant height (cm) LDS 117.5 108.0 117.0 114.1
HSS 118.8P 106.4° 120.0° 115.0°
HDS 114.9P 108.0° 114.4° 112.4°
AS 110.3P 102.42 110.3P
C 11.2 10.12 9.6 10.3
LSS 10.42 8.6° 10.22 9.7
Number of LDS 9.92 9.3 9.0° 9.4
internodes in the HSS 10.0° 9.8 103 10.0°
main shoot HDS 9.9 8.8 1.1 9.92
AS 10.3° 9.3 10.02b
C 12,59 11.12 11.72 11.72
. . LSS 13.02 14.22 12.22 13.23b
Location height LDS 13.8% 14.0° 1330 1370
of the first pod b
(cm) HSS 12.0° 12.5 12.22 12,29
HDS 13.0° 12.72 13.3 13.0%b
AS 12.8° 12.92 12.52
C 15.22 14.72 16.3 15.42
LSS 20.9P 22.5¢d 21.0P 21.5b¢
Number of pods LDS 22.4b 23.44 21.5P 22.4¢
(per plant) HSS 19.9° 21.4bc 21.1b 20.8P
HDS 20.40 20.3b 20.80 20.5P
AS 19.82 20.42 20.12

Abbreviations: C, control; LSS, lower concentration single spraying; LDS, lower concentration double spraying;
HSS higher concentration single spraying; HDS, higher concentration double spraying. Means in the columns,
concerning the selected traits, followed by different small letters are significantly different at p < 0.05.
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Table 4. The index of biostimulant effect (ABT-C).

Parameters Kelpak
Plant height (cm) 28.2
Number of nodes in the main shoot -0.5
Location height of the first pod (cm) 1.3
Number of pods (per plant) 59
Number of seeds (per m~2) 622
Seed yield (t ha=1) 0.824
1000 seed weight (g 1000~ ") —10.7
Total protein (% DM) 0.35
Total fat (% DM) —1.56
Total phenols (mg g~! DM) 2.53
Total flavonoids (mg g~! DM) 1.23
Anthocyanins (mg g~! DM) 0.01
Reducing power (mg TE g~! DM) 0.15

3.1.2. Number of Internodes in the Main Shoot

Internode number decreased regardless of the Kelpak concentration and the number of its
applications, although the differences were insignificant (Table 3). The highest number of internodes
on the main shoot was obtained in the first and third season. The highest number of internodes on
the main shoot was obtained in the first season and it differed significantly from the number that was
determined in 2015. The value of the ABT-C index computed for Kelpak was negative (Table 4).

3.1.3. Location Height of the First Pod

Biostimulant treatment increased the height of the first pod as compared to the control. Significant
differences were observed between the double application of the lower concentration of Kelpak and
the control (increased by 17%) (Table 3). The tallest heights of the first pods were observed in the 2015
season, however they did not significantly differ from the values that were reported in the two other
seasons. Values of the ABT-C index demonstrate that the height of the first pod was larger with the
application of Kelpak preparation (Table 4).

3.1.4. Number of Pods per Plant

Double foliar application of the lower concentration of Kelpak permitted achieving the highest
number of pods per plant (increased by 45% as compared to the control) (Table 3). The study
demonstrated that the mean number of pods determined in particular growing seasons was at a
similar level and did not significantly differ among seasons. In turn, biostimulant increased the pod
number per plant because the value of Kelpak effect index was 5.9 pods/plant after spraying with this
preparation (Table 4).

3.2. Effect of Biostimulants on Soybean Yield

3.2.1. Number of Seeds

Double spraying soybean plants with the higher concentrations (HDS) of Kelpak had the largest
effect on the increase in seed number per m2 (increased by 43% as compared to the control) (Table 5).
The analysis of growing seasons demonstrated the largest value of this trait in 2016 and the smallest
one in 2015 (lower by 5% than that noted in 2016). The application of seaweed extract increased this
number, which was indicated by values of the ABT-C index that were calculated for this trait (Table 4).
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Table 5. Effect of Ecklonia maxima extract (Kelpak) treatment on yield and nutritional properties of
soybean (average from 2014-2016).

Parameters Ecklonia maxima Season Average from
Treatment 2014 2015 2016 2014 to 2016

C 17932 15812 19072 17607
LSS 2255P 2210 23370 2267>
Number of LDS 2340b 2376b¢ 2406b¢ 2374P
seeds (per m?) HSS 2344b 2350 2401b¢ 2365P
HDS 2466¢ 2528¢ 2576¢ 2524¢

AS 22402 22092 2326P
C 3.2672 2.6642 3.2622 3.0642
LSS 3.677° 3.636° 3.767° 3.693P
Seed yield LDS 3.805°  3.876>  3.852b¢ 3.8440
(tha) HSS 3.758P 3.874>  3.907b¢ 3.846°
HDS 4.137¢ 4171¢ 4.198¢ 4.169¢

AS 3.729° 3.6442 3.797°
C 182.2P 168.52 171.0° 173.9°
LSS 163.1 164.6° 161.22 162.9
1000 seed LDS 162.6 163.2 160.12 161.92
weight (g) HSS 160.3? 164.9% 162.72 162.32
HDS 167.8 165.0° 163.1° 165.3

AS 167.2P 165.22P 163.6
C 36.82 46.54 35.92 39.72
LSS 37.7b 45.7¢ 38.64 40.72
Total protein LDS 37.7° 47.4° 36.3° 40.5°
(% DM) HSS 38.0° 42.7° 38.94 39.92
HDS 39.1¢ 4092 38.1¢ 39.42

AS 37.9° 44.6° 37.6
C 17.54 15.04 16.6° 16.4°
LSS 14.5° 15.5¢ 14.52 14.8°
Total fat LDS 15.4b 12.82 15.1° 14.42
(% DM) HSS 15.5P 13.8¢ 15.1° 14.82
HDS 15.7¢ 13.30 16.4¢ 15.22b

AS 15.7¢ 14.12 15.5P

Abbreviations: C, control; LSS, lower concentration single spraying; LDS, lower concentration double spraying;
HSS higher concentration single spraying; HDS, higher concentration double spraying. Means in the columns,
concerning the selected traits, followed by different small letters are significantly different at p < 0.05.

3.2.2. Seed Yield

The most positive response of plants to the use of biostimulant was observed after double spraying
with the higher concentration of Kelpak preparation, as indicated by their seed yield increase by 36%
when compared to the control (Table 5). The highest mean seed yield for Atlanta cv. was obtained in
2016. In contrast, the seed yield of 2015 season turned out to be the lowest among the studied seasons
(lower by 4% than that noted in 2016). Foliar application of Kelpak increased the seed yield of soybean
of Atlanta cv., which was indicated by positive values of the ABT-C index that were calculated for this
trait (Table 4).

3.2.3. Thousand Seed Weight

Foliar application of Kelpak decreased 1000 seed weight. Its lowest value was determined after
double application of Kelpak in the lower concentration (decrease by 7% as compared to the control)
(Table 5). The least decrease of 1000 seed weight was achieved after double plant spraying with the
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higher concentration of Kelpak biostimulant. The highest mean 1000 seed weight was reported in the
2014 growing season. The values of the biostimulant effect index calculated for this trait were negative,
which points to the negative impact of Kelpak preparation on 1000 seed weight (Table 4).

3.3. Effect of Biostimulant on the Nutritional Properties

3.3.1. Total Protein in Soybean Seeds

Depending on concentration and number of applications, Kelpak increased or decreased the
protein content in a dry matter of seeds. However, the statistical analysis demonstrated that differences
in the effects of biostimulant on this trait were insignificant. Increased protein content was determined
in seeds of plants single-sprayed with the lower concentrations of Kelpak (Table 5). Concerning
growing seasons, the highest protein content of seeds was noted in 2015. Values of the ABT-C index
that were calculated for this trait were positive for this preparations (Table 4).

3.3.2. Total Fat in Soybean Seeds

Regardless of the number of sprayings and concentration of biostimulant, its use decreased the
fat content in dry matter of soybean seeds, with the greatest decrease (by 14% as compared to the
control) being noted after double spraying the plants with the lower concentration of Kelpak (Table 5).
In contrast, the smallest decrease in fat content of the seeds as compared to the control was determined
after double spraying with the higher concentrations of Kelpak. The highest fat content of soybean
seeds was noted in season 2014 and the lowest in 2015. The values of the ABT-C index that were
calculated for this preparation were negative (Table 4), which is indicative of its negative effect on fat
content in of Atlanta cv. soybean seeds.

3.4. Effect of Biostimulants on the Antioxidant Potential in Soybean Seeds

3.4.1. Total Phenolic Content

The use of Kelpak in soybean cultivation caused changes in contents of total polyphenols (TPC)
in seeds (Table 6), which varied depending on both the number of applications and the concentration
of this preparation. The use of the biostimulant based on Ecklonia maxima extract caused an increase
in phenolics compounds content in soybean seeds. However, significant differences were only
demonstrated in plants that were single-sprayed with 1% Kelpak (HSS). The TPC content that was
determined for this combination was over twofold higher, when compared to the control combination.
This nutraceutical property of soybean was influenced by meteorological conditions that occurred in a
given growing season. The highest significant differences were observed in 2014 and 2016. A positive
value of the difference between contents of phenolics in combinations that were treated with Kelpak
biostimulant and the control samples (ABT-C) was calculated for soybean seeds (Table 4).

3.4.2. Total Anthocyanins Content

The presence of anthocyanins was detected in seven out of the 15 analyzed combinations of
Kelpak biostimulant use in soybean cultivation. These compounds were not detected in the control
samples in any of the growing seasons studied.

The use of Kelpak affected the content of anthocyanins in soybean seeds. However, their presence
was only detected in 17% of the analyzed combinations. The number of applications and concentration
of the biostimulant were the factors that determined anthocyanins content. The highest value of which
was noted after plants spraying with the higher concentration of Kelpak. In this case, significant
differences were also observed as influenced by conditions that occurred during the plant growth stage
(Table 6). The values of biostimulant effect ABT-C index calculated for this trait were positive (Table 4).
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Table 6. Effect of Ecklonia maxima extract (Kelpak) treatment on the antioxidant potential in soybean
seeds (average from 2014-2016).

Parameters ECk,ll? A maxtima Season AA
reatment 2014 2015 2016
C 5.772 4502 5.77> 5.352
LSS 7.36P 5.85¢ 7.74¢ 6.982
Total p}}enols LDS 8.56° 4.70P 8.404 7.222
(mg g~ DM) HSS 15.024 5.05¢ 15.20¢ 11.76°
HDS 5.782 5.264 5.542 5.532
AS 8.50P 5.072 8.53b
C 1.992 1.442 1.99 1.812
LSS 1.872 1.92¢ 1.922 1.902
Total flavonoids LDS 2.64P 1.84P 2.59b 2.36°
(mg g~ ! DM) HSS 5.10d 2.93¢ 5.154 4.39b
HDS 4.18¢ 2.084 421¢ 3.49P
AS 3.16P 2.042 3.17°
C 0.00° 0.00° 0.00° 0.000%
LSS 0.00° 0.00° 0.00? 0.000%
Anthocyanins LDS 0.00° 0.02> 0.00° 0.0072
(mg g~! DM) HSS 0.002 0.04¢ 0002  0.013%
HDS 0.04P 0.002 0.05° 0.030°
AS 0.0082 0.012°>  0.010°°
C 0.15 0.10 0.152 0.132
LSS 0.30b¢ 0.22 0.33¢ 0.28°
Reducing power LDS 0.212° 0.14 0.28° 0.212b
(mg TEg~! DM) HSS 0.454 0.08 0.42¢ 0310
HDS 0.38 0.16 0.374 0.30P
AS 0.30P 0.142 0.31P

Abbreviations: C, control; LSS, lower concentration single spraying; LDS, lower concentration double spraying;
HSS higher concentration single spraying; HDS, higher concentration double spraying. Means in the columns,
concerning the selected traits, followed by different small letters are significantly different at p < 0.05.

3.4.3. Total Flavonoid Content

Flavonoid content analysis showed a significant effect of the application of biostimulant on its
values. The foliar application of Kelpak resulted in the increased content of flavonoids in seeds.
Significantly, the highest content of these compounds was noted after plant spraying with 1% solution
of this preparation, regardless of the number of applications.

The analysis of the effect of biostimulants with different composition revealed that their foliar
application resulted in an increased content of flavonoids when compared to the control samples
(a positive value of the ABT-C difference) (Table 4).

3.4.4. Reducing Power

The evaluation of the effect of applying biostimulants with different compositions on the
antioxidant activity of soybean included the determination of the reducing power, the value of which
was increased by almost all combinations of this biostimulant.

Significant differences in reducing power values were observed upon the application of Kelpak
biostimulant (Table 6). A tendency for an increase of reducing potential was noted after the application
of this preparation in the higher concentration and after single spraying the plants with its 0.7%
solution. In the second study year, the value of reducing power was the lowest when compared to the
other analyzed years (over twofold decrease of RP value). Foliar application of Ecklonia maxima extract
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increased its reducing power values, which was indicated by positive values of the ABT-C index that
were calculated for this trait (Table 4).

4. Discussion

Biostimulants induce the growth and development of plants, from seed germination throughout
the entire ontogenesis. They affect the metabolic processes that occur in the plant by enhanced activity
and synthesis of phytohormones, by stimulating the growth of the root system, and by improving
the uptake, translocation, and retention of nutrients, which determines quantity and quality of crop
yield [6,68].

Our study demonstrates a significant increase in the growth of soybean plants after the foliar
application of biostimulant that is based on Ecklonia maxima extract. An earlier study also showed
the growth stimulation of soybean treated with a biostimulant (Fylloton) containing Ascophyllum
nodosum extract and free amino acids [8]. The marked growth responses in soybean plants are possibly
due to Ecklonia maxima extract (Kelpak) composition, especially the PGRs (Plant Growth Regulator)
that were identified (cytokinins, auxins, polyamines, gibberellins, brassinosteroids) and the mineral
content in this biostimulant [55,69,70]. Additionally, the stimulatory role of Kelpak in the production of
phytohormones has been demonstrated. For example, it increased the content of cytokinins in Eucomis
autumnalis [70].

However, despite the observed favourable effects related to the application of biostimulants,
including seaweeds, the precise mechanism of their activity still remains mostly unknown [26].
It should be emphasised that a full explanation of the principle or principles of their operation
may cause a potential increase in the use of these preparations. According to Crouch and Van
Staden [71] and Craigie [72], a wide scope of reported physiological responses of plants in cultivations
where seaweed extracts were used is related to the fact that those products include numerous active
compounds. Cytokinins, auxins, gibberellins, brassinosteroids, and other activating particles, like,
for example, oligomers and polysaccharides are included [73]. According to Depuydt and Hardtke [74],
cytokinines, together with auxins, function as regulators of various physiological processes, including
those that are related to plant growth and development [75-79]. Thus, each change in the concentration
of endogenic cytokinines influences the regulation of many physiological processes and as a result
impacts the growth of the entire plant [80,81]. Studies by Aremu et al. [70] proved that the total content
of cytokinines increases in plants after the application of the Kelpak preparation. The qualitative
composition of the listed compounds is changed, which is related to their functional and physiological
role, in particular, during plant morphogenesis. According to Strnad [76], isoprenic cytokinines
determine the growth processes that include a continuation of the cell cycle. On the other hand,
aromatic cytokinines model growth processes, such as morphogenesis and ageing. Aremu et al. [70]
even assumed that the quantification of the endogenic content of cytokinins might provide information
regarding possible physiological mechanisms that are related to the application of Kelpak biostimulant.
However, researchers stress that, due to numerous active substances and compounds that are contained
in Kelpak, the observed, favourable impact on the growth and development of plants may not only
be assigned to cytokinins, but instead be the result of possible cross reactions of those compounds
with other biologically active particles that are included in seaweed biostimulants. Therefore, further
research concerning those fields is indispensable in order to obtain a full explanation for the Kelpak
performance [70].

Still, in the literature, the prevailing hypothesis is that the majority of responses of plants that
were cultivated with biostimulants” application, including seaweeds, results from the presence of
compounds from the group of plant hormones, namely cytokinins [18]. The assumption stems from
the fact that these compounds, isolated from seaweed extracts and individually tested in cultivations,
mitigates the stress that is caused by free radicals through direct capturing and the prevention of
reactive oxygen forms (ROS). This is done through the inhibition of xanthine oxidation [18,34,82-84].
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Khan et al. [85] and Panda et al. [18] additionally indicate that extracts from seaweeds, such as Kelpak,
support plant tolerance to stress, influencing the increase of K* capture in plants.

Additionally, in the literature, we may find hypotheses regarding modelling the growth and
development of plants through the application of biostimulants from seaweeds as an effect of the
presence of substances that are similar to gibberellins [86]. Research by Stephenson [19] indicates that
these extracts include at least two compounds that behave like gibberellins (GA3 and GA7). However,
they also show the presence of terpenoids and a-tokopherol, the performance of which may imitate
gibberellins” activity on plants [18,87,88].

Recent theories indicate that the activity of seaweed extracts may be the result of their content of
betains. Panda et al. shows that these compounds have a similar impact on plants as the aforementioned
cytokinins [18]. It was proved that seaweed extracts include, among others, gamma aminobutyric acid
betaine, 6-amino valeric acid betaine, and glyco betaine. Mancuso et al. [89] suggested that, due to the
presence of those active compounds, extracts influence the mitigation of the osmotic and oxidization
stress in plants, which may lead to the damage of DNA lipids, carbohydrates, and proteins, and also
disturb correct cell signalling. Genard et al. [90] and Blunden et al. [91] even assigned an improvement
of plant yield to the presence of betaines in extracts, since that led to the increased concentration of
chlorophyll. According to Naidu et al. [92], betaines constitute a source of nitrogen when they are
provided in low doses, or act as osmolites in higher concentrations. Many studies also show that
betaines play a role in the correct formation of somatic germs from cotyledons tissues and mature
seeds [18,93,94].

The stimulation of plant growth and development may also result from the occurrence of
polyamins in biostimulants based on seaweed extracts, since these compounds may act as plant
growth regulators. However, it should be emphasised that they are not classified as plant hormones.
Several amino groups that usually replace hydrogen in the alkaline chain (putrescine, spermidine,
and spermine) are characteristic of polyamins’ structure. Research by Haman et al. [95] proves that
polyamins determine the stability of various RNA and DNA conformation states. These compounds
are often related to important stages of the cell division cycle. They also ensure the stability of a
membrane to various cell membranes. Thus, due to the fact that polyamins affect a wide scope of
physiological growth processes, their occurrence in biostimulating products that are made of seaweed
may influence plant growth [18].

In our study, the use of biostimulant increased the fat and protein content in soybean seeds.
The stimulating effect of biostimulants on the nutritional composition of various plants is mainly due
to the number of PGR contained in the solutions [89]. In addition, the increased nutritional content in
C. triloba is probably related to the ability of biostimulators to improve the slow release of nutrients
and their uptake by plants [68,96]. A stimulating activity of seaweeds extract is also found in the
presence of abscisic acid (ABA) [97,98]. However, the ABA function remains not fully characterized.
Nevertheless, it is known that this acid induces protein synthesis, which are needed by plants in
dealing with stress factors during water deficiencies [99,100]. Davies [101] shows that, during drought,
this compound in plants caused numerous physiological reactions, including the closing of stoma,
increase of a trend for accumulation of protein in seeds, gene transcription for proteinase inhibitors,
as well as inhibition of sprouts growth or initiation of some states of seeds dormancy.

Unfortunately, the precise mechanisms that are activated by those biostimulants are still
difficult to be identified, despite even greater knowledge on the composition of extracts from
seaweeds. This is also due to the fact that these preparations constitute an abundance of many
biologically active chemical compounds. They also include bioactive secondary metabolites, vitamins,
and vitamin precursors [102,103]. Many authors underline the meaning of their synergetic cooperation,
which stimulates that growth of plants assuming a mechanism that has not been fully known
yet [24,72,104]. One of the main components of seaweed extracts are polysaccharides, including
alginians, fucoidans, and laminarans [85,105]. Fucoidans have various structures due to a varied
degree of methylation, sulphurization, and branching [72]. Alginians are polymers of mannuronic and
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galuronic acid, with a confirmed activity of plant-growth promotion [106]. Finally, laminarins that
are included in extracts are registered compounds that increase plant resistance to fungi and bacteria
pathogens [107].

Improvement of a nutritive value of soya seeds observed in our research, as expressed in protein
and fat content, could also be caused by the fact that seaweeds are rich in phenolic compounds
(complex chloroclucinol, eckol, and dieckol polymers). Phenols belong to secondary metabolites
synthesized in plants under the influence of stress. Their task is to protect cells and the components of
cell nuclei [108,109]. The ability to chelate metal ions [110] is a significant role of these compounds,
besides their antioxidant activity. Research by Raj et al. [60] confirms that phenolic compounds with
dihydroxybenzene or trihydroxybenzene groups show strong chelating activity. Rengasamy et al. [111]
also shows that eckol belonging to phenolic compounds proves to have a strong auxinosimilar activity.
According to the authors, the impact of these polyphenols, included in seaweed extracts, on the
endogenic content of auxins is a key element that is necessary for understanding basic mechanisms of
these preparations. Korasick et al. [112] reached similar conclusions. They conclude that auxins have a
strong impact on many important stages of physiological growth in the life cycle of a plant. Researchers
emphasise that maintaining proper concentration of active auxin in cells is of key significance for
controlling almost all aspects that are related to the plant growth. The concentration of cell auxin is
affected by the speed of anabolism, catabolism, transport, and conjugation [113]. In relation to the type
of concentration, polyphenols may inhibit or stimulate the development of vegetative plants. It mainly
takes place due to their abilities to modulate the metabolism and concentration of active auxin forms
in plants [114-117]. Gaspar et al., [118] proves that the phenolic inhibitors of oxidase IAA, such as
chlorogenic acid, influence the activity of auxins. Some of the mentioned compounds even constitute
alternative substrates for the oxidizing enzyme, which in turn is related to the protection of auxins
before oxygen decomposition. Wilson and Van Staden [119] prove that some of the phenolic acids that
protect auxins before decarboxilation increase the concentration of active forms of auxins, which are
indispensable for the stimulation of growth and development of crop roots. However, according to
Arem et al., attempts to explain mechanisms that are responsible for a positive response of plants to
application of extracts from seaweeds should take into account the possible cross reactions between
phytohormones included therein and the quantitative concentration of auxins, which may justify the
observed morphological differences [120].

In the literature, one may find hypotheses that assume that the increased growth and yield of
plants that are treated with seaweed extracts resulted from a positive impact of those preparations on
the activity of esterase enzymes. This enzyme is considered to be a marker of plant growth processes
due to its role in organogenesis. It also works as an index of somatic embryogenesis [121-124].
According to Aremu et al., a higher activity of esterase in plants that were treated with seaweed
extracts indicated their stimulating impact on the increase of plant biomass production [120].

Plant metabolism may be modelled through the use of biostimulants. According to Nardi et al.,
this group of active preparations affects most of all carbon and nitrogen metabolism, which is associated
with an enhanced activity of enzymes participating in, among others, the process of glycolysis,
Krebs cycle, or nitrogen assimilation [125]. Oboh at al. and Ertani et al. demonstrated that biostimulants
application yielded metabolic pathways that are linked with secondary metabolites, like e.g. phenolic
compounds [126,127]. It should also be emphasized that the synthesis of secondary metabolites
proceeds as an element of chemical defense [128]. Already, in 1959, these compounds were no longer
treated as ballast substances [129]. Today, they are believed to play a significant role in plant protection
against adverse factors [130]. The most common indicator of plants resistance to biotic factors is the
content of phenolic compounds [131], which are precursors of more complex phenolic structures,
like flavonoids or lignins [132].

In our study, the foliar application of Ecklonia maxima extract (Kelpak) caused a significant
increase in polyphenols content. Ertani et al. and Lakhdar et al. showed that the application of
biostimulants in plant cultivation enhanced the synthesis of antioxidative compounds, which are
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indicators of increased plant resistance to biotic and abiotic stress factors [38,133]. The physiological
response of plants to the use of biostimulants results from the presence of active substances in them,
such as phytohormones, amino acids, proteins, phenols, or triacontanol [38,127,134].

A positive impact of compounds that are included in seaweed extracts on the total content of
phenolic compounds in soya seeds has a significant meaning in the attempt to explain the mechanisms
of operation of those biostimulants. The antioxidant potential of plants is inseparable from the
amount and quality of phenolic compounds [135]. In real environmental conditions, the regulation of
phytochemical synthesis includes a range of advanced mechanisms that enable a precise control of
production of specific particles in a suitable place and time, and also in response to outside signals [136].
Such compounds include those in seaweed extracts that may activate specific biochemical pathways
that are responsible for the synthesis of secondary metabolites in plants [136-138]. According to
Cheynier et al., eckol that is contained in biostimulants influences the phenylpropanoid pathway in
the biochemical synthesis of phenolic acids [136]. Researchers assume that this impact is caused by the
regulation of the enzymatic activity of ammonia lyase of pheyloalanin and chalconic sythase. However,
only the approach that is based on the genetic analysis will enable the observation of gene regulation
engaged in those pathways [16,120]. Research results that were carried out by Jannin et al. proved
that cysteine protease, related to the process of synthesis of phenolic compounds, were regulated
downwards, while the expression of genes that are related to photosynthesis, cell metabolism,
response to stress, and nitrogen metabolism were significantly raised in the case of plants treated
with seaweed extracts [139]. Roupahel et al. observed an increased concentration of phenolic
compounds after the application of such biostimulants assigned to their main components, such as
polysaccharides (alginians, fucoidans, and laminarins) [140]. These compounds influence endogenic
hormonal homeostasis [63,64]. Additionally, processes of synthesis and accumulation of secondary
metabolites may be related to the activity of enzymatic groups that are engaged in phytochemical
homeostasis (the so-called direct effect) [127,140]. They also depend on the plant nutrition condition
and potassium and magnesium concentration (direct effect) [41]. Roupahel et al. [140] also search for
the growth of the concentration of bioactive compounds in the activation of key enzymes, such as
chalkone isomerase, which is engaged in the biosynthesis of flavon precursors [141].

According to Azcona et al. [142] and Ertani et al. [127], the high effectiveness of biostimulants
in plant crops is also influenced by the number of treatments at the appropriate stages of plant
development. The first treatment of plant with these preparations resulted most of all in the increased
number and weight of leaves, which is referred to as “short-time effect”. Another dose of biostimulants,
applied at the plant blooming stage, led to the long-term effect, which was manifested by changes
in crop size and quality. In the case of fruits, it results in, among others, an increase in their number
and weight when compared to control samples that were not treated with biostimulants [125,127].
The increased content of polyphenols in the crop may indeed result from the use of biostimulants
at the appropriate growth stages of plants. Experiments that were conducted by Oboh et al. [126]
and by Zhang and Hamauzu [143] confirmed that the first application of these preparations led to
an increased content of phenolic compounds in leaves, and that this increase was smaller after the
second application of biostimulants. According to Ertani et al. [127], changes in the total polyphenolics
content resulting from different numbers of applications of biostimulants are also linked with changes
in contents of individual phenolic acids.

This was since the increasing total content of phenolic acids led to an increased number of their
functional groups, which are sequesters of free radicals [144]. It must be emphasized that the increased
content of polyphenols in plant tissues, as evoked by the action of biostimulants, is a beneficial
phenomenon, not only because of the increased plant resistance to stress factors, but also because
of significant importance to consumers, since such plant products are rich sources of antioxidative
compounds being valuable to the human body [145,146]. Phenolic acids, such as caffeic, gallic,
and ferulic, are claimed to exhibit anticarcinogenic and antimicrobial activities [147,148].
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To sum up, biostimulants that contain seaweed extracts enable many opportunities to improve
plant growth. Their use in agriculture is considered to be favourable for cropping. However,
the operation mechanism of such products is not completely described [149]. That is because
the impact of the application of growth regulators on plants is not only a consequence of their
direct ability to control metabolic pathways, since their activity may be multidirectional. Limited
knowledge on the mechanisms of the preparations” activity are still mainly based on assumptions and
hypotheses highlights the need of further research within this scope [5]. So far it has been proved
that seaweed extracts influence the plant physiology through changes in their general profile of
transcriptome, and also in metabolism [139,150]. Research by Fan et al., concerning the analysis of gene
expression, expanded the understanding of the possible mechanisms that regulate the activity of these
preparations [141]. Researchers indicate that, after the application of extracts from seaweed, increases
in the amount of transcripts of regulatory enzymes that are related to the nitrogen metabolism (cytolase
glutamine synthesis), antioxidant ability (glutathione reductase), and glycine betaine synthesis (betaine
aldehyde dehydrogenesis and choline monooxigenesis) were observed [16,18,22,72].

Although biostimulants are extensively used in agricultural practice, presently the most
significant research on those preparations requires a better understanding of the mechanism of
their influence [22,151]. According to Van Osten et al. [22] and Povero et al. [152], only after
obtaining a complete explanation of those mechanisms, can the design and production of new
generation biostimulants can take place. Due to their complex composition and interactions between
particular compounds, mechanisms of operation of preparations based on seaweed extracts are slowly
and successively discovered, with applications of molecular biology, metabolomics, and genomics
techniques. However, according to many researchers, observed favourable biological effects of extracts
activity is caused by the activity of small organic particles, as well as polymers that are included in
products that have an ability to regulate genes’ operation responsible for ensuring and modelling plant
resistance systems [16,71,139].

5. Conclusions

The number of biostimulant applications and its concentration modified the biometric traits,
crop size, and yield, as well as the nutraceutical and antioxidative potential of soybean seeds. The study
demonstrated that the foliar application of Ecklonia maxima extract improved the growth and yield
of soybean without any negative effect on the nutritive value of its seeds. Our experiment showed a
positive effect of double foliar application of the higher concentrations of this biostimulant on soybean
seed number and yield. The application of Ecklonia maxima extract increased the antioxidative activity
of soybean seeds, and content of total phenolic compounds, flavonoids, and anthocyanins. The results
of our study indicate the need for continuing investigations and extending their scope with the aim to
identify responses of different cultivable plants on the use of biostimulants that are based on various
biologically-active compounds.
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Abstract: To assess the effects of a new integrated nutrient management protocol on yield and cut
stem quality, root morphology, N accumulation, nitrogen utilization efficiency (NUE), and P content in
tissue, a biennial (2011 and 2012) chrysanthemum cut flower cultivation was carried out. In both years,
two nutrition management (CNM: conventional NM and INM: integrated NM) treatments and two
Dendranthema grandiflorum (Ramat.) Kitamura cultivar (“White CV;” and “Yellow CV,”) treatments
were compared. The treatments were arranged in a split-plot design with three replicates. CNM was
fertilized using a recommended dose fertilization of mineral NPK; INM treatment was fertilized using
a half dose (50%) of CNM plus a combined usage of N organic fertilizer, seaweed extract (Ascophyllum
nodosum), and microrganism consortium (Glomus sp. and Bacillus sp.). Yield at harvest (+19%),
number of leaves (+33%), leaf area (+46%), number of flower heads (+27%), and total aboveground
dry weight (+40%) were significantly increased by the INM application compared to the control.
In terms of the root system, the increase was evident in terms of length (+174%), volume (+167%),
projected area (+166%), and surface area (+165%), tips (+175%), forks (+285%), and crossings (+464%).
The greatest N accumulation, in both years, was registered by INM treatment at harvest: +94% in
2011 and +55% in 2012. Differences in the NM were evident in the NUE, which was highest in CNM
(on average 162) compared to INM (on average 142). In both years the P content in above-ground
chrysanthemum tissues was in the order of head > leaves > stems, which was maintained in both
INM and CNM treatments. A higher yield (138 stems m~2) was obtained in “CV, Yellow” compared
to “CV; White” (120 stems m~2). Based on our findings, applying INM to chrysanthemum improves
yield, cut flower quality, and plant nutrient uptake, in an agro-environmentally sustainable way.
A basic economic analysis on fertilizers, cost gross production, and takings difference obtained,
was carried out.

Keywords: N organic fertilizer; seaweed extract; mycorrhizal inoculants; phosphate-solubilizing
microorganisms; biofertilizers; microorganism consortium

1. Introduction

Fertilization is essential for optimizing crop productivity [1]. Mineral fertilizers, particularly
nitrogen (N) and phosphorus (P), are important for plant nutrition [2,3]. However, when used in overly
large doses they are also a potential source of environmental pollution [4-6]. Nutrient overapplication
has introduced major challenges in terms of soil infertility [7], N and P runoff [8,9], environmental
degradation [10], and climate change [11,12].

Agrononty 2019, 9, 202; doi:10.3390/agronomy9040202 89 www.mdpi.com/journal/agronomy
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Today there is an increasing need for a balanced fertilization strategy, minimizing the use of
mineral fertilizers to enhance both crop production and quality and nutrient uptake under low input
conditions [13]. Mineral fertilizers can be replaced by organic fertilizers [14], plant biostimulants [15],
and beneficial microbial inoculants [16].

Possible interventions in conservation agriculture include the combined use of inorganic
and organic fertilizers, as well as biostimulants and biofertilizers in order to increase a balanced
nutrient supply [17]. Integrated nutrition management (INM) focusing on the optimization of the
biological potential improves fertilizer input efficiency, reduces environmental risks, and increases
crop productivity, through root/rhizosphere management [18].

In terms of biostimulants, seaweed extracts are used in sustainable agriculture in order to increase
growth, quality, and shelf life [19-21]. Many studies have demonstrated the positive effects of seaweed
extracts on a wide range of crops, including cereals [22], ornamental and flowering plants [23],
vegetables [24], and field crops [25].

Biofertilizers are also an important alternative source of plant nutrients and are key components
of integrated nutrient management in crop production. The use of microbial inoculants with P
solubilizing activities in soils is an environmental-friendly alternative to further applications of
chemical-based P fertilizers [26,27]. Various studies have examined the potential of different bacterial
species to solubilize inorganic phosphate compounds. Bacillus spp., and in particular B. subtilis and B.
megaterium, may provide the available forms of P to plants, thus considerably improving plant growth
performance [28-31].

Other microbial inoculants, such as arbuscular mycorrhiza fungi (AMF), increase the P availability
through the expansion of the root surface area by extraradical hyphae formation [32,33].

The various benefits of AMF include increased growth and nutrient uptake (especially N, P,
and K) and crop yields [34-38]. The AMF also produce a heat-stable protein called glomalin, which is
a glycoprotein that enhances soil aggregation and helps in soil carbon sequestration. Together, glomalin
and mycorrhizal hyphae lead to a stable soil structure.

The combined use of N organic fertilizers, biostimulants, and biofertilizers is therefore a new
approach that has not been widely investigated in ornamentals, which entails developing many efficient
formulations with low mineral inputs, with positive impacts on crops and environment.

Chrysanthemum (Dendranthema grandiflorum (Ramat.) Kitamura) is a commercial cut flower,
belonging to the Asteraceae family, with nearly 200 cultivars. It is one of the top ten elite cut flowers
globally, due to its different shapes, dazzling colors, varying sizes, and excellent vase life. In Italy,
where our research was carried out, there is a considerable demand in both domestic and export markets.

Extracts of the plants (stems and flowers) have many potential medicinal properties, including
anti-HIV, antibacterial, and antimycotic [39]. N, P, and K play a vital role in the production of good
quality flowers. N is essential for the creation of biomass as well as for the biosynthesis of enzymes in
chrysanthemum leaves [40].

The N requirements of chrysanthemums are known to be higher during the first seven weeks
of growth, and during this time, deficiencies are more difficult to correct than in later stages of
development [41]. Chrysanthemums take up N at an even rate from the time of planting until the
flower bud differentiation stage where after N uptake decreases [42]. In chrysanthemums, the need for
P is significantly lower than that of nitrogen [43]. K requirements are high, and its presence in the
plant favorably affects growth and flower color [44].

To the best of our knowledge, there are no available data on how the INM system based on mineral
and organic N fertilizers, seaweed extracts, plus a consortium between AMF (arbuscular mycorrhiza
fungi) and PSB (Phosphate solubilizing bacteria), affects yield and quality in chrysanthemums.

The goal of this research was to evaluate the effects of an innovative INM compared to conventional
nutrient management, in chrysanthemum cut flower cultivation, on: (1) yield and cut stem quality,
(2) N concentration, accumulation, and utilization efficiency and P uptake, (3) root architecture, and (4)
soil fertility.
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2. Materials and Methods

2.1. Experimental Conditions

Two field experiments were carried outin 2011 and 2012, from August to December, at a floricultural
farm located in Sannicandro di Bari (southern Italy: 40°59'24” N, 16°47’01”E, 181 m a.s.l.). The local
climatic conditions are characterized by hot dry summers and mild rainy autumns and winters, typical
of the Mediterranean climate. During the plant growth period under natural photoperiod, the mean
air temperature was 17.2 °C and 18.2 °C in 2011 and 2012, respectively; minimum air temperature
was 3.7 °C in December 2011 and 5.4 °C in December 2012; maximum air temperature was 32.4 °C in
August 2011, and 32.6 °C in August 2012.

Seasonal chrysanthemum cuttings (Minstreel Serie, Straathof Plants BV, The Netherlands), ideal for
blooming from November to late December, were obtained from a local commercial propagator, with the
following characteristics: stem length, 11.6 cm; number of leaves, 8; leaf area, 81.1 cm?; plant fresh
weight, 3.1 g; and plant dry weight, 0.3 g. In both years, plants were transplanted on 6 August into
an uncovered tunnel. In the first week of October in both years, the tunnel was covered by ethylene
vinyl acetate (EVA) film.

The main soil characteristics (taken from 0 to 25 cm depth) are described in Table 1. Soil pH was
determined with a pH meter (P9991, Hanna Instruments, Italy) in a settling suspension on a 60 g
sample mixed with 150 mL of deionized water, after shaking for 60 min at room temperature (22 °C).
The soil used for our experiment was slightly sub-alkaline (pH = 7.34, near to neutrality) and it was
representative of Apulian soils in which chrysanthemum was cultivated with remarkable production
results. Chrysanthemum plants generally grow with a pH ranging between 6 and 7.2 [45].

The electric conductivity (EC) was measured on water extract (1:5 v/v) with a conductivity meter
(HI 4321, Hanna Instruments, Italy). Soil organic carbon (SOC) was determined by wet oxidation.
Based on USDA classification, experimental soil was classified as clay loam soil. Experimental soil was
moderately provided with organic matter and CEC was also classified as moderate [46].

The total Kjeldahl N (TKN) was measured using 1 g samples of both growing media and plant
tissues using the Kjeldahl method after 96% H2504 hot digestion. Total phosphorus was determined
(P) by the colorimetric molybdovanadate phosphoric acid method. Exchangeable K, Ca, and Mg were
determined using 0.2 g of dry sample (105 °C for 24 h) after acid digestion in a microwave oven (CEM
Mars Xpress, Cologno al Serio, IT). Substrate digests were filtered, diluted, and analyzed by atomic
absorption spectrometry (Perkin-Elmer Aanalyst 200, Waltham, MA, USA). The analyses were carried
out in triplicate.

The soil was sandy clay with a slightly alkaline pH of 7.3 (TUSS), EC of 1.77 dSm™~!, and moderately
high CEC (cation exchange capacity) of 23.8 Meq 100 g1.

Table 1. Initial soil physico—chemical characteristics (mean + standard error). Data are the means of
three samples.

Parameter Value

pH (soil:H,O ratio 1:2.5) 7.34+02

Electric Conductivity (EC) (soil:H,O ratio 1:5) (dS m™!) 1.77 £ 0.08

Cation exchange capacity (CEC) (MequOg_l) 23.8

Sand (%) 52+3
Silt (%) 16 +2
Clay (%) 32+4

Total C (g kg™1) 1254 £1.2

Organic matter (g kg™') 21.61+1.9

T Kjeldahl-N (g kg™!) 1.15+0.13

P (mg kg™1) 7125+ 09

Available K (mg kg ™) 579 +10.1

Available Ca (mg kg'l) 2160 + 22

Available Mg (mg kg™1) 495 + 31
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2.2. Treatments and Experimental Design

In both years, four treatments in total consisting of two nutrition management (NM) and two
Dendranthema grandiflorum (Ramat.) Kitamura cultivar (CV) were compared as follows:

1.  Conventional NM (CNM or control) and integrated NM (INM);
2. “White CV;” and “Yellow CV,"”.

Treatments were carried out using a split-plot design with three replicates, with NM as the main
plot and CV as the subplot. The surface of each experimental plot measured 2.2 m?.

CNM treatment was applied through a fertigation system using a recommended dose of mineral
NPK: 17 g m 2 N, 16 g m~2 P,0s5, and 17 g m~2 KO plus microelements, starting one week after
transplanting, every week, for 12 weeks, the last one during the second week of November (flower
bud differentiation).

INM treatment was applied by fertigation at a half dose (50%) of CNM plus a mixture of an N
organic fertilizer, seaweed extract and microorganism consortium as shown in Table 2, starting from
transplantation. Commercial products were applied at the manufacturer’s recommended rates.

NPK doses added with INM fertilization were the following: 11.8 g m72N, 8 g m2 P,0s,
and 12 g m~2 K;O. N organic fertilizer added to the mineral NPK dose mentioned above, was derived
by hydrolyzed animal epithelium, beet molasses extract, and brown seaweed extract.

In the second year, the same treatments were repeated.

In both years, the growing density was 34 plants m~2.

Table 2. Combined use of N organic fertilizer, seaweed extract, and microorganism consortium applied
in two experiments (2011 and 2012).

Total Rate  Weeks of Applications

: *
Type and Commercial Product (*) Content (g/100m?) (n) (**)
N organic fertilizer (Euroflorid) N =5% whw (N =05 g/mz) 75 LILIL IV, V
N organic fertilizer Y _ 2
(Amminostim-bio) N'= 6% whw (N =0.9 g/m?) » VI VIL VI
Ascophyllum nodosum (L.) Le Jol. 32% w/w, I 1L 100, 1V, V, VI, VII,
Seaweed extract (Euroalg) N = 1.5% wiwo (N = 0.9 g/mz), K20 = 5.0% w)v 58 VIIL, IX, X, XI, XIT
Microrganism consortium Glomus mosseae and G. intraradices (2 spores g’l) and 90 LIL IO IV
(Micotric L) Bacillus megaterium var. Phosphaticum 6 x 107 CFUs g’l e
Microrganism consortium Glomus mosseae (2 spores g’l) + Trichoderma viride and 162 LI I IV
(Europlus) Bacillus megaterium var. Phosphaticum 6 x 107 CFUs g’l e

(*) by Eurovix SpA, Entratico (BG), Italy; (**) fertigation from transplant (week 1) to flower bud differentiation
(week 12).

During the experiments, all field management procedures (e.g., irrigation and pest control) were
the same among treatments. The irrigation system was a micro drip; each drip line was placed
between two plants rows with an emitter (pressure compensating) discharge rate of 2.0 L h™!. Except
for nutrition, production was carried out using the grower’s standard practices. Cut flowers were
harvested when 50% of flower heads had opened.

Morpho-biometric measurements were carried out at the Department of Agro—environmental
and Territorial Sciences (DISAAT), University of Bari, Italy. Plants were sampled for aboveground
and ground biomass and N and P content (%) at 55, 93, and 131 DAT (days after transplant) in both
growing periods.

The growth and yield observations were recorded on twelve randomly selected plants from
each treatment.

In both years, at harvest (second ten days of December), the soil was washed from roots,
and aboveground plants were divided into stems, leaves, and flowers, which were oven dried at 70 °C
until they reached a constant mass to measure the respective dry weights.

At flower harvest, the measurements involved: yield (secondary branches = stems m~2),
stem length (cm), inflorescence (1 and diameter, cm), leaves (1), and leaf area (cm?), Chlorophyll SPAD
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(Single-photon avalanche diode) index (Minolta Chlorophyll Meter SPAD-502), dry and fresh weight
of leaves, stems, inflorescences, roots, and whole plants. In order to perform root morphology analysis,
only in the first year, roots were spread out, washed, and then scanned at 300 dpi on an HP DeskScan
II scanner (HEWLETT PACKARD C6261A, Palo Alto, CA, USA). Root analysis was performed using
the WinRHIZO® image analysis system (V 4.1c Régent Instruments, Quebec, Canada); measurements
involved total root length, average root diameter, projected and surface area, tips, forks, and crossings.

The total Kjeldahl N (TKN) content was measured, both in the first and second years, using 1 g
samples of foliar and radical tissues, using the Kjeldahl method after 96% H;SO4 hot digestion. On the
other hand, the P-Olsen measurement was only used during the first year.

Nitrogen utilization efficiency (NUE) was estimated by the ratio of dry biomass to plant N
accumulation at harvest.

2.3. Economic Analysis

A basic economic analysis about fertilizer costs (for CNM and INM), gross sealable production,
and profit raised was developed.

2.4. Statistical Analysis

The data were analyzed by three-way ANOVA using CoStat-Statistics Software. Treatment means
were separated with Student-Newman-Keuls (SNK) (p < 0.05).

3. Results

The overall aims of this research were to evaluate the effects of an innovative INM compared to
CNM, in a biennial chrysanthemum cut flower cultivation, on (i) yield and cut stem quality; (ii) root
morphology; and (iii) N accumulation, NUE, and P content in plant tissue.

The main effect of NM was found to be highly significant for most of the parameters investigated.

Yield at harvest, as determined by the harvestable number of cut stems per plant (Table 3),
increased significantly in INM (140 stems m~2, +19%) compared to those under CNM (118 stems m?).

Genotype influenced marketable yield: CV; registered the highest value (138 stems m~2),
surpassing that of CV1 by 15% (on average 120 stems m~2).

Concerning the Y factor, the yields were not different (133 stems m™>

on average).

Table 3. Main effects of nutrient management, cultivar on yield, stem height, leaf number, leaf area,
chlorophyll index, and number of flower heads in chrysanthemum plants over the two years
of application.

Treatments Yield Stem Height Leaves Leaf Area  Chl. Index  Flower Heads
(no. stems m~2) (cm) (no./plant) (cm™2) (SPAD) (no. stems™")
Nutrition Management (NM)
Conventional NM (CNM) 118a 103 60b 2064b 448 6.6b
Integrated NM (INM) 140b 106 80a 3017a 46.9 8.4a
Significance * ns * ** ns >
Cultivar (CV)
Ccvi 120b 105 64 2416 45.1 8.2
CvV2 138a 104 76 2665 46.6 6.9
Significance * ns ns ns ns ns
Year
2011 133 116a 82 2795 46.6 8.1
2012 133 92b 59 2486 45.1 7.3
Significance ns * * ns ns ns
Interaction
NM x CV * ns ns ns ns *
NM X Year ns ns ns ns ns ns
CV x Year ns ns ns ns ns ns
NM x CV X year ns ns ns ns ns ns

Different letters within each column indicate significant differences according to SNK test (p < 0.05). NS not
significant * p < 0.05 and ** 0.01, indicate level of significance.
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Table 3 also shows the influence of the treatments on the commercial quality parameters of the
cut stems at harvest. The stem height is an important parameter that is used for the classification
of the stems for marketing and sales, and in fact, customers often prefer flowers with a longer stem.
Stem height was not found to be significant between both NM and CV treatments; however, it showed
significant differences among Y: in 2012 it was 20% lower (92 cm) than 2011 (116 cm).

Regarding the number of leaves per plant, the INM treatment led to an increase of 33%
(80 leaves/stem) compared to CNM (60 leaves/stem); in 2012 the number of leaves (59) showed
an average decrease of 28% (82 leaves) compared to 2011.

The INM treatment also showed a significant increase of 46% (3017 cm?) in the leaf area value
compared to CNM (2064 cm?).

The chlorophyll index SPAD was not significant in any of the treatments.

The number of flower heads per stem was highest (8.4) with an increase of +27% when plants
were treated with INM, compared to CNM (6.6). No differences were found between the cultivars
and years.

Concerning the leaves, stems, flower heads, and aboveground dry weight, Table 4 shows the
statistically significant differences in favor of INM compared to CNM. Leaf values showed a 38%
increase, stem value a 37% increase, and flower heads a 55% increase, which were reflected in the
increase of aboveground dry weight (+40%). No difference was found between the cultivars.

Table 4 also shows that 2011 had the highest aboveground dry weight value, which decreased to
25% during 2012.

Table 4. Main effects of nutrient management, cultivar on dry weight of various organs, and above-plant
on chrysanthemum over the two years of application at harvest time.

Treatments Dry Weight (g)
Leaves Stem Heads Above-plant
Nutrition Management (NM)
CNM 8.30b 14.61 b 5.65b 28.56 b
INM 11.10a 20.05a 8.75a 39.90 a
Significance ** ** ** **
Cultivar (CV)
Ccvi1 9.40 17.10 8.05 34.55
CvV2 10.00 16.60 7.95 34.55
Significance ns ns * ns
Year
2011 10.80 19.80 8.70 a 39.30 a
2012 8.60 14.40 6.50 b 29.5b
Significance * ** * **
Interaction
NM x CV ns ns ns ns
NM X Year * ns * *
CV X Year ns ns ns ns
NM x CV X year ns ns ns ns

Different letters within each column indicate significant differences according to SNK test (p < 0.05). NS not
significant * p < 0.05 and ** 0.01, indicate level of significance.

In 2011 the root morphology (Table 5) was evaluated. Parameter values for the plants under INM
treatment were higher than CNM as follows: root length (+174%), area projection (+166%), surface
area (165%), root volume (+167%), tips (+175%), forks (+285%), and crossings (+464%).

Regarding the CV, the best performing root system was White (CV;) compared to Yellow (CVy):
root length (+63%), area projection (+37%), surface area (+38%), root volume (+19%), tips (+100%),
forks (+109%), and crossings (+197%).
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Table 5. Main effects of nutrient protocol management and cultivar on total root length (TRL),
area projection (AP), surface area (SA), root volume (RV), root tips (RT), root forks (RF), and root
crossings (RC) at 2011 harvest period in chrysanthemum plants.

Treatments TRL AP SA RV RT RF RC
(cm) (em72)  (ecm™?) (cm®) (no.) (no.) (no.)
Nutrition Management (NM)
CNM 382.1b 212b 66.7 b 09b 1264.8b 948.4b 34.7b
INM 1049.2 a 56.3 a 177.0a 24a 3486.6 a 3655.4 a 195.6 a
SlgnlflCanCe *% *3% *% *% *% ¥k *
Cultivar (CV)
CV1 975.0a 48.7 a 153.0 a 19a 3535.2 a 3501.8 a 208.2a
Cv2 597.4b 355b 110.8b 1.6b 1768.3 b 1676.0 b 70.0 b
Significance * * * * i i **
Interaction
NM x CV * * * * % % *3%

Different letters within each column indicate significant differences according to SNK test (p < 0.05). NS not
significant * p < 0.05 and **0.01, indicate level of significance.

Concerning the plant N accumulation (gm~2) at every DAT in both years (Table 6), the maximum
value was obtained under INM, which was the result of a simultaneous increase in dry weight (Table 4).
The highest N accumulation, in both years, was at harvest (131 DAT), in 2011 with an increase of 94%,
and in 2012 with an increase of 55%. No significant difference was found between the CVs, except for
the flower head value at 131 DAT in both years.

Table 6. Main effects of nutrient management and cultivar on N accumulation (g m~2) at three different
days after transplant (DAT) in chrysanthemum plants over the two years of application.

Treatments DAT
55 93 131
First Year
Nutrition Management (NM)
CNM 4.33b 547b 6.20b
INM 6.28 a 9.13a 10.39 a
Significance * * *
Cultivar (CV)
CVv1 5.55 7.20 8.99
Ccv2 5.61 7.68 8.48
Significance ns ns ns
Interaction
NM x CV ns ns ns

Second Year
Nutrition Management (NM)

CNM 2.67 5.05 6.37b
INM 3.31 6.12 9.90 a
Significance * * **
Cultivar (CV)
CvVi1 2.93 5.42 8.47 a
Ccv2 3.03 5.72 7.57b
Significance NS NS *
Interaction
NM x CV ns ns ns

Different letters within each column indicate significant differences according to the SNK test (p < 0.05). NS not
significant * p < 0.05 and **0.01, indicate level of significance.
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Table 7 shows that in both years CNM treatment statistically influenced N accumulation (gm2)
in all plant epigeal organs and on all sample dates. In the first year, the highest N accumulation was
observed compared to CNM in the leaves (+48%) at 55 DAT, stems at 93 DAT (+85%), and flower
buds (+79%) at 131 DAT. Regarding INM, in the second year, the highest value was recorded in leaves
(+28%) at 55 DAT, stems (+46%), and flower buds (+117%) at 131 DAT. In both years the CVs did not
influence N accumulation.

Table 7. Main effects of nutrient management and cultivar on N accumulation (g m?) in different organs
at three different DAT in chrysanthemum plants over the two years of application.

Treatments DAT
55 93 131
Leaves Stems Leaves Stems Leaves Heads  Stems
First Year
Nutrition Management (NM)
CNM 3.05 1.28 3.31 2.16 2.83 1.87 1.50
INM 452 1.76 5.14 3.99 4.50 3.34 2.55
Sigl’llﬁcance *% * 3% *% *% *% %
Cultivar (CV)
CV1i 4.09 1.46 4.08 3.13 3.52 3.48 2.00
Ccv2 4.04 1.57 453 3.26 3.75 2.73 2.00
Significance ns ns ns ns ns * ns
Interaction
NM x CV

Second Year
Nutrition Management (NM)

CNM 1.84 0.83 3.07 1.88 2.75 1.28 1.75
INM 235 0.96 3.57 2.55 3.30 278 2.57
Significance * * * * * ** *
Cultivar (CV)
Ccv1 2.07 0.87 3.23 2.19 3.09 1.71 2.54
Ccv2 2.11 0.91 3.52 2.20 2.95 1.97 1.77
Significance ns ns ns ns ns ns *
Interaction
NM x CV

Different letters within each column indicate significant differences according to SNK test (p < 0.05). NS not
significant * p < 0.05 and **0.01, indicate level of significance.

Figure 1 shows that in both years the N utilization efficiency (NUE) value was highest in CNM (on
average 162) compared to INM (on average 142); no significant difference was found between the CVs.

In both years, the P content (%), at harvest, in above-ground vegetative tissues (leaves, stems,
and heads) of INM plants was higher than those of CNM plants (Table 8). In the first year, the increase
in INM compared to CNM was 11% in the leaves, 20% in the stems, and 21% in the flower heads. In the
second year, the increase in P content in the leaves under INM was similar to that recorded in the first
year (12%), while it was lower for stems (+12%) and flower heads (+14%). In both years the P content
in above-ground vegetative tissues were in the order of head > leaves > stems, which was maintained
in both INM and CNM treatments.
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Figure 1. Main effects of nutrient management and cultivar on N utilization efficiency (NUE) in first
(A) and second (B) year in chrysanthemum plants at harvest time (* indicates the level of significance at
p <0.05).
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Table 8. Main effects of nutrient management and cultivar on phosphorus content (%) in different

organs at harvest in chrysanthemum plants over the two years of application.

Flower
TMTS Leaves Stem Heads
First Year
Nutrition Management (NM)
CNM 0.19b 0.15b 0.33b
INM 021a 0.18 a 0.40 a
Significance * * *
Cultivar (CV)
Cvi1 0.20 0.16 0.32
Ccv2 0.21 0.17 0.31
Significance ns ns ns
Interaction
NM x CV ns ns ns
Second Year
Nutrition Management (NM)
CNM 0.17b 0.16 b 0.29b
INM 0.19a 0.18 a 0.33a
Significance * * *
Cultivar (CV)
CVv1 0.18 0.19 0.31
Ccv2 0.18 0.18 0.30
Significance ns ns ns
Interaction
NM x CV ns ns ns

Different letters within each column indicate significant differences according to SNK test (p < 0.05). NS not
significant * p < 0.05 and **0.01, indicate level of significance.

Concerning an economic point of view, the increased yield obtained with INM (140 stems m~2)
compared with CNM (118 stems m~2) led consequently to an increase of gross production of exactly
€50,600.00 (takings difference). This amount was much greater than the cost increases needed for INM

compared to CNM (Table 9).

Table 9. Basic economic analysis of fertilizers cost, gross production, and takings difference obtained.

Fertilizer Cost Yield Gross Production Takings Difference
(€ha™h) (stems m~2) (€ha™1)* €)
CNM 1945.00 118 271,400.00
INM 3144.00 140 322,000.00 +50,600.00

* Chrysanthemum price calculated at 2012-2013: 0.23 €/stem (ISMEA/2012-2013).

4. Discussion

In our study, mineral nutrient management (CNM) and integrated nutrient management (INM)

were compared in chrysanthemum cultivation. The INM protocol, which combined the application
of half the rate of CNM and seaweed extract, organic and biofertilizer (AMF + PSB), improved
yield, cut stem quality traits, root morphology, as well as N accumulation and P content in tissues.
Based on other research about INM practices [47-49], this protocol seems to be suitable in order to
obtain advantages on profits and sustainability. Our aim was to verify a new mixture in order to
reduce mineral fertilizer application, making chrysanthemum cultivation more sustainable, as well as
highly profitable.

Compared to CNM, the INM protocol led to a significantly higher yield in terms of the number of
secondary branches per m~2 (Table 3). This could be attributed to a better nutrient translocation in the
plant, which led to the production of a greater number of axillary buds and therefore of secondary axes,
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in line with Kale et al. [50] in Salvia and Nethra [51] in the Chinese aster. In other studies regarding
biostimulant applications, yield also increased in seaweed treated plants influenced by cytokinin
content, which enhances nutrient mobilization in plant organs [52].

Regarding cut stem quality traits (Table 3), our results are in agreement with Verma et al. [53],
who applied an INM on chrysanthemum CV Roja. The treatment that consisted of Azospirillum, PSB,
vermicompost, and 50% of recommended mineral NPK recorded the highest plant height, number
of branches, and flowers per plant. Similar results were reported in Crossandra [54] and Dahlia [55].
The combination of biofertilizers with the recommended NPK dose yielded a higher flower production
in Limonium [56] and Calendula [57].

In our study, a higher leaf area value was found in chrysanthemum plants under INM. According
to De Lucia and Vecchietti [58], the application of seaweed extract (A. nodosum) in Lilium CV Brindisi,
greatly affected these parameters (12.3 cm? of treated plants, compared with 10.3 cm? of untreated
plants). This was potentially due to the direct effect of the biostimulant containing betaine. The nutrient
concentration present in both the N organic fertilizer and seaweed extract biostimulant cannot on its
own explain the positive response as an increase in aerial organ dry weight (Table 4). In fact cytokinins
have a considerable influence on nutrient mobilization in vegetative and reproductive organs [59].

Microbial inoculants are also good supplement with half the recommended mineral dose of
fertilizer. Wu et al. [60] reported that G. mossae plus B. megaterium on maize increased plant growth
and NPK assimilation. As regards the effect of applying INM, the chrysanthemum root development
exhibited a remarkable increase in all parameters compared to CNM (Table 5). The root growth
promoting activity has been observed in snapdragon, when a biostimulant was applied [61]. Previous
research has shown that the brown seaweed extract, rich in auxin, improved lateral root formation
when applied to mung bean [62]. A study carried out by Mancuso et al. [63] on potted Vitis vinifera
under seaweed extracts, showed an increase in the total volume of the root system.

Concerning the nutrient uptake, Biswas et al. [64] and Adesemoye et al. [65] showed that PGPR
(plant growth-promoting rhizobacteria) also influences this parameter through a more pronounced
development of the root surface area. The INM seems to encourage a better uptake of mineral nutrients
by plants, which results in a higher number of branches as well as leaf area, and more flowers [66].

The N uptake by chrysanthemum plants may be enhanced by the use of biofertilizers, possibly
because they stimulate better root architecture or due to the influence of growth hormones contained in
seaweed extracts. These substances can increase the ability of nutrient absorption as well as enzymatic
activity, in agreement with Kumari et al. [67].

The N accumulation (g m~2) value in the INM treatment could be caused by the better
availability and uptake of nutrients facilitated by the application of both mineral and organic fertilizers,
biostimulants, and biofertilizers (Tables 6 and 7). Mahadik et al. [68] showed that the increase in N and
P uptake by chrysanthemum plants was the highest with the application of Azotobacter plus PSB, 50% of
RDF (Recommended Dose of Fertilizers) (100:100:100 kg ha~! NPK), and 10 t ha™! of vermicompost.
Regarding the P content in plant tissue (Table 8), our findings are validated by similar results found in
a number of earlier studies on bacteria.

Shirmardi et al. [69] reported that PGPR solubilizes the inorganic phosphate and produces
IAA, thus improving plant growth by increasing P-uptake from the soil and its transport to plant
shoots. A significant increase in sunflower growth parameters, including plant P content, was found in
inoculated plants after inoculation with Bacillus sp., possibly due to the P-solubilizing, IA A-synthesizing,
and root-colonizing of these strains [70], which increase nutrient uptake.

Richardson (1994) and Rodriguez and Fraga [71] studied the influence of several soil bacteria on
the supply of P to plants as a consequence of their capacity for inorganic or organic P solubilization
and, therefore, for improving plant growth performance. In addition, in a 1994 study, Garbaye [72]
postulated that some PSB behave like mycorrhizal helper bacteria with a synergistic interaction.

Compared to the non-treated control, the combined application of mycorrhizal fungus and
rhizobacteria significantly increased growth parameters, i.e., total fresh weight, aerial dry weight,
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shoot length, and leaf area, in bananas. The leaf mineral content, i.e.,, N, P, and K, also increased
significantly following the combined application of both microorganisms [73].

Finally, integrated nutrient management practices could be viable for sustainable floriculture
on a commercial and profitable scale. Our data on the economics of chrysanthemum flowers are in
agreement with those Verma, who showed that the cost of fertilizer can be saved with inoculation of
both Azospirillum and PSB, obtaining higher flower yield compared to CNM. Angadi too, carried
out a study that shed light on the combination of Azospirillum, PSB, 50% vermicompost, and 1/2
recommended NPK dose, giving the maximum net returns per euro invested.

5. Conclusions

The quality and quantity of fertilizers are the key factor affecting the growth, yield, and quality
of cut flowers. Since chrysanthemum is an energy-intensive ornamental crop with a very high input
of fertilizers, several experiments have been aimed at using alternative methods, reducing mineral
fertilizers, and in particular the INM.

Our results shows that the INM protocol, 50% mineral RDF with N organic fertilizer plus
biostimulant (seaweed extract) plus biofertilizer (microbial consortium of Glomus sp. and Bacillus
sp.), is effective in enhancing yield, quality, root morphology, and nutrient uptake compared to RDFE.
This indicates the possibility of the sustainable, eco-friendly cultivation of chrysanthemum. In order to
discern the influence of each component of INM mixture on yield and quality traits, future research
is needed.
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Abstract: Saffron (Crocus sativus L.) is cultivated worldwide. Its stigmas represent the highest-priced
spice and contain bioactive compounds beneficial for human health. Saffron cultivation commonly
occurs in open field, and spice yield can vary greatly, from 0.15 to 1.5 g m~2, based on several
agronomic and climatic factors. In this study, we evaluated saffron cultivation in soilless systems,
where plants can benefit from a wealth of nutrients without competition with pathogens or stresses
related to nutrient-soil interaction. In addition, as plant nutrient and water uptake can be enhanced
by the symbiosis with arbuscular mycorrhizal fungi (AMF), we also tested two inocula: a single
species (Rhizophagus intraradices) or a mixture of R. intraradices and Funneliformis mosseae. After one
cultivation cycle, we evaluated the spice yield, quality (ISO category), antioxidant activity, and
bioactive compound contents of saffron produced in soilless systems and the effect of the applied
AMF inocula. Spice yield in soilless systems (0.55 g m~2) was on average with that produced in
open field, while presented a superior content of several health-promoting compounds, such as
polyphenols, anthocyanins, vitamin C, and elevated antioxidant activity. The AMF symbiosis with
saffron roots was verified by light and transmission electron microscopy. Inoculated corms showed
larger replacement corms (+50% ca.). Corms inoculated with R. intraradices performed better than
those inoculated with the mix in terms of spice quality (+90% ca.) and antioxidant activity (+88%
ca.). Conversely, the mixture of R. intraradices and F. mosseae increased the polyphenol content
(+343% ca.). Thus, soilless systems appeared as an effective alternative cultivation strategy for the
production of high quality saffron. Further benefits can be obtained by the application of targeted
AMF-based biostimulants.

Keywords: biostimulants; Crocus sativus; Funneliformis mosseae; glasshouse; protected cultivation;
Rhizophagus intraradices; substrate

1. Introduction

Crocus sativus L. (saffron) is a flowering plant belonging to the Iridaceae family [1], grown for its
red scarlet stigmas that represent the world’s highest-priced spice. The market price for high quality
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saffron can reach 15,000-20,000 € kg‘1 [2]. This species is widely cultivated in several countries, such
as Iran, Italy, Spain, Morocco, France, Greece, China, India and Mexico [3], with an annual spice
production that exceeds 220,000 kg [4].The importance and notoriety of saffron, used since ancient
times as a dye, ingredient for the preparation of spirits, and condiment for food, is due to the substances
contained in the spice, primarily crocins, picrocrocin and safranal [5,6]. These compounds confer
the saffron’s unique colour, taste, and aroma, and can also have positive biological effects. Saffron
active constituents, such as carotenoids (i.e., crocins), polyphenols, and vitamins showed significant
antioxidant activity [7-12]. Furthermore, saffron extracts exhibit anti-carcinogenic, anti-depressive,
anti-hyperglycemic, hypoglycemic, and memory-enhancing effects [3,13]. Crocus sativus is a highly
hand labour-intensive crop, mainly during flower harvesting and stigma separation. It is traditionally
cultivated in small and flat plots, wherein mechanisation is not economically sustainable due to the
harvest type and short flowering period [5,8]. Five hundred hand labour hours are needed to obtain 1
kg of dried saffron [4,5]. Saffron cultivation can be carried out on an annual or multi-year cycle [14,15].
Annual cultivation guarantees the effective control of plant diseases with a more accurate corm selection.
On the contrary, in a multi-year cycle (e.g., 3-4 years in Spain, 4-5 years in Italy, and 6-8 years in India
and Greece) [14], corm multiplication and the size of replacement corms in the ground can decrease
drastically over the third year [15]. Environment and cultivation management affect flower induction
in C. sativus [5,16-18]. In Mediterranean environments, flower induction occurs from early spring
to mid-summer, while flower emergence occurs from early- to late-autumn. Differences in the time
required for flower initiation have mostly been attributed to the corm size [19]. To produce flowers,
the C. sativus corm diameter needs to be greater than 1 cm [20]. As the corm increases, flowering
increases [16,21] and occurs in advance [22]. Commercially, a 2.5-3.5 cm diameter corm appears to
be the most common size used to have full flowering already during the first cultivation cycle [23].
To increase saffron yield and quality, and to reduce production costs, flowering modulation through
cultivation in soilless systems has been proposed [6,19,24]. In this cultivation system, plants are grown
without the use of soil as a rooting medium and are supplied of inorganic nutrients via the irrigation
water [25], and thus can benefit of a wealth of nutrients without competition with pathogens or stresses
related to nutrient-soil interaction [26]. However, at present, only limited and controversial reports of
saffron soilless cultivation under protected conditions are present in the literature. Molina et al. [18]
reported that, in a glasshouse, temperatures may be responsible for production differences in terms of
flower induction and flowering duration. Maggio et al. [19] showed that, in southern Italy, cultivation in
a cold glasshouse on vermiculite and perlite-based substrates positively affected the yield and number
of replacement corms. Similarly, Helal Beigi et al. [27] found that cocopeat and perlite substrates
enhanced corm dry weight. While Souret and Weathers [28] and Mollafilabi et al. [24] concluded that
soilless cultivation in experiments carried out in France and Iran, respectively significantly decreased
the spice yield, in comparison to open field cultivation.

Plant performance in soilless systems may be improved through use of biostimulants, i.e., any
natural substance or microorganism applied to plants with the aim to enhance nutrition efficiency, abiotic
stress tolerance and/or crop quality traits, regardless of its nutrients content [29], with a consequent
decrease of chemicals and increase of sustainability of the production system [30]. Soil microorganisms
such as arbuscular mycorrhizal fungi (AMF) are collecting growing interest as biostimulants. They can
form mutualistic symbiosis with about 80% of land plant species, including several crops [31]. Across
the interface between the plant and the fungus, carbohydrates and mineral nutrients (i.e., N, P, Zn and
B) are exchanged [32]. Thus, AMF can alleviate the limitation in plant growth caused by an inadequate
nutrient supply and can improve tolerance to biotic and abiotic stress [33]. Additionally, there is
evidence to indicate that AMF symbiosis may have a positive impact on crop quality [34]. Increased
yield of essential oils, terpenes and polyphenols, and enhanced antioxidant activity were induced by
AMF symbiosis in several medicinal and aromatic plants (MAPs) [12,35-38]. This higher concentration
of bioactive molecules makes AMF-hosted plants generally more attractive for the pharmaceutical and
food industries [39].
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The positive effects of AMF on corm growth, spice yield, and the nutraceutical compound content
of C. sativus have already been reported in open field trials [12,40-42]. However, so far little is known
of the proper saffron AMF inocula application and effects in soilless conditions, where plants are
cultivated in pots filled with sterilised substrates that are free of AM fungal propagules or highly
reduced in AMF diversity [43]. In the meta-analysis performed by Berruti et al. [31], it has been
observed that the fungal colonization gain in inoculated plants was significantly more frequent in the
greenhouses than in the open-field conditions, even if the effectiveness of AMF inoculation on shoot
biomass and yield was equally successful.

Thus, in the literature, saffron cultivation on soilless systems has been proposed for spice
production, but no comparison with open field has been reported. While, the effects of AMF-based
biostimulants have been investigated only in open fields. To evaluate if saffron cultivation in soilless
systems and AMF application may improve crop performance, spice yield and quality, and modulate
bioactive compounds content, we cultivated saffron on soilless systems, applying two AMF inocula,
and we compared results with those obtained in a previous open field-based trial [12].

2. Materials and Methods

2.1. Plant Material and Soilless Cultivation

Crocus sativus corms with horizontal diameters of 2.5-3.5 cm, provided by the Azienda agricola
“Les épices Vda” di Alessandro Putzolu (Chatillon, AO, Italy), were planted during the last 10 days
of August 2017 in the experimental heated glasshouse of the Department of Agricultural Forest and
Food Sciences (DISAFA) of the University of Torino (Italy, 45°06"23.21”N Lat, 7°57’82.83”E Long;
300 m a.s.l.). Corms were cultivated in pots (4 L, 14 cm diameter and 17 cm height; two corms per pot;
density of 91 corms m™?) filled with sterile quartz sand (2 L per pot; bulk density of 1.2 kg m~3) on a
layer of sterilised expanded clay (1 L per pot; bulk density of 300 kg m~3) for a total weight of about
1.5 kg. During the flowering period, the average temperatures were 22 °C during the day and 14 °C
during the night.

Two inocula (MycAgro Lab, Breteniére, FR) were used in this experiment: one composed of a
single fungus Rhizophagus intraradices (Ri) and one composed of R. intraradices and Funneliformis mosseae
(Ri+Fm). Both inocula consisted of AMF spores and inorganic substrate (calcined clay, vermiculite
and zeolite). Inocula treatments were compared to a control without any formulation (AMF-). Ten
grams of each inoculum were inserted into each vase. The treatment was placed under each corm
in order to guarantee contact between the inoculum and the roots, therefore, favouring mutualistic
symbiosis. Corms were not treated for fungal pathogens and cultivation lasted one cycle (August
2017-April 2018).

A complete randomised block design was used, with a total of 48 pots in two experimental plot
units (24 pots per unit) and three treatments (8 pots per treatment). Irrigation water (pH 7.4, EC 505 uS
cm) was added weekly (250 mL per pot) with a drip system. The corms were fertilised by fertigation
(N:K 13:46; VIGORFLOR, AL.FE. srl, MN, Italy) every 2 weeks starting from the emergence of the
spate, in quantities of 1.5 g L™! of water.

2.2. Determination of Flower Production, Stigma Yield and Corm Growth

At flowering (October and November 2017), the number of flowers produced daily per corm and
the yield of spice (i.e., stigmas dried at 40 °C for 8 h in an oven) were measured. The spice yield was
calculated by weighting the mg of saffron produced per pot (area equal to 196 cm?) and comparing the
values to g of spice per square meter (m?). At the end of the vegetative period (April 2018), corms were
lifted, rid of topsoil, cleaned and de-tunicated, then the number, size and weight of replacement corms
were determined.
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2.3. Preparation of the Saffron Extract

The saffron aqueous extracts were prepared according to Caser et al. [12]. Briefly, 50 mg of
powdered saffron were suspended into 5 mL of deionised water. After stirring (1000 rpm) for 1 hour at
room temperature (circa 21 °C) in the dark, the solution was filtered with polytetrafluoroethylene (PTFE,
VWR International, Milano, Italy) filters with a 25 mm diameter and 0.45 um pore size. The saffron
extract was then diluted 1:10 with deionised water to obtain the working solution. Each sample was
prepared in triplicate.

2.4. Determination of Saffron Quality by ISO 3632

Saffron aqueous extracts were analysed with a spectrophotometer (Ultrospec 2100 Pro, Ultrospec
2100 pro, Amersham Biosciences, Uppsala, Sweden) to determine the content of picrocrocin, safranal,
and crocin to have the information on the bitterness, the flavouring strength, and the colouring
strength [44]. Data were related to the dry matter percentage and expressed as the absorbance of a 1%
aqueous solution of dried saffron at 257, 330 and 440 nm respectively, using a 1 cm pathway quartz cell
[A1% 1 cm (A max)] and calculated according to the following formula [45]:

Al1%1cm (A max) = D x 10000/m X (100—wMV) D)

where D is the specific absorbance; m is the mass of the evaluated solution in grams; and wMYV is the
moisture expressed as a percentage mass fraction of the sample.
Moisture content (WMV) was determined using the following formula:

wMYV = (m0-m1) X (100/m0)% )

where m0 is the mass, in grams, of the saffron portion before drying; and m1 is the mass, in grams, of
the dry residue after incubation, performed in an oven for 16 h at 103 + 2 °C.
All analytical steps were conducted in the dark to prevent analyte degradation.

2.5. Determination of Bioactive Compounds by HPLC

Bioactive compounds were determined by means of four high performance liquid
chromatography-diode array detection (HPLC-DAD) methods (Table 1; [46]) using an Agilent 1200
High-Performance Liquid Chromatograph coupled to an Agilent UV-Vis diode array detector (Agilent
Technologies, Santa Clara, CA, USA). Phytochemical separation was achieved with a Kinetex C18
column (4.6 x 150 mm, 5 um, Phenomenex, Torrance, CA, USA) using several mobile phases for
compound identification and recording UV spectra at different wavelengths, based on HPLC methods,
as previously tested and validated [47], with some modifications. UV spectra were recorded at 330 nm
(x), 280 nm (f3), 310 and 441 nm (y), and 261 and 348 nm (5). All single compounds were identified
by a comparison and combination of their retention times and UV spectra with those of authentic
standards under the same chromatographic conditions.
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Table 1. Characteristics of the HPLC methods applied to analyse the bioactive compounds present in
the studied saffron samples.

HPLC Stationary . Flow . .
Method Class Standard Phase Mobile Phase (L min-1) Time (min)
Caffeic acid
. - Chlorogenic acid .
A: 10mM KH,PO4/H3POy,
« Cinnamic acids Coumaric acid m oH 2, 8“/ s 15 20 +2(CT)
Cerulic acid KINETEX-C18 B: CH;CN
Hyperoside column (4.6 x T
Isoquercitrin 150 mm, 5 pum)
Flavanols Quercetin
Wauercitrin
Rutin
- Ellagic acid
Benzoic acids S A: HO/CH30H/HCOOH
B Gcalltlc ;gd (5:95:0.1 v/v/v), pH = 2.5 0.6 23 +2(CT)
Catechins B B: CH;OH/HCOOH
Epicatechin (100:0.1 v/v)
Crocin I A:H,O
v Carotenoids Crocin II B: éHzCN 0.6 35+ 10 (CT)
Safranal S
. . A:5mM
Ascorbic acid
_— aad, C16H33N(CHs)3Br/50 mM
5 Vitamin C Dehyd;(cyscorblc KH,PO,, pH=2.5 0.9 10 +5(CT)

B: CH;O0H

CT = conditioning time; Method a—gradient analysis: 5% B to 21% B in 17 min + 21% B in 3 min + 2 min of
conditioning time—wavelength: 330 nm; Method 3—gradient analysis: 3% B to 85% B in 22 min + 85% B in 1 min +
2 min of conditioning time—wavelength: 280 nm; Method y—gradient analysis: 5% B to 95% B in 30 min + 95% B
to 5% B in 5 min + 10 min of conditioning time—wavelengths: 310 nm + 441 nm; Method d—isocratic analysis:
10 min + 5 min of conditioning time—wavelengths: 261 nm + 348 nm.

2.6. Phytochemical Characterisation

The phytochemical characterisation of each sample was performed as previously described by
Caser etal. [48,49]. Briefly, the total anthocyanin content (TAC) was determined using the pH-differential
method. Saffron solution was added to pH 1 and pH 4.5 buffer solutions. The absorbance of samples
was determined at 515 and 700 nm after 15 min of equilibration. The results were expressed as
milligrams of cyanidin 3-O-glucoside (C3G) per 100 grams of dry weight (mgcsg 100g‘1 DW). The total
phenol content (TPC) was measured using the Folin—-Ciocalteau phenolic method at 765 nm. The results
were expressed as mg of gallic acid equivalents (GAE) per 100 g of dry weight (DW; mggag 100g‘1
DW). The antioxidant activity (AOA) was determined at 595 nm using the ferric reducing antioxidant
power (FRAP) method and at 734 nm using the 2,2’-azinobis (3-ethylbenzothiazoline-6-sulphonic acid;
ABTS) method. Results were expressed as millimoles of ferrous iron (Fe>*) equivalents per kilogram of
dry weight (mmol Fe2+ kg‘1 DW) and as umol of Trolox equivalents per gram of dry weight (umol
TE g~! DW), respectively. All analyses were performed in three replicates and the absorbances were
read using a spectrophotometer (Ultrospec 2100 Pro, Ultrospec 2100 pro, Amersham Biosciences,
Uppsala, Sweden).

2.7. AMF Evaluation

On the base of saffron highly mycorrhization level (70 to 90% mycorrhizal intensity) previously
reported [12], we randomly selected saffron roots in April 2018. Then, the root segments were processed
for observation in light and under transmission electron microscopy. Root segments were excised
under a stereomicroscope and quickly fixed in 2.5% glutaraldehyde in 0.1 M cacodilate buffer (pH
7.2) for 2 hours at room temperature and overnight at 4 °C. The samples were then post-fixed in 1%
Os04 in the same buffer and dehydrated in an ascending series of ethanol to 100%, incubated in two
changes of absolute acetone and infiltrated in Epon-Araldite resin [50]. The resin was polimerised
for 24 h at 60 °C. Semi-thin (1 um) sections were then stained with 1% toluidine blue and ultra-thin
(70 nm) sections were counter-stained with uranyl acetate and lead citrate [51], and used for electron
microscopy analyses under a Philips CM10 transmission electron microscope.
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2.8. Chemicals and Reagents

Sodium carbonate, Folin—Ciocalteu phenol reagent, sodium acetate, citric acid, hydrochloric
acid, iron (III) chloride hexahydrate, 2,4,6-tripyridyl-S-triazine (TPTZ) and 1,2-phenylenediamine
dihydrochloride (OPDA) were purchased from Sigma Aldrich (St. Louis, MO, USA), whereas acetic
acid was purchased from Fluka Biochemika (Buchs, Switzerland). Ethylenediaminetetraacetic acid
(EDTA) disodium salt was purchased from AMRESCO (Solon, OH, USA), whereas sodium fluoride was
purchased from Riedel-de Haen (Seelze, Germany). Ethanol, acetone, sodium citrate and lead nitrate
were purchased from Fluka Biochemika. Analytic HPLC grade solvents, methanol and formic acid were
purchased from Sigma Aldrich and Fluka Biochemika, respectively; potassium dihydrogen phosphate,
ammonium dihydrogen phosphate and phosphoric acid were also purchased from Sigma Aldrich.
Milli-Q ultrapure water was produced by Sartorius Stedium Biotech mod. Arium (Sartorius, Goettingen,
Germany). Cetyltrimethylammonium bromide (cetrimide) was purchased from Extrasynthése (Genay,
France), whereas 1,2-phenylenediamine dihydrochloride (OPDA) was purchased from Sigma Aldrich.
All polyphenolic and terpenic standards were purchased from Sigma Aldrich. The organic acids were
purchased from Fluka Biochemika, whereas ascorbic acid and dehydroascorbic acid were purchased
from Extrasynthése. All chemicals specific for electron and optical microscopy were purchased from
Electron Microscopy Sciences (Newark, PA, USA), i.e., glutharaldeyde, cacodylate buffer, osmium
tetroxide, epon/araldite resin, toluidine “O” and uranyl acetate.

2.9. Statistical Analysis

An arcsin transformation was performed on all percentage incidence data before statistical analysis
in order to improve the homogeneity of the variance (Levene test). All the analysed data were checked
for the normality of variance. For all the analysed parameters, mean differences were computed using
a one-way ANOVA with a Tukey post hoc test (p < 0.05). Mean comparisons between data obtained
in soilless and those from the first growing season of a previous work conducted in open field [12]
cultivations were performed using an independent samples t-test. All analyses were performed using
SPSS 24.0 Inc. software (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Crop Performance, Quality and Secondary Metabolite Content of Saffron in Soilless Cultivation

Soilless cultivation in a glasshouse has been recently proposed as an alternative method to open
field cultivation for saffron. Maggio et al. [19] and Gresta et al. [6] reported that, by controlling growth
conditions, flowering could be modulated, extended and considerably increased, compared with open
field cultivation. In the present study, under protected conditions, flowering had the same duration
(ca. 22 days) compared to cultivation of the same corms planted on the same days in a northwestern
Italian open field [12], but the saffron flowering moved forward about 20 days (from 5 October 2017
to 23-30 October 2017), in agreement with Gresta et al. [6]. Since, for the flower emergence, corms
required to be transferred from 23-27 °C to 17 °C [18], the most likely reason for this results is related
to the fact that, in a glasshouse, the lowering of seasonal temperatures takes place more slowly than
in an open field. In addition to the temperature lowering, Gresta et al. [52] indicated the soil water
content as another environmental component that can trigger flowering. However, as in these two
studies object of comparison, the cultivation occurred in different substrates (quartz sand vs soil), it
appears not possible to make speculations.

Saffron yield can vary from 0.15 to 1.5 g m~2, based on planting density, plantation age (from
one to six year crop cycles), and climatic conditions during the crop season [1]. In this study, an
average of 0.55 g m~2 was obtained, indicating a profitable production already during the first year.
This yield was similar to what obtained cultivating the same corms at a density of 39 corms m~2
in a northwestern Italian open field [12] and superior to that obtained in south Italy under similar
glasshouse conditions by Gresta et al. [6] (corm density equal to 40 corms m~2; 0.46 g m~2) with corms
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coming from Sardinia (Italy). With similar corm density to our work, Cavusoglu and Erkel [53] and
Maggio et al. [19] obtained much higher yields (0.88 g m™2 and 2.34 g m~2, respectively) in glasshouses
located in Turkey and south Italy. In Iranian open fields, at a corm density similar to our study,
Mollafilabi et al. [24] and Koocheki and Seyyedi [54] obtained an average spice yield of 0.48 g m2.
As affirmed by Gresta et al. [52], to trigger saffron flowering, a not yet fully understood combination
of temperature and soil water content is needed.

In addition to the spice yield, another economically important attribute of saffron is the number of
replacement corms. The obtained values (2.63 replacement corms corm™) are lower of those obtained
by Maggio et al. [19] in soilless cultivation in a cold glasshouse in south Italy, by using peat and perlite
(1:1) substrates, where corms produced from 3.0 to 4.5 replacement corms per corm. In addition to a
different substrate, these authors also incubated corms in the dark for 83 days before planting. Thus,
the combination of these two factors could have guarantee a superior result. Comparing to open field
experiments that used corms with similar size to our study, results were in agreement with those
from our trial in northwest Italy [12], and the trials performed by Turhan et al. [55] in Turkey (2.32
replacement corms corm™!), while superior to those obtained by Koocheki and Seyyedi [54] in Iranian
fields (1.32 replacement corms corm™1).

Guidelines for the analyses of the main compounds that contribute to the sensory profile of
saffron have been established by ISO 3632 regulations [44]. These regulations define procedures to
determine these compounds by spectrophotometric analyses and have established the limits by which
saffron quality is classified into three different categories (first, second and third). Specifically, the
saffron produced under soilless conditions belongs to the highest quality, i.e., first category, for all the
studied parameters.

The evaluation of antioxidant activity is generally considered as an important method to evaluate
the nutraceutical properties of food, as indicated in other previous studies [30]. Apart from crocins,
Karimi et al. [56] and Asdaq and Inamdar [57] highlighted that phenols and flavonols are responsible
for the antioxidant potential of saffron. Overall, the saffron produced in soilless systems showed a
very high TPC (4445.4 mggag 100g™" DW), more than the saffron cultivated in other sites in the Alps
(range between 1340 and 2355 mggag 100g‘1 DW) [12], Lebanon (160 mggag 100g‘1 DW) [58], and
India (828 mggax 100g’1 DW) [8]. In terms of antioxidant activity, FRAP values were superior to those
of Iranian and Italian samples (circa 570 and 1250 mmol Fe?* kg‘l) [12,56] and ABTS values were
comparable to those found in Italian and Greek saffron by Caser et al. [12] and Ordoudi et al. [59].

3.2. AMF Colonisation

In our study, the presence of AMF and their colonisation of saffron roots were confirmed by
observations using light microscopy (Figure 1) and transmission electron microscopy (TEM; Figure 2)
on semi-thin and thin sections, respectively. Observations on semi-thin sections, stained in blue, show
that the saffron roots are mycorrhised when inoculated with both inocula (Figure 1A-C), confirming
the mycorrhizal intensity described in Caser et al. [12]. At the level of the cortical root parenchyma, the
typical mycorrhizal arbuscular fungal structures have been highlighted (insets Figure 1A,C). Figure 1
shows the presence of intercellular and intracellular hyphae (Figure 1C) and arbuscules (Figure 1A,B).
No fungal structures were found in the roots of the control treatments (Figure 1D).
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Figure 1. Light microscope images of semi-thin sections of Crocus sativus roots inoculated with
Rhizophagus intraradices and Funneliformis mosseae (Ri+Fm, A), R. intraradices alone (Ri, B and C) or
the control (arbuscular mycorrhizal fungi (AMF)-, D), stained with toluidine blue. At the level of
the cortical cells, note the presence of intercellular and intracellular hyphae (i) and arbuscules (a).
Magnification in insets A and C shows details of the intracellular hyphae. Cortical parenchyma (PC)
cells with nucleus (N) are indicated. No fungal structure is present between and inside the root cells in
AMF-roots (D). Note the central cylinder (cc) and the endodermide (en). Bars are 20 pm in A, C and D,
and 10 um in B.

Here, the host plasma membrane invaginates and proliferates around all the developing
intracellular fungal structures, and cell wall material is laid down between this membrane and
the fungal cell surface. The exchange of molecules between the fungal and plant cytoplasm takes place
both through their plasma membranes and their cell walls; a functional compartment, known as the
symbiotic interface, is thus defined. At the electron microscope level, as seen in Figure 2A,C (arrows),
this new apoplastic space, based on membrane proliferation, is evident around the intracellular and
arbusculated hyphae of the AMF penetrated inside the saffron root cortical cells. On the basis of TEM
observations, we can conclude that the mycorrhizae, formed between saffron roots and the two species
of AM fungi in the inocula used in pot experiments, are alive and functionally active.
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Figure 2. Transmission electron microscopy images of thin sections of saffron roots colonised by
Rhizophagus intraradices and Funneliformis mosseae (Ri+Fm, A), R. intraradices alone (Ri, B and C) or the
control (AMF-, D). In details, a: fungal arbuscule; N: nucleus; M: mithocondria; P: plastids; i: fungal
hyphae; PCW: plant cell wall; FCW: fungal cell wall; arrow: plant plasmamembrane; arrowhead and
inset: Golgi apparatus. The baris 1 um in A, B, C and D.

3.3. Impact of AMF on Saffron in Soilless Cultivation

3.3.1. Crop Performance and Quality Classification

In the present study, slight differences in flowering time and production were detected between
treated corms (Figure 3 and Table 2). Both applied inocula (Ri and Ri+Fm) anticipated saffron flowering
time of one week, compared to untreated corms (AMF-; 23 October vs. 30 October), whereas the
flowering peaks and end of flowering occurred in about the same number of days (6-9 November and
11-13 November, respectively).

No significant differences were observed between the treatments in terms of the number of flowers
corm™! and the obtained mg of spice flower™! (Table 2). Very few reports about the effective role of
AMF in saffron flowering and yield are available in the literature, and only under open field conditions.
Aimo et al. [40] and Caser et al. [12] indicated a positive role of AMF on the saffron productive
performance, with an increase in flower production (+68% and +138%, respectively, compared to the
untreated corms) using AMF species belonging to the genus Glomus.
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Figure 3. Effects of AMF inoculum composed of Rhizophagus intraradices alone (Ri), R. intraradices and
Funneliformis mosseae (Ri+Fm) or the control (AMF-) on the flowering calendar of Crocus sativus corms
and the daily number of picked flowers m~2 during soilless cultivation.

Both of the AMF inocula increased the size of replacement corms in comparison to untreated
corms (Table 2), suggesting a positive effect on flower production for the following cultivation cycle, in
agreement with Aimo et al. [40] and Mohebi-Anabat et al. [39]. Corm size is indeed a major factor in
bulbous plants to determine the flowering capacity and production of new replacement corms [5,42].

Saffron quality greatly depends on the growing conditions [12,60]. In the present study, among
the AMF inocula, R. intraradices alone significantly increased the content of picrocrocin (bitterness),
safranal (flavouring strength) and crocins (colouring strength), in comparison to the other treatments.
On the contrary, Ri+Fm significantly reduced the content of these molecules and, thus the quality of
the spice, in particular by lowering the crocin content to the third category of ISO 3632. To the best
of our knowledge, this is the first report indicating the effect of AMF on the quality (ISO) of saffron
obtained by soilless cultivation. The positive role of Ri on the increase of the saffron quality, especially
on the content of picrocrocin, was highlighted also in northwestern Italian open field [12]. Thus, the
corm inoculation with Ri could further increase the already high quality saffron produced in the Italian
Alps [45,61].

3.3.2. Saffron Metabolic Profiling Comparing to Other Foods

In addition to the peculiar organoleptic characteristics, the stigmas of the C. sativus flower contain
many secondary metabolites with demonstrated pharmacological effects [3,11,62-64]. The identification
and quantification of bioactive compounds in saffron and the evaluation of their biological activities are
important to gauge their potential efficacy in food and pharmaceutical industries [65]. The range of all
chemicals can vary greatly as a result of growing conditions, such as in response to the application of
biostimulants [63]. Inoculation with AMF is known to alter the production of secondary metabolites in
MAPs, both in roots, shoots, and flowers, even if is not consistent among plant organs [66]. The effects
of AMF inocula on the biosynthesis of secondary metabolites in saffron are presented in Table 3. This
more in-depth analysis confirmed the results obtained by assessing the spice quality according to
1SO3632 guidelines. The single species inoculum Ri significantly increased the content of crocins (crocin
I and II), whereas the mix Ri+Fm decreased it; these findings are in agreement with those obtained
by Caser et al. [12] under field conditions in a temperate mountain area (north-west Italy), where the
saffron obtained by corms inoculated with Ri resulted in superior quality (i.e., quality compared to
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the ISO standards). Regarding antioxidant activity (AOA), inoculation with Ri resulted in superior
values in both used methods (FRAP and ABTS). The AMF inoculum composed of Ri+Fm significantly
increased the contents of isoquercitrin and the total phenolic (TPC) compared to Ri, while of ellagic
acid in comparison to Ri and AME-. Differences in results according to the AMF inoculum composition
were also observed in other plant species cultivated on different substrates. Among the reviewed
studies, it has been found that the single inoculation of R. intraradices tend to be more successful for
bioactive compounds increase than inoculation experiments with more than one species applied at the
same time. In Echinacea purpurea Moench. [67] cultivated in a sand and soil (1:1) substrate, R. intraradices
alone increased more the content of polyphenols than the mixed inoculum, while in Cynara cardunculus
L. cultivated in sandy soil [68] and Lactuca sativa L. cultivated in a mixture of peat, sandy loam soil and
calcinated clay (1:1:1) [69] R. intraradices enhanced more the antioxidant activity. However, it has not
been observed any effect on the accumulation of polyphenols in Ocimum basilicum L. cultivated in a
sterilised sand and soil (3:1) substrate [70] and in Salvia officinalis L. in sand, soil, and expanded clay
(1:1:1) [71,72].

Table 3. Bioactive compounds, anthocyanins, total polyphenol content and antioxidant activity (ferric
reducing antioxidant power (FRAP) and 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS);
antioxidant activity (AOA)) of the saffron produced via glasshouse cultivation with AMF inocula
composed of Rhizophagus intraradices alone (Ri), R. intraradices and Funneliformis mosseae (Ri+Fm) or a
control (AMF-).

Class Compound (mg 100g~1 DW) Ri Ri+Fm AMEF- P
Cinnamic acids Coumaric acid 234 +35 237 +26 237 +3.1 ns
Isoquercitrin 1.9 £ 0.3b 26+02a 2.3 +0.3ab **

Flavonols Quercitrin 178+ 46 11.6+4.1 19.1+3.6 ns

) . Gallic acid 45+15 51+1.3 49+14 ns
Benzoic acids Ellagic acid 1.9 £0.5b 32+03a 1.0+ 0.4b -
. Catechin 1.9+04 1.6 +£0.3 1.8+03 ns
Catechins Epicatechin 9.8+29 5921 96+25 ns
Safranal 40+09 40+1.2 40+07 ns

Carotenoids Crocin I 104.2 + 8.6a 22.1 +6.5¢ 55.5 + 8.4b wE
Crocin II 42.7 + 9.6a 164 +3.8b 38.7 £ 12.9ab o

Dehydroascorbic acid 288+ 6.5 302 +4.1 31.8+69 ns

Vitamin C Ascorbic acid 31.1+95 363 +6.7 417 +48 ns
Total vitamin C 59.9 £10.2 66.5+59 73.6 £ 8.4 ns

TAC Anthocyanin (mgcag lOOg’l DW) 640.7 + 84.6b 146.4 + 29.8¢ 1654.5 + 68.4a *

Methods

TPC Folin-Ciocalteu (mggag 100g~" DW) 816.5+152.7b 3619.0+400.2a 4445.4+450.2a ek
AOA FRAP (mmol Fe?* kg’1 DW) 3133.9+1524.3a  1383.0+589.7ab 379. 7+128.4b o
ABTS (umolyg g~ DW) 5.4+0.8a 3.6:+0.4¢ 4520.7ab w

Mean values with the same letter are not statistically different at p < 0.05, according to a Tukey post hoc test.
The statistical relevance of ‘Between-Subjects Effects’ tests (* p < 0.05, ** p < 0.01, *** p < 0.001, ns = not significant).

Karimi et al. [56] and Rahaiee et al. [63] indicated that the antioxidant capacities of saffron might
be due to the presence of total phenolics and flavonoids. Based on the obtained results, the content
of the bioactive compounds detected in saffron could be compared to other commonly eaten fruits
with highly advantageous nutritive properties. Saffron had a higher total phenol content (TPC) and
antioxidant activity (AOA) than fresh Ribes nigrum L. berries (circa +1000% and +493%, respectively),
and fresh (circa +2000% and +1800%, respectively) and dried (circa +900% and +1650%, respectively)
Lycium spp. fruits [65,73], analysed with the same method. Since saffron showed an antioxidant activity
superior than 500 mggag 100g~! it could be also listed within the health beneficial fruits such as Rubus
glaucus Berth. and Prunus serotina var. Capuli as suggested by Vasco et al. [74]. Its content of vitamin
C was similar to what found in Actinidia deliciosa (A.Chev.) C.FLiang & A.R.Ferguson and Citrus
sinensis (L.) Osb., and even higher than in Lycium spp. (+150%) and Vaccinium spp. (+580%). Also,
the coumaric acid content was superior (+85%) than in Morus nigra L. fruits [75] while lower than in
Lycium spp. fruits, that showed also higher content of gallic acid, ellagic acid, catechin, and epicatechin
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was generally lower in saffron (on average circa —75%, —70%, —92%, and —95%, respectively) [73,75].
Lastly, the content of anthocyanins, that are suggested to have neuroprotective properties [76], was up
to 11654.5 mgcsg 100~ DW, i.e., a value very high in comparison to fresh fruit extracts from Morus
nigra, Rubus idaeus L., and Fragaria ananassa D. (80.0, 33.7, and 35.2 mgcsg 100g71, respectively) [75].

3.3.3. Soilless Cultivation vs. Open Field

Saffron root colonisation by AMF could be affected by the cultivation conditions related to the
substrate composition, root temperature or the presence of antagonistic fungi naturally occurring
in the soil [31,40,41,76]. In our recent studies, AM fungal colonisation was noted in C. sativus roots
inoculated with Ri and Ri+Fm, both in soilless (Figures 1 and 2) and in open field conditions [12].
Figures 4 and 5 report the comparisons of the results obtained by these studies. Compared to open
field, in soilless conditions not-inoculated corms (AMF-) showed similar spice yields but with higher
quality while, referring to AMF treatments, Ri-inoculated corms produced less spice but with a higher
quality, whereas Ri+Fm inoculated corms produced less spice, with a lower quality (i.e., reduction in
crocin content).

% Y A
™)
£
hnd
£
£
[=]
o
c -
o
2
=
m
wy
) 4 8 B
T~ i
u
~
=
£
2" .
=4
%
2% C.
=)
(4]
m
=
£
5
S
=
5
) '
HEE
0 D.
£5%
= w
3
2 55 |
E
5
=
=
.
i .
Ri Ri+Fm AMF-

Figure 4. Effects of AMF inoculum consisting of Rhizophagus intraradices alone (Ri), R. intraradices and
Funneliformis mosseae (Ri+Fm) or a control (AMEF-) on (A.) mg of saffron corm™!, (B.) picrocrocin, (C.)
safranal, and (D.) crocin of Crocus sativus corms cultivated in soilless (black bars) and open field (grey
bars, [12]) conditions. Mean comparisons of each treatment in the two cultivation types were performed
using an independent samples t-test.
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Figure 5. Effects of AMF inoculum consisting of Rhizophagus intraradices alone (Ri), R. intraradices and
Funneliformis mosseae (Ri+Fm) or a control (AMF-) on the content of (A.) isoquercitrin, (B.) quercitrin,
(C.) ellagic acid, (D.) epicatechin, (E.) crocin I, (F.) crocin II, (G.) ascorbic acid, (H.) vitamin C, (I.) total
polyphenol content (TPC), and (L.) antioxidant activity (FRAP assay) of saffron produced in soilless
(black bars) and open field (grey bars, [12]) conditions. Mean comparisons of each treatment in the two
cultivation types were performed using an independent samples t-test.

With respect to the nutraceutical compounds, the comparisons are presented in Figure 5.
No differences were reported between the untreated corms (AMF-), whereas the application of
Ri in the soilless condition induced an increase in the contents of epicatechin, crocin I, and antioxidant
activity (+80%, +435%, and +675%, respectively), while a decrease in the contents of isoquercitrin,
quercitrin, ellagic acid, ascorbic acid, vitamin C, and TPC. Fewer differences were induced by Ri+Fm,
which positively stimulated both the total phenolic content and antioxidant activity (+210% and +325%,
respectively), but caused a decrease in quercitrin, crocin II, ascorbic acid, and vitamin C.

4. Conclusions

Soilless cultivation in a glasshouse appeared as an effective strategy for the cultivation of saffron
with a first-year cultivation spice yield that is comparable with open field production sites. Moreover,
the high quality saffron produced via soilless cultivation presented an elevated content of several
health-promoting compounds with highly advantageous nutritive properties, such as polyphenols and
elevated antioxidant activity. Further studies are needed to define better the methodologies to modulate
time and duration of flowering, to improve yield, and to efficiently schedule harvest practices.

Arbuscular mycorrhizal-based products have received great interest in agriculture for their
potential to improve crop productivity, nutritional quality, as well as resistance to plant pathogens and
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numerous environmental stresses. The literature highlights that AMF must be chosen by evaluating
different aspects, such as the inoculum type, host plants, and the environmental and growing conditions.

Here, AMF successfully colonised C. sativus roots; their effects varied on the basis of inoculum
type and cultivation conditions. Among the studied AMF inocula, R. intraradices appeared to give
more benefits to C. sativus than the mix of R. intraradices and F. mosseae. Specifically, the R. intraradices
inoculation appeared successful in open field to increase spice yields while in soilless systems to
increase the spice quality.

Thus, soilless systems appeared as an effective alternative cultivation strategy for the production
of high quality saffron. Further benefits can be obtained by the application of targeted AMF-based
biostimulants. A cost-benefit analysis should be performed to assess the economic sustainability.
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Abstract: As natural plant growth stimulators, amino acids are widely used to improve the yield
and quality of crops. Several studies have illustrated the effects of different amino acids on lettuce
plant parts. However, the effects of applying single amino acids on root growth remain elusive.
The objective of this study was to evaluate the effect of root application of L-methionine on the
growth of lettuce. In this study, two successive experiments on butterhead lettuce were conducted
under hydroponic conditions. Three amino acids, L-methionine (20 mg/L), L-glycine (210 mg/L),
and L-tryptophan (220 mg/L), were applied separately. L-methionine significantly increased the
growth performance by 23.60%, whereas growth using L-tryptophan and L-glycine decreased by
98.78% and 27.45%, respectively. Considering the results of the first experiment, a second experiment
was established with different concentrations of L-methionine (2200 mg/L, 220 mg/L, 22 mg/L, 2.2 mg/L,
0.2 mg/L, and 0.02 mg/L). The plants were allowed to grow for four weeks. Leaf width, plant area,
leaf area, chlorophyll contents, etc., were evaluated. The results show that plant growth significantly
improved by applying L-methionine at the lowest concentrations of 0.2 mg/L and 0.02 mg/L, which
can, therefore, improve hydroponic production of lettuce and, accordingly, human nutrition.

Keywords: L-methionine; L-tryptophan; L-glycine; lettuce; nitrogen

1. Introduction

Lettuce (Lactuca sativa L.) is one of the main vegetable crops widely cultivated in China and
consumed as a salad throughout the world. Due to its high nutritional value provided by mineral
elements, vitamins, and folate, which play significant roles in human nutrition and diet, lettuce has
become the focal point of several studies [1-4].

Nitrogen is an essential element for lettuce plants, an integral component of protein, phospholipid,
and chloroplast [5,6]. Nitrogen uptake, assimilation, and utilization play essential roles in plant
growth and development [7,8]. The plants mainly take up nitrogen in the form of nitrate (NO3 ™) and
ammonium (NHy4*) or N, from the atmosphere through nitrogen-fixing bacteria [9-11]. The application
of a large amount of chemical fertilizer to ensure high crop yield causes serious issues for agricultural
products [12] and the environment [13,14]. Hence, there is a need to look for sustainable horticultural
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practices to counteract chemical-based agribusiness. In this respect, the application of amino acids, as a
type of growth-promoting substance, supplies plant nutrients but also improves plant quality, which
ultimately boosts the yield and commercial output of crops [15]. Therefore, it has become popular in
sustainable agriculture [16-20]

Amino acids as biostimulants (substances that promote plant growth, improve nutrient availability,
and enhance plant quality) [20,21] are not only getting popular for mitigating injuries caused by abiotic
stresses [22] but also serve as hormone precursors [20,23-25]; signaling factors of different physiological
progressions, such as glutamate receptors (GRLs) [24-26]; and regulators of nitrogen uptake [27],
root development [25,28-30], and antioxidant metabolism [25,30-32]. Better root development
supported by the addition of amino acids can boost nitrogen fixation, which induces an enhanced root
surface for nutrient uptake [29,33].

Direct application of amino acids and their products could modulate N uptake and assimilation;
this phenomenon is mediated by enzymes engaged with N assimilation [15,25,30]. In addition, it could
be a follow-up to the flagging pathway that controls N securing amino acids in roots, which are mostly
accessible as supplements [30]. Additionally, application of amino acids was also found to increase K*
in plants both in the presence of salt stress and without salt application [25,30,32]

A recent study [31] showed that seed treatment or foliar application of amino acids had different
effects on soybean crops. An amino acid applied individually acts as a signaling component, i.e.,
increases antioxidant enzyme activity and causes efficient nutrient uptake [25,34,35]. Different
investigations have demonstrated a positive impact of foliar application of amino acid mixtures on
plants, for example, increased production in Solanum lycopersicum L. [36] and accumulation of dry
matter, chlorophyll [37], starch, and polysaccharides in Vicia faba L. [38].

Previous studies have indicated an association of L-methionine with the biosynthesis of growth
regulating substances such as cytokinins, auxins, and brassinosteroids in plants [39,40]. L-methionine
functions as a precursor of a significant number of essential biomolecules such as vitamins, polyamine,
cofactors [41], and antioxidants such as glutathione, which are considered to be significant determinants
of cellular redox homeostasis and many defense compounds [19]. All of these biomolecules contain
sulfur moieties that act as functional groups and are derived from L-methionine. In plants, L-methionine
biosynthesis plays a central role in fixing inorganic sulfur from the environment, providing the only
metabolic sulfide donor for the generation of glutathione, phytochelatins, iron-sulfur clusters, vitamin
cofactors, and multiple secondary metabolites [42,43].

However, there is little data on the impact of isolated amino acids, particularly in root application.
Additionally, the majority of investigations have been carried out utilizing a mixture of amino acids
and other methods of application, such as foliar application and seed treatment. Hence, this study is
based on the hypothesis that the root application of individual amino acids can improve the uptake of
nitrogen and other growth-related factors, which can lead to increased productivity of lettuce plants.
Therefore, the objective of the present work was to evaluate the effect of the separate application of
L-tryptophan, L-glycine, and L-methionine in nutrient solution on the growth, yield, and physiology
of lettuce plants.

2. Materials and Methods

The research study was carried out at the Vegetables and Flowers Institute, Chinese Academy of
Agricultural Sciences, Beijing, China, in 2017-2018 to determine the regulation of lettuce plant growth
response under different amino acids and concentrations.

2.1. Plant Material and Growth Conditions

Sowing of butterhead lettuce seeds was done under controlled conditions using a mixture of
peat moss with an average of 2-3 seeds per hole. All cultural practices were maintained in order
to have a good plant stand. Average minimum and maximum monthly temperatures were set to
24 °C and 34 °C. Plants were provided with natural sunlight with a light intensity of approximately
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900-1000 pmoles m~%/s. At pre-emergence stages, the nutrient solution was applied once a week.
Plants with at least 2 fully expanded leaves 30 days after sowing were transferred to a closed-loop
hydroponic system (Figure 1).

Plastle mesh basket

st ot not basket and spinge t hold letuce planis.

Figure 1. The hydroponic system, mesh basket, and other materials used to grow lettuce plants.

Briefly, the hydroponic system consisted of 3 growing nutrient trays (used as 3 replicates) with
10 holes each, with a distance of 21.2 X 20.5 cm between the holes. The height of the hydroponic
growing stand was 160 cm from the ground, while the length and width of the growing tray were
102 cm and 38 cm, respectively. The capacity of the water reservoir was 80 L with 6 cm depth and
recyclable. Plastic mesh used to cover the plants was 6 cm long and 2 cm wide.

A pH of 6.0-6.3 and electrical conductivity (EC) of 1.5-2.0 mS cm™! of nutrient solution were
maintained regularly for optimal plant growth.

Plantlets were grown with 75% strength Hoagland nutrient solution containing the following
nutrients (in mg/L), as previously described [44]: Ca(NOs), = 1122; KNO3 = 910; KH,PO4 = 272;
NH4NO; = 40; MgSO, = 247; EDTA (Ethylenediamine tetraacetic acid Ferric Sodium Salt) = 16.80;
ZnSOy = 1.20; NayB4O7 = 0.28; NapMoOy4 = 0.20; CuSO4 = 0.10; and MnSOy = 0.86.

2.2. Application of Three Amino Acids on Lettuce

The experiment was conducted from December 2017 to February 2018 with 3 replications.
The concentration of 3 amino acids, L-methionine, L-tryptophan, and L-glycine, was kept at 20 mg/L,
210 mg/L, and 220 mg/L, respectively. This gave 4 treatment combinations (3 amino acids and 1 control
treatment). The amino acid treatment was started 8 days after transplanting into the nutrient solution
to prevent plants from undergoing nutrient shock. Data were recorded every week and the crop was
harvested after 30 days of treatment.

2.3. Application of L-Methionine Concentrations on Lettuce

The second experiment was conducted from January to March 2018 with a single amino acid,
L-methionine (selected from experiment 1), in 6 concentrations, as 3 treatments and 3 replications.
Plants were transplanted to the nutrient solution and treated with the amino acid after 8 days.
The concentration of L-methionine applied was 2200 mg/L, 220 mg/L, and 22 mg/L for the treatment
and 2.2 mg/L, 0.2 mg/L, and 0.02 mg/L for the control. All other experimental conditions were the same
as in the first experiment. The tanks of nutrient solution were refreshed weekly.
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2.4. Data Collection and Analysis

Data were recorded for the following morphological and physiological parameters: root length,
leaf length, leaf width, leaf area, plant area, chlorophyll content, and fresh and dry mass of root
and shoot.

2.4.1. Vegetative Growth Parameters

The number of leaves, plant height, plant diameter, and leaf area were measured every 7 days
following standard procedures as proposed in [45-47].

AF (cmz) = 0.7 x Length (cm) x Width (cm) —2.4

Leaf length and width were measured by using a measuring tape/scale.

Root length was measured by separating roots from plants and placing them on paper and
blotting them, then using a measuring tape (recorded in cm). Fresh weight per plant was square
root transformed to normalize the error distribution before the analysis, as described [48], using an
electronic balance (S = 0.1 g) (Acculab V-1200). The harvested plants were rinsed with distilled water,
then the roots were blotted on filter paper and dried completely in an oven at 60-65 °C to determine
dry weight [49]. The following formulas were used to calculate the index of growth traits [45].

Relative growth rate (RGR) was calculated by the following formula:

RGR = (IHWZ - 1nW1)(t2 - tl)

where W; and W denote the plant’s dry mass (g) at time t; and t;, respectively.
The net assimilation rate was calculated by the following formula:

NAR = dW/(A x dt)

where A is the area of assimilation organs (cm?), dW is the dry mass increment (g), and dt is the time
of cultivation (days). Root mass ratio (RMR; root mass per unit total plant mass) was calculated as
described in [49].

2.4.2. Physiological Measurements

Total chlorophyll content was estimated by using a portable The Soil Plant Analysis Development
(SPAD) chlorophyll apparatus (SPAD-502 Plus, Konica Minolta, Tokyo, Japan). The leaf net
photosynthesis rate for 3 independent lettuce seedlings per experimental replicate was determined
using a portable LI-6400 photosynthesis system (Li-Cor 6400-18, Lincoln, NE, USA) [40,50]. The set
values used were as follows: photosynthetic photon flux density, 500 pmol-m~2-s71; air flow rate inside
the sample chamber, 400 pmol-s~!.

The nutrient contents were measured in dried leaves ground by an electric mortar (multipurpose
high-speed disintegrator, Dingia), sieved, weighed out to 0.2 g, and digested by concentrated nitric
acid (HNOs, 5-6 mL) carefully under a laminar flow hood cabinet. All nutrients were analyzed using
an optical emission spectrometer (Optima 5300 DV Spectrometer, Shelton, CT, USA).

The total N was determined by the Kjeldahl method [51].

2.5. Statistical Analysis

The recorded data were subjected to analysis of variance (ANOVA) and fixed-factor models [52],
and Duncan’s multiple range test was used to assess the significance of treatment differences by means
of IBM SPSS Statistics for Windows (version 20.0, IBM Corp., Armonk, NY, USA).
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3. Results

3.1. Application of Three Amino Acids on Lettuce

The effects of different amino acids were studied for vegetative growth. The plants grown in the
modified nutrient solution (Hoagland and amino acids) showed varied responses for metric traits.

The vegetative indicators responded positively and significantly to all applied L-methionine
concentrations (Figure 2A-F). Leaf length, width, and the number increased in response to L-methionine
application, and decreased with L-glycine and L-tryptophan. The leaf length of L-methionine treated
plants increased by 11.41% compared to control plants, while it decreased by 13.76% and 61.92% in
L-glycine and L-tryptophan treated plants, respectively (Figure 2A). A significant increase in leaf width
(17.46%) was also found with L-methionine, but there was an 18.25% and 63.49% decrease in response
to L-glycine and L-tryptophan, respectively (Figure 2B). Similarly, leaf area and leaf numbers also
increased under L-methionine treatment (31.41% and 50.4%, respectively), while leaf area decreased
under L-glycine and L-tryptophan (29.67% and 86.25%, respectively) and leaf numbers decreased
under L-tryptophan (50.36%) compared to control (Figure 2C,D).

Furthermore, plant height and area also had an encouraging response to L-methionine application
(Figure 2E,F). The results revealed that there was an abrupt change in plant height and area, which
were reduced by 82.91% and 90.78%, respectively, upon L-tryptophan application.
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Figure 2. (A) Leaf length, (B) leaf width, (C) leaf area, (D) plant height, (E) leaf number, and (F) plant
area with L-methionine (20 mg/L), L-glycine (220 mg/L), and L-tryptophan (210 mg/L). Means followed
by the same lowercase letters do not differ significantly from each other in the comparison between
amino acid treatments each week using Duncan’s multiple range test (p < 0.05).
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Likewise, root length, shoot-to-root ratio, relative water content, net assimilation rate, and fresh
and dry biomass were positively affected by L-methionine treatment and negatively by L-tryptophan
and L-glycine (Figure 3). The results revealed that lettuce plants showed a significant increase in
root length (Figure 3A), relative water content (Figure 3D), and net assimilation rate (Figure 3C) in
response to L-methionine application, and a decrease with the other two amino acids. Interestingly,
the shoot-to-root ratio was found to be higher in response to L-tryptophan, which suggests that amino
acids other than L-methionine also have an important role in plant growth. Moreover, a relative
increase in fresh and dry biomass was observed with L-methionine application, by 20.88% and 15.71%,
respectively, and a decrease with L-tryptophan and L-glycine treated plants (Figure 3D). Taken together,
these results indicate that biostimulants, specifically the amino acid L-methionine, play a critical role in
the growth and development of lettuce plants.
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Figure 3. Effects of amino acids on (A) root length, (B) net assimilation rate (NAR), (C) plant fresh
weight (FW), (D) relative water content (RWC), (E) shoot-to-root ratio (S:R), and (F) plant dry weight
(DW). Means followed by the same lowercase letters do not differ significantly from each other according
to Duncan’s multiple range test (p < 0.05).

3.1.1. Photosynthetic Measurements

Photosynthetic measurements of lettuce leaves (Table 1) included amino acid application effect,
rate of net photosynthesis, stomatal conductance, and transpiration rate. They were significantly
affected by applied amino acids compared to control, except for total chlorophyll content. Transpiration
rate and intracellular CO, were relatively higher among all amino acid treated plants. The high
levels of photosynthesis and chlorophyll content suggest that amino acids are important regulators of
photosynthesis in lettuce, ultimately leading to higher yield and biomass.
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Table 1. Effects of amino acids on physiological indicators of lettuce plants.

Net Photosynthesis Stomatal . Transpiration Rate Total
Ci Chlorophyll
Treatments Rate (Pn) Conductance (umol/mol) (Tr) Content
-2g-1 -2 -1 -26-1

(umol CO; m—2s71) (mol m—2s71) (mol H,O m—2s-1) (SPAD Values)

Control 731a 0.07a 335.78 b 1.86 a 16.5 n.s.
L-methionine

(Meth) 4.33b 0.03b 369.55 ab 0.97 be 16.7 n.s.
L-tryptophan (Try) 3.08¢c 0.03b 426.67 a 0.83 ¢ 15.6 n.s.
L-glycine (Gly) 4.63b 0.04b 390.34 ab 1.53b 174 ns.

L-Meth (20 mg/L), L-Try (220 mg/L), and L-Gly (210 mg/L). n.s., not significant. Means followed by the same letters
are not statistically different from each other, according to Duncan’s multiple range test (p < 0.05).

In addition, relative growth parameters including leaf area index, leaf dry matter content, root
mass ratio, specific leaf area, and leaf area ratio were higher in response to L-tryptophan treatment
(Table 2). The relative growth rate was found to be higher with L-glycine application. L-methionine
and L-glycine treated plants had a nonsignificant association with all other traits compared to control
plants. These results show that along with L-methionine, L-tryptophan is also an important player,
especially for relative growth enhancement in lettuce.

Table 2. Effects of amino acids on growth indices of lettuce plants.

Treatments LAI LDMC RMR SLA LAR RGR
(cm? cm~2) gg™) gg™) (cm? g1) (ecm? g-1) (gg1d)

Control 2.73b 0.05b 0.01b 0.07 n.s. 22.67 bc 444b

L-methionine 2.06 b 0.03b 0.01b 0.04 n.s. 6.38 ¢ 1.18¢

L-tryptophan 26.18 a 0.58 a 0.15a 0.10 n.s. 63.65a 1.34c

L-glycine 3.85b 0.05b 0.01b 0.07 n.s. 35.78 b 731 a

L-Methionine (20 mg/L), L-Tryptophan (220 mg/L), and L-Glycine (210 mg/L). LA, leaf area index; LDMC, leaf dry
matter content; RMR, root mass ratio; SLA, specific leaf area; LAR, leaf area ratio; RGR, relative growth rate; n.s. not
significant. Means followed by the same letters are not statistically different from each other, according to Duncan’s
multiple range test (p < 0.05).

However, vitamin C content was not significantly affected by the applied concentrations, although
there was a tendency for it to be higher in L-methionine and L-glycine compared to control (Table 3).
In contrast, dry matter percentages were higher in L-tryptophan treated plants.

Table 3. Effects of amino acids on vitamin C content and dry matter percentage of lettuce leaves.

Vitamin C Dry Matter
Treatments (mg 100 g-1) (%)
Control 0.25n.s. 13.4 bc
L-methionine 0.3n.s. 10.1¢
L-tryptophan 0.2n.s. 94.5 a
L-glycine 0.3n.s. 24.7b

L-Methionine (20 mg/L), L-Tryptophan (220 mg/L), and L-Glycine (210 mg/L). n.s., not significant. Means followed
by the same letters are not statistically different from each other, according to Duncan’s multiple range test (p < 0.05).

3.1.2. Nutrient Contents

Nutrient content analysis (Table 4) revealed a dynamic change in response to all amino acid
concentrations. The content of essential elements such as nitrogen, phosphorus, and potassium varied
among treatments.
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Table 4. Effects of amino acids on essential elements of lettuce.

N P K S Ca Mg Fe Cu Na Zn Al
Treatments
(% DW) (mg/g)
Control 14b 123d 2081b 98b 937a 229a 68a 0lc 183a 02b 131a

L-methionine 43a 322b  4207a 101b 663c 126b 21b 0.06d 448b 04a 71D
L-tryptophan 3.7a 36.8a 4214a 131a 815b 134b 28b 0.14b 395b 04a 9.0ab
L-glycine 43a 21.7¢ 2308b 13.3a 446d 126b 69a 023a 340b 03a 9.6ab

L-methionine (20 mg/L), L-tryptophan (220 mg/L), and L-glycine (210 mg/L); Macronutrients: N, nitrogen; P,
phosphorus; K, potassium; S, sulfur; Ca, calcium; Mg, magnesium. Micronutrients: Fe, iron; Cu, copper; Mo,
molybdenum; Na, sodium; Zn, zinc; Al, aluminum. Means followed by the same letters are not statistically different
from each other, according to Duncan’s multiple range test (p < 0.05).

3.2. Application of Different L-Methionine Concentrations on Lettuce

In the second trial, L-methionine at a higher concentration had a reduced effect on plant growth
and physiology. The results show that lower levels of L-methionine significantly contributed to
enhancing the number of leaves, plant height, and leaf length and width (Figure 4). Remarkably,
0.22 mg/L concentration of L-methionine resulted in a gradual increase in vegetative growth compared
to control plants during all weeks. In contrast, higher levels were negatively associated with the
corresponding measurements. Lettuce plants had short stature and fewer leaves in response to
2200 mg/L and 220 mg/L of L-methionine (Figure 4B,D). Concomitantly, more than 80% and 50%
decreases in these two traits were found with increasing amino acid levels.
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Figure 4. Effects of L-methionine concentrations on (A) leaf length, (B) plant height, (C) leaf width, and
(D) the number of leaves per plant. Means followed by the same letters are not statistically different
from each other, according to Duncan’s multiple range test at (p < 0.05).
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Similarly, relatively decreased leaf length (42.24% and 23.3%, respectively) and width (54.5% and
25.23%, respectively) were observed with increased treatment levels (Figure 4A,C). A strong increasing
trend was also found for both traits in response to 0.2 mg/L of L-methionine. Overall, these results
indicate that higher levels of L-methionine have an inhibiting effect on plant growth.

Leaf and plant area, root length, and fresh and dry weight of lettuce plants were improved
by lower L-methionine concentrations (especially 0.2 mg/L) in advanced growth stages (Figure 5).
However, mixed growth patterns were also present with different amino acid levels at each plant
stage. A maximum reduction in leaf and plant area (75.5% and 74.653%, respectively) was found
in 2200 mg/L treated plants, and a minimum (15.6% and 4.03%, respectively) in 0.2 mg/L plants
(Figure 5A,B). Moreover, root length was found to be reduced at all levels except 0.2 mg/L, which
caused a relative increase by 14.8% (Figure 5C). At the same time, the fresh and dry weight of roots
were also lower with more concentrated treatment (Figure 5D), which suggests that amino acids are
essential elements required as micronutrients for plant growth. An increased concentration leads to
restricted plant biomass. Moreover, the decreased fresh and dry weight of lettuce plants indicates that
nutrient stress and reduced photosynthetic activity were responsible for the lower accumulation of leaf
organic material and growth rate.
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Figure 5. Effects of L-methionine concentrations on (A) leaf area, (B) plant area, (C) root length, (D) root
fresh weight, (E) and root dry weight. Means followed by the same letters are not statistically different
from each other, according to Duncan’s multiple range test at (p < 0.05).

3.2.1. Relative Growth Measurements

Relative growth parameters measured in the second trial revealed that most of the traits were
substantially increased by decreased L-methionine concentrations (Table 5). Surprisingly, root mass
and leaf area ratios increased (p < 0.05) under higher concentration, which shows that plants can
respond to a stress environment by maintaining their growth patterns. However, all other measured
parameters had a decreasing tendency under a nutrient stress environment.
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Table 5. Effects of concentrations of L-methionine on growth indices of lettuce plants.

Treatment LAI RMR SLA LAR RGR RWC
(mg/L) (cm? cm~2) gg™M (ecm? g-1) (m?g1)  (ggld? (%)
Control 0.24 a 0.04b 1679.50 a 51.5 ab 0.33 ¢ 91.2a

2200 0.06 ¢ 0.34 a 1259.19 ab 76.6 a 0.34 ¢ 1111 ¢
220 0.17b 0.06 b 572.02b 42.2 ab 0.23 ¢ 72.22b
22 0.25a 0.02b 1118.38 ab 369b 027 ¢ 93.72 a
22 024 a 0.02b 1937.15a 46.1 ab 0.52 ¢ 92.96 a
0.22 0.26 a 0.01b 1496.32 a 345b 1.6b 93.28 a
0.02 0.27 a 0.01b 1641.48 a 45.5 ab 3.7a 90.77 a

LA, leaf area index; RMR, root mass ratio; SLA, specific leaf area; LAR, leaf area ratio; RGR, relative growth rate;
RWG, relative water content. Means followed by the same letters are not statistically different from each other,
according to Duncan’s multiple range test (p < 0.05).

3.2.2. Photosynthetic Measurements

Enhanced photosynthetic activity, transpiration, and total chlorophyll content (Table 6) at lower
L-methionine concentrations suggest that plants require this nutrient only in small amounts. More
moderate transpiration activity occurred with all applied treatments, and reduced accumulation of
chlorophyll in leaves causes restricted photosynthetic activity. There was no significant difference
observed for stomatal conductance but it was relatively higher with 22 mg/L of L-methionine.

Table 6. Effects of L-methionine levels on net physiological and growth indicators of lettuce leaves.

o Net Photosynthesis Stomatal . Transpiration Rate  Total Chlorophyll
reatment Ci
(mg/L) Rate (Pn} B Conduftanfe (umol/mol) (Tr) o Content
(umol CO; m—2s71) (mol m—2s71) (mol H,O m—2s-1) (SPAD)
Control 536b 0.10 abe 363.22 be 194b 24.7 cd
2200 1.67 e 0.03 ¢ 379.51 ab 0.64d 23.7d
220 2.37 de 0.05 be 398.91 a 11lc 299a
22 3.07d 0.15a 395.1a 135¢ 26.2bc
22 447 c 0.06 be 347.86 ¢ 127 ¢ 27.3b
022 7.16 a 0.12 ab 369.23 be 241a 28.1 ab
0.02 6.61a 0.09 abc 34991 ¢ 192b 27.3b
Means followed by the same letters are not statistically different from each other, according to Duncan’s multiple
range test (p < 0.05).

3.2.3. Nutrient Contents

Data in Table 7 describe the effects of L-methionine on macro- and microelements. The increasing
trend of essential element accumulation including N, P, and K at reduced L-methionine levels indicates
that these elements affect plant metabolism and help to adapt to modified environmental cues, which
directly or indirectly affects plant metabolism. For example, a significant increase in nitrogen (N)
content in leaf tissues increases photosynthesis efficiency, which is key to increasing crop yield. Plant
metabolism is maintained by these elements with lower fractions of amino acids to regulate plant
growth and development. Mixed fractions of other elements at different concentrations signify their
importance in plant health regulation. For example, in addition to essential elements, S, Mg, Fe, Cu,
Mn, and Na accumulation was higher at all levels.

Any change in amino acid concentration leads to stress conditions, and plants respond differently
at different levels by changing their growth patterns.

Moreover, a significant (p < 0.05) decrease in vitamin C content and leaf dry matter content and
percentage also highlights the importance of micronutrients in plant metabolism.

Table 8 shows that vitamin C content decreased significantly (p < 0.05) with 2200 mg/L, but increased
by 14.21% with 0.22 mg/L as compared to control. In contrast, a significant increase in leaf dry matter
content was found with 2200 mg/L and in dry matter percentage (p < 0.05) with L-methionine
application of 2200 mg/L and 220 mg/L. Moreover, a decrease in the fresh and dry weight of lettuce
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plants indicates that reduced photosynthetic activity was responsible for the lower accumulation of
leaf organic material and reduced growth.

Table 7. Effects of L-methionine concentrations on essential macro- and microelements of lettuce leaves.

Treatment N P K S Ca Mg Fe Cu Na Zn Al
mg/l) (o, pw) (mg/g)
Control 53¢ 175d 1283c¢ 9.7d 67.1c 113d 25¢ 0.03 ¢ 43d 05c¢ 7.6b
2200 21e 27bc  1641c 238a 106.1ab 19.2abc 55a 0.08a 154a 08b 99ab
220 23e 271bc 233.1b 19.6b 1279 a 245a 44ab  0.04bc 11b 04c 104 a
22 42d 252c¢  2543b  12.4cd 832bc  16.27cd 32bc  0.04bc 6¢ 04c 8.7 ab
22 5.7 bc 39.0a 351.8a 141c 108.8bc  22.7ab 3.0c 0.05b 11b 11la 9.3 ab
0.22 6.7a 349ab 3364a 13 cd 107.1ab 19.8abc 32bc  0.04bc 94b 04c 9 ab
0.02 6.1b 295bc  2465b 125cd 99.2abc  173bc 3.4 bc 0.05b 6.6b 04c 9.1ab

Macronutrients: N, nitrogen; P, phosphorus; K, potassium; S, sulfur; Ca, Calcium; Mg, magnesium. Micronutrients:
Fe, iron; Cu, copper; Mo, molybdenum; Na, sodium; Zn, zinc; Al, aluminum. Means followed by the same letters
are not statistically different from each other, according to Duncan’s multiple range test at (p < 0.05).

Table 8. Effects of L-methionine concentrations on vitamin C content, leaf dry matter content (LDMC),
dry matter percentage (DM%), fresh weight (FW), and dry weight (DW) of lettuce leaves.

Treatment Vitamin C LDMC DM Mean Fresh Weight ~ Mean Dry Weight
(mg/L) (mg 100 g~1) (gg™M (%) (g (g)
Control 0.21a 0.13b 47b 37.97 be 48c

2200 0.11b 049 a 48.8a 0.86d 0.8d
220 0.19a 0.12b 11.9 ab 10.89 cd 23d
22 0.19a 0.06 b 5.69b 58.89 ab 5.4bc
22 021a 0.06 b 5.62b 44.29 ab 797 a
0.22 0.23a 0.05b 529b 70.94 a 87a
0.02 021a 0.04b 423b 60.89 ab 7.3 ab

Means followed by the same letters are not statistically different from each other, according to Duncan’s multiple
range test (p < 0.05).

As indicated by the outcomes shown in Tables 3 and 8, there was no significant change (p < 0.05)
observed in plants with or without amino acid treatment. It was observed that all individual amino
acid treatments, except for one L-methionine concentration, led to no significant (p < 0.05) impact on
vitamin C content. The special case was L-methionine at 2200 mg L1, which prompted a decrease in
vitamin C content, essentially contrasting with the control plants (p < 0.05).

4. Discussion

Amino acid application is a common practice for horticultural crops worldwide, with the majority
of treatments making use of biostimulants with a mixture of amino acids [53]. In our study, we checked
the activity of a single amino acid that regulates the nutrient contents involved in growth variables.

Previous investigations have demonstrated that plant developmental cues respond distinctively
to the provision of amino acids [54-56]. It is likely that the effects of amino acids on plants rely on the
kind of amino acids supplied [56] and the plant cultivars [57]

From our results, we can presume that amino acids (L-methionine, L-tryptophan, and L-glycine)
not only make nutrients available to plants but also act as signal transducing molecules [31], as small
doses are sufficient for plant development response, while these molecules can act as signals of several
beneficial plant physiological processes. Studies demonstrate that amino acids in the form of a foliar
spray on plants is a promising technique [38]. In this manner, L-methionine induces more prominent
absorption of sulfur and nitrogen in plants, which also depends on the amount applied [26,58-60].

Plants utilize amino acids according to their nutritional needs and genetic background, as well as
environmental and developmental cues [61,62]. This might be the reason why amino acid reactions
were not consistent in both experiments. Therefore, we can assume that the decreasing effect of
L-tryptophan on yield might be due to the inhibitory impact of auxin on vegetative growth. In this
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association, the reduction of lettuce yield per plant caused by the inhibition effect might be due to
the detrimental effect of auxin accumulation stress on growth, the aggravation of mineral nutrient
uptake, and the improvement of plant respiration [41]. The distinctive response was reported by
Abbas et al. [54], in an investigation on L-tryptophan applied to chickpea at rates of 107! M, 102 M,
and 1073 M. They found random results with different parameters: root length was increased only
in the control compared to the three treatments, the number of nodules increased only with 107! M,
and nodule fresh and dry weight decreased with 1073 M treatment and increased with the other two
compared to control, while control remained nonsignificant. The most pods and highest plant weight
were shown with 102 M, but pod weight per plant was significantly affected by all treatments due to
the production of phytochromes suitable to chickpea. This experiment may provide evidence for the
substantiating inconsistency of lettuce observed in our previous experiment.

However, our results contrast those described in [63], in which numbers of strawberry leaves per
plant were significantly higher with the application of L-tryptophan than control.

A few reasons can clarify the positive effects of L-methionine. First, it has a role in maintaining
the structure of proteins required for cell division, cell differentiation, and growth. Second, it provides
sufficient sulfur and nitrogen according to plant needs. Third, the ability of L-methionine to be
converted into polyamines and enlarge by entering the hormone structures [64] allows nitrogen
movement between cells and organs [65]. It also functions as a buffer and behaves as a source of
carbon and energy [66], and as a precursor of spermidine and gibberellin biosynthesis [43,67], growth
regulators, and many secondary metabolites [43]. L-methionine also acts as a growth regulator of
cytokinin, brassinosteroids, and auxin, increasing the initiation of roots; helps with the absorption of
more nutrients by the plant [39,67], which may stimulate endogenous hormone homeostasis [68,69];
and is required for the development of hairy roots [67] at optimum levels.

Increased L-methionine levels influence phytohormones, which ultimately increases the
chlorophyll content and chloroplast development or cytokinins [70,71]. An expected requirement for
the prompting of L-methionine application might be the proximity of phytohormones (e.g., auxins
and cytokinin). The phytohormones and signaling compounds may improve the photosynthetic
activity, leading to better yield. Another possible mechanism involved with the amino acid effect
could be related to the stimulation of root growth of treated plants, which may improve water and
nutrient uptake capability, leading to yield productivity [68,69], as well as enhanced cell formation and
increased fresh and dry matter [72], with increased growth behavior [69,70,73].

Our results demonstrate that high L-methionine concentration reduced plant growth due to
damage to the photosynthetic apparatus [61] and blocking of nutrient uptake. Higher levels of this
nutrient cause blockage of photosynthesis in stressed environments [65]. Padgett (1996) applied
L-methionine to the root zones of chrysanthemum plants, producing a physiological disorder called
methionosis, with the typical pattern of a metabolite—antimetabolite relationship [47]. It is thought
that in this case, L-methionine, especially because of the large amounts applied, may function as an
antimetabolite that interferes with normal amino acid metabolism. In other words, amino acids should
be meticulously applied, as they could reduce the percentage of dry weight because they cause swollen,
water-filled tissues due to depressed vegetative growth [65,74].

Thus, we speculate that application of L-methionine with 0.22 mg/L in the nutrient solution was
sufficient, but other concentrations were too high and might have been a source of stress. Our results
are consistent with previous studies [42,75] proposing that the improvement of novel “bio-sound
items” ought to continue based on a foundational approach established in chemical synthesis,
natural chemistry or biochemistry, and biotechnology connected to genuine plant physiological,
agrarian, and environmental constraints. It was proposed that these items should work at low
dosages, be biologically and ecologically friendly, and have reproducible advantages in horticultural
plant development. The high amount of L-methionine also reduced vitamin C content. Therefore,
we conclude that plant metabolism is affected by external N and thus can reflect the changes in N
absorption, transport, and metabolism [76]. Similar findings have been reported in Chinese cabbage
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and lettuce [77]. The optimal required concentration is essential for optimal growth. It was confirmed
from the previous study that when amino acids are added alone, care must be taken, as they can inhibit
cell growth [63]. In general, the use of amino acids on plants can improve their capacity of transporting
mineral components [66].

In view of the synthetic pathway of vitamin C and the synthesis of ascorbic acid requiring plant
climatic changes and the conditions of plant sustenance, it may be hypothesized that whatever factor
builds the sugar (or glucose) content in plant tissues can thus increase the vitamin C content [78]. It has
been reported that amino acids [43] and nitrogen fertilizers do not impact the vitamin C content in
broccoli. Conversely, in cauliflower, when nitrogen fertilizers are extended from 80 kg to 120 kg per ha,
the ascorbic acid content is reduced by 7% [79].

Optimizing the amino acid content can bring about different morphogenetic responses; higher
concentrations generally inhibit growth in Cicer arietinum [80]. The available information from various
studies suggests that optimal levels of various amino acids may be species- or genotype-dependent,
which needs to be determined before recommending their use [81]. Increasingly, plant ecologists
working at all levels have become interested in the role of amino acid nutrition in the lives of plants
and determining the proper amount of amino acids suitable for plant growth [82].

The depressive effect of L-tryptophan and high amounts of L-methionine on yield may be
attributed to the inhibitory effect of auxin accumulation on vegetative growth, the disturbance in
mineral uptake, and/or the enhancement of plant respiration [83].

5. Conclusions

Taking into consideration the discussion above, it can be inferred that L-methionine increases the
chlorophyll content of plants and contributes to the saving of energy, thus boosting the plant yield.
L-methionine led to significant increases in observed physiological factors in lettuce leaves at lower
concentrations because at high concentrations it affects auxin uptake, which can kill plants. In brief,
L-methionine at a concentration of 0.2 mg/L showed the best effect on the growth of lettuce plants.
Therefore, we can say that L-methionine can contribute as a suitable substitute for fertilizers to increase
crop yield. Future research should concentrate on assessing the mechanisms of how amino acids can
influence the genetic transcription of various parameters, including supplement transporters, hormone
production, and antioxidant metabolism. Along these lines, it will be possible to acquire the best
understanding of the role of amino acids as biostimulants in lettuce plants.
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Abstract: Abiotic stresses strongly affect plant growth, development, and quality of production;
final crop yield can be really compromised if stress occurs in plants’ most sensitive phenological
phases. Additionally, the increase of crop stress tolerance through genetic improvements requires
long breeding programmes and different cultivation environments for crop performance validation.
Biostimulants have been proposed as agronomic tools to counteract abiotic stress. Indeed, these
products containing bioactive molecules have a beneficial effect on plants and improve their
capability to face adverse environmental conditions, acting on primary or secondary metabolism.
Many companies are investing in new biostimulant products development and in the identification
of the most effective bioactive molecules contained in different kinds of extracts, able to elicit
specific plant responses against abiotic stresses. Most of these compounds are unknown and their
characterization in term of composition is almost impossible; therefore, they could be classified on the
basis of their role in plants. Biostimulants have been generally applied to high-value crops like fruits
and vegetables; thus, in this review, we examine and summarise literature on their use on vegetable
crops, focusing on their application to counteract the most common environmental stresses.

Keywords: plant biostimulant; environmental stress; vegetables

1. Abiotic Stresses

Plants are continuously subjected to a multitude of stressful events, from seed germination
through to the whole life cycle. These stresses are commonly divided into two categories—biotic and
abiotic stresses—depending on the nature of the trigger factor. The first are caused by other living
organisms, including insects, bacteria, fungi, and weeds that affect plant development and productivity.
The second are generally linked with the climatic, edaphic, and physiographic components of the
environment, when they are limiting factors of plant growth and survival. The most important
abiotic stresses limiting agricultural productivity, almost all over the world, are drought, salinity,
non-optimal temperatures, and low soil fertility. Among these, drought, and nutrient deficiencies
are major problems, mostly in developing countries where the incomes of rural people depend on
agriculture [1]. Actually, in “The State of Food and Agriculture 2007”, FAO reported that only 3.5%
of the global land area is not affected by some environmental constraints. In 1982, Boyer estimated
that yield losses caused by unfavourable environments were as much as 70% [2,3]. Farooq et al. [4]
reported that drought induced a reduction of yield between 13% and 94% in several crops, depending
on the intensity and duration of the stress. Afterwards, Cramer et al. [5] estimated the impacts of
different abiotic stresses on crop production in terms of the percentage of global land area affected,
considering the 2000 and 2007 FAO reports. They also referred to the increasing number of publications
focused on this topic between 2001 and 2011. The exact impact of these changes on agricultural
systems is extremely difficult to predict and it depends on numerous parameters that are all not always

Agrononty 2019, 9, 306; doi:10.3390/agronomy9060306 143 www.mdpi.com/journal/agronomy



Agronomy 2019, 9, 306

included in predictive models. Even if some projections show that positive and negative outcomes
on crop production could be balanced in the medium term, several studies agree that in the long
term, the negative ones will prevail [6,7]. Based on future scenarios, adaptation and mitigation are
essential to increase the resilience capacity of agricultural systems and to ensure crops yield and quality.
Since environmental conditions cannot be controlled, several strategies on different levels are required,
such as agronomical techniques or breeding of more tolerant cultivars [8].

In 2010, at the society’s annual conference, Vegetable Breeding and Stress Physiology working
groups of the American Society for Horticultural Sciences focused particularly on the “Improvement
of Horticultural Crops for Abiotic Stress Tolerance” considering the effects of climate change [9]. Up to
now, most studies on climate change impacts focus on major crops, and only few papers pay attention
to fruit and vegetable in terms of production, quality, and supply chain [10,11]. An important aspect
to take into consideration is the effect of the combination of different stressful factors. Most of the
time, crops are subjected to several abiotic stresses that occur simultaneously in the field. In these
situations, studying the stresses separately is not enough because plant response is unique and cannot
be predicted by the reply obtained when each factor is applied individually [12-14]. Moreover, biotic
and abiotic components typically interact in an ecosystem. For instance, environmental conditions
affect plant-pest interaction in different ways, by decreasing plant tolerance or increasing the risk of
pathogen infection [15,16].

Focusing on horticultural species, the tolerance to abiotic stresses is an important trait because
their cash value is usually higher than field crops, they require more resources for farming and because
they provide a source of many nutrients, fibre, minerals, and carbohydrates, which are essential in a
healthy diet [17]. Food and Agriculture Organization (FAO) reports that about 90% of essential vitamin
C and 60% of vitamin A for human comes from vegetables. Indeed, low fruit and vegetable intake is a
major contributing risk factor to several widespread and debilitating nutritional diseases. According to
the Global Burden of Disease Study, 3.4 million deaths can be attributed to low consumption of fruit and
1.8 million to low vegetables diets worldwide [18]. Therefore, growing high-quality vegetables becomes
one of the most important goals of current agriculture, in order to meet the needs of the population
and the increasing demand for fruit and vegetables. Abiotic stresses do not only affect the yield but
also the quality of these products, triggering morphological, physiological and biochemical changes
that can alter the visual appearance and/or the nutraceutical value in a way that the product could
become unmarketable [19]. Bisbis et al. [11] investigated the double effects of elevated temperature and
increased CO, on the physiology of different vegetables. They observed several responses according to
plant species and severity of the stress, taking into consideration the possible adaptation strategies that
could be implemented in order to mitigate the effects of climate change. Nonetheless, these mechanisms
are still under-researched and should be studied in depth, because not only different species but
different cultivars also could respond differently to the same environmental stress. For example,
cultivars with low levels of antioxidants are particularly vulnerable to oxidative stress compared
to those with high antioxidant activity [20-23]. This aspect has a particular importance as selection
criterion in the choice of appropriate cultivars for a specific situation. Oxidative stress is a common
phenomenon caused by several adverse conditions; it generally occurs when the balance between the
production of reactive oxygen species (ROS) and the quenching activity is upset by a stressful event [24].
Low levels of ROS are normally produced by different reactions during physiological metabolisms
like photosynthesis or respiration, and they play an important signaling role in plant growth and
development. Their amount dramatically increases under abiotic stress conditions and, if not controlled
could result in cellular damage and death. Besides their toxicity to proteins, lipids or nucleic acids,
the increased production of ROS under stressful conditions plays a key role in the complex signaling
network of plants stress responses. Their concentration is maintained at non-toxic levels by the activity
of the antioxidant system: a wide range of enzymatic or non-enzymatic antioxidant molecules are
accumulated in plant tissues to quench ROS induced by stress [25-28]. Moreover, the maintenance
of this equilibrium is also dependent on numerous factors, such as the timing of stress application,
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its intensity and duration. Indeed, moderate or controlled stress conditions could have a positive
effect on quality traits of several crops [29]. For example, water deprivation might be a useful crop
management strategy to improve the quality of lettuce and fleshy fruits in terms of nutritive and
health-promoting value and taste, by stimulating the secondary metabolism and concentration of
different phytochemicals such as a-tocopherol, 3-carotene, flavonoid and so on [30,31]. Besides the
production of ROS scavenging compounds, plants also increase the biosynthesis and accumulation of
compatible solutes with an osmoprotective role, like sugars and proline.

Plants generally reply to non-optimal environmental conditions both with short- and long-term
adaptation strategies, by the activation and regulation of the expression of specific stress associated
genes [32,33].

Since plants are sessile organisms and they have to cope with adverse external conditions; all
these mechanisms are essential for their survival. These strategies are effective if they are activated in
time, in order to set a defense response and anticipate the environmental changes that might affect
plant growth irreversibly. The trade-off between growth and acclimation metabolisms results in a sort
of fitness cost for plants, since energy and nutrients normally destined to growth and production are
intended for stress responsive mechanisms [34].

Agronomic management conducted in order to enhance plant tolerance towards abiotic stresses
evolved over the centuries due to the technologic progress, climate change, scientific knowledge,
and farmers’ experiences. The choice of the correct cultivar, the best growing period, the sowing
density, and the amount of water or fertilizers are some of the most common strategies applied to
mitigate the negative effects of abiotic stresses [8]. Protected cultivation is a cropping technique
adopted to preserve plants from unfavourable outdoor conditions. It is mainly suited to vegetables and
floriculture production in a non-optimal environment, through the control of temperatures, radiation
or atmospheric composition. Another agronomical strategy, especially applied in vegetable crops,
is soilless cultivation. This approach allows controlling of water and nutrients, avoiding the use of soil
for cultivation and all the problems related to it, like poor quality or contamination.

Grafting is an additional tool adopted to counteract environmental stresses and increase tolerance
in vegetable crops. This technique is applied especially to high-yielding fruits and vegetables such as
cucurbits and solanaceous to enhance tolerance against saline soil, nutrient or water deficiency, heavy
metals or pollutants toxicity [35-37].

Agronomical strategies are essential in mitigating the negative effect of several abiotic stresses,
but sometimes their application is not enough. Moreover, current experiments aim to transfer one or
more genes involved in signaling or regulatory pathways, or genes encoding to molecules, such as
osmolytes and antioxidants, conferring tolerance to a specific abiotic stress [38]. Several functional and
regulatory genes involved in abiotic stress tolerance have been identified and studied. Results of these
studies can be exploited for genetic improvement aiming to introduce tolerance traits in cultivated
crops. Since different physiological traits related to stress tolerance are under multigenic control,
the manipulation of a single gene generally is not enough. Hence, scientists have paid more attention
to regulatory genes, including transcription factors, due to their ability to regulate a vast array of
downstream stress-responsive genes at a time [39-41].

However, the huge existing genetic variability among vegetable species, the lack of knowledge
about minor cultivars genome, the complex responses triggered by abiotic stress conditions and the
limited strategies currently available make genetic improvement really difficult and often inefficient.
Moreover, besides the wide diversity of germplasms available, plant tolerance to stress depends
both on stress features such as duration, severity, and frequency, as well as the affected tissues and
development stages of crops [24,42—44].

Additionally, the increase of crop tolerance through genetic improvements requires many years
of work and different cultivation environments that cannot be always taken into consideration. As a
result, several new cultivars that can be used by the growers are released each year.
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Another technique widely used for developing stress tolerance in plants is in vitro selection.
This culture-based tool allows better understanding of several plants’ physiological and biochemical
responses to adverse environmental conditions. It has been applied specially to obtain salt/ and
drought/tolerant lines in a wide range of plant species, including vegetables [45]. In vitro selection
is based on the induction of a genetic variation among cells, tissues or organs, their exposure to a
stressor, and the subsequent regeneration of the whole organism starting from the surviving cells [46].
Even if in vitro selection is a less expensive and time-saving approach compared with classic molecular
engineering, some limitations, mostly concerning the stability of the selected traits and epigenetic
adaptation, still exist.

In addition to these strategies, it has been observed that stress tolerance can also be induced by
biostimulants or specific bioactive compounds, if they are applied on vegetable crops when they really
need to be protected [47-49]. Biostimulant application on horticultural crops under environmental
stress conditions will be discussed in detail below.

2. Biostimulants

Biostimulant products have been considered innovative agronomic tools as demonstrated by the
increase of scientific publications and by the constant expansion of their market [50]. France, Italy,
and Spain are the leading EU countries in the production of biostimulants [51]. According to a new
report by Grand View Research, Inc., the biostimulant market size is expected to reach USD 4.14 billion
by 2025 [52]. The complex nature of the composition of these products and the wide range of molecules
contained makes it complicated to understand and define which compounds are the most active.
The isolation and study of a single component is almost impossible and the efficacy of a biostimulant is
not due to a single compound but is the consequence of the synergistic action of different bioactive
molecules. Moreover, the application rules and time are not always clear. For all these reasons,
the European Commission developed a proposal for a new regulatory framework and a draft for a
new fertilizer regulation was prepared in 2016. The amendments to the proposal of the European
Commission were adopted by the European Parliament in October 2017, while the legislative resolution
on the proposal was approved on 27 March 2019 [53-55].

Plant biostimulants are defined as products obtained from different organic or inorganic substances
and/or microorganisms, that are able to improve plant growth, productivity and alleviate the
negative effects of abiotic stresses [56,57]. Mineral elements, vitamins, amino acids, and poly-
and oligosaccharides, trace of natural plant hormones are the most known components. However, it is
important to underline that the biostimulant activity must not depend on the product’s nutrients or
natural plant hormones content. The mechanisms activated by biostimulants are often difficult to
identify and are still under investigation [58]. High-throughput phenotyping and omic technologies
seem to be useful approaches to understand biostimulants activity and hypothesize a mode of
action [59-61]. They can act directly on plant physiology and metabolism by improving soil
conditions [62,63]. They are able to modify some molecular processes that allow to improve water and
nutrient use efficiency of crops, stimulate plant development, and counteract abiotic stresses [47] by
enhancing primary and secondary metabolism [55,61,63].

One of the key points of the discussion is about the application of these products in stressful
conditions and their role as nutrients, not with a curative function. In particular, if a product has a
direct effect against biotic stresses, it should not be included in the biostimulant category but should be
registered as plant protection products.

2.1. Classification of Biostimulants in Categories

During the years, different authors have proposed several categorizations of biostimulant products
on the basis of their main component or mode of action. In many countries outside the European
Union, both kinds of information must be reported on the label in order to register these products [55].
The current classification is based on source of raw material, even if this choice does not always
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provide the correct information about the biological activity of the product [56]. Thus, biostimulants
are classified as these major groups:

Humic substances (HSs): they include humic acids, fulvic acids and humins. HSs are natural constituents
of soil organic matter, resulting from the decomposition processes of plants, animals, and microbial residues,
but also from the metabolic activity of soil microbes [57]. It has been observed that treatments with humic
substances stimulate plants root growth and development [64,65]. This is reflected in a better uptake of
nutrients and water, and enhanced tolerance to environmental stresses, [66,67]. How the HSs affect plant
physiology is not fully understood. This is due to the molecular complexity of these substances and to the
abundance and diversity of plants responses altered by their application. Moreover, a strong relationship
between medium properties and HSs bioactivity has been reported [68]. The positive effects exerted by
these complex aggregates could be ascribed both to the hormone-like activity of some of their component
and also to IAA-independent mechanisms [69]. For example, like auxins, HSs are able to promote plant
growth and induce H* ATPase activity in plasma membrane [70-72].

Seaweed extracts: seaweeds are a vast group of macroscopic, multicellular marine algae that can be brown,
red, and green. They are an important source of organic matter and fertilizer nutrients. Seaweed extracts
have been used in agriculture as soil conditioners or plant stimulators. They are applied as foliar spray
and are able to enhance plant growth, abiotic stresses tolerance, photosynthetic activity, and resistance to
fungi, bacteria and virus, improving yield and productivity of several crops [73-75]. Seaweeds used for
biostimulant production contain cytokinins and auxins or other hormone-like substances [76]. They also
contain many active mineral and organic compounds, including complex polysaccharides such as
laminarin, fucoidan, alginates and plant hormones that contribute to plant growth [77]. Recently the
potential application of micro-algae as plant biostimulants has been considered [78-80].

Hydrolysed proteins and amino acids containing products: hydrolysed proteins are a mixture of amino
acids, peptides, polypeptides and denatured proteins that can be obtained by chemical, enzymatic and
thermal hydrolysis of proteins (or by combining these different hydrolysis types) from both plant and
animal sources [67,81]. Studies reported that the applications of some commercial protein hydrolysate
products from animal origin were phytotoxic, having negative effects on plant growth when compared
to a commercial protein hydrolysate of plant origin [82,83]. In another study, Botta et al. [84] observed
that lettuce plants treated with an animal-based protein hydrolysed had a higher fresh and dry weight
compared with the control. Generally, they can induce plant defense responses and increase plant
tolerance to many abiotic stresses, as reported by several authors [85-88].

Microorganisms: this group includes bacteria, yeast, filamentous fungi, and micro-algae. They are
isolated from soil, plants, water, and composted manures or other organic materials. They are applied
to soil to increase crop productivity through metabolic activities. They enhance the uptake of nutrients
through nitrogen fixation and the solubilization of nutrients, they modify a hormonal status by inducing
plant hormones biosynthesis such as auxins, cytokinins, etc.; they also enhance tolerance to abiotic
stresses and produce volatile organic compounds (VOCs), which may also have a direct effect on
plants. Plant growth-promoting rhizobacteria (PGPR) are able to ameliorate plant responses to abiotic
stresses stimulating physical, chemical and biological activities [89,90]. Positive effects are given by
microorganisms that form a protective biofilm on root surface enhancing nutrient and water uptake.

Another category of biostimulants includes those derived from extracts of food waste or industrial
waste streams, composts and compost extracts, manures, vermicompost, aquaculture residues and waste
streams, and sewage treatments among others [91]. Biostimulants derived from agro-industrial by-products
were reported to be effective in improving plant productivity, increasing the synthesis of secondary
compounds involved in several plant physiological responses, and enhancing the activity of the enzyme
phenylalanine ammonia lyase (PAL E.C. 4.3.1.5) [92]. The effect of biostimulant application on PAL activity
and on the expression of genes encoding for this enzyme was observed by several authors [56,88,89] and
references therein, even if at present it is not possible to define if this is a direct or indirect effect. Because of
the diversity of source materials and extraction technologies, the mode of action of these products is not
easily determined [55]. The use of by-products as raw material that can be transformed into fertilizing
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products is the idea underlying the new fertiliser regulation and the Circular Economy Action Plan, which
is focused on reaching a sustainable agriculture. The guidelines for fertiliser regulation, the need to produce
in a more environmentally friendly cultivation system maintaining good crop yield and quality, the increase
in price of synthetic fertilizer, the withdrawn of several agrochemicals and the multifaceted effects on
plants or soil of biostimulants are favouring the expansion of this market.

A new category of biostimulant products, including nanoparticles and nanomaterials, has been
recently proposed by Judrez-Maldonado et al. [93]. Nanoparticles and nanomaterials are usually
defined as particles with dimensions between about 1 nm and 100 nm that show properties that are not
found in their bulk form. They are able to modify the quality of the production and the tolerance to
abiotic stresses when applied in small quantities as foliar spray or in nutrient solution, also in vegetable
crops [94-97]. Their biostimulant properties seems to be associated with the structure and nature
of the materials. The interaction between plant and nanoparticles and nanomaterials surfaces can
positively affect ions and metabolites transport and receptors activity by modifying the surrounding
environment in terms of energy and charges. This activity is not dependent on chemical composition.
Moreover, nanoparticles and nanomaterials release chemical elements like iron or carbon that could be
useful for plant when are metabolised.

A study showed that application of zinc oxide nanoparticles on tomato as soil amendment or by
foliar spray increased plant height, chlorophyll and total soluble protein content [98].

2.2. Effect of Biostimulants on Chlorophyll Content, Photosynthesis and Growth in Vegetables

Biostimulants can be used in vegetable cultivation to improve productivity and yield, and to
enhance plant health and tolerance to stress factors. Indeed, they have positive effects on plant
metabolism, both in optimal and sub-optimal environmental conditions.

Many authors have observed that plant based biostimulants and seaweed extracts often increase
the colour of leaves by stimulating chlorophyll biosynthesis or reducing its degradation [99,100].
Leaf colour is an important quality parameter in vegetable crops because it contributes to the visual
appearance of the product, especially in leafy vegetables for which the greenness influences the
consumer’s appeal. In addition, a higher chlorophyll content also allows for a greater photosynthetic
activity of leaves. High concentration of leaf pigments (chlorophyll and carotenoids) has been
observed after biostimulant treatments in rocket [101,102], in lettuce, and endive by Bulgari et al. [103].
Amino acids or seaweed extract application had positive effects on photosynthetic pigments, P and K
content, fresh and dry weight of celeriac leaves [104]. Similar results have been observed after root
inoculation with several plant growth promoting bacteria (PGPR) in broccoli (Brassica oleracea ‘italica’)
using Bacillus cereus, Brevibacillus reuszeri, and Rhizobium rubi [105], and tomato under non-stressful
conditions treated with PGPRs belonging to the genera Bacillus, Pseudomonas and Azotobacter [106],
in strawberry (Fragaria ananassa) with five PGPRs (Bacillus subtilis, Bacillus atrophaeus, Bacillus spharicus
subgroup, Staphylococcus kloosii, and Kocuria erythromyxa) [107] and also in lettuce grown under salt
stress after inoculation with Serratia sp., Rhizobium sp., and Azospirillum [108,109]. Brown seaweeds are
widely used as a biostimulant products to improve plant growth, and recently a phenolic compound
isolated from Ecklonia maxima showed stimulatory effects in cabbage plants, improving photosynthetic
pigments concentration, phytochemicals and myrosinase activity [110].

Abdalla [111] reported that moringa leaf extracts increased vegetative growth, chlorophyll content,
total sugars, phenols, ascorbic acid, and photosynthetic rate of rocket salad. Similar effects have been
observed in fennel [112,113] and squash under water stress condition (plants under a deficit irrigation
of 80% or 60% ETc) [114]. In tomato plants it led to a greater fruit weight, volume and firmness,
and enhanced titratableacidity, chlorophyll and ascorbic acid content [115].

Luziatelli et al. [116] recently found that different vegetal-derived bioactive compounds
significantly increased the chlorophyll content and fresh weight of lettuce. Kulkarni et al. [117]
investigated the promoting effect of bioactive molecules derived from smoke and seaweed in spinach
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and they observed that morphological, physiological and biochemical parameters including growth,
chlorophyll and carotenoids content were positively improved.

Broccoli plants were significantly affected by two different products: Goemar BM86 and Seasol.
The content of micro- and macro-nutrients increased, and also the leaf area, stem diameter and biomass,
as reported by Gajc-Wolska et al. [74] and Mattner et al. [118].

Paradikovi¢ et al. [119] studied the effect of four different commercial biostimulants (Radifarm,
Megafol, Viva, and Benefit), containing amino acid, polysaccharides and organic acids as active
compounds on pepper plants and observed an increase in both yield and fruit quality. Radifarm and
Viva treatments also affected tomato plants, stimulating the root apparatus in optimal and drought
condition, respectively [120,121].

Recently, a sago bagasse hydrolysate was tested on tomato plants. The product showed a growth
promoting ability as observed by the higher seed germination and protein and sugar content compared to the
control. Moreover, the expression of the genes related to carbon and nitrogen metabolisms increased [122].

2.3. Biostimulants and Crop Tolerance to Abiotic Stresses

Table 1 is a summary of biostimulant products or bioactive molecules from different origins that
have been evaluated for amelioration of abiotic stresses in several vegetables species. The biostimulants
effectiveness to counteract the stressful condition depends on several factors, such as timing of
application and their mode of action. The application of biostimulants can be carried out with different
timings: before the stress affects the cultivation, during the stress, or even after. They could be applied
on seeds, when plants are in early stages of growth, or when crops are fully developed, depending on the
desired results [123]. As general consideration, biostimulants that contain anti-stress compounds, such
as proline or glutamic acid, can be applied when the stress occurs or during stress conditions. On the
contrary, those that are involved in the activation of bioactive compounds biosynthesis must be applied
before the stress occurs. Proper timing of application during crop development differs from species to
species and it also depends on the most critical phases for crop productivity. Thus, the identification
of the right time of biostimulant application is as important as the determination of the exact dose,
in order to avoid waste of product, high production costs, and unexpected results. Biostimulants can
be applied as foliar spray or to the roots, at sowing for protecting the seedling in the early development
stages, in a floating system nutrient solution or during blooming or fruit setting. There is no general
recipe that works for a crop species and in each stress situation.

The protective role of biostimulants on plants has been increasingly studied. These products are able
to counteract environmental stress such as water deficit, soil salinization, and exposure to sub-optimal
growth temperatures in several ways [47,56,124,125]: They improve plant performance, enhance plant
growth and productivity, interact with several processes involved in plant responses to stress, and increase
the accumulation of antioxidant compounds that allow decrease in plant stress sensitivity.

More recent results of interest on vegetable crops tolerance have been obtained after the application
of different exogenous treatments. Cao et al. [126] reported that a lower red to far-red ration improved
tomato seedling tolerance to salt stress, acting on phytochrome activity. Mertinez et al. [127] showed
positive results obtained after the application of exogenous melatonin in tomato plants grown under a
combination of salinity and heat. Another interesting approach to induce tolerance to abiotic stresses
is soaking plant seeds with different compounds, synthetic or natural. This strategy is generally called
seed priming and has been deeply reviewed by Asharaf et al. [128].

2.3.1. Biostimulants and Cold or Chilling Stress

Low temperatures reduce plant metabolism and delay physiological responses. A reduced metabolism,
consequent to cold stress, leads to an inhibition of the activity of photosystem II, called photoinhibition.
Cold induces damages to cell membranes with destabilization of the phospholipid layers.

In tomato, cold tolerance has been enhanced by the application of psychrotolerant soil bacteria.
Several strains have been isolated from soil during winter conditions and used as a cold protectant.
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Tomato treated with these psychrotolerant bacteria showed higher seeds germination, reduced
membrane damage, and antioxidant systems activation when exposed to chilling temperatures [129,130].
These soil bacteria can be considered as putative biostimulants for protecting plants against cold stress.
Since low temperature causes stress to plant, especially during transplant, Marfa et al. [131] studied
the effect of an enzymatic hydrolysates obtained from animal haemoglobin on strawberry plants in the
firsts growing stages. They observed an increase in roots biomass and in the early production of fruit.
The same product was also tested on lettuce plants subjected to cold stress and an increase in fresh
weight, dry weight, specific leaf area, and relative growth rate was observed [132].

External applications of an amino acid biostimulant (Terra-Sorb® Foliar) on lettuce plants grown in
different cold situations led to an increase in fresh weight and to an higher stomatal conductance [84].
A typical plants response to stress is the accumulation of compatible osmolytes, such as amino acids, which
confer tolerance. The exogenous application of amino acids has the benefit of avoiding protein breakdown
and saving energy resources in plants, even if the exact mechanism of action is not fully understood.
Pepper (Capsicum annuumy) seedlings were treated with 5-aminolevulinic acid in order to improve chilling
tolerance through three different methods—soaking the seeds, spraying the leaves or drenching the soil.
All the applications showed good effects in terms of stress tolerance. Fresh biomass, proline, sucrose,
and water content were significantly higher while membrane permeability was reduced [133].

Positive effects on coriander plant grown in cold vegetative chambers have been observed in
response to Asahi SL or Goemar Gateo (Arysta Life Science) treatments [124]. Results obtained by
the study of stress indicators such as antioxidant activity, photosynthetic pigment concentration
and activity, hydrogen peroxide and malondialdehyde amount showed that biostimulant application
affected different metabolic pathways in a positive way, leading stressed plants to a phase of acclimation
to low temperature. The biostimulant action against cold stress usually increases the accumulation of
osmotic molecules by stimulating the biosynthetic pathways that lead to the cold protectant substances.
These biostimulants also increase membrane thermostability, reducing the chilling injury.

2.3.2. Biostimulants and Heat Stress

Global warming and the projection of a rising temperature have a negative impact on
agriculture [134,135]. High temperatures could induce several damages to plant cells, disturbing
proteins synthesis and activity, inactivating enzymes and damaging membranes. The range between
30 °C and 45 °C is the optimal temperature for structural integrity and enzymal activity, which are
irreversibly denatured when temperature increases above 60 °C. As a consequence, physiological
activities like photosynthesis or respiration are affected. An overproduction of toxic compounds,
like reactive oxygen species, causing oxidative stress, is one of the most frequent throwbacks [136].
As response, plants start synthesizing compatibles solutes in order to maintain cell homeostasis and
turgor, organize proteins, and cellular structures. Moreover, they generally close stomata and increase
the number of trachomatous, in order to prevent water loss. Also, at the molecular level there is
a variation of the expression of genes involved in the synthesis or activity of antioxidant enzymes
related to ROS scavenging, osmolytes or transporters. Temperature above optimum inhibits seeds
germination and retards plant growth. Heat stress could negatively affect the yield by interfering with
the reproductive phase, decreasing pollen vitality and germination, inhibiting flower differentiation
and development and reducing fruit set, which ultimately reduces growth and yield.

Tomato is considered one of the most sensitive species to non-optimal temperatures, and heat
stress often results in long style lengths and in a decreased fruit set [137]. There is little information
in the literature about treatments specifically applied to vegetable crops exclusively against high
temperature since, most of the time, heat stress is combined with drought or salinity. The application of
brassinosteroids on tomato [138] and snap bean [139] has resulted in a higher biomass accumulation and
net photosynthesis rate, increased growth and quality of snap bean pod in terms of NPK content and
the total free amino acids levels in leaves. This might be due to the protective role of brassinosteroids

150



Agronomy 2019, 9, 306

on the photosynthetic apparatus from oxidative stress, increasing the ability to regenerate RuBP and
carboxylation efficiency.

Nahar et al. [140] investigated the effect of exogenous application of glutathione against heat stress.
Mung bean seedlings treated before their exposition to high temperature, showed a reduced oxidative
stress and methylglyoxal content, a reactive compound that damages cells. This results in a more efficient
antioxidant defense system. Pre-treatment with glutathione enhanced tolerance to short-term heat stress,
improving plant physiological adaptation. For example, leaf relative water content and turgidity, which
usually decreases under high temperature, were protected. Positive effect on mung bean has been observed
in response to the application of nitric oxide [141] and ascorbic acid [142]. Nitric oxide treatment resulted
in a promotion of photosynthetic activity, increasing the quantum maximum efficiency of PS2. It also
affected electrolyte leakage, leading to a better cell membrane integrity. Oxidative stress, lipid peroxidation,
and H,O, content were decreased and antioxidant enzyme activity was restored. Similar results have been
obtained after the application of proline and abscisic acid on chickpea [143,144]. Chickpea is sensitive to
high temperature that generally leads to yield and quality losses. After treatments, membrane damage,
measured as electrolyte leakage, MDA and H,O; levels was decreased, while leaf water content was
increased. These effects might be related with the osmoprotectant role of proline and with the accumulation
of osmolytes after ABA treatments. Treated plants also showed a high chlorophyll content and this result,
which has already been seen in other experiment with exogenous proline, could be related to membrane
stability. The activity of oxidative metabolism was enhanced in treated plants, as expected also by the less
oxidative damage of cells.

As discussed above, melatonin treatment exerts a positive effect to counteract chilling stress
in coriander plants; otherwise, Martinetz et al. [127] found that melatonin treatments also have a
protective role against the combination of heat and salt stress in tomato plants. Biostimulant treatments
used against heat stress protect cell membranes by increasing their stability and reduce or avoid the
accumulation of ROS.

2.3.3. Biostimulants and Salinity Stress

Among abiotic stresses, salinity is one of the main damaging factors affecting plant growth and
metabolism as an effect of osmotic stress caused by salt. Sodium chloride (NaCl) is the more abundant
salt presents in saline environments and is toxic in higher concentrations [145]. It happens especially
near the coasts, where crops are frequently irrigated with saline water [85,146]. In many Mediterranean
areas, the problem of seawater intrusion may cause a reduction of 50% of yield in lettuce cultivation,
as reported by Miceli et al. [147]. A significant reduction of both fresh weight and chlorophyll content is
a typical effect of salinity condition on plants and was observed also in spinach [148], in bean [149] and
other crops [150]. Besides, chlorophyll content is a central parameter of the product quality particularly
in green leafy vegetable, not only in terms of plant physiology status but also from a market point of
view. This is a huge problem for vegetable crops where the edible parts are leaves, sprouts or flower
buds. Consumers choices, in fact, are guided mostly by the visual appearance of products, hence a less
green leafy vegetable or a malformed fruit are generally not accepted.

Salt stress causes a nutrient imbalance due to the limited uptake of the nutrients from the soil,
threatening the nutritional quality of horticultural crops. Nutrient availability is compromised by
salinity that causes several disorders such as competitive uptake with other ions like Ca?*, P and
K, mobility problems within the plant and a reduced water potential [151-155]. The solubility of
micronutrients such as Cu, Fe, Mn, Mo and Zn is also affected by the pH of the soil solution, and in
saline condition their availability is very low. Bano et al. [156] reported an important reduction of
total phenolics, total soluble proteins and a suppressed activity of catalase, superoxide dismutase and
peroxidase in carrot under saline condition. Salt stress could also alter several metabolic processes
in plants, such as photosynthesis [157,158], respiration [159], phytohormone regulation, protein
biosynthesis, nitrogen assimilation [160], and can also generate secondary oxidative stress [146,161].
It generally leads to a decrease of production and to a lower quality of the final product, due to an
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inhibition of leaves and roots growth and a change in leaf colour [17]. To verify the effects deriving
from the applications of biostimulants, several trials on lettuce plants under salt stress were performed,
since this crop is considered moderately sensitive to salinity.

Lucini et al. [85] showed that a plant-derived protein hydrolysate improved tolerance to salinity
in lettuce plants, increasing yield and dry weight. Treated plants also have a higher performance and
an increased maximum quantum efficiency of PS2 compared to the control. Similar results have been
recently observed in lettuce plants in response to the application of an organic commercial biostimulant
named Retrosal® [162].

Several experiments have been carried out using different PGPR that are able to enhance abiotic
stress tolerance. Inoculation with Azospirillum brasilense showed positive results on lettuce [163,164],
sweet pepper [165], chickpea and faba beans [166] grown under salty environment. Lettuce fresh
weight, dry weight, ascorbic acid content, and germination percentage were increased; also, the visual
appearance of the final product was better because of higher chlorophyll levels. In chickpeas and
faba beans, the inoculation relieved the stress caused by salinity, increasing the root and shoot growth
compared with the non-inoculated plants. Sweet pepper is a salt-sensitive crop and inoculation
showed positive effect mitigating deleterious effects of NaCl. Dry weight, indeed, was higher than
non-inoculated plants under several salt concentrations. Moreover, the inoculation also increased
the CO, assimilation rate. A similar result has been obtained by Cordovilla et al. [167] applying two
different Rhizobium strain on faba bean and pea plants. Pea plants inoculated with tolerant strain
showed no reduction by salt stress condition in shoot and roots dry weight. The same strain was,
however, not effective on faba beans. These results highlight the variation existing inter and intra
species, and the difficulty in improving tolerance through selection and breeding. A comparable
experiment has been carried out by Mayak et al. [168] on tomato seedling. They tested several strains of
rhizobacterium and found that plants inoculated with Achromobacter piechaudii and irrigated with saline
water had a higher fresh and dry weights and an increased water use efficiency. Yildirim et al. [169]
obtained similar results in squash with the application of several biological products based on the
Bacillus and Trichoderma species.

It is known that humic acids have a lot of beneficial effect stimulating shoot and root growth and
improving environmental stress tolerance even if the exact mechanism of action is not completely clear.
These activities were confirmed in several vegetable crops like sweet pepper [170], beans [171] and
cucumber [172] grown under different salt stress conditions.

Bioactive compounds present in seaweed extracts are able to improve plant tolerance against
abiotic stresses too. Two seaweed-based plant biostimulants containing Ascophyllum nodosum named
Super Fifty® and Acadian were applied respectively on lettuce [173] and strawberry [174] and were
associated with a significant increase in yield and root dry weight, despite the adverse salinity condition.

Sulphated exopolysaccharides extracted from the microalgae Dunaliella salina were applied on
tomato plants to investigate their potential effect alleviating salt stress damages. Results obtained
showed that treatment enhance plant growth, antioxidant enzymes activities and several metabolic
mechanisms related to jasmonic acid pathway [175].

The application of seaweed extracts from Sargassum muticum and Jania rubens significantly
alleviated the negative effects of salt through regulation of amino acids metabolism, ionic content
balanced and improved antioxidant defence in chickpeas plants. Amino acids such as serine, threonine,
proline and aspartic acid were identified in roots as responsible for salt stress amelioration [176].

Besides lettuce and pepper, bean is also considered a salt sensitive plant but in most developing
countries itis cultivated in saline conditions. Several plant extracts based on licorice root, Moringa oleifera
or maize grain have been tested on common bean by Egyptian researchers [177-181]. They observed
that soaking seeds in propolis or maize grain extract improves seed germination percentage, stability
of cell membrane and relative water potential under saline conditions. Antioxidant system activity was
increased while lipid peroxidation and electrolyte leakage were reduced compared with the control
plants. Moringa oleifera leaf extract, used alone or in combination with salicylic acid, and administered
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as foliar spray or as seed soaking, improved several physiochemical parameters as chlorophyll and
carotenoids concentration, total soluble sugars and ascorbic acid content. A very similar trial has been
carried out with licorice root extract and best results have been recorded integrating seed soaking and
foliar spray applications.

A recent study highlighted the ability of a bee-honey based biostimulant to improve the
tolerance of onion plants to salinity stress. Indeed, treated plants showed higher biomass, bulb
yield, and photosynthetic pigments. Moreover, the osmoprotectans content as proline, soluble sugars
and total free amino acids, the membrane stability index and the enzymatic and non-enzymatic
antioxidant activity were enhanced [182]. Hence, biostimulants applied in case of salinity stress induce
the accumulation of osmolytes, in order to enhance the cell osmotic potential and the level of protective
molecules against oxidative stress.

2.3.4. Biostimulants and Drought Stress

Abiotic stresses are closely connected with the problem of resources availability and farmers
are frequently forced to work in suboptimal conditions. A more sustainable use of resources also
concerns water availability, a critical growing factor. The increasing use of aquifer-based irrigation
by farmers worldwide poses a serious threat to the long-term sustainability of the agricultural
system. Over-utilization of this dwindling water supply is leading to an ever-enlarging area in which
productive farming itself has ceased or is threatened. Moreover, the increase of irrigation leads to a
higher risk of soil salinization. Scientists generally agree with the perspective that several regions
could become arid due to the negative impacts of global climate change on water resources [183].
Since one of the main effects of biostimulants is to improve water use efficiency, their application could
be a possible strategy to reduce the amount of water added to crops [184]. Drought stress strongly
influences plant gas exchange changing photosynthetic and transpiration rates, which are directly
linked to yield. Application of Ascophyllum nodosum on broccoli [185] and spinach [186] enhanced gas
exchange through the reduction of stomatal closure, resulting in increased plant resistance to water
stress. Leaf yellowing is another common symptom of drought stress due to chlorophyll degradation
during leaf senescence and is used as reliable indicator of metabolic and energetic imbalance in
plants under stress. Biostimulant treatments with A. nodosum increased total chlorophyll content in
tomato leaves [187]. A reduction of water loss, wilting damages and 3-carbon dialdehyde MDA after
biostimulant applications were observed. Similar results have been obtained by Petrozza et al. [188]
in responses to Megafol treatments in tomato plants. The results revealed that treated plants were
healthier than non-treated ones in terms of biomass and chlorophyll fluorescence. Moreover, plants
treated with the biostimulant product were able to recover more quickly when they had access to water.
The expression of two drought stress marker genes was analysed and the results obtained showed that
treated plants were experiencing a low level of water stress.

Sometimes, water stress in plants is caused by bacterial infection clogging xylem vessels and
preventing water flow. Romero et al. [189] demonstrated that treatments with Azospirillum brasilense,
a strain isolated in arid environments, delayed wilting of tomato plants. Treated plants, indeed, showed
a high xylem vessels area, resulting in a more efficient water transport from the soil to the leaves.
On the other hand, there are several strains of bacteria populating soil promoting plant growth through
its metabolic activities and plant interactions. They produce exopolysaccharides, phytohormones,
1-aminocyclopropane-1-carboxylate (ACC) deaminase, volatile compounds, inducing several metabolic
plant responses as accumulation of osmolytes and antioxidants, or up or down regulation of stress
responsive genes and alteration in root morphology leading to a tolerance of water stress [190,191].
Some examples are reported below. Tomato seedlings treated with Achromobacter piechaudii were
stimulated to accumulate biomass during the stress period and, the amount of ethylene that usually
has negative effects on membrane status was lower than control [168].

Arshad et al. [192] investigated the growth of two plants promoting rhizobacteria on pea (Pisum
sativum) crop grown under drought stress condition in different phenological phases. They observed
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that PGPR containing ACC-deaminase, a precursor of ethylene, significantly decreased the stress effects
on growth and yield too. Positive results in terms of antioxidant and photosynthetic pigments activity
have been collected in basil plants treated with Pseudomonas sp. under water stress conditions [193].

Seaweed extracts are already largely used for cultivated plant treatments and most of them contain
plant growth hormones, auxins, abscisic acid, cytokinins, gibberellins, polyamines, oligosaccharides,
betaines and brassinosteroids. A micro-algae-based biostimulant with known composition was tested
on water stressed tomato plants. Results revealed that biostimulant application reduced the damaging
effects of stress, increased plant height, root length, and enhanced the number and area of the leaves [78].
Biostimulants are capable of reducing drought injures, are able to enhance the biosynthesis of osmolytes
and antioxidants against ROS, such as observed for salinity stress, and of plant hormones, like abscisic
acid, regulating transpiration and avoiding excessive water losses.

2.3.5. Biostimulants and Nutrient Deficiency

One of the roles ascribed to biostimulant products is the ability to increase nutrient uptake [53]
through different strategies. For instance, they are able to change soil structure or nutrient solubility,
modify roots morphology directly or ameliorate nutrient transport in plants [194]. Their application
might be really useful in poor soil conditions and in low input horticultural cultivation systems [195].
Indeed, soil nutrient imbalance is an increasing problem for farmers that spend a lot of money every
year on fertilizers to resume soil fertility. All these mechanisms result in better nutrient use efficiency
for both micro- and micro-nutrients.

Several experiments have been performed to investigate if the application of biostimulants allows
a reduction of fertilizers without affecting crop yield and quality.

Koleska et al. [196] showed that the application of a biostimulant product named Viva® on
tomato plants, growing under reduced NPK nutrition, help counteract the negative effects of nutrient
deficiency. For example, lycopene and chlorophyll content that is usually affected by the availability of
macronutrients was preserved in treated plants grown with NPK reduction. Moreover, biostimulant
application helped maintain cell homeostasis and prevent oxidative stress. A similar experiment was
performed by Anjum et al. [197] on garlic plants grown with half of the recommended dose of nutrients.
Garlic growth and yield were positively affected by the biostimulant application in combination with a
low dose of macronutrients.

A seaweed-based product (Kelpak®) has been tested on okra seedlings grown with different
nutrient deficiencies [198]. Treatments were applied three times a week and were compared with a
polyamine solution treatment. Plants treated with the biostimulant showed an increase in growth
parameters, such as shoot length, stem thickness, leaves and roots numbers, and fresh weight under
phosphorous and potassium deficiency. Kelpak® efficacy might be due to the combination of auxins,
cytokinins and polyamines contained in the product.

Spinelli et al. [199] measured the effects of another commercial seaweed extract, named Actiwave®
on the vegetative and productive performance of strawberry plants grown on an iron deficient substrate.
They found that vegetative growth, chlorophyll content, stomatal density and photosynthetic rate
were enhanced after biostimulant treatment. Fruit production and weight were also increased.
Nutrient uptake might have been positively influenced by the more developed root system of treated
plants. Treatment also contrasted the negative effects of iron chlorosis and this could be linked to
betaine contained in this product.

The positive effects of seaweed extracts are usually ascribed to their polysaccharide content that
helps the soil structure; nevertheless, Vernieri et al. [102] obtained good results by applying Actiwave in a
hydroponic system with different concentrations of nutrient solutions. Yield and leaf area were higher in
rocket plants grown with the lowest nutrient concentration, indicating a better nutrient use efficiency.

Most of the biostimulant contains a mixture of different amino acids and short peptides that
are usually called protein hydrolysates. They have a positive effect on plant growth and protection
against several stresses. The Cerdan et al. [200] study showed that amino acids origin might influence
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the efficacy of the product. Tomato plants grown under iron deficiency conditions and treated with
two products containing amino acids from plant and animal origin showed different responses.
Plant-derived amino acids promoted growth and chlorophyll content both in controlled and iron
deficiency conditions. This effect might be ascribed to glutamic acid content. Indeed, this amino acid
plays an important role in nitrogen metabolism [201] and chlorophyll biosynthesis [202].

Nutrient imbalance might be the cause of several disorders during plant growth and development.
Blossom-end rot in pepper is usually caused by a local calcium deficiency in young fruits.
Paradikovi¢ et al. [203] tested four different biostimulant products for their effects on yield and
BER incidence on pepper. They also evaluated the application as foliar spray or in a nutrient solution
of the same products. The results obtained revealed that biostimulants applications helped to reduce
the occurrence of BER and increase yield. Moreover, nutrient accumulation in fruits and leaves was
promoted by the treatments.

These experiments revealed that biostimulant products cannot totally replace fertilizers but could
be really useful to reduce the amount of mineral nutrition or help in nutrient deficiency and imbalanced
situations. For example, in the floating system cultivation of baby leaf such as rocket, the nutrient
solution can be reduced by 75% of Hoagland'’s solution [101].

The biostimulants that help reduce nutrient deficiencies usually improve crops nutrient uptake
by increasing root biomass, nutrient transport/translocation, and enzyme activities involved in
nutrient assimilation.

3. Conclusions and Future Prospects

This review reports the progress on the recent development of biostimulant products with special
emphasis on their effects, improving tolerance to abiotic stresses in vegetable crops. During their life
cycle, crops are often exposed to abiotic stresses, acting individually or in combination, which could
dramatically reduce the yield and quality of products. Biostimulants could represent an effective and
sustainable tool to enhance plant growth and productiveness, improving tolerance against abiotic
stresses. In fact, biostimulants have been successfully applied for:

- improving nutrients and water use efficiency of crops;
- enhancing tolerance against salinity, water stress, cold, high temperature, etc.;
- increasing yield and quality of agricultural crops.

It is important to consider that the complex and variable nature of raw materials used for their
production and the heterogeneous mixture of components of the final product can make it difficult to
attribute a specific mode of action to each biostimulant. The situation is further complicated by the high
number of plants, bacteria and in general, substances included into the category of plant biostimulants.
For example, two products obtained by two different plants would fall in the same category, but their
effects and their mode of action might be completely different. Moreover, the opposite situation may
occur; the same product may produce different effects when applied on different plants. This could
be related to the genetic variability among species, variety or cultivars. In addition, the biostimulant
activity of a product may also depend on the nature and severity of the abiotic stress.

It must also be considered that trying to link a specific mode of action only to the main component
of a product might be a mistake because it would be like excluding the effect of the molecules that are
presents in small quantities or in traces, but it is known that the efficacy of biostimulant products is the
result of a synergistic or antagonistic effect of many components. Furthermore, our understanding of
the mode of action also depends on the amount of information provided by scientific papers, on the
numbers of analyses performed, and on their investigation level. The availability of innovative research
tools will surely improve the knowledge of biostimulant composition, but this information will not be
exhaustive. Therefore, the biostimulant mode of action can be understood through plant responses at
the physiological, biochemical, and molecular levels.
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Abstract: Biostimulants are among the natural preparations that improve the general health, vitality,
and growth of plants and protect them against infections. They can be successfully used in both
agri- and horticultural crops. The main active substances used in such preparations are humic and
fulvic acids, protein hydrolysates, compounds containing nitrogen, seaweed extracts, beneficial
fungi, and bacteria. Biostimulant formulations may be single- or multi-component, but the synergic
action of several different components has been observed. Many groups of biostimulants have
been distinguished through their method of application (soil, foliar), the material from which they
were produced (plant, animal), or the process by which they were created (hydrolysis, fermentation,
extraction). Natural soil stimulants can induce the development of beneficial soil organisms that
provide substrates for plant growth. The use of natural preparations that are not harmful to the
environment is particularly important in connection with the progressive processes of soil degradation
and atmospheric pollution. This review gives an overview of the importance and influence of different
natural plant biostimulants on both the yield and quality of crops.

Keywords: fruit quality; plants biostimulants; yielding

1. Introduction

The quality and quantity of crops are influenced by both biotic and abiotic factors. Quality may be
defined as a set of agronomic (e.g., fruit size, yield, resistance to bacteria and fungi) and organoleptic
(e.g., colour, shape, firmness) properties as well as nutrient and vitamin content [1]. The abiotic factors
include soil composition, extreme salinity, acidity, high and low temperatures, drought, pollution,
humidity, rain, wind, or ultraviolet radiation. Stress caused by unfavourable stimuli can significantly
reduce harvest yields because plants respond by using their energy reserves to fight stress instead of
concentrating on yielding. Biotic factors include various bacteria, fungi, or viruses that are the cause
of numerous plant diseases. Fungal and bacterial infections may not only reduce yield but may also
lead to the loss of the entire harvest. To prevent this, various types of plant protection products are
used. In accordance with the recommendations of the European Union [2], chemical and mineral plant
protection agents are intended to be slowly replaced by natural preparations. The reason for this is
the adverse influence of chemical and mineral plant protection agents on the natural environment,
as well as on the health benefits of plant crops. Moreover, artificial fertilizers are responsible for the
eutrophication of many bodies of water. This results in the formation of dead zones devoid of living
organisms. The Baltic Sea alone is distinguished by having oxygen-free zones making up around
60,000 km? of area caused by water pollution due to fertilizers. This area constitutes, on average, 3.5%
of the catchment area of the Baltic Sea [3]. The effects of fertilizers have an unfavourable effect on algae,
plants, animals, and people. Due to the fact that man is a higher-order consumer, people are particularly
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severely exposed to the harmful effects of fertilizer compounds accumulated at the lower levels of
the food chain. Harmful compounds from fertilizers may weaken enzymes or interfere with protein
production or vitamin absorption in the human body [3]. Natural preparations called biostimulants
increase the efficiency of nutrient utilization and tolerance to abiotic stress and improve the quality
of crops [4]. Biostimulants include organic and non-organic substances and/or microorganisms [5].
Farmers who manage organic farms are also eager to use natural stimulants to improve crop quality [6].
Increasing consumer awareness concerning healthy food favours the enhancement of the significance
of organic farming [7].

The effects of the stimulators may be multifaceted. The effects of their activities vary depending
on the type of biostimulant used and the plant variety. However, it should be noted that most of them
have a beneficial effect on crops [8].

2. Definitions and Classification of Biostimulants

Biostimulants can be treated as an additive to fertilizers and support the uptake of nutrients,
promote plant growth, and increase tolerance to abiotic stress [9]. The definition of biostimulants is
wide and not sufficiently precise. However, there are two main features that distinguish biostimulants
from other growth and plant-protection agents. A biostimulant may be any substance or mixture of
substances of natural origin or microorganism which improves the condition of crops without causing
adverse side effects [10].

Enzymes, proteins, amino acids, micronutrients, and other compounds may be used as
biostimulants. Natural stimulants are often included under the term biostimulants, including
phenols, salicylic acid, humic and fulvic acids, or protein hydrolases [10,11]. An important group of
plant biostimulants are organisms including fungi and bacteria that change the species composition
of organisms found in the soil or plants. Their presence may accelerate the rate of degradation
processes or limit the number of specific fungal and bacterial groups [12,13]. Popular fungi used as
biostimulants include Glomus intraradices [14], Trichoderma atroviride [14], Trichoderma reesei, and
Heteroconium chaetospira [10,15-19]. Useful bacteria include Arthrobacter spp., Enterobacter spp.,
Acinetobacter spp., Pseudomonas spp., Ochrobactrum spp., Bacillus spp., and Rhodococcus spp. [18,19].

Biostimulants cannot be defined as fertilizers because they do not provide nutrients directly to
plants. Biostimulants may facilitate the acquisition of nutrients by supporting metabolic processes in
the soil and plants. An example of such an activity is the facilitation of the development of arbuscular
mycorrhizal fungi that transport nutrients to the host plant [20].

3. Sources of Biostimulants

Biostimulants are preparations made from natural raw materials. Some of them are plant extracts
such as rosemary, which stimulates the growth of tomato plants with a concentration of 1000 ppm.
Rosemary oil contributes to improved nutrient uptake and increases the fresh mass of roots [21].
Plant and animal biostimulants are formed, for example, as a result of chemical or enzymatic hydrolysis.
The products of hydrolysis are mixtures of peptides and amino acids (protein hydrolysates). Chemical
acid or alkaline hydrolysis is used to produce biostimulants of animal origin, from raw materials such as
hen feathers, bone meal, casein, collagen from skins, animal tissue or fish waste (Table 1). Biostimulants
of plant origin are produced using enzymatic hydrolysis. In the production of plant biostimulants, for
example, alfalfa hay, pulses, and vegetable or fruit waste may be used [13,22]. Protein hydrolysates
contain amino acids, peptides, and non-protein compounds. Protein hydrolysates stimulate plant
growth, reduce the use of inert fertilizers, and are environmentally friendly [22]. The solution,
which at the same time allows for a reduction in the amount of organic waste and the creation of
biostimulating preparations, is actually a fermentation process. Biostimulants may also be the products
of anaerobic digestion (Table 1). Dissolved organic matter is formed in fermentation chambers and has
stimulating properties. The source of dissolved organic matter is usually plant, animal, and lignin
biomass [23]. Biopreparations from marine algae may contain low-molecular polypeptides and amino
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acids, vitamins, enzymes, phytohormones, sugars, and antioxidants. These compounds activate the
processes of rhizogenesis and lead to positive morphological and anatomical changes in plants (Table 1).
Two applications of a biopreparation derived from algae enhanced the development of Cornus alba
“Aurea” roots by 80% when compared to the control. Such biopreparations can be used for rooting
young seedlings or improving the process of adult rhizogenesis [24].

Literature data indicate the positive effect of seaweed extracts as plant biostimulants. The extracts
from Ascophyllum nodosum are listed as the most frequently used [25,26]. Equally popular are Solanum
lycopersicum L. [27], Ecklonia maxima, Sargassum spp. [12], Laminaria spp., Durvillaea potatumum, Ulva
lactuca, Caulerpa sertularioides, Padina gymmnospora, Sargassum liebmannii, and Sargassum johnstonii [25,28].

The group of biostimulants also includes consortia of beneficial fungi or bacteria. Among the
fungi used in the cultivation of plants, the following species are noted: Glomus intraradices, Trichoderma
atroviride, Trichoderma reesei, and Heteroconium chaetospira (Table 1) [10,14-17]. Symbiotic arbuscular
mycorrhizal fungi have a positive effect on crop quality. Arbuscular mycorrhizal fungi, along with
Rhizoglomus irregular, promote the growth of Stevia rebaudiana Bertoni [20]. Plant growth bacteria include
Arthrobacter spp., Enterobacter spp., Acinetobacter spp., Pseudomonas spp., Ochrobactrum spp., Bacillus spp.,
and Rhodococcus spp. (Table 1) [18,19]. The largest group of beneficial bacteria includes Rhizobium
spp. and plant growth-promoting rhizobacteria [10]. The plant growth-promoting rhizobacteria group
includes Streptomyces spp., Pseudomonas spp., and Bacillus spp. The literature results indicate that
Streptomyces spp. protect tomato plants against putrefactive bacteria Pectobacterium carotovorum subsp.
brasiliensis (Pcb). In addition, the volatiles produced by six Streptomyces spp. isolates stimulate the
growth of tomato roots. The largest fresh root mass obtained due to the volatile substances was
138.2 + 16.1 mg in comparison to a control mass of 111.5 + 10.3 mg. The volatile substances also
positively affect the dry matter content and root volume as well as the dry and fresh mass of the
shoot [29]. Zhao et al. [30] managed to isolate 276 endophytic bacteria from soybean root nodules
that protected soybean roots against fungal infections of Phytophthora sojae. The antagonistic bacteria
included Enterobacter spp., Acinetobacter spp., Pseudomonas spp., Ochrobactrum spp., and Bacillus spp.
Also, lactic acid bacteria, e.g., Lactobacillus plantarum, and Lactobacillus paracasei are used to promote
plant growth and indirectly control diseases [31].

Table 1. Activity of different types of biostimulants.

Source of Biostimulant Example Main Activity

Increase in yield [32]
Enzymatic (alfalfa hay, pulses, and  Increase in nitrogen and phosphorus content in leaves

vegetable or fruit waste) and and macro- and micronutrients [33,34]
Hydrolysis Product chemical (feathers, bone meal, Increase in protein content in cereal grains [33]
casein, collagen from skins, animal Protection against biotic and abiotic stresses [35]
tissue, or fish waste) Increased soil fertility through the development of soil
microorganisms [36]
Anaerobic Call of the auxin-like effect [23,37]

Plant, animal, and lignin biomass

Digestion Product Improving the availability of nutrients [31]

Antioxidant potential and ability to capture free
radicals [12]
Chelating effect [12]
Increase in plant resistance to fungal and bacterial
infections [12]
Extension of the shelf-life of fruit for consumption [12]
Improve the thermal resistance of plants [12]
Protection against drought stress [38]

Ascophyllum nodosum,
Sargassum wightii,
Ecklonia maxima,
Enteromorpha intestinalis,
Gelidium pectinutum

Biopreparations from
Marine Algae

Rhizophagus intraradices,
Rhymbocarpus aggregatus,

. Glomus viscosum, Increase in the growth and yield of plants alone and in
Consortia of . T .
. . Glomus etunicatum, symbiosis with bacteria, e.g., from Azotobacter spp. [39]
Beneficial Fungi . . . P
Glomus claroideum, Plant protection against oxidative stress [40]

Trichoderma sp.,
Heteroconium chaetospira
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4. Application Method of Biostimulants

Biostimulants may be used in the form of soil preparations (powders, granules, or solutions added
to the soil) or as liquid foliar application products [41]. Biostimulants containing humic substances and
nitrogen compounds are often applied directly onto the soil, whereas various types of extracts from
plants and seaweed are used in the form of foliar applications. Biostimulants can be introduced into
the irrigation system and taken up by plants along with water. One example is the Kelpak SL (Ecklonia
maxima extract) biostimulant which was sprayed in an aqueous solution of Phaseolus vulgaris L. [41].
Biostimulants are used regularly during the whole vegetative period or proactively, i.e., once during
the decline of vital forces of the plant. In this case, the biostimulants were administered once during
the occurrence of a strong stress factor, e.g., frost [42—44]. The results show that the soil application
of the biostimulant was not as effective as foliar application. The foliar application of a biostimulant
obtained from sewage sludge increased the level of macro- and micronutrients in the leaves of maize.
The nitrogen content in maize leaves increased by 26% (dose 3.6 L/ha) and 46% (dose 7.2 L/ha) [45].
Biostimulants can also be used in the form of biomass or meal from seaweed, however, this method
has some limitations. Biomass and meal may be used in areas located close to the source of seaweed
acquisition due to transport problems. Biomass or meal is applied directly to the soil long before
planting in order to enrich the substrate with nutrients. Agro-technical measures such as ploughing
are used to mix biomass or meal with the topsoil [12].

Common forms in which biostimulants occur are ready-to-use extracts or powder to make an
aqueous solution. Soil biostimulants often affect the structure of the root, increasing, among other
factors, its ability to absorb nutrients. Foliar extracts protect the plant against biotic and abiotic
stresses. The circadian rhythm of plants should be taken into consideration. Biostimulants should
be applied in the morning when the stomata are open and the assimilation rate is at its peak [12,38].
Biostimulants are also applied directly onto harvested fruits. It was noted that biostimulants containing
a combination of extracts from Sargassum spp., Laminaria spp., and A. nodosum (Table 1) significantly
extended the shelf-life and the storage life of oranges. After using the biostimulant, the fruits became
more resistant to mechanical damage and putrefaction which allowed for an extension of the storage
time and suitability for consumption. The extract used produced a better effect than, for example, the
calcium chloride normally used in the industry to protect fruit against putrefactive bacteria [12,38].

5. Effect of Biostimulants on Yielding

The popularity of biostimulants in agriculture is associated with the possibility of obtaining higher
yields without the need to discontinue the production of ecological crops. According to numerous
scientific studies, biostimulants have a positive effect on yielding plants [36]. The yield is usually
determined as the amount of fruit obtained from one plant or plot. The yield depends on the type of
biostimulant used, the dose, the method of application, and the plant variety. Increased yield is often
associated with improving the quality of vegetables or fruit. This is particularly important in organic
farming, where artificial fertilizers cannot be used [37,45]. The quality of fruits and vegetables is shaped
from the moment of plant growth to the time of harvesting of fruits and vegetables and it consists of
the taste and the content of nutrients. The quality is influenced by genetic and agro-environmental
factors [46].

The positive influence of biostimulants based on humic, fulvic, and carboxylic acids on the
yielding of apricot fruits has been proven [8]. Control trees showed a yield of 12 kg fruit/tree and after
the application of humic and fulvic acids together and carboxylic acids in a separate experiment, the
yield of the trees increased to 21 kg of fruit/tree and 19 kg of fruit/tree, respectively (Table 2). However,
this relationship was observed only in the second year of using the biostimulant. During the first
growing season, the yield of the control trees was higher than that of the trees that were treated with
biostimulants containing humic and fulvic acids. The biostimulant based on polysaccharides turned
out to be ineffective with this variety of apricot trees, which showed a yield comparable to the control
in both growing seasons [8]. Preparations containing all amino acids allowed for an increase in mango
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yield. With a dose of 3 L/ha, the yield increased by 18% compared to the control. At the same time,
the biostimulants caused a 15% decrease in fruit weight. The authors explained this phenomenon
through the competition of fruit for nutrients [32]. Biostimulants containing phenolic compounds such
as sodium para-nitrophenolan, sodium orto-nitrophenolan, and sodium 5-nitroguajakolan proved
to be good preparations for raspberry bushes. As a result of the foliar application of the phenolic
compounds, a 20% (Table 2) increase in raspberry yield was obtained [47]. The highest yield was
achieved when a biostimulant containing phenol compounds was applied to the “Polka” raspberry
variety (yield = 23.03 kg/plot), while the yield in the control was 18.28 kg/plot. Already in the first
year after the use of biostimulants, the amount of fruit collected from one bush increased. The best
results were produced by 6-benzyladenine in a dose of 100 mg/L, which caused an increase in yield
in the first year by about 0.5 kg. In the second year of using the biostimulant 6-benzyladenine at a
dose of 100 mg/L and a-naphthaleneacetic acid at a dose of 20 mg/L, the yield increased by more than
1 kg from a single shrub [37]. Strawberry yielding significantly increased after using biostimulants
containing herbal and marine plant extracts. In this case, the study proved that soil biostimulants are a
source of nitrogen compounds. Moreover, foliar biostimulant application did not produce results as
good as biostimulants added to the soil. Biostimulants added to the soil caused a significant increase
in the amount of fruit and also improved the condition of the plants. Plants were more resistant to
weather conditions and pathogens [42]. Extracts of “Moscatel” vine-shoots improved the yielding of
the grapevine variety “Airén”. The literature results indicate that two foliar biostimulant variants were
prepared, non-toasted and toasted vine-shoots. A significantly higher yield was achieved in the case
of two preparations, which were the non-toasted vine-shoots extract (3.09 + 0.05 kg/plant) and the
toasted vine-shoots extract (3.57 + 0.05 kg/plant) in comparison to the control (2.54 + 0.03 kg/plant)
(Table 2) [48].

A mixture of four biostimulants containing amino acids, polysaccharides, vitamins, humic acids,
organic carbon, and enzymatic proteins caused a comparable increase in the yield of two varieties
of yellow pepper [49]. The Blondy F1 variety produced a crop at a level of 5.98a 0.23 kg/plot
(yield = 5.24 + 0.30 kg/plot). The Century F1 variety produced a yield of 5.76 + 0.20 kg/plot (yield in the
control = 5.06 + 0.28 kg/plot) (Table 2). The peptides and amino acids contained in these formulations
demonstrated a protective action against excessively high temperatures in the summer season and
induced root growth and development, while vitamins and humic acids resulted in fruit growth [49].
Horseradish extract increased pumpkin yield by 12.5% [50] and the beneficial effect of fungal species
Glomus intraradices and Trichoderma atroviride positively influenced the yielding of zucchini, resulting in
a yield increase of 0.39 kg per plant on average, probably by increasing the effectiveness of nutrients
uptake [14]. A 3% Moringa oleifera extract in combination with 0.6% ZnSOy and 0.25% K,SO4 increased
the yield of “Kinnow” mandarin plants by 65% (Table 2) compared to the control [51].

The results of the study underline the positive effect of humic acids on the yielding of fruit trees [8].
The use of phenolic compounds [47] resulted in the increased yielding of fruit bushes. A high yield
of vegetables may be obtained by using a mixture of amino acids, polysaccharides, vitamins, humic
acids, and other compounds. Each of the substrates of the mixture affects another biochemical process
occurring in the soil and plant, which allows for the achievement of the desired effect [49].
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6. Effect of Biostimulants on the Growth and Size of Plants

The way in which biostimulants work may be defined as multifaceted. The literature describes
the positive effect of biostimulants on the growth of fruits and vegetables. At the same time, there are
studies in which no effect of biostimulants on fruit size was found. The lack of biostimulant effects is
explained by the use of a biostimulant unsuitable for the tested cultivar [37,53].

Fruit producers are interested in biopreparations that allow for the attainment of the largest and
healthiest-looking fruit that draw consumers’ attention [52]. An increase in the average length and
diameter of cucumbers was attained after the use of humic acids and a mixture of nitrogen, amino
acids, and auxins. Humic acids in a concentration of 3g/L increased the average length of the fruit
in the first and second season by 9.9 cm and 12.2 cm, respectively. The same concentration of humic
acids increased the diameter of the cucumbers in the first and second season by an average of 1.23 cm
and 1.55 cm, respectively [52]. Three tested biostimulators caused an elongation and increase in the
diameter of the vegetables. One biostimulant (containing nitrogen, amino acids, and auxins) led to
the elongation of the cucumbers by 3.85 cm in the first and 3.49 cm in the second growing season.
The diameter of the fruit increased by 1.12 cm and 1.56 cm, respectively, in the first and second growing
season under the influence of this biostimulant. The application of humic acids and biostimulants
containing auxins in particular makes it possible to obtain elongated and thickened cucumbers [52].
The use of biostimulants containing humic and fulvic acids as well as carboxylic acids led to a tenfold
enlargement of the apricot fruit. The greatest influence on the size of the fruit was carboxylic acids,
which contributed to the widening of fruit by 2.6 mm on average in the second growing season [8].

Studies show that the perfect biostimulants that cause the growth of fruits and vegetables are
consortia of microorganisms. Examples are arbuscular mycorrhizal fungi and plant growth-promoting
bacteria, the use of which resulted in increased tomato weight. A positive effect was obtained through the
combination of arbuscular mycorrhizal fungi containing fungi of the following species: Rhizophagus spp.,
Rhizophagus aggregatus, Septoglycus viscosum, Claroideoglomus etunicatum, Claroideoglomus claroideum and
various types of plant growth-promoting bacteria. All of the biostimulants based on microorganisms
(arbuscular mycorrhizal fungi + Pseudomonas sp. Strain 19Fv1T, arbuscular mycorrhizal fungi +
Pseudomonas fluorescens C7, arbuscular mycorrhizal fungi + Pseudomonas sp. 19 Fv1T and Pseudomonas
fluorescens C7) caused an increase in tomato fruit mass, but the most effective result was demonstrated
by biostimulants including arbuscular mycorrhizal fungi and P. fluorescent C7, which caused an increase
in tomato mass to 71.3 + 0.6 g (weight of control tomatoes = 64.4 + 0.9 g). The microorganisms
used caused a slight elongation of tomatoes as well. The length of the fruit in the controls ranged
from 5.49 + 0.03 cm to 5.81 + 0.03 cm, while in combination with the biostimulants used, it rose to
5.88 £ 0.03 cm to 6.05 + 0.02 cm. There was also a slight increase in fruit diameter from 4.24 + 0.02 cm
to0 4.62 + 0.03 cm to 4.64 + 0.03 cm to 4.78 + 0.02 cm [53].

The application of 6-benzyladenine as a biostimulant at a dose of 100 mg/L resulted in an increase
in the weight of blueberry fruit by about 32.4% (first season) and 33.6% (second season) for the blueberry
cultivar Duke and 43.5% (first season) and 33.1% (second season) for the blueberry cultivar Bluecrop
compared to the control. The literature results showed that a-naphthaleneacetic acid at a dose of
20mg/L was also an effective biostimulant, which increased the weight of the blueberry cultivar Duke
fruit by 41.9% (first season) and 20.0% (second season) and the blueberry cultivar Bluecrop by 55.0%
(first season) and 25.4% (second season). As demonstrated in the study, one inefficient biostimulant
was gibberellic acid at a dose of 200 mg/L. Gibberellic acid increased the weight of blueberry cultivar
Duke fruit by 4.7% (first season) and 14.3% (second season) as well as Bluecrop blueberry cultivar by
0.8% (first season) and 11.5% (second season) compared to the control. For this reason, gibberellic acid
is not recommended as a biostimulant for soft fruits [37].

The titanium compounds with which raspberries were treated caused an increase in fruit weight
from 4.44 g (control) to an average of 5.4 g, but only at the beginning of the harvest season. At the
end of the harvest, a 57% decrease in raspberry weight was observed [47]. The same relationship was
observed for phenolic compounds. At the beginning of the harvest, the mass of raspberries treated
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with phenolic compounds was 5.04 g on average, while at the end of the harvest there was a 44.4% loss
in fruit weight. The fact is that the raspberry collection is characterized by the loss of fruit mass at the
end of the harvest, but if these three biostimulants were used, the resulting losses were greater than
in the control. The control fruits were characterized by a 42.3% weight loss, while the fruits treated
with biostimulants showed a mass loss at the end of the harvest in the range from 44.4% to 57.0% [47].
The increase in fruit weight after the use of biostimulants compounds was also observed in the case
of cherries. The use of salicylic acid with the addition of calcium resulted in a 15% increase in sour
cherries “Sweetheart” (2015) and “Skeena” (2016) [57].

Regarding the multifaceted effect of biostimulants, it should be emphasized that these formulations
may affect many of the characteristics of the plant, e.g., fruit size, plant height, and root length [52].
The use of humic acids in a concentration of 3g/L and other biostimulants caused an increase in
cucumber plant height, the number of leaves, and the number of stems in both growing seasons [52].
In the first growing season, the height of the control plants was 78.13 cm. Plants treated with 3 g/L of
humic acids were 14.25 cm taller on average. In the second growing season plants treated with humic
acids were taller by 13.25 cm. Similar dependencies may be observed after using other biostimulators.
In the first and second growing season, this biostimulant (including, among others, nitrogen, amino
acids, and auxins) was the most effective, causing an increase in plant height of 14.5 cm (in the first
growing season) and 19.75 cm (in the second growing season) in comparison with the control plants.
The biostimulant including, among others, naphthyl acetic acid was the least effective, and resulted in
an increase in the growth of plants by 4.38 cm and 7.92 cm, respectively to the first and second growing
seasons. Similar dependencies were noted in the number of leaves and new stems [52].

7. Impact of Biostimulants on Physical Characteristics

Biostimulants also have an influence on mechanical properties, i.e., the firmness of fruits or
vegetables. Depending on the type, biostimulants may cause the stiffening of cell walls, thereby
reducing their extensibility [8]. Biostimulants that increase the flexibility of cell walls at the same time
extend the shelf-life of fruits and vegetables for consumption and facilitate their storage. Biostimulants
based on carboxylic, humic, and fulvic acids and also the biopolymers of polysaccharides increased the
mechanical strength of apricot fruits during two years of biostimulant use [8]. In turn, biostimulants
containing phenolic compounds or chitosan resulted in the loss of fruit firmness of the three raspberry
varieties studied. The use of biostimulants based on titanium compounds did not alter the fruit
firmness, which was comparable to the firmness in the control test [47]. The use of spic cytozyme
containing essential plant nutrients and growth biostimulants in the amount of 4 mL/L significantly
reduced the cracking of pomegranate fruit [58]. In addition to improving mechanical properties,
biostimulants change the shape and colour of fruits and vegetables. Fruit with larger length and
diameter, as well as the right colours, are preferred by consumers [8]. However, consumer preferences
are subject to dynamic changes.

An important visual feature that proves the quality of fruit is colour. The colour of the fruit is
substantially influenced by the content of anthocyanins. Weber et al. [59] examined the content of
anthocyanins in strawberries treated with Ascophyllum nodosum extract with silicon. Fruits treated with
a biostimulator were characterized by a higher content of anthocyanins in the initial fruiting period,
therefore, they were more red than the control fruits [59]. “Sweetheart” cherries treated with glycine
and betaine were characterized by a darker skin than the control fruits. Although the mechanism of
action of betaine and glycine on the formation of anthocyanins is not fully understood, it is known that
the darker colour of the fruit was caused by a higher content of antioxidants [57]. Tarantino et al. (2018)
in the second year of using biostimulants obtained apricot fruits with a lighter skin compared to the first
year. This could be due to the higher concentration of biostimulants used in the first growing season.
There were significant differences in the colour of the fruit. In the second year of the experiment the
colour of the apricots was redder than in the first year of fruiting. There were no significant differences

181



Agronomy 2019, 9, 335

in the colour of the fruit produced by the three biostimulants used (1—biopolymers of polysaccharides;
2—humic and fulvic acids; 3—carboxylic acids) [8].

It should be emphasized that the increased mechanical strength or fruit colour change results
from the good condition of fruit plants, which in turn is a result of their proper nutrition [50].
Biostimulants are supplied externally, which indirectly, e.g., induced by the photosynthesis process,
plays an important role in the nutrition of plants. Indirect induction, for example, consists in increasing
the leaf area. Leaves are the main organs in which photosynthesis takes place, therefore increasing the
leaf area leads to an increase in photosynthesis. Intensively photosynthetic plants are better nourished.
Increasing the leaf area also leads to an increase in the transpiration surface. This phenomenon has the
especially important function of protecting the plant from overheating. Moringa oleifera leaf extract
increased the surface area of the Cucurbita pepo L. by 9.7% and simultaneously led to a 34.6% increase in
the chlorophyll content of the leaves compared to the control [50]. The positive effect of the A. nodosum
extract in a period of drought on the growth of spinach has been proven. Seaweed extract increased the
relative water content of the leaves from 76% to 82%. The surface area of the leaf was also increased by
16% (foliar spray), 21% (biostimulant in the irrigation system), and 38% (biostimulant in the irrigation
system and in a spray). Increasing the area and turgor of the leaf led to an increase in the intensity of
photosynthesis and improved the conditions for growing spinach under stress conditions [25].

8. Effect of Biostimulants on Chemical Composition

Biostimulants can affect a number of the chemical properties of fruits and vegetables, including dry
mass, acidity or vitamin content. The chemical composition of the fruit directly affects their palatability.
It is assumed that fruits with a content of dissolved solids (SSC) above 12°Brix are characterized
by an excellent taste [47]. In the first year of using biostimulants containing the biopolymers of
polysaccharides, humic and fulvic acids as well as carboxylic acids, the average value of SSC in
apricots stood at 10.7°Brix. In the second year of using these biostimulants, fruit taste values improved
significantly, as evidenced by the increase in the SSC level to an average of 14.1°Brix [8]. Biostimulants
containing phenol compounds or chitosan reduced the dissolved solids content in the fruits of the
three raspberry varieties (Pokusa, Polka, and Poranna Rosa). The opposite effect was produced by
biostimulants based on titanium compounds, the use of which resulted in an increase in the content of
dissolved solids in the raspberry fruit [47]. The quality of the fruit is also demonstrated by the ratio
content of dissolved solids to their titratable acidity. Fruit quality is defined as good if the ratio content
of dissolved solids to titratable acidity is within the range of 10 to 15. The treatment of fruit trees with
biostimulants containing biopolymers of polysaccharides (16.7) and humic and fulvic acids (16.1) leads
to an increase in the ratio content of dissolved solids to titratable acidity in relation to the control (14.0)
and thus negatively influenced the sensory quality of fruit [8].

Itis important to grow fruit that has an appropriate level of acidity but it is difficult to say, however,
whether changes in acidity at the level of several percent have a significant impact on the fruit taste,
because it is based on the subjective impression of the consumer. Although the literature data present
studies on the effect of biostimulants on fruit acidity, there is no explicit interpretation of the results.
It is not clear whether the changes in fruit acidity should be understood in terms of the positive or
negative effects of the biostimulants used. The use of phenolic compounds and titanium compounds
as a biostimulant in the cultivation of raspberries led to an increase in fruit acidity to 2.26% and 2.18%,
respectively (control, 2.08%) [47]. A decrease in apricot acidity was noted after the use of biostimulants
containing polysaccharides, humic and fulvic acids, and carboxylic acids [8]. In the second year after
using these biostimulants, fruit acidity was reduced from an average of 3.45 (control pH) to an average
of 3.7-3.8 (pH after using biostimulants) [8].

Animportant health-related feature of fruits and vegetables is the content of vitamin C and nitrogen
compounds. The role of nitrogen in plants results from its influence on growth and development. It is
a component of nucleic acids, it participates in the process of photosynthesis, and it builds amino acids
that form a part of plant proteins [60]. The content of vitamin C and nitrogen compounds in the fruit
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depends mainly on the plant variety [47]. The use of selected biostimulants (phenolic compounds,
chitosan, and titanium compounds) increased both the levels of ascorbic acid and nitrates. It turned out
that the three biostimulators tested positively influenced the level of nitrates in raspberries. It was found
that phenolic compounds contained in one of the biostimulants increased the level of vitamin C most
effectively [47]. Assuming that phenolic compounds increased the content of vitamin C in fruit, it was
necessary to determine how different biostimulators affect the content of phenolic compounds. Zarzecka
et al. [61] studied the effect of herbicides and biostimulators on the polyphenol content of potato tubers.
The experiment was conducted over a period of two years. Three potato varieties were treated with
different substances: Harrier herbicide 295 ZC, Harrier 295 ZC + Kelpak SL growth regulator, and
Sencor 70 WG herbicide, 5 Sencor 70 WG + Asahi growth regulator. In the case of Asahi, the active
substances were phenolic compounds, while for Kelpak SL, auxins and cytokinins were the active
substances. The applied biostimulants and herbicides caused an increase in the polyphenol content
in tubers of all potato varieties (on average, 159.8-161.3 mg/kg) compared to the control (average of
156.0 mg/kg). The use of biostimulants and herbicides increased the content of polyphenols in the leaves
of the potato to an average of 289.2-291.2 mg/kg compared to the control (287.8 mg/kg). The content of
polyphenols in tubers is of particular importance for humans. Polyphenols reduce the risk of numerous
diseases, e.g., blocking carcinogenic compounds [61]. It was observed that after using a biostimulant
containing seaweed A. nodosum and silicon, the content of phenolic compounds in strawberries was
slightly lower. Phenols are also defined as compounds produced by plants under stressful conditions,
hence the conclusion about the positive effect of the tested biostimulant on strawberries [59]. The foliar
spraying of the “Airén” grapevines by non-toasted and toasted biostimulants increased the content
of phenolic compounds. In this case, the biostimulants were extracts from the “Moscatel” vine
shoots. An important group of phenolic grape buds are hydroxycinnamic acids (trans-caffeic and
trans-p-coumaric), which affect the taste of wine. Both non-toasted biostimulants (14.10 + 0.13) and
toasted biostimulants (11.26 + 0.27) led to a trans-p-coumaric acid increase relative to the control
(8.60 + 0.03). The non-toasted biostimulant (1.14 + 0.01) and toasted biostimulant (0.95 + 0.03) also led
to a trans-caffeic acid growth compared to the control (0.92 + 0.03). The effect of the higher content of,
among other compounds, hydroxycinnamic acid is a better quality wine [48]. A biostimulant containing
A. nodosum seaweed extract increased the phenol content of “Sangiovese” grapes. A 1.5 kg/ha dose
of biostimulant increased the phenolic content to 1.063 mg/cm?, while the biostimulant in a dose
of 3 kg/ha increased the phenolic content to 0.951 mg/cm?. The phenol content of the control was
0.753 mg/cmz. The results were statistically significant [55].

The positive effect of biostimulants is also based on increasing the content of chlorophyll in leaves
and thus increasing the efficiency of the process of photosynthesis. Salicylic acid-chitosan nanoparticles
used as a biostimulant led to an increase in the content of chlorophyll in leek corn [54]. While the
chlorophyll content in the control was 10.72 mg/g, the chlorophyll content in the maize leaves treated
with the biostimulant (concentration 0.01%-0.16%) was in the range of 16.43 to 25.88 mg/g on average.
In plants treated only with chitosan and salicylic acid, a decrease in the chlorophyll content to an
average of 9.24 mg/g and 9.79 mg/g was observed [54]. After the foliar application of the Moringa
oleifera leaf extract, a 34.6% increase in the chlorophyll content of Cucurbita pepo L. leaves was recorded
compared to the control (plants sprayed only with water) [50]. The increase in the chlorophyll content
combined with the increased intensity of the photosynthesis process was noted during the cultivation
of Hibiscus treated with biostimulants formed in the process of the hydrolysis of waste. A 15% increase
in the chlorophyll content of leaves resulted in a 24% increase in the photosynthesis rate compared to
the control [62].

During the tests to determine the chemical composition of fruits, the content of glucose, fructose,
sucrose, ascorbate, proteins, and macro- and micro-elements is often determined. Plants treated
with one of the tested biostimulators (arbuscular mycorrhizal fungi + Pseudomonas sp. 19 Fv1T and
P. fluorescens C7) showed an increase in the concentration of glucose in tomatoes at 11.83 g/kg, while
in controls the content of glucose was 10.45-11.0 g/kg. After using this biostimulant, the fructose
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content also increased to about 12.86 g/kg, while in the controls it was 10.77-11.14 g/kg. After using a
biostimulator based on A. nodosum seaweed extract and a silicon extract, a slight increase in the level of
sugars in the strawberry fruit was observed. The most common sugars were glucose and fructose.
Sucrose accounted for 11% of total sugars [59]. The use of an extract of M. oleifera leaves increased the
total soluble sugar content in pumpkin by about 80.6% [50]. An interesting relationship was observed in
the case of ascorbate. The use of biostimulant containing arbuscular mycorrhizal fungi, Pseudomonas sp.
19 Fv1T and P. fluorescens C7 led to an increase in the ascorbate content (10.75 mg/100 g), whereas the use
of a biostimulant containing arbuscular mycorrhizal fungi and P. fluorescens C7 reduced the ascorbate
content in tomatoes (4.30 mg/100 g). In the controls, tomatoes contained about 5.47-7.12 mg/100 g
ascorbate. In plants treated with the biostimulant containing arbuscular mycorrhizal fungi and
P. fluorescens C7, an increase in 3-carotene in tomatoes was observed (controls: 2.117-2.224 ug/100 g
fresh weight; 3-carotene content in the biostimulator study: 2.829 ug/100 g fresh weight). 3-carotene
may be converted into vitamin A and can protect against the adverse effects of free radicals [53].
The protein content is particularly important in the case of grain plants. The foliarly used biostimulator
containing sewage sludge caused an increase in protein content in maize grains by about 30% in both
growing seasons [45]. The biostimulator formed as a by-product of the two-stage process of pressing
olive oil led to an increase in the protein content of maize grains by 19% [63].

Combining the biostimulant (chicken feathers) with a fertilizer gave a better quality of maize
yield than using only the fertilizer. Three combinations of the agent used for spraying the corn were
used. In the first variant, only fertilizer was used (300 kg N/ha + 120 kg K/ha). For the second variant,
fertilizer was used (300 kg N/ha + 120 kg K/ha) in combination with a biostimulant (3.6 L/ha). In the
third variant, fertilizer (300 kg N/ha + 120 kg K/ha) was used in combination with a biostimulant
(7.2 L/ha). The treatment was applied during two seasons. The highest level of nitrogen was obtained
after the application of a biostimulant containing fertilizer in combination with the highest dose of the
biostimulant (7.2 L/ha). The nitrogen content of corn leaves increased by 14.4% (fertilizer with the
biostimulant of 3.6 L/ha) and 39.1% (fertilizer with the biostimulant of 7.2 L/ha) in the first vegetative
season in comparison to the nitrogen content of maize leaves treated only with fertilizer. In the second
growing season, the nitrogen content increased by 15% (fertilizer with the biostimulant of 3.6 L/ha)
and 33.3% (fertilizer with the biostimulant of 7.2 L/ha) respectively. The use of a biostimulant in
combination with the fertilizer also resulted in an increase in phosphorus content in the leaves of
maize. The treatment increased p levels by 32.8% (fertilizer with a biostimulant of 3.6 L/ha) and 52.2%
(fertilizer with a biostimulant 7.2 L/ha) in the first season and by 43.5% (fertilizer with a biostimulant
of 3.6 L/ha) and 51.1% (fertilizer with a biostimulant of 7.2 L/ha) in the second season compared to the
control [33]. An effective biostimulant for the “Kinnow” mandarin trees proved to be Moringa oleifera
extract. The 3% Moringa oleifera extract foliar application with 0.6% ZnSO4 and 0.25% K;SO4 resulted
in a 1.35-fold (first season) and 1.42-fold (second season) increase in nitrogen content compared to the
control. Trees sprayed only with 3% Moringa oleifera extract showed a 1.09 times (first season) and
1.07 times (second season) higher phosphorus content compared to control trees [51].

The improvement in the chemical properties of fruits may increase not only their pro-health
values, but also lead to an improvement in their sensory values. One example may be guaiacol, which
was applied in a foliar way to improve the quality of wine. Guaiacol was shown to increase the amount
of glycosylated aromatic compounds in “Microvine” grapes. These compounds have influenced
the improvement of wine quality in the final step of wine formation. The guaiacol-treated fruits
were characterized by a higher aglycone content (534.25 ng/g) compared to the control (157.52 pug/g).
Treatment with guaiacol also increased the content of monomethyl alcohols from 2.94 ug/g in control
fruits to 170.30 ug/g in guaiacol-treated fruits [64].

Biostimulants are becoming a viable option for solving the problem of the ineffective uptake of
nutrients from fertilizers by plants. The fact is that a large proportion of fertilizer nutrients are not taken
up by plants. Reducing the amount of mineral fertilizers introduced into the soil limits environmental
degradation. It is thought that the development of certain biostimulants has the potential to increase
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the amount of nutrients taken up by plants [65]. The increase in the amount of nutrients taken
up by plants may be achieved through the use of fertilizers and biostimulants in combination [33].
An increased nitrogen content was obtained thanks to the use of a biostimulant formed in the process
of the hydrolysis of chicken feathers in combination with nitrogen fertilizer, while the increase in
phosphorus content was the result of using a biostimulant formed in the process of the hydrolysis of
chicken feathers with phosphate fertilizer [33] and an extract of Moringa oleifera as a biostimulant [51].

9. Effect of Biostimulants on Antioxidant Properties

Antioxidant activity is an often-studied property of fruits and vegetables. Antioxidants are listed
as compounds that inhibit tumour cell proliferation and protect against oxidative stress caused by
excess free radicals. The result of oxidative stress may be, among other factors, damage to DNA,
cell membranes, or enzymes [66]. It was shown that the use of biostimulants in plant breeding
can change the activity of enzymes and affect the antioxidant properties. Lycopene, ascorbic acid,
phenolic compounds and others have antioxidant properties. Reactive oxygen molecules, e.g., OH,
0?7, and H,0,, are detoxified by antioxidant compounds (e.g., phenols, ascorbic acid) and enzymes
(e.g., catalase, peroxidase, superoxide dismutase) [67].

Protein hydrolysate applied as a biostimulant to tomatoes had no effect on the level of phenolic
compounds, while its effect on the content of ascorbic acid and lycopene was noted. After using
biostimulant doses of 5.0 and 2.5 mL/L, the content of lycopene increased by 34.9% and 18.0%,
respectively, compared to the control. The dose of 2.5 mL/L biostimulant increased the content of
ascorbic acid by 27.3% [68]. The use of biostimulants on apricot fruit trees increased the antioxidant
capacity of fruits. In the first season (average 76.8 mg/100 g), after using the stimulants, the antioxidant
capacity of fruit was higher than in the second season (average 66.5 mg/100 g). The observed differences
in antioxidative abilities between the two seasons were explained by changes in climatic conditions [8].

Also, a biostimulant based on salicylic acid and chitosan nanoparticles (SA-CS NPs) had an effect
on the enzyme and antioxidant activity in maize leaves. The enzyme activity in leaves treated with
chitosan, salicylic acid, and a control was comparable. After two days of treating the plants with the
biostimulant, the activity of superoxide dismutase increased by two times compared to plants treated
with salicylic acid. After three days of treating plants with a biostimulant, superoxide dismutase
activity was 3.2 times higher than for plants treated with only salicylic acid. Peroxidase activity in
plants treated with a biostimulant was 7.7 (after two days) and 5.2 (after three days) times higher
than for plants treated with only salicylic acid. Catalase activity, phenylalanine ammonia lyase, and
polyphenol oxidase increased by 2.9, 2.3, and 1.5-fold, respectively, after the second day of treatment
with nanoparticles compared to salicylic acid treatment. It should be emphasized that the enzyme
activity occurring in the leaves of plants treated with a biostimulant increased during the first three
days. After the fourth day of treatment, the enzyme activity decreased in all variants of the experiment.
The content of hydrogen peroxide in leaves treated with SA-CS NPs was 1.7 (first day of treatment),
3.6 (second day of treatment), and 1.7 (third day of treatment) times higher than in plants treated with
salicylic acid [54].

The use of M. oleifera extract as a biostimulant resulted in a decrease in the activity of the
antioxidant enzymes (catalase, peroxidase, and superoxide dismutase) in rocket plants (Eruca vesicaria
subsp. Sativa). At the same time, the content of phenol and ascorbic acid was higher with increasing
concentrations of the biostimulant [67]. Aqueous garlic extract improved tomato oxidation properties.
Superoxide dismutase activity increased in proportion to the aqueous garlic extract concentration.
The highest activity of this enzyme was observed with the foliar application of the biostimulant in
a volume of 200 pg/L; also, the peroxidase activity was highest after using the biostimulant at this
concentration. A lower aqueous garlic extract concentration (50 ng/L) did not affect the activity of these
enzymes [69]. Soaking sunflower seed Helianthus annuus L. in a 3% corn seed extract and spraying
1 mM Mg plants stimulated the sunflower’s antioxidant system. The enzymatic activity of superoxide
dismutase, catalase, and peroxidase increased by 65.5%, 77.8%, and 84.6%, respectively, as compared
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to the controls. The increased level of antioxidant enzymes was related to the foliar application of Mg
ions, the use of which also increased the intensity of the photosynthesis process [56].

Biostimulants increased the phenylalanine ammonia lyase enzyme activity. While the phenylalanine
ammonia lyase level in the control was 7.9 + 0.22 IU/mL X min (0.4% E. maxima extract), after using
biostimulants it increased to 9.0 + 0.01 and 9.7 + 0.01 IU/mL Xmin (10—6 M E. maxima extract).
Phenylalanine ammonia lyase is an enzyme catalyzing the first step in the synthesis of phenyl
compounds. An increased production of phenolic compounds is observed during plant stress. From
this, it may be concluded that biostimulants can induce plant stress to increase the production of
secondary metabolites [70]. Biostimulatory properties also reveal many components of compost.
Depending on the raw materials and methods used for the composting process, the compost may
contain, among others, polysaccharides, amino acids, and organic nitrogen. Compost can be used
to replace peat in greenhouse cultures. In addition, it may be produced from organic waste, such as
wood, plant residue, or other residues. Compost which is considered by the European Union to be
ecological must consist solely of natural raw materials, characterized by a limited content of heavy
metals and hazardous elements (Se, Mo, S). The product of the composting process must be free of
pathogenic agents (Salmonella sp. and Escherichia coli) [71]. Agroindustrial compost proved to be an
alternative to peat in the cultivation of red lettuce. The compost increased the content of antioxidant
compounds in lettuce leaves. In the autumn season, lettuce leaves cultivated in the compost showed
1.5 times more antioxidant activity than lettuce grown in compost in the summer season and it was
also higher that of lettuce grown in peat in the autumn season [72].

10. Conclusions

Biostimulants are preparations of natural origin that support the pro-ecological cultivation of
vegetables and fruits. Although for several years a positive effect of biostimulants has been widely
reported, they are rarely introduced into standard cultivation technologies. This is connected with the
insufficient knowledge of farmers on functions and usage of biostimulants what results in a fear of an
increase in the cost of cultivation and a reduction in the quality and quantity of plants, which would
affect the profitability of crops. The problem is also the multitude of preparations and the need to select
a proper biostimulant for a specific plant variety in order to obtain the highest and the best quality
yields. The market requires the development of preparations with a broad spectrum of functionality,
which is easy to apply and has the possibility of combination with other agents.

The use of biostimulants on a commercial scale would limit the amount of mineral fertilizers
introduced into the environment, thus reducing the pollution of soils, water, and air. This is especially
important in the case of global warming. Global agriculture accounts for an average of 21% [73] of the
global greenhouse effect, of which around 13% [74] is concerned with the effect of artificial fertilizers.
The newly developed technologies of biopreparations may constitute a significant contribution to
environmental protection, but primarily they are closely linked with sustainable agricultural and
horticultural production with the aim of obtaining cheap, easily available, and high quality food.
The effect of biostimulants depends on many factors, from the raw material and the process as a result of
which they arose to the plant varieties, application method, and climate. The positive effect of consortia
of microorganisms and plant hydrolysates on growth and yield of crops plants should be particularly
emphasized. Itis alsoimportant to increase the antioxidant potential of plants treated with biostimulants
containing algae. A positive impact on crop quality and performance, no negative or harmful impact
on people, animals, or the environment, increased biodiversity of beneficial microorganisms, and
improvement of soil properties are the main advantages of biostimulants. However, the nature of their
positive influence is not fully understood, therefore their mechanisms of action are, in some cases,
still a challenge and need to be recognized. For this reason, biostimulants are among the hot topics in
agriculture and still require detailed research.
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Abstract: Tomatoes, the most cultivated vegetables worldwide, require large amounts of water
and are adversely affected by water stress. Solanum lycopersicum L., cv. Micro-Tom was used to
assess the effects of $-(1,3)-glucan (paramylon) purified from the microalga Euglena gracilis on
drought resistance and fruit quality profile. Plants were grown in an aeroponic system under three
cultivation conditions: optimal water regimen, water scarcity regimen, and water scarcity regimen
coupled with a root treatment with paramylon. Eco—physiological, physicochemical and quality
parameters were monitored and compared throughout the lifecycle of the plants. Drought stress
caused only a transient effect on the eco—physiological parameters of paramylon-treated plants,
whereas physicochemical and biochemical parameters underwent significant variations. In particular,
the fruits of paramylon-treated plants reached the first ripening stage two weeks before untreated
plants grown under the optimal water regime, while the fruits of stressed untreated plants did not
ripe beyond category II. Moreover, antioxidant compounds (carotenoids, phenolic acid, and vitamins)
of fruits from treated plants underwent a two-fold increase with respect to untreated plants, as well as
soluble carbohydrates (glucose, fructose, and sucrose). These results show that paramylon increases
plant resistance to drought and highly improves the quality profile of the fruits with respect to
untreated plants grown under drought stress.

Keywords: Biostimulants; Euglena gracilis; algal polysaccharide; (-glucan; water stress;
tomato; aeroponics

1. Introduction

Paramylon is the storage product of the unicellular alga Euglena gracilis. This polysaccharide
is a 3-(1,3)-glucan endogenously synthetized as 1-2 pm granules consisting of 100% glucose [1].
The granules are composed of concentric segments, which possibly indicates the successive deposition
of unbranched linear 3-(1,3)-glucan chains on a central nucleus [2—4]. Wild type (WT) photosynthetic
cells can accumulate paramylon up to 60% of cell dry weight (DW) [2], while the WZSL mutant of
E. gracilis (spontaneous, non-chloroplastic, osmotrophic mutant; W describes the white color of the
cells; Z means E. gracilis Klebs, Z strain; S means spontaneous mutant, and L means light grown
parent culture) [5] can accumulate large amounts of it (up to 95% DW) when grown in the dark with
an adequate carbon source [2].

B-glucans are PAMPs (pathogen-associated molecular patterns) recognized by specific membrane
receptors (pattern recognition receptors, PRRs) which trigger the activation of the innate immune
system [6,7]. Both the molecular structure and degree of polymerization affect the strength and efficacy
of 3-glucans recognition by PRRs, as well as their successive reactions [2,8-10].
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Linear 3-(1,3)-glucans bind preferentially to Dectin-1, a C-type lectin receptor expressed on most
cells of the innate immune system [11,12]. A minimum of 10 units of glucose is necessary to trigger
an immune response [8,13,14].

Evaluations of the effective potential of linear 3-(1,3)-glucans have been often made by testing
preparations from plant/algae/fungal sources that are always contaminated by pigments, proteins,
and membranes resulting in non-specific immunoresponses. (3-(1,3)-glucan purified from paramylon
synthetized by the WZSL mutant lacks any kind of contaminations from cellular components, which are
always present in the paramylon extracted from WT cells. 3-1-3-glucan purified from the WZSL mutant
is further processed to produce linear nanofibers suited for binding to Dectin-1 receptors of target cell
membranes. The effect of these nanofibers has been already investigated in our laboratory on tomato
plants, animals, and humans [4,15-17]. In tomatoes, paramylon nanofibers modulate conductance to
carbon dioxide (CO,) diffusion from air to the carboxylation sites by regulating hormone levels and
water-use efficiency, leading to an increase of plant defense capacity against drought [16].

Tomatoes are the most cultivated vegetable worldwide, being one of the most nutritionally and
economically important crops. They require large amounts of water and are adversely affected by
drought, which limits photosynthesis and, consequently, plant growth and yield worldwide [18].
Hence, we investigated the role of 3-1,3-glucan nanofibers as elicitors of tomato plants response to
drought to understand their physiological and photosynthetic responses to this stress.

In this study, tomato cv. Micro-Tom was chosen because of its small size (10-20 cm in height) and
short life cycle of about 3 months. Plants were grown in an aeroponic system under three cultivation
conditions: optimal water regimen, water scarcity regimen (drought), and water scarcity regimen
(drought) coupled with a root treatment with paramylon to monitor and compare eco—physiological
(leaf water potential, CO, assimilation rate, stomatal conductance, internal CO, concentration,
photosystem II (PSII) photochemical efficiency, actual photon yield of PSII, and photochemical
quenching of PSII), physicochemical (dry biomass, ashes, dry matter, moisture, microelements,
weight, and size), and quality parameters (antioxidant compositions and activities, as well as soluble
carbohydrates) throughout the lifecycle of the plants.

2. Materials and Methods

2.1. Aeroponic Culture System

The aerop