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ABSTRACT

Abiotic stresses can affect plant growth and lead to great losses in yield and quality. Among them water
availability is a current issue and intensive agriculture has now reached a critical point in the negative effects on
natural resources. Hence, the main challenge is to achieve an “ecological intensification” of agriculture
minimizing negative externalities. To cope with this situation, in recent years, a notable diffusion of biostimulant
products has been observed. Biostimulants are complex mixtures of compounds and substances able to
promote plants growth, improving stress tolerance, quality, and yield. However, this variability in composition
creates difficulties in the comprehension of the mode of action and the effectiveness of these products.

The purpose of this Ph.D. research project is to study the effect of different biostimulants prototypes on leafy
vegetables subjected to abiotic stresses. The attention is focused on physiological and molecular changes
induced by the stress and on the potential biostimulant effect of treatments. Qualitative and physiological
parameters such as photosynthetic pigments, polyphenols, chlorophyll a fluorescence, transcription factors,
and genes involved in plant stress responses have been analysed.

The first activity regarded the preparation and the evaluation of aqueous extracts obtained from leaves and
flowers of Borago officinalis L. grown in a greenhouse. The extracts were prepared with different times of
maceration and were applied on rocket and lettuce crops as foliar spray two times during the growing cycles.
Results showed that the maceration time affected the efficacy of the products and different trends emerged
from their applications on the two species.

Moreover, about twenty transcription factors (TFs) from the NAC, MYB, bZIP and other families have been
chosen as potential stress markers and primers for gRT-PCR analysis have been designed. A borage extract was
tested to evaluate the transcriptional changes induced in rocket grown under salt stress. The physiological
responses linked to the primary and secondary metabolism of the leaves subjected to high salinity were
monitored by measuring the changes in chlorophyll content, carotenoids, anthocyanins, lipid peroxidation, and
in chlorophyll a fluorescence-related indices. At molecular level, the stress responses were studied by
measuring the changes in the expression of the selected TFs within 24 hours after the beginning of the stress
application. Results obtained showed that the treatment affects the gene expression in different ways.
DtRd29a, a stress-responsive gene, was generally more expressed in stressed plants treated with borage
extract. In general, salt stress induced the expression of all the TFs examined. Results obtained have allowed to
point out the complex plant response to a sudden exposition to high level of salinity, to the treatment with
borage extract and to the interaction between these two factors. Moreover, it has been possible to get
information on different gene expression patterns during time. Some of these transcription factors were

involved in the regulation of several pathways including sugars metabolism (DtbZIP63), cuticular wax
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biosynthesis (DtMYB30), brassinosteroids signaling (DtMYB30, DtbHLH122, DtBEE2, DtHBI1, DtIBH1,
DtWRKY54, DtNAC72) and intercellular transport (DtRABC2B).

At the same time a collaboration with a private company was carried out with the aim to evaluate the
effectiveness of a biostimulant prototype against water and salt stress conditions. In order to better understand
the mode of action, the experimental plan included the study of the plant responses to the application of the
prototype alone, in combination with proline and glutamic acid solutions. Treatments were applied on lettuce
plants (Lactuca sativa var. acephala ‘Chiara’) subjected to a period of water deprivation of 30%.

Results obtained showed that the addition of proline to the formulation did not affect the efficacy of the product
in a significant way. Some interesting results were obtained after the application of glutamic acid. An increase
of chlorophyll and carotenoids content and a higher water use efficiency was observed in plants grown with a
lower water availability. Based on the above-mentioned results, the prototype formulation was slightly changed
and the new product was tested on romaine lettuce (Lactuca sativa var. longifolia) grown under water stress
and salt stress. Physiological and biochemical traits of plant responses to stressful environments and
biostimulant treatment were investigated. Moreover, the study of the plant response at molecular level,
focusing in particular on the genes involved in oxidative stress and antioxidant defence was performed. The
expression of catalase (CAT), superoxide dismutase (SOD), ascorbate peroxidase (APX), dehydroascorbate
reductase (DHAR), monodehydroascorbate reductase (MDAR), and glutathione reductase (GR) was examined.
Generally, the results obtained showed that stress conditions had a more significant effect than treatments and
the expression levels of selected genes significantly decreased in response to stressful conditions.

The last part of the research project was carried out at Cardiff University aiming to evaluate the effect of a
treatment with glutamic acid on the aroma of rocket salad subjected to a period of salt stress. Volatile organic
compound (VOC) profiles have been assessed using a thermal desorption gas chromatography time-of-flight
mass spectrometry (TD-GC-TOF-MS). Data were processed using MSD ChemStation software deconvoluted
and integrated with AMDIS (NIST14) using a retention-indexed mass spectral library. The identification of each
peak has been performed comparing the mass spectrum against a rocket library and a NIST database.
PerMANOVA analysis indicated that the aroma of rocket was significantly affected by salt stress. About 190
compounds were identified from all the rocket salad samples. 3-Hexen-1-ol, acetate, (E)-, 3-Hexen-1-ol, (2)-, 1,2-
Benzenedicarboxylic acid, butyl 2-ethylhexyl ester, Butanoic acid, 3-hexenyl ester, (Z)-, "1-Penten-3-ol, Dimethyl
sulfone, Sulfur dioxide, Acetic acid, hexyl ester, 3-Pentanone and an undefined branched alkane were the most

abundant compounds found in control plants.



INTRODUCTION

Biostimulants Application in Horticultural Crops under Abiotic

Stress Conditions

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 former are caused by other living organisms including insects,
bacteria, fungi, and weeds that affect plant development and productivity. The latter are generally linked to 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 the 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 not always 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
long term, the negative ones will prevail [6,7]. Based on future scenarios, adaptation and mitigation strategies
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 for 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 of the studies on climate
change impacts are focused on the 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
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effect of the combination of different stressful factors. Most of the time, crops are subjected to several abiotic
stresses that occur simultaneously. In these situations, the study of each stress 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]. Bishis et al. [11] investigated the double effect of elevated
temperature and increased CO, on the physiology of different vegetables. They observed several responses
according to the plant species and the 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 research and they should be studied in depth, because not only different species but
also different cultivars 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 the 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 results 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
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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, 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 the concentration of different phytochemicals such as a-tocopherol, B-carotene, flavonoids
and so on [30,31]. Besides the production of ROS scavenging compounds, the biosynthesis and accumulation
of compatible solutes with an osmoprotective role, like sugars and proline increase.

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 defence
response and anticipate the environmental changes that might irreversibly affect the plant growth. The trade-
off between growth and acclimation metabolisms results in a sort of fitness cost for plants since the 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, the climate change, the scientific knowledge, and the 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 the control of water and
nutrients, avoiding the use of soil for cultivation and all the problems related to it, like poor quality or soil
contamination.

Grafting is an additional tool adopted to counteract environmental stresses and to increase tolerance in
vegetable crops. This technique is especially applied 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 effects of 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,
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conferring tolerance to a specific abiotic stress [38]. Several functional and regulatory genes involved in abiotic
stress tolerance have been identified and studied. The 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 germplasm available, plant tolerance to stress depends both on the stress features such as duration,
severity, and frequency, as well as the affected tissues and the crops development stages [24,42—44].
Additionally, the increase of crops 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.

Another technique widely used for developing stress tolerance in plants is in vitro selection. This culture-based
tool allows a better understanding of several plants’ physiological and biochemical responses to adverse
environmental conditions. This technique 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]. Biostimulants 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 [46]. France, Italy, and Spain are the leading
EU countries in the production of biostimulants [47]. According to a new report by Grand View Research, Inc.,

the biostimulants market size is expected to reach USD 4.14 billion by 2025 [48]. The complex nature of the
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composition of these products and the wide range of molecules contained make 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 timing 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 [49-51].

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 [52,53]. Mineral elements, vitamins, amino acids, and poly- and oligosaccharides, trace of natural plant
hormones are the most known components. However, it isimportant 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 they are still under investigation [54]. High-throughput
phenotyping and omic technologies seem to be useful approaches to understand biostimulants activity and
hypothesize a mode of action [55-57]. They can act directly on plant physiology and metabolism by improving
soil conditions [58,59]. They are able to modify some molecular processes that allow to improve water and
nutrient use efficiency of crops, to stimulate plant development, and to counteract abiotic stresses [47] by
enhancing primary and secondary metabolism [51,57,59].

One of the key points of the discussion is about the application of these products in stressful condition 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 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 information
must be reported on the label in order to register these products [51]. The current classification is based on the
source of the raw material, even if this choice does not always provide the correct information about the

biological activity of the product [52]. 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,
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but also from the metabolic activity of soil microbes [53]. It has been observed that treatments with humic
substances stimulate plants roots growth and development [64,65]. This is reflected in a better uptake of
nutrients and water, and in an 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 components 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 as plant stimulators. They are applied as foliar spray
and they 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
biostimulants 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 too [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 defence 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
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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 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 product, 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
guantities 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 one 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].
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2.2. Effect of Biostimulants on Chlorophyll Content, Photosynthesis and Growth in

Vegetables

Biostimulants can be used in vegetables 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 and they observed that morphological,
physiological and biochemical parameters including growth, chlorophyll and carotenoids content were

positively improved.
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Broccoli plants were significantly affected by two different products: Goe"mar 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].

Paradikovic” 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 both in yield and fruits 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 floating system nutrient solution or during blooming or fruit setting. There is not
general recipe that works in any crop species and in every 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 a decrease in plant stress sensitivity.
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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].

2.4. 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 I, 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. 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 annuum)
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].
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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.

2.5. 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 for
structural integrity and enzymes 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 on the photosynthetic apparatus from oxidative stress, increasing
the ability to regenerate RuBP and carboxylation efficiency.

17



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.0; 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 been already 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 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.

2.6. 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
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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 inhibition of
leaves and roots growth and a change in leaves 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 hydrolysates 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. However, the same strain was 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
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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 it is
cultivated in saline condition. 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 condition. 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 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,
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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.

2.7. 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,
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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 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 biostimulan, 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 the area of the leaves [78]. Biostimulants are capable
to reduce 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.

2.8. 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 a 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 maintaining cell
homeostasis and preventing oxidative stress. A similar experiment was performed by Anjum et al. [197] on garlic

22



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 polysaccharides content that helps 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 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. Plants-derived amino acids promoted growth and chlorophyll
content both in controlled and iron deficiency conditions. This effect might be ascribed to glutamic acids
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 plants growth and development. Blossom-
end rot in pepper is usually caused by a local calcium deficiency in young fruits. Paradikovic 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.
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These experiments revealed that biostimulant products cannot totally replace fertilizers but they could be really
useful to reduce the amount of mineral nutrition or help in nutrient deficiency and imbalanced situation. For
example, in the floating system cultivation of baby leaf such as rocket, the nutrient solution can be reduced by
75% of the Hoagland’s solution [101].

The biostimulants that help to reduce the nutrient deficiencies usually improve the crops nutrient uptake by
increasing roots biomass, nutrient transport/translocation and enzyme activities involved in nutrients

assimilation.
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Table 1. Examples of biostimulant products or substances with a biostimulant effect on horticultural crops to counteract abiotic stress conditions. Abbreviation: Fv/Fm maximum quantum
efficiency of Photosystem Il; Pn net photosynthetic rate; E transpiration rate; gs stomatal conductance; Ci sub stomatal CO; concentration; SLA specific leaf area; RGR relative growth rate;

RLWC relative leaf water content; RWC relative water content; WUE water use efficiency; Pl performance index; MDA malondialdehyde; TTC 2,3,5-triphenyltetrazolium chloride; GSH

reduced glutathione; GSSG oxidized glutathione; LOX lipoxygenase; CAT catalase; SOD superoxide dismutase; APX ascorbate peroxidase; POX peroxidase; GR glutathione reductase; Hl

harvest index; ABA abscisic acid; ETR electron transport rate

SEVERITY AND
ABIOTIC

TIME OF
STRESS

EXPOUSURE

BIOSTIMULANT PRODUCT OR
SUBSTANCES WITH A
BIOSTIMULANT EFFECT

DOSE

APPLICATION
METHODS

CROP

BENEFICIAL EFFECTS

REFERENCE

Chilling or 6 °cfor 6 days

cold stress

10, 12 °c for 7 days
/ 15 °c for 7, 10

days

- 6 °c for 5 nights

Asahi sl (sodium para-
nitrophenolate, sodium ortho-
nitrophenolate, sodium 5-
nitroguaiacolate) / goémar goteo
(composition  (w/v):  organic
substances 1.3-2.4%,
phosphorus  (p205) .24.8%,
potassium (k20) .4.75%)

Flavobacterium glaciei,
pseudomonas frederiksbergensis,

pseudomonas vancouverensis

Pepton 85/16 (enzymatic
hydrolysates  obtained from
animal haemoglobin. L-a amino

acids (84.83%) and free amino

0.1%

21 ha-1,41ha?

Foliar spray (3x)

Seed inoculation

Injection into the soil

(5x)

Coriandrum sativum |I.

Solanum lycopersicum

Fragaria x ananassa

Jelectrolyte leakage “chlorophyll a
and carotenoids T™Mv/fm e Tgs dci

“Mshoot height P root length T biomass
accumulation  electrolyte leakage
Jlipid peroxidation Mproline
accumulation “sod, cat, apx, pod, gr

activity

Mnew roots Mlowering PMruit weight

[124]

[129,130]

[131]
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-3 °cfor 4 hours

4 °c for 8 days or
nights /6 °c for 8
days only to the

roots

3 °c for 48 hours

acids (16.52%), organic-nitrogen
content (12%), mineral-nitrogen
content (1.4%), potassium
content (4.45%), iron content
(4061 ppm), very low heavy-

metal content)

Pepton 85/16

Terra-sorb” foliar (free amino
acids (asp, ser, glu, gly, his, arg,
thr, ala, pro, cis, tyr, val, met, lys,
ile, leu, phe, trp) 9,3% (w/w),
total amino acids 12% (w/w),
total nitrogen (n) 2,1% (w/w),
organic nitrogen (n) 2,1 % (w/w),
boron (b) 0,02 % (w/w),
manganese (mn) 0,05 % (w/w),
zinc (zn) 0,07 % (w/w), organic

matter 14,8 % (w/w))

5-aminolevulinic acid

0.4,08,16gl"

3mll?

0, 1, 10, 25, 50
ppm (15 ml for
seed soaking and
25 ml for soil

drench)

Soil application (1x)

Foliar spray (3x)

Seed soaking/ foliar

spray / soil drench (1x)

Lactuca sativa I.

Lactuca sativa . Var.

Capitata

Capsicum annuum

Mresh and dry weight sla M rgr [132]
“Mroots fresh weight M green cover % [84]
Jvisual injuring P chlorophyll  Trwce [133]

M gs I membrane permeability I shoot

and root mass *sod activity
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Drought

stress

Occlusion of xylem

vessels

No irrigation for 5

days

50% et

No irrigation until
symptoms of

wilting appear

No irrigation for 12

days

No irrigation for 12

days

No irrigation for 7

days

Azospirillum brasilense (bnm65)

Megafol® (composition (w/v):
total nitrogen (n) 3.0% (36.6 g I'%);
organic nitrogen (n) 1.0% (12.2 g
I1); ureic nitrogen (n) 2.0% (24.4 g
I1); potassium oxide (k20) soluble
in water 8.0% (97.6 g I'!); organic
carbon (c) of biological origin

9.0% (109.8 g I1))

Ascophyllum nodosum

Pseudomonas spp. (p. Putida p.

Fluorescens)

Achromobacter piechaudii (arv8)

Achromobacter piechaudii (arv8)

Ascophyllum nodosum

2mllt

0.50%

0.33%

Seed inoculation

Foliar spray (1x)

Foliar  spray and

drench

Seed inoculation

Seedling inoculation

Seedling inoculation

Foliar spray (2x)

Solanum lycopersicum

Solanum lycopersicum

Spinacia oleracea

Pisum sativum

Solanum lycopersicum

Capsicum annuum

Solanum lycopersicum

Mheight plants T dry weight Txylem

vessel area

Meaf area riwc

Mriwc Pleaf area MMfresh and dry
weight Psla 1 gas exchange

MMgrain yield “root growth “shoot
length PMnumber of pods per plant
M chlorophyll

Mresh and dry weight of seedling
M plant growth | ethylene

1 fresh and dry weight of seedling
Mplant growth

Mrwe Pplant growth Moliar density
Mchlorophyll  {lipid

Mproline M soluble sugars

peroxidation

[189]

[188]

[186]

[192]

[168]

[168]

[187]
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Heat stress

No irrigation for 2

days

40, 70% field

capacity

No irrigation

60, 40% field

capacity

60, 40% et

35°c

40/30 °c for 8 days

35.2 °c (tmax)

45 °c for 90 min

Ascophyllum nodosum + amino

acids

Gibbrellic acid and titanium

dioxide

Viva®

Pseudomonades, bacillus lentus,

azospirillum brasilens

Moringa leaf extract

Nano-tioz

Brassinosteroids

Brassinosteroids

Nitric oxide

250, 500 ppm
(ga3) 0.01, 0.03%
(titanium

nanoparticles)

3%

0.05,0.1,0.2g1*

0.01, 0.1, and 1.0

mg 1!

25, 50, 100 ppm

150 um

Soil application (1x)/
foliar spray (3x)

Stems and foliar spray

(2x)

2x

Seed inoculation

Foliar spray (2x)

Foliar spray (1x)

Foliar spray (1x)

Foliar spray (2x)

Immersion of leaf disks

Brassica oleracea var.

Italica

Ocimum basilicum

Solanum lycopersicum

Ocimum basilicum

Cucurbita pepo

Solanum lycopersicum

Solanum lycopersicum

Phaseolus vulgaris

Phaseolus radiatus

Mpn Tgs Tchlorophyll

“Ncat activity J lipid peroxidation M rwc

Mplant biomass M roots biomass

“Ncat, gpx activity T chlorophyll

M growth hi
“Msoluble

Twue Mv/fm  Tpi
Mree

leakage

sugars proline

Jelectrolyte Mmembrane

stability

Tgs Te M pn

Mantioxidant enzyme activities  h202

J mda T shoot weight

plant length Pnumber of leaves,
branches and shoots per plant PMresh
and dry weight M pod weight Tn, p, kin

bean pods

Mm L electrolyte leakage

[185]

[95]

[120]

[193]

[114]

[94]

[138]

[139]

[141]
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Heat and

salt stress

Iron

deficiency

35/25 40/30 45/35

o

C

35/25 40/30 45/35

o

C

35/25 40/30 45/35
°c for 10 days

42 °c for 48 hours

35 °c and 75 mm

nacl for 15 days

Ascorbic acid

Proline

Abscisic acid

Glutathione

Melatonin

Actiwave® (ascophyllum

(w/v):
total nitrogen (n) 3.0% (38.7 g I'%);

nodosum)(composition

organic nitrogen (n) 1.0% (12.9 g
I1); ureic nitrogen (n) 2.0% (25.8 g

I1); potassium oxide (k20) soluble

50 pm

5,10, 15 um

2.5 um

0.5mm

100 um

10 mlin 20 ml tap

water

In the nutrient solution

In the nutrient solution

In the nutrient solution

Foliar spray (5x)

In the nutrient solution

Phaseolus radiatus

Cicer arietinum

Cicer arietinum

Vigna radiata I.

Solanum lycopersicum

Fragaria ananassa

1% germination “seedling growth
Jelectrolyte leakage “Pttc reduction
Mriwe I mda J ha02

“Mantioxidant activity “Tascorbic acid

ability

N gsh T proline

% germination “shoot and root
Jelectrolyte
Mriwc

length
N chlorophyll

leakage
Jlipid
peroxidation { h202 T gsh T proline

M shoot length Mosmolytes

M chlorophyll MM cellular oxidizing ability

Mriwe Tchlorophyll Mproline ¢y mda 4
h,0, L or Llox activity “ascorbate

Jgssg

Mbiomass T pn 1Mgs Te Pchlorophyll a
“Mcarotenoids PMv/fm efficiency of
psii Petr Pantioxidant capacity | h20z

Jlipid peroxidation |, protein oxidation

Mvegetative  growth M chlorophyll

Mstomatal density “photosynthetic

rate I fruit production T berry weight

[142]

[143]

[144]

[140]

[127)

[199]
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Reduced

npk

Npk
40%

reduced of

in water 7.0% (90.3 g I'); organic
carbon (c) of biological origin 12%
(154.8 g I'Y); iron (fe) soluble in
water 0.5% (6.45 g I'?); iron (fe)
chelated by ethylenediaminedi
(2-hydroxy-5-sulfophenylacetic)

acid (eddhsa) 0.5% (6.45 g I);
zinc (zn) soluble in water 0.08%
(1.03 g I'Y); zinc (zn) chelated by
ethylenediaminetetraacetic acid

(edta) 0.08% (1.03 g I'Y))

Amino acids

Viva® (composition (w/v): total
nitrogen (n) 3.0% (37.2 g I);
organic nitrogen (n) 1.0% (12.4 g
IY); ureic nitrogen (n) 2.0% (24.8 g
IY); potassium oxide (k.0) soluble
in water 8.0% (99.2 g I'!); organic
carbon (c) of biological origin
8.0% (99.2 g I'Y); iron (fe) soluble
in water 0.02% (0.25 g I'); iron
(fe) chelated by eddhsa 0.02%
(0.25g17))

0.1,02mll/0.2,
0.7 mlI?

10.5 ml /plant

Root application

foliar spray (4x)

Foliar spray

/

Solanum lycopersicum

Solanum lycopersicum

Mplant growth Proot and leaf ferrum
chelate reductase activity chlorophyll
Meaf fe PMez:fe ratio

MMyield “ascorbic acid “Mycopene
“Mchlorophyll M carotenoids

[200]

[196]
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Salt stress

Npk deprivation

Npk reduced of
50%

30, 50, 80 mol m?
nacl for 30 days /
40, 80, 120 mol m*3

nacl

Kelpak (ecklonia maxima,
containing polyamine, cytokinins
and auxins, putrescine, spermine

)

Bio-cozyme (concentrated micro-
biological biostimulant and soil
inoculants. Total nitrogen (n)
0.20%, soluble potash (ko) 5.00%,
magnesium (mg) 1.40%, boron
(b) 0.20%, copper (cu) 0.50%, iron
(fe) 3.00%, manganese
(mn)1.00%, molybdenum (mo)
0.0.25%, zinc (zn) 2.00%, humic
acid, humates & derivatives
8.00%, vitamins, e, ¢, b complex,

organic acids,

Natural sugars carbohydrates,

amino acids 1.40%)

Azospirillum brasilense

0.40%

2 kg ha?

In the nutrient solution
(twice per week for 8

weeks)

Foliar application (4x)

Seed inoculation

Abelmoschus esculentus

Allium sativum

Lactuca sativa

Mnumber of leaves T number of roots
“Nstem thickness 1 shoot weight M root

weight TMeaf area

M bulb yield Tplant height Tnpk in

leaves

M germination % “Mtotal fresh and dry
weight I biomass partition plantlets
number M plantlets dry weight total
leaf fresh weight M eaf area leaves
number Pchlorophyll Troot dry weigh
“MMascorbic acid “plant survival after

transplant

[198]

[197]

[163,164]
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40, 80, 120 mm

nacl

714 mg-I"* nacl

100 mmol I'* nacl

50, 100 mm nacl

30, 60, 120 mm
(nacl, nazsos, cacly,
casos, kcl, kzs0a,
mgcl,, mgsos) for

60 days

80 mm nacl

Azospirillum  brasilense/pantoea -

dispersa
Azospirillum  brasilense  (atcc -
29729)
Rhizobium leguminosarum -

(gral9-grl19)

Bacillus species, bacillus pumilis, -
trichoderma harzannum,
paenibacillus azotoformans and

polymyxa

Humic acid 0.05,0.1%

Acadian (ascophyllum nodosum) -

Super fifty® (ascophyllum 0.4,1, 2.5, 10 ml I

nodosum) 1

Inoculation

Soil inoculation

Seedling inoculation

Seed treatment/

watering

Soil application

Soil application

In the nutrient solution

Capsicum annuum

Cicer arietinum

Vicia faba / pisum

sativum

Cucurbita pepo

Phaseolus vulgaris

Fragaria ananassa

Lactuca sativa

Mplant dry weight Tk*:na*ratio T°gs
“Mrelative growth rate M net assimilation
rate ' cI accumulation “nos

concentration I co; assimilation

“Mnodule formation M shoot dry weight

Mplant growth

Mresh weight “potassium uptake

J sodium uptake P k*:na* ratio

T plant nitrate, nitrogen and

phosphorus Jsoil electricity
conductivity I proline { electrolyte
leakage “plant root and shoot dry

weight

yield

M surface area, volume and number of

Mgrowth  Proot length

tips N numbers of crowns

Mroot, stem, total plant weight

[165]

[166]

[167]

[169]

[171]

[174]

[173]
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25 mm nacl

0.8, 1.3, and 1.8

ds/m nacl

43, 207 mm nacl

for 7 weeks

200 mm nacl

28, 56 mmol kg™

Protein hydrolysates 2.5mll?t Foliar spray / soil

application

Retrosal® (organic mix with high  0.10or0.2 ml/plant  Soil application (4x)
concentration of carboxylic acids,
containing calcium oxide (cao)
8.0% (w/w) soluble in water and
1.4% complexed by ammonium
ligninsulfonate, zinc (zn) 0.2%
(w/w) soluble in water and 0.2%

(w/w) chelated by edta.)

Achromobacter piechaudii - Seedling inoculation

Nano-tioz 5, 10, 20 and 40 Foliar spray
mg I
Ascophyllum nodosum 1,2gkg? Soil application

Lactuca sativa

Lactuca sativa

Solanum lycopersicum

Solanum lycopersicum

Cucumis sativus

Mresh yield P dry biomass oot dry
weight “plant nitrogen metabolism
Mv/fm { oxidative stress T~osmolytes

M glucosynolates

Mresh weight P chlorophyll pn 1 gas
exchange { proline J aba

Mresh and dry weights of tomato

seedlings Jethylene Muptake

phosphorous and potassium Twue

activities of carbonic anhydrase, nitrate
reductase, sod and pox “Pproline

MM glycinebetaine T growth yield

Mruit yield T pn

[85]

[162]

[204]

[97]

[172]
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7.15,7.2 dsm™

100 mm nacl

6.23-6.28dsm™

100 mm nacl

Licorice root extract

Propolis and maize grain extract

Salycilic acid and moringa oleifera

Moringa oleifera

0.50% Seed soaking /foliar

spray

1,2% Soaking seed

0.30% Seed soaking /foliar
spray

Crude extract Soaking seed

Phaseolus vulgaris

Phaseolus vulgaris

Phaseolus vulgaris

Phaseolus vulgaris

Mplant  growth Myield Trwc
“Nchlorophylls Mree proline total
soluble carbohydrates “total soluble
sugars nutrients selenium T k*:na*
ratio  membrane stability index
“Mactivities of all enzymatic antioxidants
Jelectrolyte leakage I 'mda I na*
Jdha02 Loy

1% germination “seedling growth
N cell membrane stability index Trwc
“Mree proline M total free amino acids
“Mtotal soluble sugars 1indole-3-acetic
acid Pgibberellic acid activity of the
antioxidant system  lipid peroxidation

Jelectrolyte leakage | aba

shoot length PMnumber and area of
leaves 1 plant dry weight Prwc
MNchlorophyll M carotenoid  “total
soluble sugars Mree proline M ascorbic
acid Tn, p, kand ca, I ratios of k/na and
ca/na T green pod and dry seed yields

“shoot and root lengths plant dry
mass “Mtotal soluble sugars “Mproline

Nk*, na* and cl- TMascorbic acid total

[181]

[178]

[179]

[177,180]
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Uv-stress

50, 150 mm nacl Sargassum muticum and jania
rubens
3,6gl* Dunaliella salina

exopolysaccharides

8.81dsm™ Bee-honey based biostimulant
8 mm nacl Phosphorus / humic acid
300-340nm Nano-anatase

illumination for 15

min

1%

0.1glt

25-50¢g I

50, 100, 150 mg
kg (p) / 750, 1500
mg kgt (humic
acid)

0.25%

Foliar spray (2x) Cicer arietinum

Foliar spray (2x) Solanum lycopersicum
Foliar spray Allium cepa

Soil application Capsicum annuum

Soaking seed and foliar ~ Spinacia oleracea

spray

glutathione \'mda {, h202 L 0 1sod,

apx, gr
M plant growth “Nchlorophyll
M carotenoid Msoluble sugars

Mphenols {na* I k* I ho02 Peat, sod,
pod, apx activity J mda

N chlorophyll MM protein | proline

biomass  Tbulb  yield Twue
Mphotosynthetic pigments
Mosmoprotectants Mmembrane
stability index rwc enzymatic and

non-enzymatic antioxidants

Mresh and dry weight of shoot and root

J membrane damage M nutrient uptake

J o4 h0, I'mda 1 sod, cat, apx, gpx
activity

[176]

[175]

[182]

[170]

[96]
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AIM

The purpose of the Ph. D. research project was to evaluate the potential as biostimulants of different products
applied on leafy vegetable — rocket and lettuce —in response to abiotic stresses conditions.

Plants responses to stressful conditions, treatments and to the combination of the two factors have been
evaluated both from a biochemical and a molecular point of view, with the aim to deepen the knowledge on

the mechanism of action of these potential biostimulant.

The first part of the work was about the evaluation of the effect of aqueous extracts prepared from flowers and
leaves of Borago officinalis L.. The study of borage extracts in our laboratory started few years before my Ph.D.
and borage was tested as raw material for the production of extract to apply on plants as biostimulants. This
plant was chosen since itis particularly rich in bioactive compounds already exploited in numerous fields. Borage
extracts were prepared and tested on lettuce and rocket salad under non-stressful conditions and results
obtained showed a biostimulant effect. In particular, flavonoids, phenols, proteins and photosynthetic pigments
increased especially in response to flower extract. At the same time, a reduction of nitrates concentration due
to the enhanced activity of NR was observed in rocket leaves. Based on these results, the first activity was the
preparation of new borage extracts with the aim to evaluate the effect of different maceration times on their
efficacy.

Afterwards, the efficacy of a borage extract was indagated on plants grown under stressful conditions. In
particular, it was applied on rocket salad subjected to a period of high salinity. Plants responses induced by
borage treatment and salt stress were evaluated through the gene expression analysis of different transcription

factors involved in stress responses in rocket.

The second part of this work involved the collaboration with a private company to study the effectiveness of a
biostimulant prototype on lettuce salad grown under different stressful conditions. In order to better
understand the effect of the product we compared its effect with the effect of a glutamic acid solution, the most
abundant ingredient. This approach aimed to see if the efficacy of the biostimulant prototype were only due to

the presence of this amino acid.

The last part of the work was carried out at Cardiff University and was aimed to study of the effect of glutamic

acid treatment on VOCs profile of rocket salad subjected to a period of high salinity.
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CHAPTER 1

Effects of borage extracts prepared with different maceration

times on rocket and lettuce.

INTRODUCTION

1. Plant extracts

Plants have been used since ancient time not only for food but also as a source of biologically active agents,
typically for the treatment of diseases in traditional medicine of several cultures. They were applied on an
empirical basis, without any knowledge on their activity or components. Botanical active substances are defined
as one or more components found in plants and they are obtained by subjecting plants or parts of plants to
different processes of extraction.

Evenifadeclineininterest for their application occurred in past years, plants offer a unique resource of botanical
active substances due to their structural and biological diversity. Secondary metabolites plant composition
might vary in the qualitative and quantitative traits because it is influenced by the plant growing environmental
conditions. Nowadays, plant extracts are gaining much importance due to their potential and because of the
change in consumers behaviour. Indeed, besides their medical or pharmaceutical use, plant extracts request is
increasing as food and beverage additive and cosmetics. Moreover, their market includes also the application
in food preservation industry and in agricultural sector as raw materials for agrochemical or biostimulant
products.

One of the most investigated group of natural products is represented by secondary metabolites. They are
defined as natural products that are not essential for vegetative growth, but they have an adaptive role in plants.
For example, they could enable plants to resist pathogens, deter insect or other animal attack due to their toxic
nature. They could be involved in signaling processes as defence mechanism regulator molecules, or in different
type of communication to attract pollinators or in interplant. Generally, they exert an important function in
ecological interaction between plant and the surrounding environment. Secondary metabolites can be divided
into three distinct groups: Terpenes, Phenolics and N and S containing compounds [1-3]. Terpenes are generally
insoluble in water and they are responsible of the odours of plants. They are classified as monoterpenes,
sesquiterpenes, diterpene, triterpenes and polyterpenes, on the basis of their chemical structure. Phenolic
compounds are one of the most studied class of secondary metabolites due to their wide range of biological
functions. They are responsible of the colour of plants and they are involved in several physiological mechanism
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during plant growth and reproduction. Based on their chemical formula, they can be divided into phenols,
coumarins, lignins, lignans, tannins, phenolic acids and flavonoids. Nitrogen and sulphur containing secondary
metabolites are mostly involved in plant defences mechanisms. The first class is represented by alkaloids, the

second one includes GSH, GSL, phytoalexins, thionins, defensins and allinin.

1.1. Extraction methods

Awide range of extraction methods and technologies are available for the separation of these compounds from
the inactive or inert components (Table 2) [4-6]. Most of these techniques are based on the extracting power
of different solvents and the application of heat, pressure and/or mixing. Infusion, maceration, digestion,
decoction, percolation, and Soxhlet extraction are the conventional extraction techniques. These methods use
organic solvents (such as hexane, acetone, methanol, ethanol, etc.) or water and are generally carried out under
atmospheric pressure. Alternative approaches include: Accelerated Solvent Extraction (ASE), Supercritical Fluid
Extraction (SFE), Microwave Assisted Extraction (MAE), Ultrasound-Assisted Extraction (UAE), Subcritical Water
Extraction (SWE), Pulsed-Electric Field extraction (PEF), Enzyme-Assisted Extraction (EAE), and Rapid Solid-Liquid
Dynamic Extraction (RSLDE). These methods have emerged in order to mitigate limitations of the traditional
ones, reducing the extraction time and the amount of organic solvents used. They also improve the yield and

the bioactivities of the extracts.

Table 2. Techniques used for extraction of bioactive compounds from plant materials and main aspects related to them.

Extraction technique Main aspects
Infusion Fresh infusion is prepared by macerating the crude material for a short
period of time with cold or boiling water [4].

Maceration Maceration is a widely used technique. Plant materials is placed in a
stoppered container with a solvent and allowed to stand at room
temperature for a period of minimum 3 days with frequent agitation. The
procedure lead to soften and break the plant’s cell wall in order to release
the soluble phytochemicals. After 3 days, the mixture is pressed and
filtrated [4].

Digestion It is a form of maceration technique in which heat is applied during the
process of extraction. It is used when the solvent efficacy increases with
the temperature without affecting the stability of the substances [4].
Decoction The raw material is boiled in a specified volume of water for a defined
time; then, the concentrated extract is cooled and strained or filtered. This
procedure is suitable for extracting water-soluble, heat-stable constituents
[4].

Percolation This procedure is commonly used to extract active ingredients in the
preparation of tinctures. After few hours of moisturizing in an appropriate
menstruum, the raw material is packed in a percolator Additional
menstruum is added and the mixture is let macerating for 24 hours. At the
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end of this period the solvent is percolated. The mixed liquid is filtrated or
decanted [4].

Hot Continuous
Extraction (Soxhlet)

This technique is used when the desired compound has a limited solubility
in a solvent. The material is placed in a porous bag while the extracting
solvent is placed in a different flask. The solvent is heated, its condensed
vapours drips into the bag containing the raw material and the extraction
of the compounds is by contact [4].

Aqueous Alcoholic
Extraction by
Fermentation

The crude material is soaked for a specified period of time, during which it
undergoes fermentation and generates alcohol in situ; this facilitates the
extraction of the active constituents contained in the plant material [4].

Counter-current
extraction (CCE)

The wet raw material is and is moved within a cylindrical extractor where it
is in contact with the extraction solvent. The process is highly efficient, and
it require little time and posing no risk from high temperature [7].

Accelerated solvent
extraction (ASE)

This technique also called pressurized liquid extraction or pressurized fluid
extraction, because of the use of elevated temperature and pressure that
allows the extraction process to be completed within a short time and with
a small quantity of solvent. The process is similar to the hot continuous
extraction [8].

Microwave assisted
extraction (MAE)

MAE utilizes microwave energy with frequencies range of approximately
300 MHz to 1000 GHz Microwaves can cause temperature rise of an entire
material, enhancing the migration of dissolved ions and promotes solvent
penetration into the matrix. It is considered as selective methods that
favour polar molecules and solvents with high dielectric constant [9].

Ultrasound Extraction
(Sonication)

The procedure involves the use of ultrasound with frequencies ranging
from 20 kHz to 2000 kHz; this increases the permeability of cell walls and
produces cavitation. The mechanical effects of ultrasound provide a
greater solvent penetration into cellular matrices and improve the transfer
of mass because of micro-streaming process. It is an efficient extraction
technique that drastically reduces process times, increases yields and often
the quality of the extract It is able to disrupt the biological cell walls which
release the cell contents Sometimes it can produce free radicals [10].

Supercritical Fluid
Extraction (SFE)

The pure matter has a critical point corresponding to a given pressure and
temperature. When it is subjected to a pressure and a temperature
superior to those of its critical point, it is in a phase called "supercritical"
(SC) or supercritical fluid (SF). The SF has an intermediate behaviour
between the liquid state and the gaseous state. Absolutely, it has high
density such as that of liquids, a coefficient of diffusivity between that of
liquids and gases, and a low viscosity (as the one of gases) [11].

Phytonics Process

This process involves the use of a new non-toxic solvent based on
hydrofluorocarbon-134a, having a boiling point of 25 °C and a vapour
pressure of 5.6 bar at ambient temperature [4].

Subcritical water
extraction (SWE)

Water is used with temperatures of between 100 °C and 374.1 °C (critical
point of water) and with a certain pressure, which varies according to the
temperature, and which maintains the water in its liquid form. SWE allows
the extraction of medium-polar to non- polar molecules without the use of
organic solvents. SWE can provide higher extraction yields in shorter
extraction times than Soxhlet and SFE methods. However, the efficiency of
extraction is influenced by factors such as temperature, pH, and pressure,
among others [12].

Pulsed-Electric Field
extraction (PEF)

The raw material is placed between two electrodes where high voltage
pulse (20 — 80 kV/cm) are applied. The electric field affects the
permeability of cell membrane, causes an increase of porosity and
enhances the extraction of the intercellular substances [13].
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Enzyme-Assisted This technique is based on the ability of enzymes to catalyse specific
Extraction (EAE) reactions. They are able to break cell walls and membranes, favouring the
extraction of bioactive substances. EAE is eco-friendly technology that
allows to reduce the amount of solvent [14].

Rapid Solid-Liquid This method is based on the generation of a negative gradient pressure
Dynamic Extraction between the inside and the outside of the solid matrix. First a pressure of
(RSLDE) about 8 -10 atm is applied on the solid in order to let the liquid penetrate

the solid. Then the pressure is removed and the liquid inside moves
outside transporting the desired substances. It can be conducted at room
temperature or sub room temperature [15].

The choice of the method, the solvent and the temperature, depends on different factors such as the nature of
the targeted compounds (polarity or thermo-sensitivity), the organ of plants used, and the economic feasibility
of the process to the particular situation. Moreover, also the time on the extraction affects both the yield and
the composition of the extract. Thus, a standardized extraction method which take into consideration all these
parameters is required in order to obtain a stable and high-quality extract.

However, even if the newest extraction techniques promote the efficiency of the extraction of specific
components, sometimes the high costs make them unaffordable. For example, maceration and decoction
extract methods resulted more applicable, convenient, and economical for small and medium enterprises or in
developing countries, compared with the modern techniques, as suggested by Vongsak et al. [16] and Sithisarn

etal. [17].

1.2. Plant extract in agriculture

To protect from insects or pathogens attack plants have developed the ability to synthesize specific molecules
with a toxic or repulsive effect on their enemies. These properties have been exploited over the centuries in the
preparation of many pesticides products, both in small scale application and as raw material for commercial
formulation [18,19]. Their use declined from 1940s when they have been almost entirely replaced by the
synthetic pesticides. Nevertheless, nowadays the interest about natural based products is increasing since
modern agriculture is moving toward a more sustainable use of the resources, by minimizing the input and the
harmful effects of several practices. Moreover, the limitations in the application of synthetic products increased,
due to the high costs and their potential negative impacts on the environment and human health. These
reasons motivated the research to look for different solutions and plant-based products become an interesting
alternative to replace or at least reduce the application of the conventional chemical products since plants

extracts are generally cheap, environmentally friendly, and readily available. Thus, basing on their traditional
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application and by studying the diverse properties of many different plant species, several trials have been done
in order to indagate the effectiveness of plant extracts.

Some examples about the application of plant extract as antifungal or pesticide are reported by Gurjar et al. [20]
and Naboulsi et al. [2]. Some of these products are still applied in small-scale agriculture or in organic farming
due to the facility in their preparation or the prohibition to use synthetic alternatives.

Besides their use in plant protection, green approaches for promoting plant performance using natural
supplementations are highly requested. Several preparations based on plants showed interesting effects
stimulating plant growth, improving quality traits or enhancing tolerance to abiotic stresses.

Aqueous extract of nettle, generally called nettle water, has been used in horticulture, to stimulate plants
growth for a long time. Peterson and Jensén [21] indagated its effect on wheat, barley and tomato plants and
they observed an increase in roots fresh weight and length in wheat and a higher shoot fresh weight both in
barley and tomato. Moreover, chlorophyll content was higher in plant treated with nettle water too.

Another common example of widely exploited plants is Moringa oleifera. It is considered as one of the most
useful plants in the world due to its high content in vitamins, minerals, and antioxidants in almost every part of
the tree. Several studies reported its biostimulant effect on different plants species, both in stressful and optimal
environmental conditions [22—27]. Positive effects have been observed after the application of licorice root on
plant grown under salt stress [28].

Beside the application as crude extracts, plants might be considered as the raw material for the extraction of
several bioactive compounds that can be used in the formulation of more complex product. For example,
different biostimulant products contain protein hydrolysate, amino acids or mineral compounds obtained from

plant material.

2. Borage

Borage (Borago officinalis L.) is an annual crop which is cultivated for several purposes; its beneficial properties
are widely acknowledged, and it has been used in pharmaceutical and culinary fields since ancient times [29].
Nowadays, interest in this herb has been renewed due to the high level and quality of gamma-linolenic acid
(GLA) presents in its seeds, which is used in medicine, cosmetic [30,31] or as food supplement [32]. Moreover,
the antioxidant activity of borage extracts has been exploited in food preservation [33,34] and packaging
industry [35-37]. Besides the applications in human or animal fields, a recent study showed a biostimulant

effect of borage extracts on lettuce plants [38].
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2.1. Taxonomical classification

Kingdom: Plantae
Subkingdom: Tracheobionta
Superdivision: Spermatophyta
Division: Magnoliophyta
Class: Magnoliopsida
Subclass: Asteridae
Order: Lamiales
Family: Boraginaceae
Genus: Borago L.

Species: Borago officinalis L.

2.2. Botanical characteristics

Borago officinalis is an annual plant belonging to the family of Boraginaceae, with an indeterminate vegetative
growth habit. Normally, one primary stem grows from basal rosette of leaves, although sporadically multiple
stems appear equally dominant. From the main stem primary, secondary, tertiary and, sometimes quaternary
axillary stems develop [39]. Stems are hollow, succulent, cylindrical and, occasionally susceptible to lodging.
Borage is generally an erect plant which height ranges from 70 to 100 cm, but low plant densities affect its habit
leading to a spreading growth.

Leaves are simple, alternate with an obtuse apex and an entire crenate margin. The shape may be obovate,
ovate or oblong and range from 5 to 15 cm long and from 3 to 8 cm wide. Basal leaves are stalked, arranged in
arosette, and the petiole is decurrent while upper leaves are sessile or have a short petiole. Leaf colour is green,
but the shade is darker on the upper surface and lighter on the lower page. White, tough and unicellular
trichomes cover both leaves, stems and calyces. Borage flowers are normally bright blue or blue-violet, but
sometimes pink or white coloured flowers may appear. Five ovate-lanceolate petals are united to form a star-
shaped corolla which is approximately 2 cm in diameter. Five short white scales with pink-violet tips are present
at the base of the corolla where petals fuse together. Each petal is about 1 cm long and 0.5 cm wide. The single,

short, gynobasic style with a capitate stigma is surrounded by 5 black stamens attached near the base of the
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corollaand the introse anthers form a kind of conical structure. Each flower is supported by a long pedicel ending
with a deeply clefy calyx composed of 5 green and conical sepals. The ovary is situated above the flower parts
(superior) and it changes to a fruit with 3 to 4 green nutlets when immature, turning brownish-black at maturity.
Since flowers are produced continuously and mature over an extended period, seeds of different
developmental stage are present on the plant at the same time [40,41].

The rooting system is a taproot with a single dominant large structure from which a network of smaller and long

roots emerges. For this reason, borage does not well tolerate transplants.

2.3. Origin and cultivation

Most of the studies reports that borage is native to Mediterranean areas, probably to North Africa and then
was transferred in to Spain and other regions of Europe and Asia Minor. Indeed, unlike other species from
Borago genus restricted to north-west Africa or limited in some Italian regions, Borago officinalis is a widespread
species distributed in several county of and beyond the boundaries of the Mediterranean basin. Here it is
present as wild weed, cultivated as garden plant or as crop vegetable [42,43]. Otherwise, some authors say that
the plant is native to India and Iran where its leaves have been consumed as tea for years [44].

Nowadays it is cultivated all around the world, like Canada, Australia, America or New Zealand for the
production of its seed oil rich in GLA. However, information about cultivation and best management practices
are still limited and not-well defined. Borage is a very adaptable plant; it can grow in different type of soil and in
a pH scale range from 4.5 to 8.2. It requires low to moderate moisture; it survive in drought conditions but a
wet and well drained medium with a pH around 6.6 is preferred. Borage plants are sensitive to salt stress
affecting their growth in terms of leaf area, dry weight, stem length and diameter [45—47]. Also a decrease in
plant fecundity, resulting from abnormalities during pollen developmental process, has been observed in plants
grown in saline environment [48]. Nevertheless, due to its ability to withstand saline condition and to uptake
sodium and chlorine, the possibility to use it in bioremediation has been taken into consideration [49].

Borage plants grow better under moderate exposure to sun because intense radiations change their status to
rosette leaves [29]. They have high resistance to cold and the suitable period of cultivation is spring or autumn.
Temperature is a critical but essential point in plant cultivation, it influences seeds germination, the duration of
the growing cycle and the quality of the production. For these reasons, several trials have been performed in
order to find the cardinal temperatures for borage cultivation and define the better sowing and harvesting
dates. Ghaderi et al. [50] reported that the minimum, optimum and maximum germination temperatures for
Iranian accessions of borage are 5, 30 and 40 °C respectively. A further experiment conducted with a
thermogradient table determined minimum, optimum and maximum temperatures for borage germination of
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9,23 and 30 °C, respectively [51]. A recent study reported that borage growth was stimulated at 24 °C compared
to 21 °C, but impaired at 27 °C caused an impaired growth and a decrease in flower buds number [52].Indeed,
even if borage plants are able to grow below 6 °C they flower only when temperature is higher, affecting also
the production of the seeds [53]. Most processing companies require a minimum 22% GLA which is not easy to
obtain at latitudes lower than 38° [54]. Therefore, borage is usually grown at higher latitudes. GLA accumulate
in later stages of development and the maximum GLA content is not reached until physiological maturity. Its
accumulation in borage seeds is affected by temperature and, in agreement with other oilseed crops, GLA
increase as temperature decrease during seed filling [55]. It means that a non-uniform mixture of seed at several
maturity levels and different fatty acids content are harvested. Moreover, once seeds reach the physiological
maturity, they are often lost due to shattering. All these aspects strongly affect seed yield and composition and
make harvest management decisions very difficult. Several studies aim to define the best harvest time [55-57]
and method [58] and, also, to identify non-shattering borage mutants [59,60]. On the contrary, flowering twigs
are collected before the start of seed formation when borage is cultivated for medical purpose.

Plant density is another important point in borage cultivation; to avoid a spreading growth habit a value of 100
000 shrubs per hectare, sowing about 5-7 kg is recommended. Researchers report also 30 cm distance between
rows and 10 cm distance between plants on row as the best attendance [29]. In Berti et al. [53] study the
maximum yield was obtained with a planting density between 172 222 and 205 000 plant per hectare, at 60
and 40 cm between raw, respectively and with a seeding rate of 7 kg per hectare. Others experiments indicated
that a sowing rate of 16 kg per hectare may be positive if seed germinability is poor, but generally 8 kg is enough
[61]. Fertilization is not always adopted in borage cultivation because the amount of nutrient in soil is usually
enough. However, several trials have been performed to evaluate the effects of different fertilization strategies
on borage plants. The majority of them reported a positive effect of nitrogen and potassium fertilization on
plants growth, number of branches, dry matter and grain yield, number of flower, mucilage percentage and
essential oil yield [54,62—64]; another study showed an opposite effect on GLA concentration in borage seeds,
according to the source of nitrogen (urea or ammonium nitrate) added [65]. In some cases the N P K fertilization
did not significantly affect plant growth and biomass, probably due to the high fertility of the soil [54,55].
Furthermore, a positive response to sulphur application was observed in seed yield [54].

Irrigation as well as fertilization, is not generally applied in borage cultivation, even if it has been observed that
water stress negatively affect flower development, nectar sugar content, pollen viability and grain yield

[52,66,67].
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2.4. Chemical composition

Over the years, many researches have been conducted to study the chemical composition of Borago officinalis.
The phytochemical analyses were carried out to identify different kinds of components from stems, leaves,
flowers and seeds, and several extraction techniques have been used. Since its importance in pharmacological,
medical and nutritional application, the majority of the studies focused on the isolation of the most active
compounds, in particular GLA from seeds, and little work has been reported about minor and trace elemental
composition of leaves and flowers. Several researches described the fatty acid composition of borage and even
with some differences in the obtained results, almost all of these confirmed that borage leaves are rich in
polyunsaturated fatty acids (PUFA) especially a-linolenic, stearidonic, linoleic and y-linolenic acids. Besides
PUFA, some monounsaturated fatty acids (MUFA) and saturated fatty acids (SFA) were identified. MUFA were
represented by oleic, hexadecenoic and palmitoleic acids; SFA by palmitic, arachidic and stearic acids [68—71].
In addition, others fatty acids such as meristic, lauric, elcosenoic, behenic, lignoceric and nevronic acids have
been detected in green parts of borage plants by del Rio-Celestino et al. [72]. Furthermore, others lipid classes
like phospholipid, glycolipid and neutral lipids were investigate [73,74]. Fatty acid composition of borage flowers
and leaves was similar; few differences in the percentage of the components were observed and flowers were
characterized by high content of linoleic, palmitic and y-linolenic acids [69].

Fatty acids are precursors for a large number of volatile compounds responsible for the fresh, green and fruity
odor of fruits and vegetables. Different compounds belonging to several classes have been identified in borage
leaves and flowers [68,75]. Two aliphatic hydrocarbons represented by nonadecane and tetracosane were the
most abundant, followed by an alcohol ((Z)-3-hexenol), a keton (camphor), a phenol (carvacrol), several
aldhydes and monoterpenic hydrocarbon classes in small amount. Salem et al. [76,77] identified (E)-(E),2-4
decadienal as the main compound of the essential oils from borage stem and flower while Zribi et al. [78]
identified benzenacetaldehyde, octanal and nonanal as major compounds in essential oil, flowers and leaves,
respectively.

In spite of the high levels of fatty acids, few researches paid particular attention to the phenolic profile of borage
and its antioxidant activity [57,79-82]. Tannins and anthocyanins were present in low amount in leaves extracts
compared with total flavonoids (quercetin, isoquercetin, catechin-7-O-glucoside, naringenin O-hexoside,
luteolin 7-O-glucoside, vitexin and isovitexin, luteolin 7,30,40-trimethyl ether, kaempferol 3,7,40-trimethyl
ether, naringenin O-hexoside) and total flavonols. As the main class of flavonoids, anthocyanins are present also
in borage flowers as pigments. They are responsible for change their colour from pink to blue and their
concentration increase during flower development. The major compound is represented by petunidin 3,5

diglucoside, followed by delphinidin 3,5 diglucoside [76]. Karimi et al. [83] confirmed the presence of phenolic
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and flavonoid in borage flowers and among them the salicylic acid and myricetin were the most abundant
compounds.

Others antioxidant compounds such as rosmarinic, syringic and sinapic acids were found both in borage leaves
[84,85] and seeds [86]. A few sterols (- and ¥- sitosterol, campesterol, stigmasterol, cholesterol, ergosta-5,24-
dien-3-ol) and a secoiridoid (oleuropein) with antioxidant properties were identified in leaves extracts too
[80,81]. Moreover, a new lignan glucoside (officinalioside), together with three megastigmane glucosides
(actinidioionoside, roseoside, crotalionoside C) and one flavonoid galactoside (kaempferol 3-O-B-D-
galactopyranoside) was isolated from the aerial parts of borage [87]. A derivative of aspidospermine (1-acetyl-
19,21-epoxy-15,16-dimethoxyaspidospermidine-17-ol) exerting an anti-amyloid activity by assisting the proper
folding of the protein has recently found in borage leaves extract [44].

In addition to the antioxidant compounds, a few amount of toxic pyrrolizidine alkaloids (lycopsamine and
supinidine viridiflorate) were identified in leaves, seeds and flowers of borage [88-91]. Concerning the mineral
composition, borage showed a great amount of potassium, followed by sodium, calcium magnesium and iron.
Manganese, zinc and copper were present in minor amounts [92—-94]. Moreover, a variable percentage of
mucilage, resin and gum was found in leaves, stems and flowers.

The quality and the ratio of borage tissues components change upon growing stages, as reported by several
authors [75,76,79,95-98]. For example, nonadecane and tetracosane were predominant during growth period,
then a decrease of hydrocarbons and aldehydes and a progressive increase in alcohols was observed.
Moreover, the total fatty acids showed an initial increase followed by a decrease during senescence, due to loss
of membrane lipids. The evolution of the chemical composition was related to the stem elongation. Indeed, a
progressive increase in fiber and lignin fraction and a decrease in raw protein was described [92]. Moreover,
since the level of micronutrients, mineral and trace elements as well as the chemical composition of plant tissues
are affected by the chemical and physical properties of soil, and by the environmental condition [78], some
differences were found from one study to another.

Current interest in borage cultivation is for its seeds which contain a high percentage of GLA in the oil. In mature
seeds it ranges between 170 and 280 g kg™. Palmitic, stearic, oleic, linoleic, linolenic and erucic acids were also
identified. As well as chemical composition in borage leaves or flowers, the fatty acid composition in borage
seeds changes during time and growing conditions [46,99]. This phenomenon is particularly important in the
definition of the best harvest time. A general increase in GLA concentration has reported [51,53,74,100].
Several phenolic acids have been found in borage seeds; their role is particularly important preventing the
oxidation of the oil and as a source of antioxidant in food or pharmaceutical formulation [57,101]. In addition to
rosmarinic, syringic and sinapic acids content in defatted seeds, as reported above [86], Zadernowski et al. [102]

observed that ferulic acid represent the highest portion of total free phenolic compounds, followed by 2-
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hydroxy-4-methoxybenzoic, gallic, p-coumaric, and cinnamic acids. Small quantities of caffeic acid was also
identified. Similar results have been obtained by Mhamdi et al. [75] who also reported that borage seed oil is a

good source of B-caryophyllene.

2.5. Borage uses

Borage has been used since ancient times for culinary and medical purpose in different countries. Its leaves are
used in salads, soups or in different dishes and beverages [72,80,103]. Flowers sometimes can be served fresh
or candied as edible decoration of cocktails and confectionery [69]. Since its antioxidant properties were
demonstrated, several studies have focused on its application to food preservation such as in the preparation
of gelatine films from fish [35,104], preventing oxidation in sausages [34] and oil [84], or extending lamb shelf
life [36,37]. Besides its consumption as edible plant, many health effects have been attributed to the borage
plant. They have been discussed by a great number of authors and published in scientific papers [29,105-107].
It is indicated to alleviate and heal colds, bronchitis, and respiratory infections in general for its anti-inflammatory
and balsamic properties. In naturopathy borage is used for the regulation of metabolism and the hormonal
system and is considered as a good remedy for PMS and menopause. Borage is used as natural medicament to
improve the intellective processes, activating and improving memory records [106].

Borage uses are mostly related to the high content of GLA and his properties. GLA is a precursor of a
prostaglandin in the human body, which is vital in many functions. Human organism is not capable to synthesize
it; therefore, its supplementation could be a value for preventing and/or treating various degenerative
pathologies. GLA is generally prescribed as anti-inflammatory but it is also used for the treatment of multiple
sclerosis, diabetes, arthritis and dermatitis [105,108,109]. Based on the traditional uses of borage, studies
investigated its efficacy in gastrointestinal (colic, cramps, diarrhoea), respiratory (asthma, bronchitis),
cardiovascular (cardiotonic, antihypertensive and blood pressure), and urinary (diuretic and kidney/bladder
disorders) disorders [110]. Moreover, Rezk et al. [111] reported its beneficial effect in reducing hepatotoxicity
and protecting the cells from the oxidative stress induced by radiation exposure. Recently, borage treatments
showed a beneficial anxiolytic effect in rats and in patients with OCD [112,113].

The juice and fresh herb are used in cosmetics as rejuvenating or nutrients masks. The juice is responsible for
inflammation alleviation and promotion of the regeneration of the skin. However, the ointment from the fresh
herb is effective in treatment of eczema and wounds. The most common use of oil in cosmetology are capsules;
their regular intake positively affects the structure of hair and condition of nails. Due to its numerous properties,

borage use as animal feed has been proposed [97].
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As mentioned before, a recent study proposed the potential use of borage as an affordable source of plant
biostimulants [10]. Indeed, results obtained from this work showed that extracts from borage leaves and
flowers affected the primary and secondary metabolism of lettuce crop by increasing leaf pigments and
photosynthetic activity both at harvest and during storage.

Besides its uses for human/animal health and food, Al-Moubaraki [114] observed the inhibitive effect of

agueous borage extracts against the corrosion of mild steel, proposing its application in mechanical field.
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AIM

The purpose of this experiment was the evaluation of the effect of different maceration times on the efficacy of
the of the aqueous extracts obtained from borage leaves and flowers. All treatments have been tested on two

different leafy vegetables — Diplotaxis tenuifolia, L. and Lactuca sativa L. - grown under non-stressful conditions.
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MATERIALS AND METHODS

1. Plant material, growth conditions and experimental design

1.1. Preparation of borage extracts

For extracts preparation Borage plants were cultivated in a greenhouse at the Faculty of Agricultural and Food
Sciences of Milan, under controlled conditions. Borage seeds were obtained 7 g of NPK fertilizer one time during
the growing cycle. Sampling was carried out starting from flowering stage (April-May) and leaves (LE) and
flowers (FE) were collected separately, weighed and stored at -20 °C until use. Borage extracts were prepared
following the method used by Bulgari et al. [38] with a slight change on the period of maceration. Plant material
was roughly minced, transferred into clean glass jars (3 L) with lid and soaked in water. The volume of the water
was added in proportion to the weight of plant material in a ratio of 1:2 (w/v). The jars were kept in a dark place,
at room temperature (~ 25 °C) and stirred once in a while. Four different maceration times were assayed: 1 (T1),
3 (T2), 7 (T3) and 14 (T4) days. At the end of each period the solid residue was separated from the liquid and
discarded. The aqueous phase was filtered using a syringe filter with a 0.45 pm pore size and then diluted with

water (10 mL/L) to be used as plant treatments. Final extracts were stored at -20 °C until use.

1.2. Rocket cultivation

The trial was carried out two times at the Faculty of Agricultural and Food Science of Milanin 2017/2018. Rocket
plants (Diplotaxis tenuifolia, L.; 1SI Sementi S.p.A., Italy) were grown hydroponically into plastic tank (35 x 25 x 20
cm) with 10 L of a standard Hoagland'’s solution (Table 3). Seeds of rocket were manually sown into polystyrene
trays with an agri-perlite substrate. Plants were grown in an experimental greenhouse under controlled

conditions (natural ambient light condition).

Table 3. Composition of the Hoagland nutrient solution used for rocket plants cultivation

Compounds Concentration [mM]

Ca(NOs3)2 2.19
KNOs 4.55
NHiNOs3 3.87
K2HPO4 1.38
MgSO4 0.83
K2SO4 1.09
Oligo green* 0.02 (gL?Y)
H2SO4 UptopH5.5-6.5

*Qligogreen: is a mineral water-soluble powder fertilizer that provides the plant with micronutrients, essential for the
most important bio-chemical reactions. Green Has Italia.
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Plants were treated with 20 mL of water (control) and 20 mL of each borage extract. Treatments were applied
as foliar spray onto leaves until run-off. The application was performed as foliar spray twice during the growing

periods: the first one, 23 days after sowing (DAS) and the second one 28 DAS, one day before the harvest.

1.3. Lettuce cultivation

The trial was carried out at the Faculty of Agricultural and Food Science of Milan in 2018. Two-week-old plantlets
of lettuce (Lactuca sativa, L. var longifolia; 1S Sementi S.p.A., Italy) were transplanted into 20 cm diameter plastic
pot on a peaty substrate and grown in an experimental greenhouse under controlled conditions (natural
ambient light condition). Plants were treated with 20 mL of water (control) and 20 mL of each borage extract.
Treatments were applied as foliar spray onto leaves until run-off. The application was performed as foliar spray
twice during the growing periods: the first one, 15 days after transplant (DAT) and the second one 30 DAT.

Lettuce plants were harvested at commercial maturity stage at 46 DAT.

2. Non-destructive analyses

2.1. Chlorophyll

Leaves chlorophyll content was estimated in vivo using a chlorophyll content meter (CL-01 Chlorophyll Content
Meter, Hansatech Instruments, UK). Measurement were performed at the end of each trials. The results were

express as chlorophyll index (relative units).

2.2. Chlorophyll a fluorescence

Chlorophyll a fluorescence was measured in vivo using two different instruments: a hand-portable fluorometer
(Handy-PEA, Hansatech Instruments, UK) and a field portable pulse modulated chlorophyll fluorometer (FMS2,
Hansatech Instruments, UK). Before all measurement with Handy-PEA, leaves were dark-adapted with the leaf
clips for 30-40 minutes. Then were exposed to a saturating light (3000 pmol m?s™) provided by an array of three
high-intensity light-emitting diodes for 1 second. Chlorophyll a fluorescence was measured and then analysed

with the JIP-test. Information about the structural and functional status of photosynthetic apparatus was
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provided by the parameters measured, such as the maximum quantum of photosystem Il (Fv/Fm) or the
performance index (PI).

Modulated chlorophyll fluorescence under ambient light regime was measured using the FMS2, fluorimeter
(Hansatech Instruments, UK). In order to calculate the electron transport rate (ETR) PAR value is recorded by a
light sensor on the leaf-clip. The steady-state fluorescence (Fs) was measured with the measuring radiation.
After that, a pulse of saturating light was imposed to obtain the maximum fluorescence level in light adapted
leaves (Fm’). The effective PSIl quantum efficiency (pPSlI) and the electron transport rate (ETR) were calculated

by the FMS software. Measurements were carried out at the end of each trial.

3. Destructive analyses

3.1. Total fresh biomass and dry weight

Fresh above ground biomass was measured for each tank/pot at the end of the experiment by cutting plants at

collar. The leaf dry weight was determined by oven-drying samples in 105 °C until constant weight was reached.

3.2. Chlorophylls and carotenoids

Chlorophylls and carotenoids were determined in rocket leaves at harvest. Pigments were extracted using 5 mL
of 99.9% (v/v) methanol. Leaf disc samples (30 mg), obtained with a 5 mm diameter cork borer, were kept in
dark room for 24 h at 4 °C. After that absorbance reading were measured at 665.2 and 652.4 nm for chlorophylls
and 470 nm for total carotenoids. Pigments levels were calculated by Lichtenthaler’s formula and expressed on

a fresh weight basis [115].

3.3. Phenols and anthocyanin

Total phenols and anthocyanin were extracted in 3 mL of methanol acidified with hydrochloric acid. Leaf disc
samples (30 mg), obtained with a 5 mm diameter cork borer, were kept in dark room for 24 h at 4 °C. After that
absorbance reading were measured at 320 nm for total phenols, and at 535 nm for anthocyanin. Phenolicindex
was expressed as Abs320 nm g FW. Anthocyanins concentration was expressed in cyanidin-3-glucoside

equivalents using a molar extinction coefficient (€) of 29,600 L Mt cm™.
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3.4. Nitrate

Nitrate concentration was determined by the method of Cataldo et al. [116]. Fresh leaf tissue was homogenized
in distilled water (1 g fresh tissue per 4 mL distilled water). The homogenate was centrifuged at 4000 rpm for 15
min at RT (ALC centrifuge-model PK130R) and the recovered supernatant was used for the colorimetric analysis.
Twenty microliters of the extract were added to 80 mL of 5% (w/v) salicylic acid in concentrated H,SO; (SA-
H,S0,). Afterward 3 mL of 1.5 N NaOH were added. The samples were cooled to RT and absorbance at 410 nm
was measured with a spectrophotometer. Nitrate content was calculated referring to a KNOs standard

calibration curve. Nitrate concentration was expressed as mg of KNOsper kg of fresh weight.

3.5. Sucrose and total sugars

Sucrose content was measured using the resorcinol method. Approximately 1 g of leaf tissue was homogenized
in a mortar with 3 mL of water. The mixture was centrifuged at 4000 rpm for 15 min at RT. Sucrose assay was
performed by mixing 0.2 mL of supernatant with 0.2 mL of 2 N NaOH and incubated in a water bath at 100 °C
for 10 min, then 1.5 mL of resorcinol buffer (containing 30% hydrochloric acid, 1.2 mM resorcinol, 4.1 mM
thiourea 1.5 M acetic acid) was added to samples and incubated in a water bath at 80 °C for 10 min. After cooling
at room temperature, the optical density was determined spectrophotometrically at 500 nm and the sucrose
concentration was calculated using a standard curve.

The total sugars were determined on the same extract using the anthrone method with slight modifications
[117]. The anthrone reagent (10.3 mM) was prepared dissolving anthrone in 95% H,SO.. The reagent was left
to stand for 30-40 min before use, 0.5 mL extract was placed on top of 2.5 mL of anthrone reagent incubated in
ice for 5 min and then vortexed vigorously. The tubes were heated to 95 °C for 10 min and left to cool in ice.

Readings were performed at 620 nm. Calibration curve was carried out using a glucose standard solution.

4. Statistical analysis

Statistical analysis was performed with GraphPad Prism 6 and data were subjected to one-way ANOVA.
Differences among means were determined by Tuckey post-test (P < 0.05). If normality assumption for ANOVA

was violated the Kruskal-Wallis test was applied.
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RESULTS

1 Rocket (1 growing cycle)

1.1 Total fresh biomass and dry weight

Fresh biomass was measured at harvest for each tank and yield was calculated as grams of fresh weight per
square meter. Highest and lowest values were reached by the plants treated with the FE (T2) and with the LE
(T3). The values were 2888 g m? and 2166 g m?, respectively. Since each tank was a singular experimental unit

ANOVA cannot be used and data about fresh and dry weight are not shown.

1.2 Chlorophyll

Chlorophyll content non-destructively measured and expressed as relative units and by the destructive
method are reported below (Figure 1 A, B). The results obtained from the two techniques showed a similar
trend mostly in response to FE treatments. Indeed, in FE-treated plants an initial increase between the (T1) and
(T2) is followed by a decrease from (T2) and (T4). Instead, in LE-treated plants all values were similar regardless

of period of maceration. Nevertheless, statistical analysis did not show any significant difference among

treatments.
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Figure 1. Chlorophyll content determined in vivo (A) and chlorophyll a+b concentration (B) in rocket leaves treated with
water (control = C) and with borage extracts (flowers extract = FE or leaves extract = LE) obtained with different
maceration times: 1 day (T1), 3 days (T2), 7 days (T3) and 14 days (T4). Values are means = SE (n =5) (A); (n = 3) (B). Data
were subjected to one-way ANOVA. Different letters, where present, represent significant differences among

treatments.
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1.3 Carotenoids

The content of carotenoids (Figure 2) in rocket leaves showed the same trend of chlorophyll content. The
highest (0.22 pg mg* FW) and the lowest (0.12 ug mg* FW) average values were observed in plants treated
with FE (T2) and LE (T1) respectively. A significant difference (P < 0.05) resulted between these two treatments.
Borage extracts generally induced a decrease of this parameter, even if the observed differences among

treatments and control were not statistically significant.
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Figure 2. Carotenoids content in rocket leaves treated with water (control = C) and with borage extracts (flowers
extract = FE or leaves extract = LE) obtained with different maceration times: 1 day (T1), 3 days (T2), 7 days (T3) and
14 days (T4). Values are means + SE (n = 3) Data were subjected to one-way ANOVA. Different letters, where present,
represent significant differences among treatments.

1.4 Phenols and anthocyanin

Phenols and anthocyanin contents are listed in Figure 3 A and B. The phenol index resulted significantly (P <
0.05) higher in plant treated with FE (T2) compared with most of the others borage extract treatments. In
particular, values recorded in response to FE (T3), LE (T1) and LE (T2) treatments were decreased of -24.4%, -
23.5% and -24.8%, respectively. Moreover, the concentration of anthocyanin in rocket leaves showed a similar
trend. The highest value (20.85 Cyanidin eq. mg 100 g) was recorded in leaf tissue of plants treated with FE
(T2). The treatments with FE (T3), FE (T4), LE (T1) and LE (T2) caused a decrease of anthocyanin concentration
about -28.6%, -26.5%, -28.6% and -27.6%, respectively. No significant (P < 0.05) difference was observed among

borage extracts treatments and control.
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Figure 3. Phenol index (A) and anthocyanin content (B) in rocket leaves treated with water (control = C) and with
borage extracts (flowers extract = FE or leaves extract = LE) obtained with different maceration times: 1 day (T1), 3
days (T2), 7 days (T3) and 14 days (T4). Values are means + SE (n = 3). Data were subjected to one-way ANOVA. Different
letters, where present, represent significant differences among treatments.

1.5 Chlorophyll a fluorescence

The maximum quantum efficiency of PSII (Fv/Fm) (Figure 4 A) did not show any significant (P < 0.05) difference
in response to treatments. All samples were much higher than 0.83, commonly referred to as the threshold
value between stressed and unstressed leaf tissue, with an average of 0.86. The vitality index of PSII generally
called performance index (P/) did not show any significant (P <0.05) change after treatment with borage extracts
and all values were similar to the control (Figure 4 B). A similar pattern based on maceration time was observed
in response to FE and LE treatments. The time needed to reach the maximum fluorescence intensity (TFm) is a
good indicator of the energy transfer from reaction centres to plastoquinones (Figure 4 C). TFm average value
in leaves tissue of control plants were 267.5 millisecond and all treatments with FE induced a slightly decrease,
albeit not significantly, regardless of maceration time. The highest value (500 ms) was observed in plants treated
with LE (T3) and statistical analysis revealed significant (P < 0.05) differences between this treatment and control
and with most of the other borage extract treatments. A related parameter is the Area (data not show). It is
defined as the total complementary area between fluorescence induction curve and represent a useful tool to
probe electron transport chain capacity and redox state and it is proportional to the pool size of the electron
acceptors Qa on the reducing side of PSII. If we normalize the Area on the maximum variable fluorescence (Fm)
to obtain the Sm parameter in order to quantitatively compare different samples, significant differences were
revealed (Figure 4 D). In particular, results obtained showed that the Sm value in FE (T3) treated plants was

significantly (P < 0.05) lower than plant treated with LE (T1) and (T3) of about -28% for both.
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Figure 4. Maximum quantum efficiency of PSII (Fv/Fm) (A), performance index (Pl) (B), the time needed to reach the
maximum fluorescence intensity (TFm) (C) and the total complementary area between fluorescence induction curve
normalized per Fm (Sm) (D) in rocket leaves treated with water (control = C) and with borage extracts (flowers extract
= FE or leaves extract = LE) obtained with different maceration times: 1 day (T1), 3 days (T2), 7 days (T3) and 14 days
(T4). Values are means + SE (n = 4). Data were subjected to one-way ANOVA. Different letters, where present, represent

significant differences among treatments.

The electron transport rate (ETR) in rocket leaves tissues (Figure 5 A) were not significantly affected by any
treatment with borage extracts even if a similar pattern based on maceration time was observed in FE and LE.
Instead, the effective quantum yield of photosystem Il in the light (¢PSIl) showed a decrease in rocket leaves
treated with FE (T2) (Figure 5 B). Since the ¢PSII data group violated the normality assumption for ANOVA a

non-parametric test (Kruskal-Wallis) was applied and no significant differences resulted.
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Figure 5. The electron transport rate (ETR) (A) and the effective quantum yield of photosystem Il in the light (desi) (B)
in rocket leaves treated with water (control = C) and with borage extracts (flowers extract = FE or leaves extract = LE)
obtained with different maceration times: 1 day (T1), 3 days (T2), 7 days (T3) and 14 days (T4). Values are means * SE
(n =5). Data were subjected to one-way ANOVA or Kruskal-Wallis test. Different letters, where present, represent

significant differences among treatments.

1.6 Nitrate

Borage extracts did not significantly affect the concentration of nitrate in rocket leaves and results obtained are
reported in Error! Reference source not found.. The average values ranged from 5238.65 mg kg™ in control

plantsto6112.36 mg kg™ in FE (T2) treated plants. All values were below the threshold imposed by EU regulation

N. 1258/2011.

1.7 Sucrose and total sugars

The concentration of sucrose and total sugars (Table 4) in rocket leaves were not significantly affected by any of
the borage extract treatments. However, a slight increase of sucrose content associated with the duration of
maceration resulted in samples treated with LE. In particular, values grew from 344.6 mg kg at (T1) to 480.7
mg kg at (T4). The same pattern was not observed in total sugar concentration. On the contrary, plants treated

with FE showed the same trend in both sucrose and total sugars concentration.
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Table 4. Nitrate and sugars concentrations of rocket leaves treated with water (control = C) and with borage extracts
(flowers extract = FE or leaves extract = LE) obtained with different maceration times: 1 day (T1), 3 days (T2), 7 days (T3)
and 14 days (T4). Values are means + SE (n = 3). Data were subjected to one-way ANOVA. Different letters, where present,
represent significant differences among treatments.

Treatment Nitrate Sucrose Total sugars

[mg kg FW] [mg kg FW] [mg kg FW]
Control 5238.65 +200.18 428.52 +52.21 1941.80 + 254.09
FE (T1) 5616.66 +775.76 367.15 £ 13.88 1807.91 + 302.19
FE (T2) 6112.36 +219.70 333.82 +38.03 1675.99 + 157.45
FE (T3) 5418.63 £ 64.31 423.28 +54.51 2100.35 + 359.78
FE (T4) 5663.41 £ 286.51 387.04 + 40.68 1724.28 + 156.09
LE (T1) 5878.62 £312.58 344.64 +53.14 1545.68 + 46.04
LE (T2) 5278.36 £161.41 368.60 * 20.43 1762.19 + 141.47
LE (T3) 5519.42 +121.03 402.54 +8.42 1696.64 + 27.05
LE (T4) 5301.84 +336.62 480.76 + 47.46 1682.31 + 55.49
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2 Rocket (2" growing cycle)

2.1 Total fresh biomass and dry matter

Fresh biomass was measure at harvest for each tank and yield was calculated as grams of fresh weight per
square meter. Values ranged from Highest and lowest values were reached by the plants treated with the LE
(T1) and with the FE (T4), respectively. The values were 3022 g m? and 1945 g m?, respectively. Since each tank

was a singular experimental unit ANOVA cannot be used and data about fresh and dry weight are not shown.

2.2 Chlorophyll

Figure 6 A and B reported the chlorophyll content estimated in vivo and the chlorophyll a+b concentration
measured by the destructive method. Unlike the first growing cycle, results obtained from the two techniques
did not show a similar trend. Indeed, in LE-and FE-treated plants all chlorophyll values expressed as relative units
were similar regardless of period of maceration. Instead, the destructive analysis highlighted two different
patterns between samples treated with FE and LE. Indeed, FE treatments led to an initial decrease from (T1) to
(T3), followed by a final increase at (T4). Opposite trend resulted in plants treated with LE. Nevertheless,

statistical analysis did not show any significant difference.
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Figure 6. Chlorophyll content determined in vivo (A) and chlorophyll a+b concentration (B) in rocket leaves treated with
water (control = C) and with borage extracts (flowers extract = FE or leaves extract = LE) obtained with different
maceration times: 1 day (T1), 3 days (T2), 7 days (T3) and 14 days (T4). Values are means * SE (n = 5) (A); (n = 3) (B).
Data were subjected to one-way ANOVA. Different letters, where present, represent significant differences among

treatments.
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2.3 Carotenoids

Like in the first growing cycle, the concentration of carotenoids (Figure 7) in rocket leaves followed the trend of
chlorophyll a+b content. Different patterns ware observed comparing the two trials. The highest (0.256 ug mg
1 FW) and the lowest (0.181 pug mg™ FW) average values were observed in plants treated with FE (T1) and FE

(T2) respectively but no significant difference resulted between these two treatments.
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Figure 7. Carotenoids content in rocket leaves treated with water (control = C) and with borage extracts (flowers
extract = FE or leaves extract = LE) obtained with different maceration times: 1 day (T1), 3 days (T2), 7 days (T3) and
14 days (T4). Values are means * SE (n = 3) Data were subjected to one-way ANOVA. Different letters, where present,
represent significant differences among treatments.

2.4 Phenols and anthocyanin

Table 5 listed the phenols and anthocyanin contents measured in leaf tissues. Phenols index (expressed as
Abszom g7) in control plant was around 19.68 and all borage extracts generally induced an increase in this
parameter, mostly at (T1) and (T2) maceration time. The highest average was observed in sample treated with
FE (T2) with a value +29.2% higher that control. The concentration of anthocyanin in rocket leaves showed a
similar trend. Moreover, the pattern is similar to the results obtained in the first growing cycle. However,

statistical analysis did not reveal any significant difference among treatments.
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Table 5. Phenol index and anthocyanin content in rocket leaves treated with water (control = C) and with borage extracts
(flowers extract = FE or leaves extract = LE) obtained with different maceration times: 1 day (T1), 3 days (T2), 7 days (T3)
and 14 days (T4). Values are means + SE (n = 3). Data were subjected to one-way ANOVA. Different letters, where present,

represent significant differences among treatments.

Phenol index

Anthocyanin [Cyanidin

Treatment [Abszz20nm g eq. mg/100 g]
Control 19.68 + 0.66 16.57 +0.35
FE (T1) 23.96 +0.83 20.30+0.77
FE (T2) 25.43 £1.47 21.19+0.53
FE (T3) 20.21+2.24 18.15+1.18
FE (T4) 22.91+1.20 19.74 £ 0.67
LE (T1) 22.61+1.57 19.99 £ 1.25
LE (T2) 25.30%2.75 21.29+2.86
LE (T3) 21.60 +0.07 18.70 £ 0.16
LE (T4) 22.47 +0.86 19.52 +0.35

2.5 Chlorophyll a fluorescence

Borage treatments did not significantly affect the maximum quantum efficiency of PSII (Fv/Fm) (Figure 8 A) even
if (T1) and (T2) extracts slightly enhanced this parameter, regardless the raw material (Borage flowers or leaves).
All samples were higher than 0.83, usually considered as optimal value of healthy plant. At the same way, the
performance index (Pl) values (Figure 8 B) of plants treated with borage extracts were always higher than
control plants but differences were not significant. TFm represent the time needed to reach the maximum
fluorescence intensity is reported in Figure 8 C. The average value of control leaves was around 230 milliseconds,
a little lower if compared with the first growing cycle. FE treatments induced a slight decrease from (T1) to (T3)
and a final pick at (T4). In particular (T1) and (T4) time points were higher than control of +13% and +19.6%,
respectively. The highest value (275 ms) was observed in plants treated with FE (T4) while the lowest value (215
ms) resulted in plants treated with LE (T3), in contrast to first trial results. However, statistical analysis did not
reveal any significant difference among treatments. Similar result was obtained from the analysis of Sm
parameter (Figure 8 D) and the significant changes observed in the first growing cycle were not revealed in the
second one.

All borage extracts induced a general increase in electron transport rate (ETR) levels (Figure 9 A) of rocket leaves
if compared with the control. The lowest (23.2 umol m? s) and the highest (37.6 umol m? s) values were
reached in control and in plants treated with FE (T1). ETR value of control plants was significantly (P < 0.05) lower
than FE (T1, T2, T3) and LE (T1, T2, T4) treatments of -38.3%, -29.1%, -25.4%, -27%, -24.9% and -33%,

respectively. Moreover, plants treated with FE (T1) were significantly (P < 0.05) higher than plants treated with
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FE (T3), FE (T4), LE (T2) and LE (T4). FE-treated plants showed a decrease in ETR levels over the maceration time.

Different effect was observed in the effective quantum yield of photosystem Il in the light (¢rsi) (Figure 9 B).

Most of the plants treated with borage extracts showed similar values with the control (0.78) while a significant

(P < 0.05) decrease resulted after the treatments with FE (T1), FE (T2) and LE (T4).
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Figure 8. Maximum quantum efficiency of PSIl (Fv/Fm) (A), performance index (Pl) (B), the time needed to reach
the maximum fluorescence intensity (TFm) (C) and the total complementary area between fluorescence induction
curve normalized per Fm (Sm) (D) in rocket leaves treated with water (control = C) and with borage extracts (flowers
extract = FE or leaves extract = LE) obtained with different maceration times: 1 day (T1), 3 days (T2), 7 days (T3) and
14 days (T4). Values are means + SE (n = 4). Data were subjected to one-way ANOVA. Different letters, where
present, represent significant differences among treatments.
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Figure 9. The electron transport rate (ETR) (A) and the effective quantum yield of photosystem Il in the light (¢besi) (B) in
rocket leaves treated with water (control = C) and with borage extracts (flowers extract = FE or leaves extract = LE)
obtained with different maceration times: 1 day (T1), 3 days (T2), 7 days (T3) and 14 days (T4). Values are means * SE (n
=5). Data were subjected to one-way ANOVA. Different letters, where present, represent significant differences among
treatments.

2.6 Nitrate

Table 6 lists the nitrate concentration measured in rocket leaves. In general, plants treated with borage extracts
showed a slight but not significative decrease of nitrate levels compared with the control (6056.3 mg kg). Only
FE (T4) treatment induce an opposite effect and the average value of nitrate content was 7550.1 mg kg™ FW
exceeding the maximum level of nitrate concentration in rocket leaves imposed by EU regulation N. 1258/2011.
The statistical analysis revealed significative (P < 0.05) differences among this treatment and FE (T1, T3) and LE

(T1, T2, T3) treatments.

2.7 Sucrose and total sugars

The levels of sucrose (Table 6) in rocket plants treated with borage extracts were generally lower than the
control (414.35 mg kg FW). In particular, values recorded in response to FE (T1, T2, T4) and LE (T1, T2)
treatments were significantly (P < 0.05) decreased of-26.6%, -21%, -23%, -19.8% and -22.5%, respectively. The
lowest sucrose concentration was observed in samples treated with FE (T1) and the value was around 303.49
mg kg FW. Borage extracts treatments induced a general decrease also in the concentration of total sugars
(Table 6). The highest value was around 2901.366 mg kg™ FW and was found in leaves of control plants. Samples

treated with FE showed an increase of the concentration of total sugars in relation with maceration time. A
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similar trend was observed also in LE-treated plants, after an initial decrease from (T1) to (T2). Nonetheless, no

significant (P < 0.05) differences among treatments resulted from the statistical analysis.

Table 6. Nitrate and sugars concentrations of rocket leaves treated with water (control = C) and with borage extracts
(flowers extract = FE or leaves extract = LE) obtained with different maceration times: 1 day (T1), 3 days (T2), 7 days (T3)
and 14 days (T4). Values are means + SE (n = 3). Data were subjected to one-way ANOVA. Different letters, where present,

represent significant differences among treatments.

Treatment

Nitrate
[mg kg™ FW]

Sucrose
[mg kg™ FW]

Total sugars
[mg kg™ FW]

Control
FE (T1)
FE (T2)
FE (T3)
FE (T4)
LE (T1)
LE (T2)
LE (T3)
LE (T4)

6056.34 + 673.67 ab
4509.88 +246.38 b
4842.85 +407.35 ab
4577.91 +£207.07 b
7550.83 £728.49 a
2764.00 £1335.32 b
4316.18 +159.04 b
4150.97 £976.44 b
5236.57 £ 800.75 ab

414.35+35.43 a
303.49 +9.60 bcd
326.55 + 14.38 bed
354.31+13.73 ad
318.84 +1.26 bed
332.46 + 4.68 bcd
321.27 £3.15 bcd
364.52 £11.22 ab

358.66 £ 5.31 ac

2901.366 +199.14
1227.857 £345.42
1787.41 +460.18
1891.63 +485.37
2641.086 + 288.75
2151.289 + 255.18
1372.175 £ 261.03
1642.149 +114.20
2749.499 + 703.27
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3 Lettuce

3.1 Total fresh biomass and dry matter

Total fresh biomass and dry matter of lettuce plants are reported in Table 7. The average fresh weight of control
plants at harvest was 57.8 g. Borage treatments did not affect plant growth and all values were similar to the
control. A slight increase (+26%) was observed in response of LE (T2) treatment, but it was not significative (P <

0.05). No significative differences (P < 0.05) were observed also in the amount of dry matter.

Table 7. Fresh biomass and dry matter in lettuce leaves treated with water (control = C) and with borage extracts (flowers
extract = FE or leaves extract = LE) obtained with different maceration times: 1 day (T1), 3 days (T2), 7 days (T3) and 14
days (T4). Values are means  SE (n = 4). Data were subjected to one-way ANOVA. Different letters, where present,
represent significant differences among treatments.

Treatment Fresh biomass [g/plant] Dry matter [%]

Control 57.8 +1.82 7.57+0.52
FE (T1) 58.9+2.53 7.76 £0.22
FE (T2) 62.9 +5.05 7.56 + 0.47
FE (T3) 60.2 +5.05 7.24+0.33
FE (T4) 60.2 + 5.03 7.72+0.34
LE (T1) 65.6+5.11 7.48 £0.22
LE (T2) 72.7+9.79 7.00 +0.26
LE (T3) 61.7 +4.57 7.42£0.13
LE (T4) 58.4+1.11 7.42+0.28

3.2 Chlorophyll and carotenoids

The levels of chlorophyll estimated and measured with two different techniques are reported in Figure 10 Aand
B, respectively. The estimation of chlorophyll content in vivo showed a slight increase of samples treated with
borage extracts but only the difference (+35.7%) between control and LE (T4) treated plants was significative (P
< 0.05). The average value of chlorophyll a+b concentration in rocket leaves was around 0.68 pg mg* FW but
no significant (P < 0.05) changes were observed after the application of borage extracts. The content of
carotenoids (data not shown) in lettuce plants was not affected by any of the borage extracts treatments and

all values averaged from 0.13 pg mg™ FW to 0.18 pug mg™ FW.
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Figure 10. Chlorophyll content determined in vivo (A) and chlorophyll a+b concentration (B) in lettuce leaves treated
with water (control = C) and with borage extracts (flowers extract = FE or leaves extract = LE) obtained with different
maceration times: 1 day (T1), 3 days (T2), 7 days (T3) and 14 days (T4). Values are means + SE (n = 12) (A); (n = 4) (B).
Data were subjected to one-way ANOVA. Different letters, where present, represent significant differences among

treatments.

3.3 Phenols and anthocyanin

The concentrations of phenols and anthocyanin are reported in Figure 11 A and B, respectively. Phenol index
values averaged from 28.2 in LE (T2) treated plants to 39.6 in FE (T2) treated plants. Two different trends

resulted by the application of FE or LE in relation with the maceration time.
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Figure 11. Phenol index (A) and anthocyanin content (B) in lettuce leaves treated with water (control = C) and with
borage extracts (flowers extract = FE or leaves extract = LE) obtained with different maceration times: 1 day (T1), 3 days
(T2), 7 days (T3) and 14 days (T4). Values are means + SE (n = 4). Data were subjected to one-way ANOVA. Different
letters, where present, represent significant differences among treatments.
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Indeed, (T1) and (T2) were higher than (T3) and (T4) in plants treated with FE, whereas the opposite effect
resulted by LE application. However, no significant (P < 0.05) differences were observed in phenols index,
probably due to the high variability observed in control plants. Anthocyanin content was around 12 mg of

cyanidin eq. per 100 g FW both in control and in samples treated with borage extracts.

3.4 Chlorophyll fluorescence

The maximum quantum efficiency of PSII (Fv/Fm) (Table 8) did not show any significant (P < 0.05) change in
response to borage treatments. All values were higher than 0.83, commonly referred to as the threshold value

between stressed and unstressed leaf tissue. At the same time, no significant differences were detected in Pl,

ETR or ¢PSIl parameters (Table 8).

Table 8. Maximum quantum efficiency of PSIl (Fv/Fm), performance index (Pl), electron transport rate (ETR) and the

effective quantum yield of photosystem Il in the light (¢ppsi) in lettuce leaves treated with water (control = C) and with

borage extracts (flowers extract = FE or leaves extract = LE) obtained with different maceration times: 1 day (T1), 3 days
(T2), 7 days (T3) and 14 days (T4). Values are means + SE (n = 4). Data were subjected to one-way ANOVA. Different
letters, where present, represent significant differences among treatments.

Treatment Fv/Fm P ETR oPsII
Control 0.853 +0.002 1.37 £0.038 43.96+9.12 0.67140.02
FE (T1) 0.852 +0.003 1.45 +0.075 45.17 +5.31 0.694 +0.02
FE (T2) 0.849 +0.002 1.31+0.023 47.11+8.62 0.680 +0.01
FE (T3) 0.842 +0.005 1.22 £0.133 53.85 +5.26 0.696 + 0.01
FE (T4) 0.854 +0.003 1.50 +0.100 52.52 +0.54 0.681 +0.02
LE (T1) 0.854 + 0.006 1.56 +0.195 51.27 £5.35 0.683 +0.01
LE (T2) 0.842 +0.007 1.42 £0.034 46.80 +9.03 0.702 £ 0.02
LE (T3) 0.848 +0.002 1.51 £ 0.060 40.29 +3.04 0.682+0.01
LE (T4) 0.85 + 0.002 1.46 + 0.066 44.43 +1.60 0.700 + 0.01

85



DISCUSSION AND CONCLUSION

The interest on plant extracts with biostimulants properties is increasing as they have been shown to improve
plant growth and quality [26,27,118,119]. Moreover, the application of plant extracts as a potential alternative
or additional products to the currently used agrochemicals fit the need of a more sustainable agriculture [120-
122]. Thus, several companies and research groups are focused on the study and development of innovative
products based on plants. Plants are a rich source of diverse bioactive compounds, however, the high variability
in their composition, the difficulties in the choice of the best extraction method, and the stability of the final
product are just some of the problems in the formulation of new plant-based products [2,5,123]. Hence, several
experiments need to be carried out to assess their effects. Based on the results obtained from previous
experiments on Borago officinalis [38], the aim of this study was to investigate the effect of the maceration time
on the properties of the extracts and their effectiveness on two vegetable crops, rocket and lettuce. First of all,
we decided to prepare our extracts from plants grown under controlled conditions instead of collecting the raw
material from wild plants since most of the bioactive compounds found in plants are secondary metabolites
and they are closely related to the environmental conditions [1]. The purpose was to avoid any unexpected
change in the external conditions that might affect the composition of the plants.

To screen the effect of borage extracts, several biochemical analyses were performed on leaves at harvest. In
general, no biostimulant effect has been observed, neither in rocker nor in lettuce salad. Indeed, almost no
significant difference resulted in any of the analysed parameters and plants treated with different extracts
showed a similar response to the control treated with water. Moreover, a certain degree of variability in the
results appeared between two growing cycles in rocket trials. The different responses might have been related
to the growing seasons or to some change occurred in the composition of the extracts during storage.

One of the characteristic responses of biostimulant products is an increase in chlorophyll content in treated
plants. This effect has been observed in a wide range of crop species, environmental conditions and in response
of different biostimulant formulations [26,124-128]. Chlorophylls content is an important parameter giving
some indication of the physiological status of the plant. Indeed, it is closely related to photosynthetic potential
and plant productivity; it can be used as index to have an idea of the nutrient status of the plant since most of
the nitrogen is incorporated in chlorophyll molecules, and it is also responsible for the visual appearance of the
leaves. This aspect is particularly important in vegetables as quality trait and affecting consumer preferences
[129]. The increase in chlorophyll level is basically due to an increase in the biosynthesis of chloroplasts, a
reduction in chlorophyll degradation and a delay in senescence. In this study the level of chlorophyll in plants
treated with borage extracts did not significantly changed. In particular, in rocket trials, different trends emerged

even if the statistical analysis did not prove any significant differences. In particular, different pattern appeared

86



according to the portion of the borage used to prepare the extract and to the maceration time. The content of
chlorophyll a+b slightly decreased in plants treated with flowers extracts as the time of extraction increases
while, an opposite behaviour has been observed in plants treated with leaves extracts. The same result
emerged in lettuce experiment where the chlorophyll content measured as relative units was significantly
higher in plants treated with LE (T4) compared with the control, in agreement with those observed by Bulgari
etal. [38] in borage extracts.

Analogously, carotenoids content exhibited a similar trend of chlorophylls in all our experiments. This result was
expected since these molecules serve as accessory pigments in light harvesting and have an important role in
the protection of chlorophylls from photooxidation [130,131)]. Moreover, they increase the nutritional value of
the product and his health benefit for humans by providing precursors for the synthesis of vitamin A and
antioxidants involved in the reduction of various diseases [132]. Nevertheless, the differences observed in
chlorophylls content were more emphasized in the analysis of total carotenoids. Their content decreased in
plants treated with borage extracts, especially in the first growing cycle of rocket. Besides their importance in
photosynthetic tissues, carotenoid also serve as precursors for two phytohormones (abscisic acid and
stigolactones) and several apocarotenoids [130,131] and some of them exhibit also strong aroma properties.
The accumulation of carotenoids and their stability in plant tissues are affected by several factors such as light,
temperature, and water stress [133]. Moreover, it is also known that epoxidation and de-epoxidation reactions
in xanthophyll cycle are influenced by the alteration in pH gradients [134,135]. Nevertheless, all the mechanisms
underlying their accumulation are not well understood yet.

Even if we observed a decrease of carotenoids concentration after borage treatments, no damage in
photosynthetic apparatus resulted from the analysis of chlorophyll fluorescence indexes. Indeed, the
performance index (Pl) and the quantum maximum efficiency of PSII (Fv/Fm) were similar to control plants and
Fv/Fm values was higher than 0.83, commonly considered as a threshold between stressed and non-stressed
leaves. Thus, borage treatments might not have caused any stress in photosynthetic tissues of rocket leaves and
a different cause was responsible of the reduction in carotenoids content. This effect was not observed neither
in the second growing cycle of rocket nor in lettuce plants. Moreover, all borage treatments stimulated the
photosynthetic activity by enhancing the electron transport rate (ETR) of rocket plants during the second
growing cycle. The increase in the value of ETR has been observed by several authors after the application of
different biostimulant products, both in stressful and non-stressful conditions [136,137]. However, at the same
time, rocket plants treated with some of the borage extracts showed a decrease in the effective quantum yield
of photosystem Il in the light (pPSII).

Vegetables and in particular leafy vegetables such as rocket and lettuce are considered a high source of nitrate

in human diet. Nitrate is found in nature as part of the nitrogen cycle, and play animportant role in plant growth,
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nutrition, and development [94,138,139]. Its accumulation in plant tissues is a complex trait and is influenced
by many internal and external factors such as the plant species/cultivar, the amount of fertilizer used, the light
intensity, and temperature. Nitrate is relatively non-toxic by itself, but once transformed in nitrite by human
body it become dangerous because if it reacts with amine or amides it can produce N-nitroso compounds
increasing the risk of several diseases [140]. For this reason, the European Union imposed limits in nitrate
concentration for the commercialization of several leafy products, including rocket and lettuce salad [141]. Thus,
the determination of nitrate content has received increased attention and much research has been conducted
to minimize the accumulation of nitrate in vegetables. Recently, it was proven that different biostimulant
products reduce the nitrate levels in several plant species [124,125,142-145]. Among them, previous
experiments showed that also borage extracts are able to decrease the nitrate accumulation in rocket by
incrementing the activity of nitrate reductase. In the present study only a slight but not significative decrease of
nitrate levels was observed in plants treated with almost all borage extracts, except for FE (T4) during the second
growing cycle. This treatment induced an opposite effect and nitrate content was 7550.1 mg kg? FW,
exceedingly also the maximum level of nitrate concentration imposed by EU regulation N. 1258/2011.

At the same time, a decrease in sucrose levels was observed in plants treated with borage extracts, while the
total sugars amount was not significantly affected. These results are in contrast to previous experiments on
borage extracts where sucrose level increased in in rocket leaves after flower extract treatments [38]. Sucrose
is the metabolic link between photosynthetic carbon production and carbon utilisation. It is the end product of
photosynthesis and it function as carbon skeleton for the production of several molecules. In plants, sucrose is
transported from source organs to sink organs, where it is stored or metabolised. It is also considered as a signal
molecule, involved in the regulation of different metabolic pathways. In present study, the lower amount of
sucrose observed in rocket leaves might be attributed to a faster metabolization or transport and not to a
decrease in its biosynthesis. Indeed, as confirmed by the levels of photosynthetic pigment or by the analyses of
chlorophyll fluorescence indexes, borage extracts did not negatively affect the photosynthetic apparatus.
Overall, based on the current results, even if different trends resulted from the application of borage extracts,
neither the time of maceration nor the part of the plants used showed a clear effect on the efficacy of borage
treatments. Moreover, the high variability observed, did not help us to understand the effective properties and
the mechanisms of action of these extracts. At the same time did not allow us to discriminate the different
borage treatment. The high variability and the ineffectiveness of the treatments are probably related to the
borage cultivation system. Indeed, it is known that environmental stress such as drought, salinity, soil strength,
and nutrient status, have a great influence on the accumulation of the active compounds in plants. Moreover,
the longer time of maceration chosen in the previous experiment might have led the extraction of different

active molecules.
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CHAPTER 2

Effects of borage extract on rocket salad under salt stress

INTRODUCTION

Salinity stress is a major abiotic stress affecting plant growth, quality and productivity. More than 30% of the
irrigated land of the world is affected by salinization and this number was projected to increase considering
the climate change scenario and the environmental pollution [1,2]. Salinity can be due to salts dissolved in the
irrigation water or by marine aerosol in the coastal areas. Therefore, the study of the physiological and
molecular mechanisms of tolerance to salt stress is central to obtain crops that are able to survive and produce
under stressful conditions.

It is known that salt stress impairs plants for different reasons: it causes hyperosmotic stress, ion imbalance,
and as consequence oxidative damage. In the short term (after minutes, hours and up the first day of stress),
salt stress is perceived by roots as osmotic stress, caused by the reduced ability of the plants to take up water.
In the long term (days, weeks or years), plant growth is limited by the ion toxicity and nutrient imbalance
occurring in the cytoplasm due to the accumulation of salt and the competitive uptake mechanisms with
other ions. The first phase, when the salt is not penetrated in plant tissues, is also known as the water-deficit
effect of salinity and the cellular and metabolic processes involved are in common with drought stress. The
second phase is the salt-specific effect and it is due to the excess of ions inside the plant [3].

Several metabolic processes such as photosynthesis [4,5], respiration [6], phytohormone regulation [7], and
protein biosynthesis are altered by salinity. The effects of salinity on plants vary depending on different factors,
such as the level of salt concentration, the duration of the exposure, the plant phenological stage, the
interaction with the environmental conditions, and the ability of a species or cultivar to grow in saline
condition.

According to this ability, plants are generally divided into glycophytes and halophytes. Glycophytes growth is
inhibited by concentrations of NaCl around 100-200 mM, whereas halophytes can survive at higher
concentrations of NaCl, typically around 300-500 mM [8]. The threshold value used as criteria to define if a
plant belongs to glycophytes or halophytes changed during time and according to different authors. For
instance, Flowers et al. [9] initially proposed a value of 300 mM and then 200 mM, whereas other authors
referred to a lower threshold about 85 mM [10]. This situation has led to a confusion in the number of the
species belonging to one or the other category. For example, wild rocket (Diplotaxis tenuifolia L.) is a perennial
plant originating from the Mediterranean area presents in coastal areas. Recently, wild rocket has been

classified as salt tolerant with potential as vegetable crop for saline agriculture. De Vos et al. [11] investigated
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the responses of this specie under the effects of increasing salinity. They observed that no growth reduction
resulted up to 100 mM NaCl and a decrease about 20% occurred at 200 mM, mostly due to the modifications
in leaf morphology than salt toxicity. Moreover, rocket plants were able to survive at concentration about 300
mM.

Tolerant plants are able to implement different adaptation strategies including morphological, physiological,
biochemical, and molecular changes in order to grow and complete their growing cycle on saline substrate.
Although salt stress is primarily perceived by the root apparatus, leaf growth is more sensitive to salinity and
two of the main strategies for salt tolerance are the minimisation of the uptake of salt by the roots and its
distribution in all tissues in order to avoid the accumulation in leaves [12]. During the osmotic-stress phase,
plant growth in saline condition seems to be regulated by hormonal signal, more than water relations. ABA is
the main candidate in this mechanism, since it is present in xylem sap and it increases after drought and salt
stress. In the second phase, specific mechanisms controlling Na* and Cl" concentrations occur, such as the
exclusion of salt from the phloem, its accumulation in older leaves, in the leaf base or stems, and its
compartmentalization in the vacuoles.

Shavrukov [13] pointed out the differences between salt stress and salt shock. Salt shock is considered as an
extreme form of salt stress and it is defined as the sudden exposition of plants to high levels of NaCl. This
situation rarely occurs in natural or agricultural systems where the NaCl increases gradually but it is still applied
in the study of salt stress on plants. The osmotic and the ionic component can be distinguished also in salt
shock, albeit with some differences. Indeed, when plants are exposed to salt shock, they have to face a large
difference in osmotic pressure, causing plasmolysis and the leakage of the nutrient solution in the apoplast.
Genes involved in osmotic responses are rapidly activated in roots cells. During this phase plants are not able
to control the movement of the solutes and salt is quickly transported from the roots to the leaves. Thus, the
ionic phase occurs earlier if compared to salt stress. This effect is common to all plant species regardless their
level of salt tolerance. Differences among species are present in terms of cell damages and in the efficiency of
recovery.

Plants response to abiotic stresses is a complex regulatory network involving different pathways and
interaction among signalling molecules, defence proteins and stress-responsive genes [14]. Tolerant plants
may have some peculiar stress-responsive genes which are not present in susceptible plants and nowadays
most of the researches are focused on identifying these genes and their role in the molecular mechanisms of
tolerance. These genes encode various salt stress responsive proteins and transcription factors involved in
stress responses. The first ones directly act against salt stress by protecting the plants from dehydration,
regulating the biosynthesis of osmo-protectants, while the latter are involved in the regulation of the gene

expression and signal transduction.
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Transcription factors have different domains, transcriptional domains and a DNA binding domain. TFs bind to
specific cis regulating DNA sequence modulating the expression of salt-responsive genes. Several TFs share
the same binding domain and on the basis of this sequence they are classified in families, like NAM-ATAF1.2-
CUC (NAC), APETALA2/Ethylene Responsive Factor (AP2/ERF), Basic Leucine Zipper Domain (bZIP), MYB, and
WRKY [15]. Cavaiuolo et al. [16] performed a transcriptomic analysis of short-term acclimation in Diplotaxis
tenuifolia after salt shock exposition and identified 20879 active genes and 12995 silent genes in response
stressful conditions. Among these, 29 TFs were upregulated and 44 downregulated under salinity, being NAC,

AP2/ERF, and bZIP families the most represented.

NAC (NAM, ATAF1,2, CUC2) transcription factors are plant-specific proteins that are present in a wide range
of species. NAC proteins are involved in numerous processes, including plant development, senescence and
responses to abiotic stresses [17]. Several studies showed that most of the NAC genes are induced by stressful
condition and take part in stress tolerance mechanisms and transgenic plants overexpressing NAC TFs
resulted more tolerant to various environmental stress [18—21]. NAC family members are also involved in a
complex crosstalk with other TFs and between different pathways [22]. For example, NAC019, ANAC055, and
ANACO72 are induced by salinity and their overexpression has been shown to upregulate several genes
related with stress responses, such as RD29A through the interaction with ABF3, an ABA-responsive element
binding factor [18,23]. At the same time, their expression is controlled by other TFs of MYB family [24].
NAC019 and NACO55 are associated with jasmonic acid and ethylene signaling pathways, whereas NAC072 is
involved in ABA-dependent stress response [23]. ANACO69 is a protein involved in auxin and salt stress signals
during seeds germination [25], and it has been reported to be regulated by ATDOF5.8 transcription factor [26].
ANAC092, also known as ORE1, is a positive regulator of salt stress response and is directly upregulated by a
phytochrome interacting factor 4 (PIF4), both during leaves senescence and under salt stress [27]. ANAC029,

on the contrary, plays a role as negative regulator in salt stress responses, by repressing AREB1 [28].

The MYB TFs family is not plant-specific but is present in all eukaryote organisms. This family includes a large
number of proteins related to the regulation of plant development, metabolisms and the responses to biotic
and abiotic stresses. In plants, most of the genes associated with the responses to environmental stress
belongs to R2R3-MYB group [29]. MYB96 and MYB30 are involved in the biosynthesis and transport of
cuticular wax and lipids [30,31]. Their upregulation under salt stress condition might be linked to the lipids role
in the mitigation of stress responses or in the stress signalling [32]. Moreover, MYB30 has been reported to
play an important role in root elongation through ROS-dependent processes [33], in the ABA signalling

pathways [34] and in the expression of several brassinosteroids target genes [35,36)].
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Basic helix-loop-helix (bHLH) as well as MYB family, is presents both in plants and animals, and is one of the
largest family in Arabidopsis. Members of bHLH family are divided in two big groups and take part in diverse
physiological and developmental processes, such as the light signal transduction, roots air development, metal
homeostasis, stomatal differentiation, flavonoid biosynthesis, and fruit dehiscence [37]. bHLH122 play a role
in the regulation of osmotic stress probably through ABA dependent mechanism. Moreover, bHLH122
overexpressing plants were more tolerant to drought, salt and osmotic stress [38]. BEE2, HBI1 and IBH1 belong

to bHLH family and are involved in the early response for brassinosteroids signaling pathway [39,40].

The AP2/ERF is a plant-specific transcription factor family divided in four subfamilies the AP2, DREB, ERF and
RAV. Transcription factors of DREB and ERF subfamilies have been reported to be the main factors involved in
abiotic stress responses [41]. DREB members bind to the cis acting dehydration responsive element (DRE),
whereas ERF TFs bind to the ethylene responsive element (ERE). In Arabidopsis, DREB2 genes are highly
induced by drought, salinity and heat stress [42—44]. In particular, DREB2A resulted to play an important role
by regulating the gene expression under osmotic stress conditions through ABA-independent pathway [45].
ERF107 and ERF39 are two members of ERF subfamily. ERF107, also known as DEWAX acts as negative
regulator of wax biosynthesis [46] and has been reported to play and important role in salt stress responses
[47]. ERF39 acts as positive regulator of genes involved in primary cell wall biosynthesis, by modulating the
production on cellulose in response to environmental stimuli [48]. ERFO03 has been reported to ameliorate

wheat adaptation to salt and water stress by activating several stress related genes [49].

WRKY is one of the most studies TFs family in plants and is well known to participate both in biotic and abiotic
stress responses. Recently, it has been reported that WRKY proteins can act as repressors or activators of
important plant processes. WRKY54 is involved in brassinosteroids-plant growth and co-operate with
WRKY70 in the regulation of osmotic stress [50,51]. Moreover, soybean plants overexpressing WRKY54 gene

showed a better tolerance to drought and salt stress [52].

The zinc-finger motifs are present in several transcription factors regulate important biological processes.
Indeed, modifications of mutations in genes encoding for a zinc-finger protein resulted in developmental
anomalies and a decrease in the responses to abiotic stresses.

C3H49is involved in seedling growth rate, plant size, leaf and flower morphology and senescence [53,54], and
take part in hormone signalling, salt and drought stress responses [55]. Plant overexpressing C3H49 are more
sensitive to ABA and are more tolerant to water stress [53]. ZAT12 protein is necessary for the expression of
a key enzyme involved in ROS scavenging and it has been reported to take part in high light and cold
acclimation [56,57]. Furthermore, it acts as negative regulator of Fe acquisition [58] and under salt stress
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condition is dependent on two ethylene insensitive transcription factors, EIN3 and EIL1. In yeast, the

upregulation of ZAT12 resulted in increased salt tolerance and a reduced ROS accumulation [59].

Basic region/leucine zipper (bZIP) family includes proteins with a basic region that binds DNA and a leucine
zipper region for protein dimerization. bZIP TFs play different roles in light signaling, biotic and abiotic stress
responses, seeds maturation, and flower development. ABF3 TF possesses an ABA response element binding
factor and belongs to group-A bZIP. Tfs of this group are involved in ABA signal in response to several abiotic

stresses [60,61]

Homeodomain-leucine zipper (HDZip) is a large Transcription factors family specific to plants and its members
are grouped in four classes with different functions. ATHB7 and ATHB12 are involved in ABA dependent

signalling pathways and both are upregulate by high level of ABA and in water stress conditions [62,63].

The study of TFs role, their regulation, and the target genes represents one of the modern genetic engineering
strategies to improve crop tolerance against abiotic stresses. TFs are considered a good target also because
most of them are early responsive genes under stress condition and they are able to control a set of genes
involved in plant stress resistance [64,65]. This approach reveals the complexity of transcriptional regulation
of plant genes since an overlap in the transcription factors expression in response to multiple abiotic stresses
often appears. Indeed, besides the regulation of stress responses, TFs participate to different biological and
physiological processes such as plant development or senescence, regulating a cluster of downstream target
genes [22,66]. Thus, linking specific TFs with a single stress response in a big network of pathways is a big
challenge. Beside the study of plants stress responses mechanisms, transcriptome analysis is a strategy more
frequently used to understand the effects and the mode of action of biostimulants on plants both under

stressful and non-stressful conditions [67,68].
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AIM

The object of this study was to evaluate the response of Diplotaxis tenuifolia L. to salt stress in combination
with a foliar application of a borage extract. This response was analysed in terms of change in different
physiological parameters, such as chlorophyll, chlorophyll a fluorescence, carotenoids, phenols, and
anthocyanin but also from a molecular point of view. Thus, the expression of some of the transcription factors
typically involved in salt stress response was studied. The borage extract used in this experiment showed
positive effect both on primary and secondary metabolism of lettuce and rocket plants grown under non-
stressful condition in previous experiments. Thus, we decided to evaluate its potential biostimulant effects in

terms of salt stress tolerance.
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MATERIALS AND METHODS

1. Plant material, stress treatment and experimental plan

The trial was carried out at the Faculty of Agricultural and Food Science of Milan in 2018. Rocket plants
(Diplotaxis tenuifolia, L.; ISI Sementi S.p.A., Italy) were grown hydroponically into plastic tanks (35 x 25 x 20 cm)
with 10 L of a modified Hoagland medium and the concentration of nutrient in the solution is reported in
Table 9. Seeds of rocket were manually sown into polystyrene trays filled with an agri-perlite substrate on 20

February 2018. Cultivation took place in an experimental greenhouse under controlled conditions.

Table 9. Composition of the Hoagland nutrient solution used for rocket plants cultivation.

Compounds Concentration [mM]

Ca(NO3)2 2.19
KNO3 4.55
NH4NO3 3.87
K2HPO4 1.38
MgS04 0.83
K2S04 1.09
Oligo green* 0.02 (g L-1)
H2504 UptopH5.5-6.5

*Oligogreen: is a mineral water-soluble powder fertilizer that provides the plant with
micronutrients, essential for the most important bio-chemical reactions. Green Has Italia

The experimental design was a combination of two factors: stress and treatment, each of them with two
levels. Salt stress was imposed by transferring plants to a fresh nutrient solution containing 200 mM NaCl, 35
days after sowing at 08.00 h (on March the 26th 2018). The nutrient solution of non-stressed plants was also
changed with a fresh one. Treatments consisted of 20 mL of water (control) and 20 mL of a borage extract.
The plant extract used in this experiment had been previously prepared and tested by our research group, as
described by Bulgari et al. [69]. The borage flower extract diluted 10 mL L™ has been chosen as treatment since
the positive results obtained in this study and in previous unpublished experiments. Treatments were applied
on 25 March 2018, as foliar spray onto leaves until run-off 24 hours before the beginning of the stress.

For physiological analyses, leaf tissues were collected from four biological replicates after 1, 2, and 4 days of
stress and stored at-20 °C until analyses. For gene expression analyses, leaf tissues were collected after 2, 4, 6,
9, and 24 hours of exposure to salt (10.00 h, 12.00 h, 14.00 h, 17.00 h and 8.00 h). Samples were shock frozen

in liquid nitrogen before storage at —80 °C until used for RNA isolation.
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2. Non-destructive analyses

2.1 Chlorophyll

Leaves chlorophyll content was estimated in vivo using a chlorophyll content meter (CL-01 Chlorophyll

Content Meter, Hansatech Instruments). The results were express such as chlorophyll index (relative units).

2.2 Chlorophyll a fluorescence

Chlorophyll a fluorescence was measured in vivo using a hand-portable fluorometer (Handy-PEA, Hansatech
Instruments). Before all measurement leaves were dark-adapted with the leaf clips for 30-40 minutes. Then
were exposed to a saturating light (3000 umol m? s?) provided by an array of three high-intensity light-
emitting diodes for 1 s. Chlorophyll a fluorescence was measured and then analysed with the JIP-test.
Information about the structural and functional status of photosynthetic apparatus was provided by the
parameters measured, such as the maximum guantum of photosystem Il (Fv/Fm) or the performance index

(P1) derived from JIP test calculation.

3. Destructive analyses

3.1 Total chlorophylls and carotenoids

Chlorophylls and carotenoids were extracted from rocket leaves using 5 mL of 99.9% (v/v) methanol. Leaf disc
samples (30 mg), obtained with a 5 mm diameter cork borer were kept in dark room for 24 h at 4 °C. After
that absorbance reading were measured at 665.2 and 652.4 nm for chlorophylls and 470 nm for total
carotenoids with a spectrophotometer. Pigments levels were calculated by Lichtenthaler’s formula and

expressed on a fresh weight basis [70].

3.2 Phenolic index and total anthocyanin

Phenolic index and total anthocyanin were determined from leaf disc samples (30 mg), obtained witha 5 mm
diameter cork borer. Leaf samples were transferred to a tube containing 3 mL of methanol acidified with
hydrochloric acid (1%) and kept in dark room for 24 h at 4 °C. Absorbance reading were measured at 320 nm

for total phenols, and at 535 nm for anthocyanin with a spectrophotometer. Phenolic index was expressed as
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Abs320 nm g FW. Anthocyanins concentration was expressed in cyanidin-3-glucoside equivalents using a

molar extinction coefficient (€) of 29,600 L Mt em™.

3.3 Nitrate

Nitrate concentration was determined by the method of Cataldo et al. [71]. Fresh leaf tissue was homogenized
in distilled water (1 g fresh tissue per 4 mL distilled water). The homogenate was centrifuged at 4000 rpm for
15 min at RT (ALC centrifuge-model PK130R) and the recovered supernatant was used for the colorimetric
analysis. Twenty microliters of the extract were added to 80 mL of 5% (w/v) salicylic acid in concentrated H,SO,
(SA-H3S0,). Afterward 3 mL of 1.5 N NaOH were added. The samples were cooled at room temperature and
absorbance at 410 nm was measured with a spectrophotometer. Nitrate content was calculated referring to
a KNOs standard calibration curve. Nitrate content was calculated referring to a KNOs standard calibration

curve. Nitrate concentration was expressed as mg of NOs-N per kg of fresh weight.

3.4 Reducing and total sugars

Reducing sugars were measured using the dinitrosalicylic (DNS) acid method. This colorimetric technique
consists of a redox reaction between the 3,5-dinitrosalicyclic acid and the reducing sugars present in the
sample [72]. Approximately 1 gram of leaf tissue was homogenized in a mortar with 3 mL of water. The
mixture was centrifuged at 4000 rpm for 15 min at RT. DNS assay was performed by mixing 0.2 mL of
supernatant with 0.2 mL of DNS and incubated in a water bath at 100 °C for 5 min, then 1.5 mL of water was
added to samples. After cooling at room temperature, the optical density was determined
spectrophotometrically at 530 nm, using a glucose standard curve.

The total sugars were determined on the same extract using the anthrone method with slight modifications
[73]. The anthrone reagent (10.3 mM) was prepared dissolving anthrone in 95% H,SO.. The reagent was left
to stand for 30-40 min before use, 0.5 mL extract was placed on top of 2.5 mL of anthrone reagent incubated
in ice for 5 min and then vortexed vigorously. The tubes were heated to 95 °C for 10 min and left to cool in ice.

Readings were performed at 620 nm. Calibration curve was carried out using a glucose standard solution.
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3.5 Lipid peroxidation

Lipid peroxidation was determined by measuring thiobarbituric acid reactive substances (TBARS) in
accordance with the method described by Heath and Parker [74]. Approximately 1 gram of leaf tissue was
homogenized in a mortar with 3 mL of 0.1% (w/V) trichloroacetic acid (TCA). The mixture was centrifuged at
4500 rpm for 10 min at room temperature. TBARS assay was performed by mixing 1 mL of supernatant with
4 mL of 20% (w/v) TCA, 25 pL of 0.5% thiobarbituric acid (TBA) and incubated in a water bath at 95 °C for 30
min. After cooled on ice, the tubes were centrifugated at 4000 rpm for 10 min and the optical density was
determined spectrophotometrically at 532 and 600 nm. Absorbance at 600 nm was subtracted from the
absorbance at 532 nm (as an index of non-specific turbidity) and the concentration of TBARS was calculated
using the Lambert-Beer law with an extinction coefficient eM= 155 mM-1 cm-1 and expressed as

malondialdehyde (MDA) equivalents (nmol g-1) according to Du and Bramlage [75].

3.6 Osmolytes

Fresh leaf tissue was homogenized in distilled water (1 fresh tissue per 4 mL distilled water). The homogenate
was centrifuged at 4000 rpm for 15 min at RT and the recovered supernatant was analysed. Its osmolarity was
determined using an automatic freezing point depression osmometer (Digital Osmometer, Roebling, Berlin,

Germany) calibrated with sodium chloride solutions.

3.7 Abscisic acid

Approximately 1 g of leaf tissue was homogenized in a mortar with 3 mL of water, the mixture was centrifuged
at 4000 rpm for 15 min at RT and the supernatant was collected and then stored at -80 °C until analysis. The
abscisic acid (ABA) concentration was determined by an indirect enzyme linked immuno-sorbent assay based
on the use of DBPA1 monoclonal antibody, raised against S(+)-ABA using the Plant Growth Regulator

Immunoassay Detection Kits (Sigma-Aldrich) according to manufacturer instructions.

4. Total RNA isolation and analysis of gene expression

Starting from the Diplotaxis tenuifolia L. RNAseq database (SRP study accession number SRP102718) created
at the University of Milan [16], the sequences of 25 genes were identified in order to be used as molecular

markers for salt stress (Table 10). The sequences were selected among those showing significant changes in
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their expression (RPKM) in response to 24 hours of exposure to salt stress condition. All sequences were
blasted using NCBI BLAST database and their involvement in salt stress responses mechanisms have been
confirmed through the literature review. Among them, 23 TFs have been identified and 1 did not show any
correspondence to known gene sequences, thus it has been reported as unknown 2. Specific primers (Table
11) for all selected sequences (24 transcription factors and RD29A) were designed using the program Primer-
National ~ Center  for Information  website

Blast available at the Biotechnology

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/).

Table 10. Transcription factors selected from the Diplotaxis tenuifolia RNAseq database, grouped by family and
divided according to the results obtained by Cavaiuolo et al., (2017).

TF FAMILY UPREGULATED DOWNREGULATED
ERF / AP2 DtERF039 DtDREEB)f: I; ,%tolz:gRF107,
WRKY DtWRKY54
bHLH DtbHLH-122, DtBEE2, DtHB/l—Iike, DtIBH1-
like
ZINC FINGER DtC3H49 DtZAT12
HD-ZIP DtHB12, DtHB7
b-ZIP DtABF3 DtbZIP63
NAC DtNAC72, DtANACO19, DtNAC29,
DtANACO069, DtNAC92-NAC59,
MYB DtMYB94, DtMYB30
- UNKNOWN2

Table 11. Primers sequences and Melting temperature (Tm) for qRT-PCR analysis.

GENE PRIMER PAIR SEQUENCE (5'->3") Tm (°C)
DtNAC72 Forward primer TCATGCACGAGTATCGCCTC 59.97
Reverse primer AGAGCTCTGTTCTTCACGGC 60.04
DtHB12 Forward primer TGGTTTCAGAACAAGAGGGCT 59.51
Reverse primer ATTTTCTGGTCCTGTGGTGC 58.38
DtERF039 Forward primer TTAGGATCGGTGCTTGCTGG 60.11
Reverse primer CGAACTTTCGTGGGGTCAGA 59.97
DtANAC019 Forward primer CTGGATACCCAAACCCGACC 60.11
Reverse primer ACTCGGGTACAGAACTCGGA 59.96
DtMYB94 Forward primer ACTGGAGATCCGTGCCTACT 60.03
Reverse primer CACCTGTTGCCCAAAAGAGC 59.97
DtbHLH122 Forward primer AACAGAGGAGACGACGGAGA 59.96
Reverse primer GAGCGAGATTATTCGCCGGA 60.04
DtHB7 Forward primer AGCTGGCTCCACAATGTTCA 59.89
Reverse primer AAGTGTGTGAGACGGGACAC 59.90
DtABF3 Forward primer GACTGCTGAGGAAAGCCACT 59.96
Reverse primer GAGGAACTCCGGTGACATCC 59.82
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DtC3H49 Forward primer GTACATGCGGAAATGGTCGC 59.97
Reverse primer TCAGAAGACTTCACACCGGC 59.97

DtRABC2B Forward primer GCTGCTCGTGAGCTGATTTG 59.90
Reverse primer ACACGAGCGGTCTTGCTTTA 59.97

DtNAC29 Forward primer CTTTGTCTGTACCGGTCGCT 60.04
Reverse primer ACAAGTTCGACCCATGGCAA 60.18

DtANAC069 Forward primer GACGATTTCGCCAACGACAG 59.91
Reverse primer CTCATTTCACACGGCGCATT 59.83

DtNAC92/ NAC59 Forward primer CGGTCGAACCATCAAAACCG 59.83
Reverse primer GCAACCGAGGACAAGGGTTA 59.96

DtDREB2A Forward primer AGGAAAGTACCCGCGAAAGG 60.04
Reverse primer GTCGGAAAGGTACCAAGCCA 59.96

BEE2 Forward primer ACTGGTAAAGCCGGTATGCT 59.09
Reverse primer CTACGGATCCATGCTGGTGT 59.53

DtbZIP63 Forward primer TCGCAACTCTCCTCATCGAC 59.55
Reverse primer TCCACACTATGCCTCAGGTT 58.34

DtWRKY54 Forward primer ACTTGGACCGTGGAAGCTAA 58.95
Reverse primer ACATCTCAGGGTCTCGCTCA 60.32

DtMYB30 Forward primer TTCACTTGGCGAAGAAGGCT 59.89
Reverse primer CGAGGCATACGTGGTAGAGG 59.69

DtERF107 Forward primer CAGTCGGGCCATGTAGTTGT 60.04
Reverse primer GAAACGATGTACCGGAGCCT 59.82

DtIBH1-like Forward primer TGTCCCCGGTGGAGAGTTTA 60.18
Reverse primer ATGCGGTCCTATCGACCAAC 59.90

DtERF003 Forward primer AGGCAGCAAGGCTAATGTGT 59.96
Reverse primer ATTCTTGACGCCGTGAGTGT 59.97

UNKNOWN2 Forward primer GAGCTTAGCTTCTGAGTGGTGT 60.03
Reverse primer ACAACCACCAGCGTAACCAA 60.11

DtHBI1-like Forward primer AATGGCTGCAACAGCAACAA 59.54
Reverse primer TCCAAAACCAGATCCCGGC 60.00

DtZAT12-like Forward primer ACTCCGCATAACGGACAAGG 60.11
Reverse primer ATTAACTCGACGGTGGAGGC 59.82

DtRD29A Forward primer TCCACGTGTTGCTTATCCCC 60.04
Reverse primer AACTCCGGGATACGGTCAGA 60.03

EFla Forward primer TCTTGGTAGACGCCTTCACG 65.3
Reverse primer AGGAAGCGGTGTCATTGTTG 65.0

Frozen leaves of rocket plants were thoroughly ground with liquid N using cold mortar and pestle.

Approximately 100 mg was transferred to a cryotube and stored at —80 °C. Total RNA was isolated using the

Spectrum Plant Total RNA Kit with on-column DNase-treatment (Sigma-Aldrich, Italy) following the steps of

protocol A with slight modification.

The concentration and the purity of RNA were assessed by measuring the absorbance at 230 nm, 260 nm and

280 nm using a NanoDrop N-1000 spectrophotometer (NanoDrop technologies). A ratio of absorbance at 260

and 280 = 2.0 is generally accepted as pure for RNA and expected 260/230 values are commonly in the range

of 2.0-2.2, usually higher than the respective 260/280 value.

Three pg of RNA were reversely transcribed to cDNA using the SuperScript Il cDNA Synthesis Kit according to

the manufacturer’s instruction (Invitrogen, Italy).

The SYBR® Green PCR Master Mix (Applied Biosystems) was used for the quantitative RT-PCR analysis. The

reaction mix was prepared by adding 10 uL of SYBR Green, 0.4 plL of forward and reverse primers, 2 pL of
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cDNA diluted 1:20, and 7.2 L of RNase free water. The total volume for each PCR reaction was 20 L. Analysis
was performed using the ABI7300 (Applied Biosystem) thermocycler and PCR program and reactions were
run in triplicate from two biological replicates.

The expression levels were analyzed with the AB software program and results were calculated using the 2-
8 method described by Livak and Schmittgen [76]. According to this method, the data are presented as fold
change in gene expression normalized to a housekeeping gene and relative to a calibrator. The Elongation
factor 1 alpha (EF1a) was used as reference gene (housekeeping) due to the highest stability in its expression

levels, whereas the non-stressed and non-treated sample after 2h was chosen as internal calibrator.

5. Statistical analyses

Data obtained from physiological analyses were subjected to a two-way ANOVA whereas, data related to
gene expression analysis were subjected to a three-way ANOVA. Differences among means were determined
by Tuckey post-test (P < 0.05). Statistics were performed using GraphPad Prism version 6 or 8 for Windows

(GraphPad Software, La Jolla California USA, www.graphpad.com). Additional information is reported in each

figure’s legend.
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RESULTS

1. Physiological analyses results

In Table 12 and Figure 12 the overall responses of rocket plants to salt stress growing condition, in combination
with a treatment with the borage extract are summarized. In general, physiological parameters were
significantly affected more by salinity than treatments, with some exceptions. For example, after 2 days the
application of borage extract had a significant effect on the abscisic acid level in rocket leaves, both under
stress and non-stressful conditions. Moreover, after 4 days borage treatment significantly increased the
content of total sugars in plants.

In treated and untreated rocket plants, the content of abscisic acid, lipid peroxidation, osmolytes
concentration, and reducing sugars considerably increased in response to salinity condition. On the contrary,
nitrate concentration decreased in stressed plants, regardless the treatment, as reported by the intense
colour in the heat map (Figure 12). Total carotenoids, chlorophyll a + b, and phenols slightly decreased in all

conditions, if compared with the unstressed and untreated plants after one day.

Table 12. Physiological response of rocket plants treated with borage extract under salt stress condition after 1, 2 and
4 days. S means STRESS, T means TREATMENT, SxT means the INTERACTION between stress and treatment.

1 DAS 2 DAS 4 DAS
ST S T SxT S T ST S T
chlorophyll ns ns ns *x ns ns ns *x **
chlorophyll a+b ns ns ns ns ns ns ns * ns
carotenoids ns ns ns ns ns ns * * ns
phenols ns ns ns ns ns ns ns ns ns
anthocyanin ns ns ns ns ns ns ns ns ns
Fv/Fm * * ns ns * ns ns * ns
Pl ns * ns ns ns ns ns ns ns
nitrate ns ok ns ok *k ns ns ok ns
reducing sugars ns *x ns ns ns ns ns ns ns
total sugars ns *x ns ns ns ns ns ns *
lipid peroxidation ns ok ns ns ** ns ns ok ns
osmolytes ns ns ns ns ns ns ns ns ns
abscisic acid ns o ns ns ns * ns ok ns

** and * indicate respectively differences at P < 0.05 and P < 0.01 probability level, ns indicates not significant difference.
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Figure 12. Heat map analysis summarizing the plant responses to salt stress and borage treatment. Results were
calculated as Logarithm base 2 (Log2) of untreated and treated plants under salt stress and non-stress growing
condition, after 1, 2 and 4 days of stress. Results were visualized using a false colour scale with red indicating an
increase and blue a decrease of plants values compared to non-stressed and non-treated values after 1 day (1
DAS). No differences were visualized by white squares.

1.1 Chlorophyll

The chlorophyll content measured in vivo as relative units did not show any significant change one day after
the beginning of the stress (Figure 13 A), not in response to salt, neither to borage treatment. All values were
around 10 r.u.. A significant interaction between stress and treatment was observed after two days of stress
(Figure 13 B). In particular, in non-stressed condition chlorophyll content of plants treated with borage extract
was significantly lower than control while an opposite effect resulted under stress condition. After 4 days
(Figure 13 C) chlorophyll content was similar in stressed plants (regardless of treatment) and non-stressed
plants treated with borage extract, however, their values were significantly lower than control plants grown

without stress.
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Different trends of chlorophyll content were observed during the experimental time course: under non-
stressful condition chlorophyll content increased in control plants from 10 r.u. to almost 15 r.u., while it did
not change in plants treated with borage extract. Stressed plants did not show any variation during time, only

a slight increase was observed after 2 days in plant treated with borage extract (Figure 13 B).

[S]
=]

CONTROL
E= TREATMENT

=
wm

Chlorophyll {r.u.)
3

o

Figure 13. Chlorophyll content determined in vivo in rocket leaves treated with water (CONTROL) and with borage
extract (TREATMENT) and subjected to salt stress (200 mM). Measures were taken after 1 day (A), 2 days (B) and 4 days
(C) of stress. Values are means + SE (n = 11). Data were subjected to two-way ANOVA. Different letters, where present,

represent significant differences (P < 0.05).

Chlorophyll content obtained with the destructive method (Figure 14) did not show the same trend of the
previous analyses. In particular, no significant change appeared in chlorophyll a+b concentration of rocket
leaves, after 1 and 2 days of stress (Figure 14 A and B) and the average values were around 1 pg mg?* FW. On
the contrary salt stress led to a significant decrease in the concentration of chlorophyll a+b in plants treated

with borage extract after 4 days of stress (Figure 14 C).

1DAS 20 2DAS 20 4 DAS

4
o

CONTROL
E& TREATMENT

n

A7

NN

7

i

Chiorophyll a + b [ug mg™]
o -
[ [=]

o
o

TRESS NO STRESS STRESS

[0

0.0
TRESS NO STRESS

w

NO STRESS

Figure 14. Chlorophyll a + b concentration in rocket leaves treated with water (CONTROL) and with borage extract
(TREATMENT) and subjected to salt stress (200 mM). Measures were taken after 1 day (A), 2 days (B) and 4 days (C)
of stress. Values are means * SE (n = 4). Data were subjected to two-way ANOVA. Different letters, where present,

represent significant differences (P < 0.05).
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1.2 Total carotenoids

The content of carotenoids (Figure 15) in rocket leaves showed the same trend observed in chlorophyll

a+b analyses, as expected. In particular, no significant change appeared after 1 and 2 days of stress and all

values were similar to non-stressed control (Figure 15 A and B). After 4 days of stress, carotenoids level of

plants treated with borage extract significantly decreased, while it was not affected in control plants (Figure

150).
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Figure 15. Carotenoids concentration in rocket leaves treated with water (CONTROL) and with borage extract
(TREATMENT) and subjected to salt stress (200 mM). Measures were taken after 1 day (A), 2 days (B) and 4 days (C)
of stress. Values are means + SE (n = 4). Data were subjected to two-way ANOVA. Different letters, where present,

represent significant differences (P < 0.05).

1.3 Phenol index and total anthocyanin

Phenol index (expressed as ABSsxonm g7) and total anthocyanin contents measured in rocket leaves are listed

in Table 13. Both parameters were not affected by the salt stress, in any of the time point analysed. Moreover,

statistical analysis did not detect any significant difference between samples neither in response to borage

treatment.

Table 13. Phenol index and anthocyanin concentration in rocket leaves treated with water (CONTROL) and with borage
extract (TREATMENT) and subjected to salt stress (200 mM). Measures were taken after 1 day, 2 days and 4 days of
stress. Values are means + SE (n = 4). Data were subjected to two-way ANOVA. Different letters, where present,

represent significant differences (P < 0.05).

Phenol index [ABSz20nm g1

Anthocyanin [Cyanidin eq. mg/100 g]

STRESS TREATMENT
1 DAS 2 DAS 4 DAS 1 DAS 2 DAS 4 DAS
NO STRESS  CONTROL 19.67 +2.15 13.83 +3.62 20.00 + 1.88 19.59 + 1.54 19.31+2.02 2117+ 1.71
NO STRESS  TREATMENT 19.87 +0.86 20.10 £ 0.63 19.06 £0.79 21.27+£0.58 2091 £0.44 19.43 £0.54
STRESS CONTROL 18.22 +0.94 17.58 +£0.86 17.43 +1.08 19.45+0.26 19.45+0.63 19.22+0.77
STRESS TREATMENT 18.19+1.84 16.45+1.18 16.37 +0.80 18.74 + 1.67 17.55+1.01 18.00 +0.87
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1.4 Chlorophyll a fluorescence

The maximum quantum efficiency of PSIl (Fv/Fm) gives us an information on the plant’s potential
photosynthetic ability under stress conditions. Generally, an average value of 0.83 is considered the stress
threshold for herbaceous plants, whereas lower values indicate stressful conditions for the plants with
limitation of physiological processes. A significant interaction between stress condition and treatment
resulted after one day of stress (Figure 16 A). Fv/Fm values were really close to the threshold in non-stressed
plants. The same value was observed in control plants grown under salt stress. Instead, stressed plants treated
with borage extract showed a lower value of about 0.73. After 2 and 4 days of stress (Figure 16 B and C) Fv/Fm

ratio increased and all levels were higher than 0.83, regardless the stress condition or the treatment.
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Figure 16. Maximum quantum efficiency of PSII (Fv/Fm) measured in rocket leaves treated with water (CONTROL) and
with borage extract (TREATMENT) and subjected to salt stress (200 mM). Measures were taken 1 day (A), 2 days (B)
and 4 days (C) of stress. Values are means + SE (n = 9). Data were subjected to two-way ANOVA. Different letters,
where present, represent significant differences (P < 0.05).
The performance index (P1) did not show any significant change, not in response to salt stress, neither to
treatment. After one day of stress (Figure 17 A) the results had a similar trend to Fv/Fm ratio and stressed
plants treated with borage extract had a lower value if compared with the other conditions. Except for this, all
values averaged from 2.2 to 2.8. After 2 and 4 days of stress (Figure 17 B and C) Pl increased in all samples and

values averaged from 2.8 to 3.7. Salt stress significatively affected the PI both time point, however no

significant difference emerged among samples.
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Figure 17. Performance index (PI) measured in rocket leaves treated with water (CONTROL) and with borage extract
(TREATMENT) and subjected to salt stress (200 mM). Measures were taken after 1 day (A), 2 days (B) and 4 days (C)
of stress. Values are means * SE (n = 9). Data were subjected to two-way ANOVA. Different letters, where present,
represent significant differences (P < 0.05).
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1.5 Nitrate

In general, salinity induced a significant decrease of the nitrate concentration in rocket leaves, regardless the
treatment. After one day of stress (Figure 18 A) nitrate content of non-stressed plants was 3836 and 4264 mg
kg FW in control and after borage treatment, respectively. At the same time nitrate levels were halved under
stress condition. In particular, nitrate concentrations were 1856 mg kg™ FW in control plants and 2423 mg kg
LFW in plants treated with borage extract. A similar effect has been observed also after 4 days, while after 2

days a significant interaction between stress and treatment was detected.
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Figure 18. Nitrate concentration in rocket leaves treated with water (CONTROL) and with borage extract
(TREATMENT) and subjected to salt stress (200 mM). Measures were taken after 1 day (A), 2 days (B) and 4 days (C)
of stress. Values are means * SE (n = 4). Data were subjected to two-way ANOVA. Different letters, where present,
represent significant differences (P < 0.05).

1.6 Reducing and total sugars

A significant effect of salinity has been detected one day after the beginning of the stress (Figure 19 A) when
the average value of reducing sugars increased from 2.9 mg g FW in non-stress condition to 7.5 mg g* FW
under salt stress. A slight but not significant increase was also observed in non-stressed conditions, in response
to borage treatment. After 2 and 4 days of stress the concentration of reducing sugars decreased and no

significant differences were observed among samples. In particular, all values were similar to control plants
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Figure 19. Reducing sugars concentration in rocket leaves treated with water (CONTROL) and with borage extract
(TREATMENT) and subjected to salt stress for 24 h. Measures were taken after 1 day (A), 2 days (B) and 4 days (C)
of stress. Values are means * SE (n = 4). Data were subjected to two-way ANOVA. Different letters, where present,
represent significant differences (P < 0.05).
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grown in non-stressful condition and values ranged from 2.4 to 3.9 mg g FW. A similar trend resulted in the

concentration of total sugars, as reported in Figure 20.
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Figure 20. Total sugars concentration in rocket leaves treated with water (CONTROL) and with borage extract
(TREATMENT) and subjected to salt stress (200 mM). Measures were taken after 1 day (A), 2 days (B) and 4 days (C)
of stress. Values are means + SE (n = 4). Data were subjected to two-way ANOVA. Different letters, where present,

represent significant differences (P < 0.05).

1.7 Lipid peroxidation

In general, a significant increase due to salt stress resulted from the ANOVA. The level of lipid peroxidation in
control plants grown under non-stress conditions was around 12 nmol g* FW in each time point, and a similar
value was observed in response to borage treatment. After one day of stress (Figure 21 A) a significant
difference resulted between plants treated with borage extract under stress and non-stressed condition,
while only a slight increase was observed in control plants. In particular, the highest level of lipid peroxidation
resulted in plants treated with borage extract and grown under salt stress (20.7 nmol g* FW). After 2 and 4
days, the level of lipid peroxidation in stressed samples slightly decreased to about 15 nmol g* FW. However,

it remained significantly higher than non-stressed samples.
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Figure 21. Concentration of malondialdehyde (MDA) in rocket leaves treated with water (CONTROL) and with borage
extract (TREATMENT) and subjected to salt stress (200 mM). Measures were taken 1 day (A), 2 days (B) and 4 days
(C) of stress. Values are means + SE (n =4). Data were subjected to two-way ANOVA. Different letters, where present,

represent significant differences (P < 0.05).
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1.8 Osmolytes

The levels of osmolytes in rocket leaves (Figure 22) was not affected by the stress condition or by the
borage treatment, in any of the time point analysed. In particular, after one day of salt stress all values
averaged from 0.12 to 0.17 Osm kg-1g-1. A slight increase appeared after 2 and 4 days (Figure 22 B and C),

however no significant difference has been detected among samples.
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Figure 22. Osmolytes concentration in rocket leaves treated with water (CONTROL) and with borage extract
(TREATMENT) and subjected to salt stress (200 mM). Measures were taken after 1 day (A), 2 days (B) and 4 days (C)

of stress. Values are means + SE (n = 4). Data were subjected to two-way ANOVA. Different letters, where present,
represent significant differences (P < 0.05).

1.9 Abscisic acid

After one and four days (Figure 23 A and C) a significant effect of the stress resulted from the ANOVA. Initially,
the average concentration of ABA in non-stressed samples was around 60 mg g and no significant effect
resulted after the application of the borage extract. The ABA contents in plants grown under stress condition
were significantly higher than in non-stressed ones and averaged from 110.4 to 178.5 mg g ™. The highest level
was reached in samples treated with borage extract and it was three time higher than in non-stressed
samples. After two days of stress (Figure 23 B) the concentration of ABA unchanged in almost all sample if
compared with the previous time point. Moreover, the ANOVA showed a significant effect of treatment. After
four days the concentration of ABA in all samples decreased, and no significant difference was detected even

if stress samples were higher than non-stressed ones.
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Figure 23. Abscisic acid concentration in rocket leaves treated with water (CONTROL) and with borage extract
(TREATMENT) and subjected to salt stress (200 mM). Measures were taken 1 day (A), 2 days (B) and 4 days (C) of

the stress. Values are means + SE (n = 4). Data were subjected to two-way ANOVA. Different letters, where present,
represent significant differences (P < 0.05)
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2. Gene expression analysis results

The purity of RNA extracted from rocket leaves subjected to salt stress and treated with borage extract was
measured using the NanoDrop. On average, the A260/280 ratio of RNA samples was 2.30 and the ratio of
A260/230 was 2.20, indicating that the RNA was not contaminated by proteins or phenols.

Selected primers were tested in a gRT-PCR in order to check if they bind and amplify the RNA via melting curve

analysis. Results obtained showed that all primers worked successfully.

Table 6. Heat map showing temporal expression of selected transcription factors associated with salt stress responses in
rocket plants grown under salt stress condition and treated with a borage extract. Data are - ddCt calculated as - (Ct,target -
Ct, housekeeping)Time x = (Ct,Target = Ct,housekeeping)Time 0 , Where time x is any time point and time 0 is the expression of the target
gene normalized to the housekeeping in non-stressed and non-treated samples after 2 hours. The rows represent the
transcription factors, and within each row the blue shaded areas indicate lower expression, whereas the red shaded areas

indicate higher expression. No differences were visualized by white squares.
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The changes in the expression of the transcription factors involved in the salt stress response have been
clustered into a heatmap (Table 6). Further on, a graph representing the expression analysis of each
transcription factor is presented and described. Different trends in the transcript levels resulted in response
to salt stress, borage treatment and during time. Under no stress condition a similar pattern of expression was
observed for DtRD29A, DtbHLH122, DtNAC72, DtNAC29, DtC3H49, and DtRABC2B with a progressive
decrement within 24 h. Their trend did not change in response to borage treatment. The minimum level was
observed for DtNAC29 after 9 h and for DtRABC2B after 24 h. On the contrary, a constant increment of the
expression levels resulted for DtDREB2A and DtHB7 within 9 h. After 24 h the expression of almost all of TFs
was downregulated in plants grown under non-stress condition, regardless of the treatment. In contrast,
stressful growing condition induced a general increase in the expression levels of almost all transcription
factors, as shown by the red colour shades in the heatmap. If we analyse the results obtain each time point,
we observed that after 2 h of stress exposition the expression of almost all TFs was strongly induced. At the
same time borage treatment increase the expression in plants grown under non stressful condition. After 4 h,
a decrease in the expression levels appeared in response to borage treatment in unstressed plants. Non-
treated plants showed similar levels of expression in both growing conditions, whereas the combination of
stress and treatment slightly induced the transcript accumulation of almost all TFs.

After 6 h, a strong induction of the expression levels resulted in response to salt stress, mostly if combined
with borage treatment. A similar effect appeared also after 9 h. After 24 h the expression of almost all of TFs
was downregulated in plants grown under non stress condition regardless the treatment. On the contrary,

salt stress maintains the expression levels high also after 24 h, mostly in combination of borage treatment.

Expression of the DtRD29A gene

The expression pattern of DtRD29A (Figure 24) was affected both by the stress condition, the treatment and
the time. In general, a constant decrease in the expression levels resulted in non-stressed leaves within 24 h,
both in treated and control plants. After 24 h the values of 222* were 0.18 and 0.3 in control and treated
plants, respectively. An opposite trend was detected in rocket grown under salt stress condition: a gathering
but slight increase was observed in control plants, whereas the expression of DtRD29A rose faster in plants
treated with borage extract. In particular, a constant increase resulted within 6 h, followed by a decrease at 9
h and a final growth after 24 h. At this time point the 2% value of treated plants was almost 8 times larger

than the initial point (non-stressed and non-treated at 2 h) while the value of control plants was around 2.3.
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Figure 24. Changes in the expression of DtRD29A in rocket leaves treated with water
(CONTROL) and with borage extract (TREATMENT) and subjected to salt stress (200 mM).
Measures were taken 2, 4, 6, 9, 24 hours after the initial exposure to salt stress. Values
are means * SE (n = 6). Data were subjected to three-way ANOVA.

Expression of DtDREB2A, DtERF107, DtERF003, DtERF039 — (AP2/ERF transcription factors

family)

The analysis of the selected transcription factors belonging to AP2/ERF family showed different expression
patterns in response to the experimental conditions, as reported in Figure 25. Changes in the expression of
DtDREB2A are reported in Figure 25 A. Under non-stress condition the expression levels in control plants
increased up to 11 within 9 h and decreased to 0.6 at 24 h. This trend did not change after the application of
the borage treatment and by the stress condition. Only few differences appeared in some time points. In
particular, at 9 h under non-stress condition the expression of DtDREB2A in plants treated with borage extract
was higher (+72%) if compared with the control ones at the same time point. On the contrary, under salt stress
condition the highest level was reached in control plants, and the expression resulted almost 24-fold higher
than the calibrator (non-stressed and non-treated at 2 h). Expression of DtERF107 (Figure 25 B) in unstressed
and untreated plants was generally low. A slight increase appeared at 4 h whereas no differences were
observed in other time points. After borage treatment the expression did not change, except after 9 h where
the 222% value increased more than 12 times. Under salt stress condition no changed resulted in control
plants, whereas borage treatment induced a slight increase after 6 and 9 h of stress. The DtERF039 expression
profile (Figure 25 C) in control plants under non stress condition was low and similar to that of the DtERF107
(Figure 25 B). Borage extract induced a slight increase by almost 3 times at 2 h, whereas the 2% values in all
the other time points were around 0.6. Salt stress generally led to the accumulation of DtERFO39 mRNA in all

samples. In control plants the expression was induced more than 4 times after 2 h of stress, then decreased
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within 6 h and increased again at 9 and 24 h. In treated plants the expression was not affected after 2 h of salt
stress and the level was similar to those treated and unstressed. However, all values were significantly higher
than those observed in non-stress condition. DtERFO03 expression levels (Figure 25 D) were very low in control
plants both under non stress and stress conditions. After 24 h of salt stress expression decreased up to 0.2.
Two different trends appeared in plants treated with the borage extract, depending on the stress condition.
In particular, under optimal condition borage treatment induced the expression by 3 times within 9 h, whereas

salt stress generally lowered all values and the trend observed in treated plant was similar to that of control.
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Figure 25. Changes in the expression of DtDREB2A (A), DtERF107 (B), DtERF003 (C), DtERF039 (D) in rocket leaves treated
with water (CONTROL) and with borage extract (TREATMENT) and subjected to salt stress (200 mM). Measures were taken
2,4, 6,9, 24 hours after the initial exposure to salt stress. Values are means + SE (n = 6). Data were subjected to three-
way ANOVA.
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Expression of DtbHLH122, DtBEE2, DtHBI1-like, DtIBH1-like — (bHLH transcription factors

family)

The expression patterns of selected transcription factors belonging to bHLH family are reported in Figure
26. In general, their expression was low and only few differences appeared in response to stress or treatment.
The expression of DtbHLH122 (Figure 26 A) in control plants grown under non stressful condition was double
at 4 h, then constantly decreased to 0.2 after 24 h. Borage treatment affected the trend and anticipated the
peak at 2 h and not 4 h. Salt stress generally induced the expression of this transcription factor, mostly after 4
and 6 h in plants treated with borage extract. The expression of DtBEE2 transcription factor (Figure 26 B) in
control plants under non-stress condition did not change within 9 h but it rapidly increased more than 5 times
after 24 h. In plants treated with borage extract only a slight increase appeared after 9 h. No change resulted
under salt stress and all values were similar to the unstressed control at 2 h. Different pattern resulted in the
expression of DtHBI1-like transcription factor (Figure 26 C). In particular, under non-stress condition all values
fell between 0.5 and 2, regardless the treatment. A constant decrease to 0.2 was observed within 24 h in
response to salt stress both in control and in treated plants. No clear effect related to salt stress, time or
treatment resulted in the expression of Dt/BH1-like (Figure 26 D). Indeed, control plants showed a slight
increase within 6 h in non-stress condition and within 9 h under salt stress, but the values were always lower
than 1.5. Borage treatment induced different responses at different time points. In particular, under non-

stress condition it the expression increased at 2, 9 and 24 h, whereas it decreased at 4 and 6 h.
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Figure 26. Changes in the expression of DtbHLH122 (A), DtBEE2 (B), DtHBI1-like (C) and DtIBH1-like (D) in rocket leaves
treated with water (CONTROL) and with borage extract (TREATMENT) and subjected to salt stress (200 mM). Measures
were taken 2, 4, 6, 9, 24 hours after the initial exposure to salt stress. Values are means + SE (n = 6). Data were

subjected to three-way ANOVA

Expression of DtMYB30 and DtMYB94 — (MYB transcription factors family)

Under non-stressful condition the expression of DtMYB30 (Figure 27 A) in control plants was generally

low, only a peak appeared at 4 h. In plants treated with borage extract the expression increased within 9 h

reaching the 2% value of 7.4, then decreased after 24 h. Salt stress lowered the expression in non-treated

plants, whereas induced the expression of DtMYB30 in treated plants after 6 h. In particular, transcript

accumulation was 16 times higher than the unstressed control at 2 h. The expression levels of DtMYB94 are

reported in Figure 27 B. Control plants showed a similar pattern of those observed in the expression of

DtMYB30 (Figure 27 A) with an increase at 4 h followed by a constant decrease up to 0.2 at 24 h. Similar trend

resulted also in plants treated with borage extract. The expression levels were induced under salt stress mostly

after 4, 6 and 9 h, both in control and treated samples. In particular, in control plants the expression showed
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a constant growth up to 5 at 9 h and then decreased after 24 h, whereas treated plants reached the same

peak after 4 h.
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Figure 27. Changes in the expression of DtMYB30 (A) and DtMYB94 (B) in rocket leaves treated with water (CONTROL)
and with borage extract (TREATMENT) and subjected to salt stress (200 mM). Measures were taken 2, 4, 6, 9, 24 hours
after the initial exposure to salt stress. Values are means + SE (n = 6). Data were subjected to three-way ANOVA

Expression of DtNAC29, DtNAC72, DtNAC69, DtNAC92, DtANACO019 — (NAC transcription
factors family)

Different expression patterns resulted from the analysis of the selected transcription factors belonging to the
NAC family in response to the experimental condition, as reported in Figure 28. Under non-stress condition
the expression of DINAC29 and DtNAC72 was very similar (Figure 28 A and B). In particular, a constant
decrease was observed within 24 h, regardless the treatment. Borage treatment affected the accumulation
of the DtNAC29 and DtNAC72 only at 2 h. Under salt stress the expression of both transcription factors showed
two different trends. In particular, within 9 h salt stress did not affect the expression of DtNAC29 in control
plants while treated plants showed a slight increase. After 24 h the expression levels in both treated and non-
treated samples increased by 4 and 3 times, respectively. Differently, the expression of DtNAC72 was induced
by 4 times after 2 h of stress in control plants. Afterwards, the amount of transcript decreased within 6 h and
slightly increased at 24 h. Treated plants showed a different pattern and the expression of DtNAC72 resulted
5 times higher after 4 and 24 hours of stress. The expression of DtANAC69 (Figure 28 C) in untreated and
unstressed plants increased more than 3 times at 4 h, then progressively decreased and reached the value of

0.3 after 24 h.
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The accumulation of the transcripts was not affected by the borage treatment, except after 6 h, when a peak

more than 5 times higher appeared. Salt stress generally induced the expression of this transcription factor. In

particular, control plants showed a constant increased after 2, 4 and 6 hours and then decreased at 9 and 24

hours. Borage treatment in combination with salt stress induced the expression of DtANAC69 after 4 h. Values

were high until 24 h. The expression levels of DtNAC92 are reported in Figure 28 D. An increase more than 2

times was observed in control plants under non-stressed condition within 9 h but after 24 h the expression

level decreased and reached the 2% value of 0.1. Salt stress induced the expression in control plants only

after 9 h, whereas it induced an overall increase in plants treated with borage extract already after 2 hours.
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Figure 28. Changes in the expression of DtNAC29
(A), DtNAC72 (B), DtANACE9 (C), DENAC92 (D) and
DtANACO19 (E) in rocket leaves treated with water
(CONTROL) and with borage extract (TREATMENT)
and subjected to salt stress (200 mM). Measures
were taken 2, 4, 6, 9, 24 hours after the initial
exposure to salt stress. Values are means + SE (n =
6). Data were subjected to three-way ANOVA
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After 24 h DtNAC92 was downregulated in both conditions. The expression levels of DtANACO19 (Figure 28)
was similar to those observed in DtRD29A (Figure 24). Indeed, under non-stressed condition the expression
did not change during time or in response to borage treatment. On the contrary, salt stress induced a constant
increased in all samples, regardless the treatment. In particular, values grown from a 22 value of 4 to almost

18 after 24 hours of exposure to salt stress.

Expression of DtC3H49 and DtZAT12-like — (ZINC FINGER transcription factors family)

A similar pattern of expression was observed for DtC3H49 and DtZAT12-like (Figure 29). In particular,
DtC3H49 was strongly downregulated after 6 hours, regardless the treatment or the growing condition. After
2 and 4 hours of salt stress the expression slightly increased in control and treated plants, if compared with
the non-stress condition. In a similar way, DtZAT12-like expression was downregulated in all samples, both
under stress and non-stress condition after 9 and 24 h. Moreover, at 4 h control plants showed a peak in the

expression, under both growing conditions.
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Figure 29. Changes in the expression of DtC3H49 (A) and DtZAT12-like (B) in rocket leaves treated with water
(CONTROL) and with borage extract (TREATMENT) and subjected to salt stress (200 mM). Measures were taken 2, 4,
6, 9, 24 hours after the initial exposure to salt stress. Values are means + SE (n = 6). Data were subjected to three-
way ANOVA.
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Expression of DtABF3 and DtbZIP63 — (b-ZIP transcription factors family)

Under non-stressful condition the expression of DtABF3 (Figure 30 A) was generally low and all values
ranged from 1 to 3 within 9 h. After 24 h the expression was downregulated, both in control and in treated
plants. Salt stress induced the expression of DtABF3 in all samples and time points. Control plants showed a
decrease from a value of 3 after 2 h to 1.4 after 24 h of stress. A peak of about 6.7 appeared after 9 h of stress.
In plants treated with borage extract the expression increased after 4 h of stress, reaching a value of 6 and
then constantly decreased within 24 h reaching a minimum of 1.6. The expression analysis of DtbZIP63
transcription factor is reported in Figure 30 B. In general, no changes have been observed within 6 h, neither
in control nor in treated plants and regardless the growing condition. Under non-stress condition, the
expression of DtbZIP63 was 3 times higher at 24 h in control plants, whereas it was strongly upregulated after
9 and 24 h and values were 5 and more than 8 times higher in treated plants. A pick around 5 resulted also

under salt stress condition after 24 h both in control and in treated plants.
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Figure 30. Changes in the expression of DtABF3 (A) and DtbZIP63 (B) in rocket leaves treated with water (CONTROL) and
with borage extract (TREATMENT) and subjected to salt stress (200 mM). Measures were taken 2, 4, 6, 9, 24 hours after

the initial exposure to salt stress. Values are means + SE (n = 6). Data were subjected to three-way ANOVA.

Expression of DtWRKY54 — (WRKY transcription factors family)

The expression levels of DtWRKY54 (Figure 31) in control plants were generally low within 24 h, both in
non-stressed and in stressed conditions. On the contrary, the expression was induced by borage treatment,
mostly under non-stress condition. After 2 h the 2% value was 3 times higher than control. It constantly
decreased during time, apart from a peak after 9 h. Under salt stress the expression levels were reduced and

the highest value, around 3 resulted in treated plants after 9 hours of exposure to salt.
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Expression of DtHB12 and DtHB7 — (HD-ZIP transcription factors family)
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Figure 31. Changes in the expression of DtWRKY54 in rocket leaves treated with water
(CONTROL) and with borage extract (TREATMENT) and subjected to salt stress (200 mM).
Measures were taken 2, 4, 6, 9, 24 hours after the initial exposure to salt stress. Values are means
+ SE (n = 6). Data were subjected to three-way ANOVA.
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Figure 32. Changes in the expression of DtHB12 (A) and DtHB7 (B) in rocket leaves treated with water (CONTROL) and with

borage extract (TREATMENT) and subjected to salt stress (200 mM). Measures were taken 2, 4, 6,9, 24 hours after the initial

exposure to salt stress. Values are means + SE (n = 6). Data were subjected to three-way ANOVA.

The expression patterns of the selected transcription factors belonging to HD-ZIP are reported in Figure 32.

Both DtHB12 and DtHB7 expression increased in response to salt stress. In particular, the expression of

DtHB12 (Figure 32 A) in plants grown under non-stress condition did not changed much during time and the

maximum level was reached in control plants after 4 h. After 9 h the transcription factor was downregulated,

both in treated and control plants. The same effect resulted also in plants grown under salinity. Salt stress

132



induced the expression levels in all samples and a constant increase resulted during time. The maximum levels
were reached after 24 h of exposure both in control and in treated plants; values were 8 and 12 time higher
than internal target, respectively. The expression pattern of DtHB7 was very similar in control and treated
plants during time. Moreover, expression levels increased in response to salt stress but the trend unchanged.
In particular, the expression rose until 9 h, then it decreased at 24 h in both growing conditions. The maximum
levels were reached after 9 h of salt exposure and the expression was almost 30 times higher than internal

calibrator, both in control and in treated plants.

Expression of RABC2B

The expression levels of DtRABC2B in rocket leaves (Figure 33) revealed a global down-regulation within
24 h. In particular, under non stress condition the 22 value of control plants dropped to 0.2 after 4 h and
reached the minimum point (0.04) after 24 h. A similar trend resulted in plants grown under salt stress, even
if the decrease started 2 hours late. Plants treated with borage extract showed higher value, mostly in

combination with salt stress and after 2 and 4 hours of exposure to salt.
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Figure 33. Changes in the expression of DtRABC2B in rocket leaves treated with water
(CONTROL) and with borage extract (TREATMENT) and subjected to salt stress (200 mM).
Measures were taken 2, 4, 6, 9, 24 hours after the initial exposure to salt stress. Values are
means + SE (n = 6). Data were subjected to three-way ANOVA.
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Expression of Unknown 2

Changes in the expression of an unknown transcription factors named Unknown?2 is reported in Figure
34 A. In control plants grown under non stress condition, the expression grew until 6 h by almost 3 times and
then decreased to 0.6 at 24 h. Borage treatment slightly decreased the expression level at 2 h whereas a peak
almost 7 times higher resulted after 9 h. Under salt stress, both control and treated plants had the same trend
excluding after 24 h. In particular, the expression gradually increased during time from a 2% value of 0.5 to

almost 3. After 24 h of stress all values dropped around 1.
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Figure 34. Changes in the expression of an Unknown transcription factors named Unknown2 (A) in rocket leaves treated with
water (CONTROL) and with borage extract (TREATMENT) and subjected to salt stress (200 mM). Measures were taken 2, 4, 6, 9,
24 hours after the initial exposure to salt stress. Values are means + SE (n = 6). Data were subjected to three-way ANOVA.
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DISCUSSION AND CONCLUSION

The extreme concentration of sodium chloride in growing media causes different damages to vegetables
crops depending on the crop tolerance threshold. It reduces plant productivity, limits the photosynthesis,
decreases the chlorophyll biosynthesis, and impairs the uptake of water and nutrients. All these physiological,
anatomical, and metabolic changes lead to a reduction of the product quality and marketability [77,78].
However, the response of vegetables to salt stress and the amount of the damage accused, essentially change
depending on several interacting parameters, such as the cultivar, the concentration of the salt, the time of
exposure, and the plant phenological stage affected by the stress [14]. The application of biostimulant
products has been proven to be a useful strategy for increasing plant tolerance to salinity [79].

Diplotaxis tenuifolia can be considered as salt tolerant species since its ability to keep considerable growth
rates under increasing salinity without any relevant variation to physiological parameters [11,80]. In the
present study, rocket plants have been exposed to 200 mM NaCl for four days, just before the harvest, in
order to evaluate the plant responses to salt shock with no acclimatisation period. To better understand the
nature of the different processes activated to cope the stress, a transcriptome analysis and the evaluation of
different physiological and biochemical mechanisms have been performed.

The content of chlorophyll and the chlorophyll fluorescence-related parameters did not significatively change
in response to salt stress. These results are consistent with those reported in other studies, in which salt stress
did not cause significant alteration in photosynthetic apparatus after few days of exposition to stressful
conditions [81-83]. It is known that these parameters are considered biochemical markers of salt tolerance
since chlorophyll levels and PSII efficiency usually decrease quickly in sensitive plants [84]. The content of
chlorophyllin green leafy vegetable is also important because it defines the visual appearance of the product
and influences the consumer choice [85]. The application of biostimulant products has been shown to
increase the biosynthesis of chlorophyll in different vegetables [86,87].

This experiment confirms that D. tenuifolia is a salt tolerant crop [11] since its ability to counteract a sudden
exposition to a high level of salinity, at least under our experimental conditions. At the same time, the short
treatment time with the borage extract did not increase the chlorophyll content as well as the PSII efficiency
in rocket plants grown under salt and non-salt conditions. On the contrary, after one day of exposition to salt
stress plants treated with borage extract showed a significant decrease of Fv/Fm ratio. Since this value
unchanged in untreated plants in response to salt treatment and in plant treated with the borage extract
grown in non-stressful condition, it may indicate that treatment induced the plant temporarily susceptible to
salinity. The same effect observed in chlorophyll concentration resulted also in carotenoids level and it makes
sense because of their role as accessory light-harvesting pigments and protecting chlorophyll molecules.

These results were compatible with those obtained by Bulgari et al. [69] after two applications of the same
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borage extract on rocket and lettuce plants grown under non-stressful conditions. No significant modification
of chlorophyll and carotenoids content were also detected in Eruca sativa Mill. grown under salt stress, as
reported by Barbieri et al. [88]. A moderate salinity has a positive effect increasing the concentration of
phytochemicals, such as flavonoids, phenolic acids, and tannins [89-92]. These polyphenolic compounds play
an important role in plant protection against reactive oxygen species (ROS), which are produced in plant
tissues when physiological metabolism is impaired by various environmental stresses. Besides their roles in
plants, phenolic compounds are beneficial for human health [93]. They exert important function, such as
reduction of cardiovascular disease, diabetes, cancer, stroke, inhibition of pathogens, anti-inflammation and
anti-allergic effects, scavenging activity against free radicals. All these activities are related not only to their
antioxidant capacity, but also to their selective action on different signaling pathways [94]. At the same time,
several biostimulant products were reported to enhance the secondary metabolism and increase the
synthesis of phytochemicals [95]. Borage extracts have shown to be effective in improving total phenols,
flavonoids and antioxidant capacity in lettuce plants [69]. This was not the case in present study, as no
significant changes were recorded, not in response to salt, not to treatment. A high variability in total phenols
concentration was observed also by Hamilton et al. [96] within species and between trials. The different
response obtained in our experiment compared to those reported by Bulgari et al. [69] by applying the same
extract could be related to the number of treatments or the different species. A significant increase of total
sugars appeared in leaf tissues after 1 day of salt exposition, both in treated and non-treated plants.
Afterwards, values declined to non-stress levels and remained stable until harvest (4 days of salt stress). This
trend may be related to the increase observed in reducing sugars concentration. The accumulation of sugars
has been reported in different plants species exposed to salinity [97,98]. Carbohydrates are products of
photosynthesis and they are the building blocks and source of energy to plant growth. Besides these roles,
sugars are involved in several processes related to plant stress responses, acting as signalling molecules,
osmoprotectants or antioxidants [99,100]. As reported by Shavrukov [13], when plants are suddenly exposed
to a high level of salinity, they suffer osmotic shock and plasmolysis, regardless their level of tolerance. Indeed,
the only difference between a sensitive and a tolerant plant is the degree of damage and the time needed to
restore the physiological function. In accordance to this, a significant increase in lipid peroxidation resulted in
all stressed samples. The MDA content in unstressed plants treated and non-treated, was similar to those
observed by Ozdener et al. [101] in Eruca sativa Mill. It means that the application of borage extract did not
cause any damage to cell membranes.

The accumulation of osmolytes is a typical response of plant exposed to salt stress condition in order to
maintain the cell turgor pressure and stabilize proteins and other cell components against denaturing effects.
Plants with an improved osmolyte biosynthesis generally showed enhanced stress tolerance [102-104]. In
this experiment no significant change in osmolytes accumulation was observed, and this result was
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unexpected. Abscisic acid is a plant hormone involved in different roles in plant growth and development
either in physiological processes as well as in response to abiotic stresses. It has been suggested that some
responses to osmotic stress could be modulated by ABA [105]. Frike et al. [106] reported that ABA
accumulates in leaf tissues more than 6-times within 10 minutes in response to an environmental stress and
within the first hour following the stress event, ABA has a growth-promoting function. A slight but non-
significant increase in ABA levels resulted in plants grown under salt stress. This is in line to those observed by
He and Cramer [107]. They compared the ABA accumulation in two Brassica species and found that ABA
concentration increases more in salt-sensitive species than in tolerant ones. Results obtained in present
experiment showed a slight increase of ABA content in treated plants, mostly in combination with the salinity.
It may suggest that borage extract stimulates a little the production of ABA.

Rocket is a nitrate-accumulating vegetable and it is known that nitrate content its leaves changes depending
on the cultivation systems as well as the environmental conditions, such as light intensity, photoperiod,
temperature and abiotic stresses [108,109]. After the ingestion nitrates undergo different reactions that may
lead to the formation of cancerogenic compounds like nitrosamines [110]. For this reason, the European
Commission Regulation established limitation for the commerecialization of several leafy vegetable (EU No
1258/2011). The maximum levels of nitrate for rocket salad are 7000 mg NOs™ kg*if harvested from October
to March, and 6000 mg NOs kg if harvested from April to September. In this experiment, reduced nitrate
content was observed in plants exposed to salinity for 1, 2 and 4 days. These findings are consistent with those
reported by Barbieri et al. [88] and Urrestarazu et al. [111] studies, in which a reduction of nitrate levels in
rocket and lettuce salad resulted after high salinity treatment. Strategies to decrease the concentration of
nitrate are important for the production of fresh vegetables and different biostimulant products showed a
positive effect reducing the nitrate levels in several crop species [87,112,113]. However, nitrate contents were
not affected by borage treatment, not under control or stress condition. This result was unexpected since, on
the contrary, Bulgari [114] observed an increment of the NR activity in vivo and a substantial reduction of
nitrate concentration in rocket plants treated with the same borage extract. This variability might be due to
differences in the experimental plans (period of cultivation, number of treatments, timing of the application)
or to hypothetical changes in the composition of the extract during storage.

At molecular level the transcriptional regulation depends on the interaction between transcription factors and
a broad range of target genes involved in different stress responses pathways. TFs are involved in the primary
stress responses, when plants induce a set of genes during the first few hours of stress exposition. For these
reasons, we chose 24 transcription factors among different families and we analysed their expression within
24 hours of salt stress. Moreover, since their expression is dynamic and often transient, the measure at one

single time point is not enough to understand their activity, thus we evaluated their expression over time after
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2,4, 6,9 and 24 hours. TFs have been identified and selected from a Diplotaxis tenuifolia RNAseq database
among those showing significant up or downregulation in response to 24 h of salt exposition.

RD29A is extremely sensitive to various abiotic stressors, it is considered as a stress-response marker gene and
is used for different abiotic stress treatments. In this experiment the DtRD29A expression constantly
decreased under control condition, both in untreated and treated plants. These values are consistent with
those reported in another paper, in which the gene is not expressed at significant levels under what is
considered as normal plant growing conditions [115]. As expected DtRD29A transcripts increased under salt
stress condition, whereas its expression resulted particularly affected by the combination of NaCl and borage
treatment. This result might suggest that rocket plants treated with borage extract were more sensitive to salt
stress if compared with the non-treated ones. The presence of one ABRE (Abscisic Acid-Responsive Element)
motif in the promoter region of the gene and the increase in ABA level in the same tissues may suggest that
DtRD29A expression was affected by the stress and the treatment through ABA-dependent signal
transduction pathway. Interestingly, Lee et al.[116] observed that RD29A expression pattern changes when
induced by single or combined salt and ABA treatments and the combination of the inputs leads to unique
dynamic behaviour that cannot be explained by the sum of the single responses. Li et al. [23] proposed an
interaction between an ABRE binding protein (ABF3) and another transcription factor (NAC72) in the
regulation of the expression of RD29A.

In our experiment we observed a rapid increased in DtNAC72 expression induced by salt exposition similar to
that reported by Tran et al. [117] in Arabidopsis thaliana exposed to 250 mM NaCl for 24 h. Fuijita et al. [118]
observed a slower increase of the expression during time, probably due to the lower concentration of NaCl
used in the experiment. Moreover, the same authors reported the existence of two different pathways for
the NAC72 expression, one ABA-dependent in non-stressful condition, and the other ABA-independent under
salt stress. It might explain why borage treatment induced the expression of DtNAC72 under salinity and not
under normal growing conditions. On the contrary, a gradual increase appeared in the expression of
DtNACO19 in response to salt stress but in this case borage extract did not show any effect. Even if NACO19
and NAC72 are homologs, their response to salt and treatment is quite different. Results obtained in the
present study confirmed that both TFs are involved in salinity response but probably in two different
pathways. Moreover, the different response to the borage treatment suggests that they are induced through
different ways. DtABF3 expression as well as DtNAC72 did not show a gradual increase but it was rapidly
affected by salt stress. ABF3 plays an important role in ABA signaling both in normal and stressful condition
anditisinduced by ABA and osmotic stress. Several papers confirmed itsimportance in the regulation of stress
responses genes and an improved resistance to abiotic stresses was observed in plants overexpressing that

gene [54 and references therein).
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Besides the ABRE motif, two DRE (dehydration-responsive element) motifs are present in RD29A promoter
region, where DRE-binding proteins are able to bind and affect the expression of the gene through ABA-
independent way. Among DRE-binding proteins, in this experiment we evaluated the expression of DtDREB2A
gene belonging to AP2/ERF transcription factor family. The trend of expression observed for this TF seemed
not to be affected by the stress or by the treatment and its pattern of expression suggests that it might have
a circadian rhythm. These results was confirmed also by Dubois et al. [120] in Arabidopsis, in response to mild
drought condition. The authors observed that DREB2A was induced by drought during the day and repressed
by drought during the night. Since the expression of the gene is controlled by a growth regulating factor, they
supposed that during the day DREB2A is up-regulated and is involved in stress defence responses, whereas
during the night the growing process is favoured.

MYB is a large family of transcription factors well-known to be involved in drought responses [121]. In this
experiment we examined the expression of two TFs belonging to this family, DtMYB94 and DtMYB30. The
expression of DtMYB94 constantly increased in response to salinity and was similar with those reported by
Lee and Suh [31] in Arabidopsis. At the same time, DtMYB30 expression showed a different pattern in
response to salt and borage treatment. In general, its expression was lower in plants grown under stress.
Recent studies reported that both MYB30 and MYB94 are involved in the activation of cuticular wax
biosynthesis [30,31]. Moreover, MYB30 acts as a positive regulator in ABA signaling response [34], in the
accumulation pattern of very-long-chain fatty acids such as waxes, phospholipids and complex sphingolipids
[122], and promoting the expression of a subset of brassinosteroids (BRs) target genes [35,36]. As discussed
above, an increase in lipid peroxidation resulted in plant grown under salt stress and treated with borage
extract. These finding may suggest that rocket plants reacted to salt stress through the accumulation of
cuticular waxes and the production of new lipids molecules.

WRKY54, as well as MYB30 is involved in BRs signaling pathway [51]. DtWRKY54 transcription factor was low
expressed in control and untreated plants and was slightly induced by salt stress. A similar results was
observed in Arabidopsis by Zhou et al. [52] who suggested a link between WRKY54 and DREB2A since the
existence of a binding site (w-box) for WRKY54 in the promoter region of DREB2A. The same authors observed
that plants modified to over-express WRKY54 were more tolerant to salt stress. In our experiment borage
treatment induced the expression of DtWRKY54 under normal growing condition whereas it caused a general
down regulation in plants exposed to salinity. Moreover, WRKY54 co-operate with WRKY70 as negative
regulators of the plant response to osmotic stress [50], so the lower expression levels observed in plants grown
under salinity but previously treated with borage extract could suggest a better tolerance to osmotic stress.
C3H49 and ZAT12-like transcription factors belong to the zinc finger family and they are important component
of the oxidative stress response [123]. C3H49, also known as OZF2 or ZTF2 was reported to act as signaling
protein also in ABA and salt stress responses through the ABI2-mediated signaling pathway [55]. It is also
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involved in seedling growth rate, plant size, leaf and flower morphology and senescence [53,54]. ZAT12
protein is required for the expression of cytosolic Ascorbate peroxidase 1, a key enzyme involved in H,O,
scavenging [56,57]. Generally, a higher expression of genes involved in the oxidative stress response is
associated to enhanced stress tolerance [124]. In our experiment, both transcription factors seemed to be
regulated by the circadian clock, however no information about it have been found in literature. Salt stress
slightly induce DtC3H49 but not DtZAT12-like expression, whereas borage treatment did not show any clear
effect.
Rocket plants grown under salt stress showed high levels in the expression of DtHB7 and DtHB12. Both these
transcription factors belong to HD ZIP family and they negative regulators of ABA signaling by acting as positive
regulators of a protein phosphatase (PP2C) genes [63]. DtHB7 resulted more upregulated than DtHB12,
confirming what observed by Zimmermann et al. [125]. Moreover, it was reported that plants overexpressing
AtHB7 showed a higher chlorophyll content [62], it might be linked to the high chlorophyll levels observed in
rocket plants grown under salt stress.
ERFO03, ERF107 and ERF39 are member of the ERF transcription factor subfamily and they are involved in
abiotic stress responses through binding the ethylene-responsive element (ERE) [41]. Their expression have
been reported to increase in response to high concentration of salt and to contribute to salt and drought
tolerance [47,49,126]. In our experiment, we observed that DtERF107 and DtERF39 expression was induced
in plants exposed to salt stress, in accordance with reported above. On the contrary, the expression of
DtERF003 rapidly increased in response to borage treatment but no changes appeared in plants exposed to
salinity, suggesting that in rocket DtERF0O03 is not involved in salt stress response.
An overall upregulation of DtbHLH122 expression resulted in rocket plants exposed to salt stress. BHLH122
has been reported to be a positive regulator of drought and osmotic stress signaling resistance and its
expression is at least partly independent from ABA signaling [38]. The same authors reported that Arabidopsis
plants that overexpress bHLH122 showed an increased resistance to water, salt and osmotic stresses.
Moreover, bHLH122 was able to bind the promotor of a gene involved in ABA catabolism, repress its
expression and lead to an accumulation of ABA. These results might explain those observed in our experiment.
Indeed, rocket plant grown under salt stress and treated with borage extract showed an up-regulation of
DtbHLH122 transcript as well as an increased concentration of ABA content.
Besides bHLH122, we also analysed the expression of other three TFs of bHLH family, BEE2, HBI1 and IBH1 all
involved in brassinosteroids signaling pathway. BEE2 and HBI1-like are induced by BRs and repressed by ABA
while IBH1 is reported to inhibit both BEE2 and HBI1. Moreover, plants overexpressing IBH1 showed a
decreased stress response [127]. All TFs resulted generally low expressed in rocket plants regardless the
growing condition. These results, together with the low expressions levels of DtMYB30 and DtWRKY54 and
the up regulation of DtNAC72, a negative regulator in the BRs signaling pathway, might suggest that stress
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responses in rocket plants are mediated more through ABA signaling pathways than brassinosteroids
signaling.

This is further confirmed by the increased concentration of ABA in the leaf tissues of plant grown under salt
stress. It is also known that an antagonistic interaction between ABA and BRs exist.

bZIP63 is a transcription factor involved in the processes regulating the circadian phase through the regulation
of low-energy response. It is a target of a sugar-sensing kinase (SnRK1), a conservative gene usually activated
during starvation [128,129]. In our experiment we observed that DtbZIP63 is low expressed in control plants
and only a peak is observed after 24 h. This time point is corresponding to 8:00 am, and the accumulation of
DtbZIP63 transcripts might be linked to the low concentration of sugars during night. Indeed, it has been
reported that bZIP63 expression is usually repressed by sugars and ABA [130]. Interestingly, borage extract
induced the expression of the gene under non stressful condition even if the level of sugars and ABA in rocket
leaves didn’t change. Moreover, bZIP63 is reported to function as a negative regulator of osmotic stress
tolerance in Arabidopsis seeds germination [131], thus the low expression detected in stressed plants might
also confirm the tolerance of rocket plants.

RABC2B is a protein involved in signal transduction and intracellular transport. In rocket plants DtRABC2B was
generally low expressed in both growing condition, in contrast to those reported by Liu et al. [132], who
observed an induction in response to salt stress in Arabidopsis. Borage treatment induced DtRABC2B
expression, mostly after 2 and 4 hours of stress exposition. However, to date there are only few information
about the biological role and the regulation of these proteins in plants.

NAC92, NAC29 and NAC69 are involved in multiple abiotic stress responses. Their expression levels were
generally low in leaves under non stress condition, as reported also by Xue et al. [133] and were induced by
salt stress at different time points. NAC69 shares high similarity in the NAC domain with NAC72 and NAC19,
and this is confirmed by the early induction of DtNAC69 in response to salt stress. On the contrary, DtNAC29
and DtNAC92 expression was induced only after 24 and 9 h respectively.

The trend of expression of the unknown transcription factor was similar to those observed in DtHB7 and
DtDREB2A. Moreover, as well as DtBEE2, DtWRKY54 and DtERF107, a peak of transcript appeared after 9 h.
An overall upregulation of the gene expression appeared in response to salt stress condition. In general, the
results obtained in the present experiment confirmed those reported in the transcriptome for most of the TFs
analysed. Novel findings emerged from the bZIP63, ERF107, DREB2A and NAC92 expression. Moreover, the
analysis of the gene expression over time allowed us to see the different trends in the TFs. For example, the
expression levels of C3H49 and RABC2B were higher in plant exposed to salt stress if compared with the
control after 24 h as reported by Cavaiuolo et al.[16] . However, the trend of their expression shows a constant

decrease during time.
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CHAPTER 3

Evaluation of a biostimulant prototype formulation on leafy

vegetable grown under different stressful conditions.

INTRODUCTION

Fruit and vegetables intake is essential in human diet, because they are rich in many nutrients, fibre, minerals,
carbohydrates, and phytochemicals involved in the reduction of chronic diseases. Therefore, growing high-
quality vegetables becomes one of the most important goals of current agriculture, in order to meet the needs
of the growing population, the increasing demand for healthy food, and because of their high economical
value.

Among horticultural species, lettuce is one of the most popular vegetable worldwide, cultivated either in open
field or in protected environment. Second to rocket, lettuce is cultivated as ready to eat salad, also known as
baby-leaf vegetables for the fresh-cut industry. These vegetables are cultivated with very high density and
harvested at young stage when their height ranges from 50 to 120 mm and they are mainly eaten as fresh
leaves. Since almost all steps in baby-leaf cultivation are mechanized, the uniformity of the product at harvest
is an essential point. This can be reached through the correct application of water and nutrients during the
growing cycle to maintain a constant soil moisture [1]. Irrigation is crucial in terms of yield and quality of the
product especially in leafy vegetables where the percentage of water is very high (90-95%). Moreover, around
99% of transpired water is involved in cooling plants, the remaining part works as nutrient transport.

Since there is a linear relationship between yield and crop water consumption, irrigation often exceed the real
requirements of the culture [2]. It is a common practice in baby-leaf during the week before the harvest and
especially the evening before, ensure the water supply in order to maximize the yield, increase the turgidity
of the leaves and minimize postharvest losses. The amount of water in lettuce leaves is not important only
from a nutritional point of view, but also to keep the textural characteristics of the leaves, associated to the
turgor pressure. Moreover, a couple of day before the harvest nutrient solution is generally replaced by water
with the aim of reducing the nitrate concentration.

As mentioned above, vegetables are often overirrigated by the farmers and, consequently, the water use
efficiency (WUE) is reduced. At leaf-plant level, WUE can be expressed as the ratio between net CO2
assimilated through the photosynthesis and the water lost with transpiration expressed as transpiration rate

(E) or stomatal conductance (gs).
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It is well known that water is a critical resource of agriculture and its correct management is important both
to supply the right amount of water to the culture avoiding stress symptoms and also to reduce resource
waste.

When water availability is not enough to meet the crop demand, plants spend part of their energy to uptake
water from the substrate, thus plant growth and productivity are affected. The amount of water present in
the substrate can be easily monitored by tensiometers or TDR probes, and measurement can be used in water
management to adjust the time and the volume of irrigation.

To enhance WUE it is important to reduce water input and promote plant growth through several strategies,
such as the correct choice of the cultivars, the application of irrigation techniques with high efficiency, the
reduction of water loss from the sail, the increase of soil nutrient status and other factors. Among these,
regulated deficit irrigation (RDI) is a common practice based on the reduction of water supply with the aim to
reduce the agricultural water use, increase water productivity (WUE), product quality, and also farmers’ profit
[3-8]. Water use efficiency increases under deficit irrigation, but it decreases if the uniformity of irrigation is
low. This technique needs a good knowledge of plants water requirements and tolerance in order to avoid
water stress conditions and increase the risk of high salinity. Indeed, is not possible to entirely eliminate water
loss because the movement of water in the soil is necessary for salt leaching. Plants response to deficit
irrigation is complex and depends on several factors such as the environmental condition, location, growing
period, and phenological phase.

Moreover, it has been observed that WUE can increase if water stressed plants are re-watered. Indeed, leaf
photosynthetic rates quickly recover after the re-watering period and the levels can exceed those of
unstressed plants, increasing also the yield [9,10].

Nevertheless, the ability of plants to fully recover after a period of drought depends on the crop species and
on the severity of the stress. For instance, Huang et al. [11] evaluated different scenario of water stress and
re-watering on wetland plants. Results obtained show that a moderate water stress increase the WUE
whereas if the soil moisture decrease below a threshold the recovery could be difficult even after re-watering.
In order to avoid yield losses due to a not accurate water management, the application of biostimulant
products might be beneficial for plants growth and quality of the production. 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. Furthermore, since one of their main
effects is to improve water use efficiency, their application could be a possible strategy to reduce the amount
of water added to crops. Moreover, studies reported that plants treated with different biostimulant products

quickly restored after the end of water stress [12-14].
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A similar effect of drought is induced by salt stress. Indeed, in the first phase of plant response to high salinity,
plants reduce the water uptake in order to avoid salt loading in the cells. This is usually called osmotic or water-
deficit effect of salt stress [15].

Lettuce has been considered to be a moderately salt sensitive crop and it is one of the most important leafy
vegetable cultivated in the Mediterranean area where its production is jeopardised by the high salinity of the
water frequently used for irrigation. [16-18].

Furthermore, both water and salt stress lead to the production of reactive oxygen species (ROS). They are
partially reduced or excited forms of atmospheric oxygen characterized by high reactivity. ROS, through
oxidative stress, mainly cause damage to DNA, RNA, proteins and lipids [19,20]. On the other hand, the
maintenance of a basal level of ROS in cells is important since they act as molecular signal to regulate and
maintain physiological functions (redox biology) interacting mostly with protein cysteine residues [21]. They
also play a key role in signal transduction [22].Plants have developed some mechanisms to avoid damages
caused by these molecules and the presence of ROS is highly balanced both by enzymes and non-enzymatic
metabolites [23]. The balance between the level of ROS necessary for normal physiological functions and the
toxic level is highly regulated by a group of genes that controls their production, perception and elimination
[24]. Indeed, oxidative stress can have different impacts on the organism and lead to significant damage to
cells and, if the system is unable to regain control, this can lead to cell death. SOD, CAT, APX, MDAR, DHAR
and GR are some enzymes involved in the plant's antioxidant response. The word "antioxidant" is used to
describe any compound capable of interacting with ROS without turning into a radical. The superoxide
dismutase protein (SOD, EC 1.15.1.1) is the first step of defence against active oxygen species: it removes the
hydroxyl radical (OH-.) by catalysing its dismutation by reducing one molecule to hydrogen peroxide (H202)
and another to 02 [25]. Since H202 is a strong oxidant, it cannot accumulate in organelles such as chloroplasts;
Catalases (CAT, EC 1.11.1.6) and peroxidases are the two main systems for the enzymatic removal of H202 in
plants[26]. CAT displaces H202 into H20 and 02, while ascorbate peroxidase (APX, EC 1.11.1.11) converts
H202 to water with the help of a reducing substrate such as ascorbate. APX uses two molecules of ascorbic
acid to reduce H202 to H20, generating two molecules of monodehydroascorbate (MDHA).
Monodehydroascorbate is a radical that is rapidly converted by monodehydroascorbate reductase (MDHAR,
EC 1.6.5.4) into ascorbate and dehydroascorbate [27]. DHA is reduced by ascorbic acid through the action of
dehydroascorbate reductase (DHAR, EC 1.8.5.1) using reduced glutathione (GSH) as reducing substrate. The
removal of H202 through these reactions is known as the ascorbate-glutathione cycle. Ascorbic acid and
glutathione are not consumed in this way, but participate in the cyclic transfer of reducing equivalents,
involving four enzymes that allow the reduction of H202 to H20 using the electron derived from NAD(P)H
[28].

155



Among plant biostimulants categories, plant-derived protein hydrolysates are largely used to increase plant
production and quality traits both in optimal and under stressful conditions. Protein-hydrolysate biostimulant
can be applied both as soil drench and foliar spray. The first method is used in long term treatments whereas
the second one is usually applied when a relatively rapid responses is required. Plant-derived protein
hydrolysates are produced though chemical, enzymatic or thermal hydrolysis and the row materials consist in
agroindustry by products.

They contain peptides, free amino acids and other bioactive compounds with hormone-like activities. Recent
studies suggested that protein hydrolysates might act modifying the composition and activity of plant
microbiome and facilitating the assimilation of nutrients.

Amino acids play numerous roles in plant, as organic nitrogenous compounds they are the building blocks in
the biosynthesis of protein, pigments, vitamins, alkaloids, enzymes, terpenoids, coenzymes, they are involved
in processes such as cell growth and signalling. Several examples of positive effect of amino acids application
are reported in literature review [29-31]. Moreover, amino acids take part in plant stress responses acting as
osmolytes, regulating the ion transport, the stomatal opening and in detoxification mechanisms [32]. The
exogenous application of amino acids might regulate carbon and nitrogen metabolisms and promoting the
assimilation of nitrogen [33]. Since amino acids are involved in many physiological processes, their mode of
action as biostimulants is often unclear and difficult to be identified [34].

Glutamic acid is one of the most important amino acids in plants playing a role in the synthesis of other amino
acids and nitrogen compounds. Amino acids are able to promote both primary and secondary metabolisms.
Several studies have pointed out the positive effect of glutamic acid application on photosynthesis and
chlorophyll fluorescence [35-38]. This is probably due to the link between photosynthetic capacity and leaf
nitrogen concentration. Moreover, glutamic acid and glycine are essential metabolites in the biosynthesis of
chlorophyll by being incorporated into the aminolevulinic acid [39]. Cao et al., [40] reported that exogenous
application of glutamic acid improved the quality of Chinese chive and reduced the nitrate accumulation.
Similar effect was observed also in lettuce plants cultivated in hydroponic system [41]. Under stressful
condition glutamic acid application had a positive effect reducing physiological damage by enhancing the
activity of antioxidant enzymes [42].

In addition to glutamic acid, another important amino acid involved in abiotic stress responses for proline and
chlorophyll biosynthesis. This molecule is essential for primary metabolism as free amino acid and as
component of proteins. It is well known that proline concentration in plants increase under several abioticand
biotic stress conditions such as drought, salt stress, UV radiations, heavy metals, oxidative stress and so on. Its
accumulation is particularly important for plant tolerance to stressful conditions not only because of its role
as compatible osmolyte, but also due to its activity in the protection of protein integrity, as signaling molecule
and as metal chelator [43]. Several reports indicate that the effects of exogenous proline depend on its
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concentration. At low concentration, it has positive effect increasing stress tolerance [44—46], on the contrary,

at high concentration it results toxic [47].
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AIM

This work involved the collaboration with a private company in order to test the efficacy of a product
prototype as potential biostimulant. The product contains different amino acids of vegetal origin, in particular
glutamic acid. As mentioned before, the effect of a biostimulant is a result of the interaction of its constituents,
and may not be explained only by the sum of them. For this reason, we chose an experimental approach
comparing the effect of the biostimulant with a glutamic acid treatment at the same concentration contained

in the prototype. The product evaluation process involved the following activities:

The aim of the first activity was the evaluation of the product in plant subjected to a short period of water
reduction close to the harvest.

The aim of the second activity was the evaluation of the efficacy of the product in plants subjected to water
stress and re-watering.

The aim of the third activity was the evaluation of the product in plants subjected to a period of salt stress.

158



MATERIALS AND METHODS

1. Non-destructive analyses

1.1. Chlorophyll

Leaves chlorophyll content was colorimetrically estimated in vivo using a chlorophyll content meter (CL-01
Chlorophyll Content Meter, Hansatech Instruments, UK). The results were express such as chlorophyll index

(relative units).

1.2. Chlorophyll a fluorescence

Chlorophyll a fluorescence was measured in vivo using two different instruments: a hand-portable
fluorometer (Handy-PEA, Hansatech Instruments) and a field portable pulse modulated chlorophyll
fluorometer (FMS2, Hansatech Instruments). Before all measurement with Handy-PEA, leaves were dark-
adapted with the leaf clips for 30-40 minutes. Then were exposed to a saturating light (3000 umol m? s?)
provided by an array of three high-intensity light-emitting diodes for 1 second. Information about the
structural and functional status of photosynthetic apparatus was provided by the parameters measured, such
as the maximum guantum of photosystem Il (Fv/Fm), the performance index (Pl), the dissipation energy per
active reaction center (Dlo/RC) and the density of reaction centres (RC/CSm).

Modulated chlorophyll a fluorescence under ambient light regime was measured using the FMS-2. In order
to calculate the electron transport rate (ETR) PAR value is recorded by a light sensor on the leaf-clip. The
steady-state fluorescence (Fs) was measured with the measuring radiation. After that, a pulse of saturating
light was imposed to obtain the maximum fluorescence level in light adapted leaves (Fm’). The effective PSII

guantum efficiency (dpesi) and the electron transport rate (ETR) were calculated by the FMS software.

1.3. Gas exchange and water use efficiency

Leaves gas exchange was determined in the greenhouse using a portable open gas exchange system (CIRAS2,
Portable Photosynthesis System, U.S.A.). This instrument lets to set some parameters inside the cuvette, such
as CO; concentration, vapor pressure, temperature and light intensity. Net photosynthetic rate (Pn) and
transpiration rate (E) were directly measured by the instrument from the CO, and water vapour concentration
in and out the cuvette. Otherwise leaf conductance (gs) and sub-stomatal CO, concentration (Ci) was
calculated by the equations comprising Pn and E. Photosynthetic water use efficiency (pWUE) was calculated

as the ratio of Pn to E, whereas intrinsic water use efficiency (IWUE) as the ratio of Pn to gs.
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2. Destructive measurements

2.1. Yield and dry matter

Fresh vegetable yield was measured for each tank at the end of the experiment cutting lettuce plants at soil
level. The leaf dry matter was calculated from the dry weight obtained by oven-drying samples in 105 °C until

constant weight was reached.

2.2. Total chlorophylls and carotenoids

Chlorophylls and carotenoids pigments were extracted using 99.9% (v/v) methanol. Leaf disc samples (30 mg),
obtained with a 5 mm diameter cork borer, were kept in dark room for 24 h at 4 °C. After that absorbance
reading were measured at 665.2 and 652.4 nm for chlorophylls and 470 nm for total carotenoids. Pigments

levels were calculated by Lichtenthaler’s formula [48].

2.3. Phenols and anthocyanin

Total phenols and anthocyanin were extracted using methanol acidified with hydrochloric acid. Leaf disc
samples (30 mg), obtained with a 5 mm diameter cork borer, were kept in dark room for 24 h at 4 °C. After
that absorbance reading were measured at 320 nm for total phenols, and at 535 nm for anthocyanin. Phenolic
index was expressed as Abs320 nm g FW. Anthocyanins concentration was expressed in cyanidin-3-glucoside

equivalents using a molar extinction coefficient (g) of 29,600 L M2 cm™.

2.4. Leaf colour

Colorimetric analysis was performed on detached leaves at the end of the trial. Lettuce leaves colour was

measured using a CR-400 Chroma meter (Konica Minolta, New York, NY) in CIELAB and L*C*h colour spaces.

2.5. Abscisic acid

The abscisic acid (ABA) concentration was determined by an indirect enzyme linked immuno-sorbent assay
(ELISA). Approximately 1 g of leaf tissue was homogenized in a mortar with 3 mL of water, the mixture was
centrifuged at 4000 rpm for 15 min at RT and the supernatant was collected and analysed using the Plant

Growth Regulator Immunoassay Detection Kits (Sigma-Aldrich) according to manufacturer instructions.
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2.6. Nitrate

Nitrate concentration was determined by the method of Cataldo et al. [49]. Fresh leaf tissue was homogenized
in distilled water (1 g fresh tissue per 3 mL water). The homogenate was centrifuged at 4000 rpm for 15 min
at RT (ALC centrifuge-model PK130R) and the recovered supernatant was used for the colorimetric analysis.
Twenty microliters of the extract were added to 80 mL of 5% (w/v) salicylic acid in concentrated H,SO; (SA-
H,S0,). Afterward 3 mL of 1.5 N NaOH were added. The samples were cooled to RT and absorbance at 410
nm was measured in a spectrophotometer. Nitrate content was calculated referring to a KNO3 standard

calibration curve. Nitrate concentration was expressed as mg KNO; per kg FW.

2.7. Osmolytes

Fresh leaf tissue was homogenized in distilled water (1 g fresh tissue per 3 mL distilled water). The
homogenate was centrifuged at 4000 rpm for 15 min at RT and the recovered supernatant was analysed. Its
osmolarity was determined using an automatic freezing point depression osmometer (Digital Osmometer,

Roebling, Berlin, Germany) calibrated with sodium chloride solutions.

2.8. Proline

Proline concentration in leaf tissue was determined by the ninhydrin-based colorimetric assay improved by
Bates et al. [50]. Approximately 1 g of leaf tissue was grinded with 10 mL of 3% sulfosalicylic acid. Samples
were centrifugated at 4000 rpm for 5 min at RT and 100 pL of supernatant was added to a reaction mixture
prepared with 3% sulfosalicylic acid, glacial acetic acid and acidic ninhydrin. The tubes were mixed, each lid
was punctured with a needle to avoid high pressure and the tubes were incubated at 96 °C for 60 min and
then the reaction was terminated putting the tubes on ice. The extraction was made adding 1 mL toluene to
the reaction mixture. The tubes were vortexed and leaved on the bench for 5 min to allow the separation of
the organic and water phases. The chromophore phase containing toluene was used to read the absorbance
at 520 nm using toluene as reference. Proline concentration was calculated referring a standard calibration

curve and expressed as ug per g FW.

2.9. Lipid peroxidation

Lipid peroxidation was estimated by using the TBARS assay. About 1 g of leaf tissue was homogenized in 3mL
of 0.1% (w/v) trichloroacetic acid (TCA) and centrifuged at 4500 rpm for 10 min. 1 mL of the supernatant was
added to 4 mL of 20% (w/v) TCA, 25 pL of 0.5% thiobarbituric acid (TBA). The mixture was shaken on a vortex
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and incubated at 95 °C for 30 min in a water bath and cooled on ice. Absorbance at 600 nm was subtracted
from the absorbance at 532 nm (as an index of non-specific turbidity) and the concentration of TBARS was
calculated using the Lambert-Beer law with an extinction coefficient eM= 155 mM? cm™® and expressed as

malondialdehyde (MDA) equivalents (hmol g*) according to Du and Bramlage [51].

2.10. Sucrose and total sugars

Sucrose content was measured using the resorcinol method. Approximately 1 g of leaf tissue was
homogenized in a mortar with 3 mL of water. The mixture was centrifuged at 4000 rpm for 15 min at RT.
Sucrose assay was performed by mixing 0.2 mL of supernatant with 0.2 mL of 2 N NaOH and incubated in a
water bath at 100°C for 10 min, then 1.5 mL of resorcinol buffer (containing 30% hydrochloric acid, 1.2 mM
resorcinol, 4.1 mM thiourea 1.5 M acetic acid) was added to samples and incubated in a water bath at 80 °C
for 10 min. After cooling at room temperature, the optical density was determined spectrophotometrically at
500 nm, using a sucrose standard curve.

The total sugars were determined on the same extract using the anthrone method [52] with slight
modifications. The anthrone reagent (10.3 mM) was prepared dissolving anthrone in 95% H,SOa. The reagent
was left to stand for 30-40 min before use, 0.5 mL extract was placed on top of 2.5 mL of anthrone reagent
incubated in ice for 5 min and then vortexed vigorously. The tubes were heated to 95 °C for 10 min and left to
cool in ice. Readings were performed at 620 nm. Calibration curve was carried out using a glucose standard

solution.

3. Total RNA isolation and analysis of gene expression

Frozen leaves of lettuce were thoroughly ground with liquid N using cold mortar and pestle. Approximately
100 mg was transferred to a cryotube and stored at —80 °C. Total RNA was isolated using the Spectrum Plant
Total RNA Kit with on-column DNase-treatment (Sigma-Aldrich, Italy) following the steps of protocol A with
slight modification.

The concentration and the purity of RNA were assessed by measuring the absorbance at 230 nm, 260 nm and
280 nm using a NanoDrop N-1000 spectrophotometer (NanoDrop technologies). A ratio of absorbance at 260
and 280 = 2.0 is generally accepted as pure for RNA and expected 260/230 values are commonly in the range
of 2.0-2.2, usually higher than the respective 260/280 value.

Three pg of RNA were reversely transcribed to cDNA using the SuperScript IV cDNA Synthesis Kit according to

the manufacturer’s instruction (Invitrogen, Italy).
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The SYBR® Green PCR Master Mix (Applied Biosystems) was used for the quantitative RT-PCR analysis. The
reaction mix was prepared by adding 10 uL of SYBR Green, 0.4 plL of forward and reverse primers, 2 L of
cDNA diluted 1:20, and 7.2 pL of RNase free water. The total volume for each PCR reaction was 20 L. Analysis
was performed using the ABI7300 (Applied Biosystem) thermocycler and PCR program and reactions were
run in triplicate from two biological replicates. Gene expression analyses were performed using gene-specific
primers for: superoxide dismutase [Fe] 3, chloroplastic (SOD), catalase (CAT), L-ascorbate peroxidase 6,
chloroplastic/mitochondrial (APX), monodehydroascorbate reductase, chloroplastic/mitochondrial (MDAR),
dehydroascorbate reductase (DHAR), glutathione reductase, chloroplastic (GR). Primers were designed using
the program Primer-Blast available at the National Center for Biotechnology Information website

(www.ncbi.nlm.nih.gov).

Table 14. Primers sequences and Melting temperature (Tm) for qRT-PCR analysis

GENE PRIMER PAIR SEQUENCE (5'->3') Tm (°C)
LsAPX Forward primer ACTCATCCGGAAAGAGAGAGC 59.25
Reverse primer CTGAAGAGGCTTATCCGGGC 60.25
LsMDAR Forward primer GCTTCTGTTGAGGAAGCCCT 59.96
Reverse primer GCACATCCTGACCTCTCTCG 59.90
LsGR Forward primer GCAATAGAGTGGAGTCAGGTGG 60.42
Reverse primer AACGTCTCCAACTGCCCAAA 60.11
LsSOD Forward primer ATCCATGCAACCAGGAGGTG 60.03
Reverse primer AAAACAAGCCAAACCCAGCC 59.82
LsCAT Forward primer AGCTTCCTGCAAATGCTCCT 59.96
Reverse primer GAGCAGGGTCGTGTCTTGAA 59.97
LsDHAR Forward primer CTGGATGGGCACCAAAGGTT
Reverse primer GACCCAATAGCATCACAAACCA
EFla Forward primer TCTTGGTAGACGCCTTCACG 65.3
Reverse primer AGGAAGCGGTGTCATTGTTG 65.0

The expression levels were analyzed with the AB software program and results were calculated using the 2-
ddct method described by Livak and Schmittgen [76]. According to this method, the data are presented as

fold change in gene expression normalized to a housekeeping gene and relative to a calibrator. The Elongation
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factor 1 alpha (EF1a) was used as reference gene (housekeeping) due to the highest stability in its expression

levels, whereas the non-stressed and non-treated sample after 3 hours was chosen as internal calibrator.

4. Statistical analyses

Data were subjected to a two-way ANOVA and differences among means were determined by Tuckey post-
test (P < 0.05). Statistics were performed using GraphPad Prism version 6 and 8 for Windows (GraphPad
Software, La Jolla California USA, www.graphpad.com). Additional information is reported in each figure’s

legend.

1 ACTIVITY

1. Plant material, growth conditions, and experimental design

The trial was carried out two times in 2017 at the Faculty of Agricultural and Food Science of Milan. Experiment
timesteps are reported in Error! Reference source not found.. Seeds of lettuce (Lactuca sativa var. ‘chiara’; ISI
Sementi S.p.A,, Italy) were manually sown into 50 L plastic tanks filled with a thin layer of expanded clay and
covered with commercial soil. Plants were grown in an experimental greenhouse under controlled conditions.
The experimental design was a combination of two factors: two water regimes (well irrigated and water
reduction) and five treatments (see Error! Reference source not found.2). In addition to glutamic acid
treatment, since the private company was evaluating the possibility to add proline in the formulation, a
treatment with proline alone and in combination with the product were added to the experimental plan.

Each experimental unit consisted of two tanks. Treatments were applied as foliar spray twice during the
growing period: the first one, before the water reduction and the second one, at the beginning of water stress.

Plants were treated with 20 mL of product.

Figure 35. Timelines of the experiments, with indication of treatment applications and sampling.

1 TRIAI
SOWING 1%THE ATMENT 2 TREATMENT SAMPLING
' ' WATER REDUCTION Y
| ’ffffff/f/f/f/f/l
26 I 11 July 14 July 18 July
SOWING 1* TRE ATMENT 2 TREATMENT SAMPLING
' ' WATER REDULCTION '
| r’f/f/f/f/f/f/f}ﬁl
3 September 27 September 4 Octobar 12 October
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Table 15. list of treatments and concentration applied.

TREATMENT DOSE
Control (water) -
GHI_16_VHL 4.8 mL/L
GHI_16_VHL+ Proline 4.8 mL/L+0.23g/L
Proline [1 mM] 0.23g/L
Glutamic acid [2,45 mM] 0.36¢/L

With the exception of chlorophyll a fluorescence, that was measured three time during each trial (one day
after the first treatment, during the water reduction and at harvest), the following analyses and measurement
were performed at the end of each growing cycle:

- chlorophyll;

- gasexchange;

- yield;

- total chlorophylls and carotenoids;
- phenols and anthocyanin;
- leafcolour;

- abscisic acid;

- nitrate;

- osmolytes;

- proline;

- lipid peroxidation;

- sucrose and total sugars.

2. Water management

The controlled water reduction was imposed by withholding irrigation until the soil water availability was
around 30% lower than the well-watered control tanks. This condition was kept until harvest. Here “100” is
referred to well-watered plants and “70” is referred to the plants which received less water amount.
Irrigation was controlled by measuring soil water content with tensiometers at 10 cm depth and TDR probes
(SM100 soil, Waterscout, Spectrum Technologies, Inc.) during the growing season.

Tensiometer values were kept between -40 and -50 kPa in well-watered tanks and less than -110 kPa in

stressed ones during the stress period.
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27d ACTIVITY

1. Plant material, growth conditions, experimental design, and water management

The trial was carried out in 2018 at the Faculty of Agricultural and Food Science of Milan. Experiment timesteps
are reported in Figure 36. Lettuce plants (Lactuca sativa var. ‘longifolia’) were transplanted into 2,5 L plastic
pot filled with a commercial soil mixed with perlite. Plants were grown in an experimental greenhouse under
controlled conditions

The experimental design was a combination of two factors: two water regimes (well irrigated and water
deprivation + re-watering) and three treatments (see Table 16). Each experimental unit consisted of six pots.
The water stress was imposed by withholding irrigation until the plants started showing the first symptoms of
stress such as the loss of turgor and by monitoring the leaf water content with the measure of chlorophyll a
fluorescence. This condition was kept for 24 hours and then water supply was restored at the same level of
non-stressed plants. Treatments were applied as foliar spray four times during the growing period and each
plant was treated with 10 mL of product. Treatments were applied two times before the water deprivation,
one time during the water stress and the last one during the re-watering, one day before the harvest. (Figure

36).

1 TREATEMENT 27 TREATEMENT 3 TREATEMENT 4" TREATEMENT
| | ¥ sawpune | SAMPLING
12 June 12 June 19 June 2 July 3 July 11 July 12 July

no stress

stress

Figure 36. Timelines of the experiment, with indication of treatment applications and sampling.

Table 16. List of treatments and concentration applied.

TREATMENT DOSE
Control (water) -
GHI_18_VHLglu 2mLL?
Glutamic acid 0.275gL?
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The following analyses and measurement were performed 24 hours after the third treatment (3 July), before
the re-watering:

- chlorophyll;

- chlorophyll a fluorescence;

- nitrate;

- osmolytes;

- proline.

The following analyses and measurement were performed at the end of the growing cycle (12 July):
yield;

- dry weight and dry matter;

- chlorophyll;

- chlorophyll a fluorescence;

- gasexchange.

Samples for the gene expression analysis were collected 3 and 6 hours after the third treatment and stored at

-80 °C until use.

3<¢ ACTIVITY

1. Plant material, growth conditions, experimental design and water management

The trial was carried out in 2018 at the Faculty of Agricultural and Food Science of Milan. Experiment timesteps
are reported in Figure 37. Lettuce plants (Lactuca sativa var. ‘longifolia’) were transplanted into 2.5 L plastic
pot filled with a commercial soil mixed with perlite Plants were grown in an experimental greenhouse under
controlled conditions

The experimental design was a combination of two factors: salt stress and treatments as reported in Table 17.
Each experimental unit consisted of six pots. The salt stress was imposed by irrigating the plants with a 100
mM NaCl solution. Treatments were applied as foliar spray every ten days for a total of four applications and
each plant was treated with 10 mL of product. Treatments were applied one time before the salt stress, and

three times during the stress.
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Figure 37. Timelines of the experiment, with indication of treatment applications and sampling.

Table 17. List of treatments and concentration applied.

TREATMENT DOSE
Control (water) -
GHI_18 VHLglu 2mLL?
Glutamic acid 0.275gL?

The following analyses and measurement were performed at the end of the growing cycle (14 May):
- yield;
- chlorophyll;
- chlorophyll a fluorescence;
- gasexchange;
- nitrate;
- abscisic acid;
- osmolytes;
- proline.

Samples for the gene expression analysis were collected 3 and 6 hours after the last treatment and stored at

-80 °C until use.
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RESULTS

1 ACTIVITY

1.1. Yield

Table 18 reports the yield of lettuce plants of both experiments. Yield ranged from 1323 to 2205 g m? and
from 1500 to 3088 g m?in the first and second growing cycle, respectively. No significant differences have
been observed among treatments or in response to the different irrigation levels. Indeed, non-treated plants
grown with a lower water amount showed values very similar to non-stressed control both in the first and
second growing cycle. Moreover, yields obtained in the second experiment were generally higher to the first

one, with the exception of plants treated with glutamic acid and subjected to water reduction.

Table 18. Yield of lettuce leaves treated with water (CONTROL), glutamic acid, proline, GHI_16_VHL, GHI_16_VHL +
proline and grown under two water regimes (well-watered: 100, water reduction: 70). Measures were taken at the end
of each growing cycle (A: 15t trial B: 2" trial). Values are means + SE (n =4). Data were subjected to two-way ANOVA.
Different letters, where present, represent significant differences (P < 0.05).

YIELD [g m?]
TRETMENT WATER
1% TRIAL 2" TRIAL

70 1617.647 + 558.824 2397.059 + 720.5882
CONTROL

100 2117.647 + 558.824 2485.294 + 1044.118

70 2044.118 + 367.647 1500.000 # 352.9412
GLUTAMIC ACID 100 2205.882 + 205.882 2941.176 + 147.0588

70 1323.529 + 764.706 1588.235 +29.41176
PROLINE

100 1617.647 +323.529 2441.176 + 764.7059

70 1676.471 + 558.824 2397.059 + 426.4706
GHI_16_VHL 100 1714.706 + 1008.824 2264.706 + 1117.647
GHI 16 VHL 70 1500.000 + 617.647 1838.235 + 397.0588
PROLINE 100 1676.471 + 264.706 3088.235 + 117.6471

1.2. Chlorophylls

In the first trial chlorophyll levels estimated with the non-destructive method resulted significantly (P < 0.05)
affected by the interaction between water amount and treatment. Moreover, water reduction produced a
significant increase (P < 0.05) of chlorophyll index in control plants (Figure 4 A). The same effect, but not
statistically significant has been observed in plants treated with the different products, except for plants
treated with GHI_16_VHL that showed an opposite behaviour in response to water reduction. The lowest
values (1.534 r.u.) was reached in well-watered plants treated with proline whereas maximum average was

obtained in control plants grown with less water (2.153 r.u.).
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Figure 4. Chlorophyll content determined in vivo in lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction: 70).
Measures were taken at the end of each growing cycle (A: 1st trial B: 2" trial). Values are means + SE (n = 10). Data
were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P < 0.05).

Under well-water condition treatments with proline treatment or GHI_16_VHL + proline did not significantly
affect the chlorophyll index if compared with control plants but a significant difference (P < 0.05) resulted
between plants treated with proline alone or in combination with the biostimulant prototype. In plants grown
with a lower amount of water no significant differences appeared in response to different treatments. In the
second growing cycle chlorophyll levels did not show any statistical difference (Figure 4 B). All values were
generally lower than first cycle and the overall average was around 1.5 r.u., regardless the water amount or
the treatment.

Analyses of chlorophyll a+b content showed a different trend if compared with the non-destructive method,
in both first and second trial (Figure 5 A, B). In particular, in the first growing cycle statistical analysis showed a
significative interaction (P < 0.05) between the two factors but unlike the previous analysis treatments
affected the chlorophyll content in plants grown with less water and not in well-watered ones. Chlorophyll
a+b level was significantly higher (P < 0.05) only in plants that received less water and in combination with
glutamic acid treatment. In all other cases, differences observed were not significant. The lowest value has
been reached in plants treated with GHI_16_VHL + proline and grown in reduced water condition (0.279 ug
mg?). Moreover, it was significantly lower than well-watered control. In the second trial all values were slightly
lower than the first one, as resulted from the non-destructive analysis and the interaction between water and
treatment was significant (P < 0.05) (Figure 5 B). Plants treated with the biostimulant prototype showed a

significant (P < 0.05) decrease in chlorophyll a+b content in combination with the less water amount.
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Figure 38. Chlorophyll a+b content in lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction: 70).
Measures were taken at the end of each growing cycle (A: 1st trial B: 2" trial). Values are means * SE (n =4). Data were
subjected to two-way ANOVA. Different letters, where present, represent significant differences (P < 0.05).

1.3. Carotenoids

The content of carotenoids (Figure 6) in lettuce leaves showed a similar trend observed in chlorophyll a+b
analyses. In particular, in the first trial (Figure 6 A) the interaction between water and treatment was

significant, but unlike the chlorophyll content the high level of carotenoids observed in plants treated with
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Figure 39. Carotenoids content in lettuce leaves treated with water (CONTROL), glutamic acid, proline, GHI_16_VHL,
GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction: 70). Measures were
taken at the end of each growing cycle (A: 1st trial B: 29 trial). Values are means + SE (n =4). Data were subjected to
two-way ANOVA. Different letters, where present, represent significant differences (P < 0.05).
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glutamic acid and grown with less water did not result statistically significant if compared with the plants
treated with the same product and grown in well-watered condition. Similarly, in the second growing cycle
even if the interaction between factor was significant, no significant differences appeared between samples

(Figure 6 B).

1.4. Phenols and anthocyanins

Phenols content expressed as phenol index had the same trend both in the first and in the second growing
cycle. In particular, in the first growing cycle (Figure 7 A), the interaction between water and treatment was
statistically significant (P < 0.05) and a significant difference resulted between well-watered plants treated
with proline (10.633 ABSs0nm g7) and glutamic acid (5.925 ABSsonm g7). However, both values were not
significantly different from the control. In the second trial (Figure 7Figure 40 B), the level of phenols was
generally higher compared with the first one. Treatment factor resulted statistically significant (P < 0.05) and
phenol index of control plants grown with less water (17.355 ABSz;onm g2) was significantly lower than those
measure in well-watered plants treated with proline (41.857 ABSz0nm &) and plants treated with GHI_16_VHL

+ proline that received less water (33.188 ABSz0nm 87).
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Figure 40. Phenols content expressed as phenol index in lettuce leaves treated with water (CONTROL), glutamic acid,
proline, GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water
reduction: 70). Measures were taken at the end of each growing cycle (A: 1st trial B: 2" trial). Values are means * SE
(n =4). Data were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P
<0.05).
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Figure 41. Anthocyanin content expressed as mg of Cyanidin equivalents per 100 grams of fresh weight in lettuce
leaves treated with water (CONTROL), glutamic acid, proline, GHI_16_VHL, GHI_16_VHL + proline and grown under
two water regimes (well-watered: 100, water reduction: 70). Measures were taken at the end of each growing cycle
(A: 1sttrial B: 2 trial). Values are means * SE (n =4). Data were subjected to two-way ANOVA. Different letters, where
present, represent significant differences (P < 0.05).

Unlike phenolindex, the content of anthocyanin expressed as milligrams of Cyanidin equivalent per 100 grams
of fresh weight, was higher in the first trial (Figure 8 A) than in the second one (Figure 8 B) but the interaction
between water amount and treatment was statistically significant (P < 0.05) in both growing cycles. In the first
one anthocyanin content showed the same trend of phenols index whereas in the second one a different
trend resulted. In particular, in treated plants with GHI_16_VHL + proline, water reduction lead to a significant

increase of anthocyanin content, from 6.389 to 9.995 (Cyanidin-3 glucoside eq. mg/100 g?).
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1.5. Leaf colour

7 7 / /) % B2 70

1IN AW

7 7 7 7 1V 7 100
" é é é g 10- é
-20- ? ? 2 2 - ?

Al A AEl YE 20 F

C

60 50 D

NN\
N\NNNNNNNNN\NN\N\\\\N
NN\
NNNNNNNNNNNNNN\NX
NNNNN\NN\NN\NN\NN\N\N\\\\N
NN\

80

60

40

204

WNANNNNNNNN\NNN\N\\\\N

GHI_16_VHL + PROLINE 4

WNNNNNNNNNNNNNNN\Y

PROLINE
GHI_16_VHL s

ANNNNNNNNNNNNNNNY
ONNNNNNNNNNNNNNY

PROLINE
GHI_16_VHL,

g
g
A R

NN\
WNN\N\NN\N\N\\\\\\\N

CONTROL 1o

NNNNNNNNNNNN\N\Y

GLUTAMIC ACID £

CONTROL

GLUTAMIC ACID

GHI_16_VHL + PROLINE 4=

Figure 42. Colour expressed as the measured values of CIELAB a*, b* and L* of lettuce leaves treated with water
(CONTROL), glutamic acid, proline, GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-
watered: 100, water reduction: 70). Measures were taken at the end of each growing cycle (A, C, E: 1sttrial B, D, F: 2d
trial). Values are means + SE (n =4). Data were subjected to two-way ANOVA. Different letters, where present, represent
significant differences (P < 0.05).

CIELAB parameters a* (ranges from green (-) to red (+)), b*( range from blue (-) to yellow (+)) and L* (lightness
from black (0) to white (100)) describing the colour of lettuce leaves are represented in Figure SFigure 42.
During the first growing cycle the a* parameter (Figure 9Figure 42 A) was significantly affected by the amount

of water, whereas b* (Figure 9 C) and L* (Figure 9 E) did not change, not in response to water, or in response
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to treatment. In the second trial no significant difference resulted in any parameters measured (Figure 9 B, D,

F). Moreover, a* values were generally higher in the first growing cycle than in the second one, where an

opposite behaviour resulted for b* and L*.
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Figure 43. Colour expressed as the values C* (chroma) and h (hue) of lettuce leaves treated with water (CONTROL),

glutamic acid, proline, GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100,

water reduction: 70). Measures were taken at the end of each growing cycle (A, C: 15 trial B, D: 2" trial). Values are
means + SE (n =4). Data were subjected to two-way ANOVA. Different letters, where present, represent significant

differences (P < 0.05).

C* and h values are calculated from a* and b* parameters and represent the chroma and the hue,

respectively. C* values did not result significantly affected by water and treatment, not in the first or in the

second growing cycle (Figure 10Figure 43 A, B). Interestingly hue angle was significantly affected by the quantity

of water in the first trial (Figure 10Figure 43 C) and by the treatment in the second one (Figure 10Figure 43 D).

1.6. Chlorophyll a fluorescence
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Figure 44. Maximum quantum efficiency of PSIl (Fv/Fm) measured in lettuce leaves treated with water (CONTROL),
glutamic acid, proline, GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100,
water reduction: 70). Measures were taken one day after the first treatment (12/07 -6/10) (A, B), during the water
reduction (17/07-9/10) (C, D) and at the end of each trial (18/07-10/10) (E, F). (A, C, E: 1st trial B, D, F: 2" trial). Values
are means + SE (n =4). Data were subjected to two-way ANOVA. Different letters, where present, represent significant
differences (P < 0.05).

The analysis of chlorophyll a fluorescence provides useful information about the status of the photosynthetic

apparatus and the efficiency of photosynthesis. Fv/Fm is the maximum gquantum yield of PSIl and is normally
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used as indicator of the health status of plants. Optimal values are around 0.83 — 0.84, while lower value
usually means that plants are exposed to stress causing photoinhibition. In the first growing cycle Fv/Fm ratio
were around 0.87 after the first treatment (Figure 11 A). All values generally decreased during the water
reduction, mostly in well-watered plants treated with water and proline (Figure 11 C), however, at the end of
the trial Fv/Fm ratio increased in all samples to an average value of 0.89 (Figure 11 E). No significant effect
resulted from the statistical analysis in any of the time points. In the second growing cycle Fv/Fm values were
generally slightly lower than first one. A significant effect of the treatment resulted one day after the first
application (Figure 11 B) and Fv/Fm average was around 0.84 except for plants treated with GHI_16_VHL +
proline and well-watered plants treated with glutamic acid, that showed lower values. During the water
reduction the amount of water resulted statistically significant (Figure 11 D) and a decrease in Fv/Fm ratio
appeared in plants watered with less water. No significant difference resulted at the end of the cycle and all
values was around 0.85 (Figure 11 F).

A similar trend has been observed in the performance index (Pl) (Figure 12Figure 45) and in the number of
reaction centres per cross section (RC/CSm) (Figure 13). Pl is a very sensitive parameter that correlate with
stress and gives us information about the status of both photosystem | and Il is the performance index (PI). A
slight decrease appeared during the water reduction in both growing cycles, and lettuce plants of the second
growing cycle (around 1.0) showed lower values if compare with the first one (around 1.5). No significant
differences resulted, not in response to treatment application or water amount.

During the first growing cycle the number of RC/CSm was significantly affected by the interaction between
water and treatment one day after the first treatment (Figure 13 A) and at the end of the experiment (Figure
46 E). RC/CSm as well as Pl and Fv/Fm, decreased during the water reduction from an average value of 923 to
732 and then increased again at the end of the trial. During the second growing cycle, no significant effect was
detected in any time point examined.

The dissipation of energy per reaction centre (Dlo/RC) was significantly affected by the interaction of water
and treatment one day after the first treatment (Figure 47 A). In particular, under well-watered condition,
glutamic acid treatment induced a significant decrease in Dlo/RC value, if compared with control plants. The
same trend was not visible in the following time points. During the second trial all values were generally higher
than those observed in the first one and an opposite response appeared after the first treatment when well-

watered plants treated with glutamic acid had a higher value than control (Figure 47 B).
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Figure 45. Performance index (PI) measured in lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction: 70).
Measures were taken one day after the first treatment (12/07 -6/10) (A, B), during the water reduction (17/07-9/10)
(C, D) and at the end of each trial (18/07-10/10) (E, F). (A, C, E: 1st trial B, D, F: 29 trial). Values are means + SE (n =4).
Data were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P < 0.05).
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Figure 46. Number of reactions centres for cross section (RC/CSm) measured in lettuce leaves treated with water
(CONTROL), glutamic acid, proline, GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-
watered: 100, water reduction: 70). Measures were taken one day after the first treatment (12/07 -6/10) (A, B), during
the water reduction (17/07-9/10) (C, D) and at the end of each trial (18/07-10/10) (E, F). (A, C, E: 1st trial B, D, F: 2nd
trial). Values are means + SE (n =4). Data were subjected to two-way ANOVA. Different letters, where present, represent
significant differences (P < 0.05).
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Figure 47. Dissipation of energy per reaction centre (Dlo/RC) measured in lettuce leaves treated with water
(CONTROL), glutamic acid, proline, GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-
watered: 100, water deprivation: 70). Measures were taken one day after the first treatment (12/07 -6/10) (A, B),
during the water deprivation (17/07-9/10) (C, D) and at the end of each trial (18/07-10/10) (E, F). (A, C, E: 1t trial B,
D, F: 2™ trial). Values are means * SE (n =4). Data were subjected to two-way ANOVA. Different letters, where
present, represent significant differences (P < 0.05).

Fluorescence variables measured in light adapted leaves are reported in Table 19. In the first growing cycle no
significant difference resulted in the effective PSIl quantum efficiency of illuminated sample (¢prsi), and average
value was around 0.806. In the same experiment the electron transport rate (ETR) has been significantly (P <
0.05) affected by the treatments and ETR value of plants treated with glutamic acid and grown with a low
amount of water was significantly higher than control plants, both well irrigated and with less water. During

the second growing cycle dps; values were generally lower than those observed in the first one, whereas ETR

180



values were much higher than the first one, from three to seven time higher. The interaction between
treatment and water level significantly affected both parameters. Moreover, plants grown with less water

and treated with glutamic acid had the lowest s value (0.411) and the highest ETR value (65.135).

Table 19. Effective PSII quantum efficiency (dbpsi) and electron transport rate (ETR) measured in lettuce leaves treated
with water (CONTROL), glutamic acid, proline, GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes
(well-watered: 100, water reduction: 70). Measures were taken and at the end of each trial. Values are means + SE (n
=5 1st trial or n=4 2 trial). Data were subjected to two-way ANOVA. Different letters, where present, represent
significant differences (P < 0.05).

1st TRIAL 24 TRIAL
WATER
TREATMENT Boon ETR boen ETR
CONTROL 70 0.806 + 0.002 7.213+0.457b 0.639£0.020ab | 36.122 +6.506 ab
100 0.811 +0.004 7.466 +0.386 bc 0.678 £0.030 a 26.217+4.673 b
GLUTAMIC ACID 70 0.803 + 0.002 9.101+0.207 a 0.411+0.101b 65.135+13.696 a
100 0.802 £0.001 | 8.519+0.483 abc 0.718 £ 0.008 a 30.706 £1.326 b
PROLINE 70 0.803 +£0.003 | 7.891+0.383 abc 0.687 +0.003 a 32.641+3.872b
100 0.805+0.003 | 7.710+0.166 abc 0.687+0.013 a 25.564 +3.805 b
GHI_16_VHL 70 0.806 £ 0.004 | 8.554 +0.442 abc 0.719+0.017 a 32.234+4.394b
100 0.807 +0.003 8.888+0.171 ac 0.729+0.007 a 28.583+4.673b
GHI_16_VHL + PROLINE | 70 0.805 + 0.002 9.031+0.228 ac 0.725+0.015a 25.938+1.604 b
100 0.810+0.003 | 8.609 £0.298 abc | 0.550+0.092 ab | 44.406 + 8.879 ab

1.7. Gas exchanges and water use efficiency

In the first growing cycle leaf conductance (gs) was not affected by treatment or water amount and values
averaged between 200 and 400 mol H,0 m s? (Figure 50 A). Plants treated with GHI_16_VHL alone or in
combination with proline showed a slight increase in response to water reduction, while an opposite trend
resulted in plants treated with glutamic acid. In the second experiment (Figure 50 B) all values were generally
lower than 150 mol H,0 m?s?, the variability was higher and the interaction between water and treatment

was statistically significant. In particular, in well-watered condition a slight decrease in gs appeared in response
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to all treatments but only in plant treated with proline the decrease was significant. Moreover, water
reduction decreased the gs value of almost all plants, except for plants treated with proline.

The same trend appeared in transpiration rate (E) (Figure 48) whereas net photosynthetic rate (Pn) (Figure 49)
was significantly affected by the amount of water during the first trial and plants received less water had higher
values if compared with the well-watered. Moreover, in the second trial, Pn values of plants treated with
GHI_16_VHL alone or in combination with proline and irrigated with less water were significantly higher than

control and plants treated with glutamic acid.
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Figure 48. Transpiration rate (E) measured in lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction: 70).
Measures were taken at the end of each growing cycle (A: 15t trial B: 2" trial). Values are means * SE (n =3). Data
were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P < 0.05).
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Figure 49. Net photosynthetic rate (Pn) measured in lettuce leaves treated with water (CONTROL), glutamic acid,
proline, GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water
reduction: 70). Measures were taken at the end of each growing cycle (A: 1st trial B: 2" trial). Values are means + SE

(n =3). Data were subjected to two-way ANOVA. Different letters, where present, represent significant differences

(P <0.05).
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Figure 50. Leaf conductance (gs) measured in lettuce leaves treated with water (CONTROL), glutamic acid, proline,

GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction:
70). Measures were taken at the end of each growing cycle (A: 1¢t trial B: 2" trial). Values are means * SE (n =3).

Data were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P <

0.05).
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Intrinsic water use efficiency calculated as the ratio between Pn and gs is reported in Figure 51. No significant
effect resulted in the first growing cycle whereas in the second one the interaction between the amount of
water and the treatments was statistically significant. In particular, highest value was reached in plants treated

with GHI_16_VHL alone in combination with the reduction of irrigation.
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Figure 51. Intrinsic water use efficiency of lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction: 70).
Measures were taken at the end of each growing cycle (A: 15t trial B: 2" trial). Values are means * SE (n =3). Data
were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P < 0.05).

A ssimilar trend resulted in the photosynthetic water use efficiency Figure 52. Unlike iWUE, pWUE values were
higher in the second growing cycle than in the first one. During the first experiment all values were similar to
the control, with the exception of plants treated with glutamic acid that received less water and well-watered
plant treated with GH_16_VHL + proline. However, since the variability of the samples was high no significant
differences appeared. As observed in iWUE, also in the second growing cycle GHI 16 VHL treatment

significantly increased the pWUE of plants that received less water.
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Figure 52. Photosynthetic water use efficiency of lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction: 70).
Measures were taken at the end of each growing cycle (A: 1st trial B: 2" trial). Values are means + SE (n =3). Data were
subjected to two-way ANOVA. Different letters, where present, represent significant differences (P < 0.05).

1.8. Abscisic acid

The endogenous ABA concentrations in lettuce leaves are reported in Table 20.Treatments significatively (P <
0.05) affected ABA content in both growing cycles. In the first one ABA level increased after water reduction
in control plants, in plants treated with glutamic acid and with GHI_16_VHL, while it decreased after the
application of proline and GHI_16_VHL + proline. Moreover, control plants had the lowest values compared
with the other treatments. An unexpected increase in ABA levels was measured in plants treated with
GHI_16_VHL + proline.

Results obtained in the second experiment did not confirm the previous trend and control plants reached
higher levels of ABA compared with almost all other treatments. The increased observed in response to
GHi_16_VHL + proline treatment during the first trial was not detected in the second one. On the contrary,

ABA concentration was significantly lower than control plants.
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Table 20. Abscisic acid content in lettuce leaves treated with water (CONTROL), glutamic acid, proline, GHI_16_VHL,
GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction: 70). Measures were
taken at the end of each growing cycle. Values are means + SE (n =4).

ABA [ng g']
TRETMENT WATER
1%t TRIAL 2" TRIAL

70 37.985 +10.683 b 68.850 + 8.526 ab
CONTROL

100 15.346 + 7.969 b 92.653+4.719a

70 73.564 +10.623 b 15.219+2.202 b
GLUTAMIC ACID

100 49.192 +10.320b 8.010+3.216b

70 47.621+5.781b 32.252+3.632 ab
PROLINE

100 66.059 +13.946 b 44.014 + 25.179 ab

70 42.653+9.489b 23.599+4.300b
GHI_16_VHL

100 36.190 £ 8.449 b 73.278 +33.473 ab

70 1461.683 + 202.834 a 23.737 +0.818 b
GHI_16_VHL + PROLINE

100 1618.181 +193.481 a 15.454 + 8.029 b

1.9. Nitrate

Nitrate content in lettuce leaves measure was always below the EU thresholds (4000 mg kg-1 FW for the first
growing cycle and 5000 mg kg-1 FW for the second one) both in the first and in the second growing cycles
(Figure 53). In particular, in the first experiment the content of nitrate in lettuce leaves was much higher than

second trial and they show a high variability between replication that probably did not allow to see any
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Figure 53. Nitrate concentration in lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction:
70). Measures were taken at the end of each growing cycle (A: 15t trial B: 2" trial). Values are means + SE (n =4).
Data were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P <
0.05).
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significant difference. Values averaged from 720 to 2929 mg kg FW, detected in well-watered plants treated
with proline and with GHI_16_VHL + proline, respectively. In plants grown under suboptimal condition nitrate
concentration was similar to the control, regardless the treatment. On the contrary, in well-watered
conditions plants treated with proline decreased the nitrate levels while GHI_16_VHL treatment alone or in
combination with proline had an opposite effect.

In the second experiment water reduction induced a decrease in nitrate content in almost all treatment, with
the exception of plants treated with proline where an opposite effect resulted. The highest nitrate content

was observed in plants treated with GHI_16_VHL, however, the replications presented high variability.

1.10. Proline and osmolytes
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Figure 54. Proline concentration in lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction:
70). Measures were taken at the end of each growing cycle (A: 15t trial B: 2 trial). Values are means + SE (n =4).
Data were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P <
0.05).

The content of proline in lettuce leaves was not affected by the water reduction or by the different treatments
(Figure 54). Average values ranged between 7.8 to 11.3 ug g FW during the first growing cycle. In the second
one the variability of the replicants did not allow highlighting any significant differences among samples,
however, proline concentration was generally higher than the first trial, except for lettuce plants treated with
GHI_16_VHL + proline.

The concentration of osmolytes in lettuce leaves was not affected by the water amount or by the treatment
in both experiments and all values were around 0.09 mOsm kg? g* FW (Figure 55). A slight increase was

observed in control plants and in plants treated with proline after the water reduction.
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Figure 55. Osmolytes concentration in lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water
reduction: 70). Measures were taken at the end of each growing cycle (A: 1t trial B: 2" trial). Values are
means * SE (n =4). Data were subjected to two-way ANOVA. Different letters, where present, represent
significant differences (P < 0.05).

1.11. Sucrose and total sugars
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Figure 56. Sucrose concentration in lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction:
70). Measures were taken at the end of each growing cycle (A: 15t trial B: 2" trial). Values are means + SE (n =4).
Data were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P <
0.05).
The concentration of sucrose was affected by the treatments during the first cycle and both by the treatment
and the water amount in the second one. In particular, in the first growing cycle GHI_16_VHL treatment
induced a significant decrease in sucrose content in well-watered plants, if compared with the control. Except

for this, the content of sucrose in well-watered plants was around 4 mg g™ whereas in plants subjected to
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water reduction the sucrose level was low. A similar trend was observed also in the second growing cycle;

however, all values were generally higher than those measured in the first one.
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Figure 57. Total sugars concentration in lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction:
70). Measures were taken at the end of each growing cycle (A: 1st trial B: 2" trial). Values are means + SE (n =4).
Data were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P <
0.05).
The concentration of total sugars in lettuce plants was affected by the interaction between water amount and
treatment, during the first growing cycle. In particular, in control plants and in plants treated with GHI_16_VHL
alone, the water reduction slightly increased the concentration of the sugars. In all other condition an opposite
tendency appeared. A significant difference resulted between control plants and plants treated with
GHI_16_VHL + proline, and grown under water reduction. During the second trial, the application of the

treatments resulted statistically significant. Even if no differences resulted among samples, plants treated with

GHI_16_VHL alone had the lower sugar values, regardless the amount of water received.

1.12. Lipid peroxidation

In the present study, MDA content in lettuce leaves did not change during the first and the second growing
cycle and all values were not significantly different from the control. In particular, in the first trial the average
value was around 1.54 nmol g*, whereas in the second one all values were higher than 2 nmol g* and the

interaction between water and treatment was significant.
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Figure 58. MDA concentration in lettuce leaves treated with water (CONTROL), glutamic acid, proline,
GHI_16_VHL, GHI_16_VHL + proline and grown under two water regimes (well-watered: 100, water reduction:
70). Measures were taken at the end of each growing cycle (A: 1st trial B: 2" trial). Values are means + SE (n =4).
Data were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P <
0.05).
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1.1. Yield, dry weight and dry matter
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Figure 59. Yield (A), dry weight (B) and dry matter (C) of lettuce treated with water (CONTROL), glutamic acid
and GHI_18_VHLGIu and grown under two water regimes (well-watered: NO STRESS and water stress and re-
watering: STRESS). Measures were taken at the end of the growing cycle. Values are means + SE (n =3). Data
were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P <
0.05).
The yield of lettuce plants was significantly affected by the water stress period, in particular the average value
of non-stressed plants was 1424 g m whereas plants subjected to water deprivation had a value of 938 g m’
2, At the same time, any of the treatment applied had a significant effect during the recovery period after the
water stress (Figure 59 A). The same trend resulted in the dry weight (Figure 59 B) and the average value of

stressed plants (4 g) was half of the non-stressed weight (8 g). However, the difference of dry matter between

stressed and non-stressed plants was not significant and values ranged from 4.4% to 5.7% (Figure 59 C).

1.2. Chlorophyll

The level of chlorophyll measured during the water stress event and after 24 hours from the third treatment
is reported in Figure 60 A. Water stress had a significant effect on chlorophyll content and values observed in
lettuce plants subjected to water deprivation were generally lower that those measure in non-stressful plants.
However, statistical analyses did not reveal any significant difference among the treatments. At the ned of the
cycle (Figure 60 B), after the recovery period chlorophyll content in stressed plants increased reaching the

same values measured in plants grown with a constant water supply.
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Figure 60. Chlorophyll content determined in vivo in lettuce leaves treated with water (CONTROL), glutamic acid
and GHI_18_VHLGIu and grown under two water regimes (well-watered: NO STRESS and water stress and re-
watering: STRESS). Measures were taken during the water stress (3/07) (A) and at the end of the cycle after the re-
watering (12/07) (B). Values are means * SE (n =15). Data were subjected to two-way ANOVA. Different letters,
where present, represent significant differences (P < 0.05).

1.3. Chlorophyll a fluorescence
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Figure 61. Maximum quantum efficiency of PSIl (Fv/Fm) measured in lettuce leaves treated with water (CONTROL),
glutamic acid and GHI_18_VHLGIu and grown under two water regimes (well-watered: NO STRESS and water stress
and re-watering: STRESS). Measures were taken during the water stress (3/07) (A) and at the end of the cycle after
the re-watering (12/07) (B). Values are means * SE (n =6). Data were subjected to two-way ANOVA. Different letters,
where present, represent significant differences (P < 0.05).

The maximum quantum efficiency of PSII (Fv/Fm) measured during the water deprivation was significantly
lower in stressed plants if compared with those grown under constant water supply (Figure 61 A). In particular,
the average values were 0.86 in non-stressed plants and 0.84 in stressed plants. At the end of the cycle all
values stabilised around 0.86, in both growing conditions and regardless the treatments applied (Figure 61 B).
A similar result was obtained also in the measure of performance index (Pl) of lettuce plants. This parameter
gives us information about the functionality of the leaves and the water deprivation had a significant effect
(Figure 62 A). After the re-watering Pl increased in stressed plants reaching the same values of plants grown

under non-stressed conditions (Figure 62 B).
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Figure 62. Performance index (PI) measured in lettuce leaves treated with water (CONTROL), glutamic acid
and GHI_18_VHLGIu and grown under two water regimes (well-watered: NO STRESS and water stress and re-
watering: STRESS). Measures were taken during the water stress (3/07) (A) and at the end of the cycle after
the re-watering (12/07) (B). Values are means * SE (n =6). Data were subjected to two-way ANOVA. Different
letters, where present, represent significant differences (P < 0.05).

The measurement of the chlorophyll a fluorescence in real condition showed similar results. Indeed, both the
effective PSII quantum efficiency (¢PSIl) (Figure 63 A) and the electron transport rate (ETR) (Figure 63 B)
measured at the end of the cycle showed that the photosynthetic apparatus functionality fully recovered after
the re-watering. Moreover, a significant interaction between the stress and the treatment appeared in ETR

analysis. In contrast, a significant difference appeared in the analysis of steady-state fluorescence (Fs).
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Figure 63. Effective PSII quantum efficiency (¢esi) (A) and electron transport rate (ETR) (B) and steady-state Chl
fluorescence (Fs) (C) measured in lettuce leaves treated with water (CONTROL), glutamic acid and
GHI_18_VHLGIu and grown under two water regimes (well-watered: NO STRESS and water stress and re-
watering: STRESS). Measures were taken at the end of the cycle after the re-watering (12/07). Values are means
+ SE (n =15). Data were subjected to two-way ANOVA. Different letters, where present, represent significant
differences (P < 0.05).
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In particular, the value measured in non-stressed plants treated with water was significantly higher than those

measured in stressed plants, regardless the treatment received (Figure 63 C).

1.4. Nitrate

15000
CONTROL

= EE GLUTAMIC ACID
w
T 10000 B GHI_18_VHLGIu
£
o
£
S 5000
g
£

NO STRESS STRESS

Figure 64. Nitrate content measured in lettuce leaves treated with water (CONTROL), glutamic acid and GHI_18_VHLGIu
and grown under two water regimes (well-watered: NO STRESS and water stress and re-watering: STRESS). Measures
were taken during the water stress (3/07). Values are means + SE (n =3). Data were subjected to two-way ANOVA.
Different letters, where present, represent significant differences (P < 0.05).

The concentration of nitrate in lettuce leaves measured during the stress period was significantly affected by
the water supply differently from the treatment applied 24 hours before (Figure 64). In particular, under non
stressful conditions the average value was 4386 mg kg! FW whereas in stressed plants the nitrate
concentration reached the value of 8559 mg kg FW. Moreover, under stressed conditions a slight but not

significant decrease in nitrate level appeared in plants treated with glutamic acid.

1.5. Water use efficiency

The water use efficiency of lettuce plants calculated as ratio between the fresh biomass at the end of the
growing cycle and the total amount of water received from each plants is reported in Figure 65. Water stress
significantly affected the WUE and in particular a significant decrease resulted in plants treated with glutamic
acid. On the contrary the values calculated for plants treated with water or with the biostimulant prototype

were not significantly different from those measured in non-stressed plants treated with the same product.
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Figure 65. Water use efficiency of lettuce treated with water (CONTROL), glutamic acid and GHI_18_VHLGIu and
grown under two water regimes (well-watered: NO STRESS and water stress and re-watering: STRESS). Measures
were taken at the end of the growing cycle after the re-watering (12/07). Values are means + SE (n =3). Data were
subjected to two-way ANOVA. Different letters, where present, represent significant differences (P < 0.05).

1.6. Proline and osmolytes

The concentration of proline and osmolytes in lettuce leaves during the period of water deprivation was
significantly affected by the stress but any effect resulted from the treatments applied 24 hours before (Figure
66 A and B). In particular, the average level of proline in non-stressed plants was about 18 ug g* whereas in
those grown under water stress it reached the value of 451 pg g*. Similarly, the average concentration of

osmolytes was 0.094 mOsm kg™ g in non-stressed plants and 0.194 mOsm kg g in stressed plants.
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Figure 66. Proline and osmolytes concentrations in lettuce leaves treated with water (CONTROL), glutamic acid and
GHI_18_VHLGIu and grown under two water regimes (well-watered: NO STRESS and water stress and re-watering:
STRESS). Measures were taken during the water stress (3/07). Values are means + SE (n =3). Data were subjected to
two-way ANOVA. Different letters, where present, represent significant differences (P < 0.05).

1.7. Gene expression of LsSOD, LsCAT, LsAPX, LsMDAR, LsDHAR and LsGR

The changes in the expression of the genes involved in the ascorbate-glutathione cycle have been clustered
into a heatmap (Table 21). Further on, a graph representing the expression analysis of each gene is presented

(Figure 67). Different trends resulted in response to water stress, treatments and during time. Stressful

195



growing condition induced a general decrease in the expression levels of all genes, especially in LsCAT and

LsAPX as shown by the blue colour shades in the heatmap.

Table 21. Heatmap showing temporal expression of selected genes in lettuce plants grown under water stress condition
and treated with a water (CONTROL), GHI_18 VHLGIu and glutamic acid. Data are - ddCt calculated as - (Ct,Target -
Ct,housekeeping)Time x - (Ct,Target - Ct,housekeeping)Time 0, where time x is any time point and time O is the expression
of the target gene normalized to the housekeeping in non-stressed and non-treated samples after 3 hours. The rows
represent the genes, and within each row the blue shaded areas indicate lower expression, whereas the red shaded areas
indicate higher expression. No differences were visualized by white squares.
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Figure 67. Changes in the expression of LsSOD (A), LsCAT (B), LsAPX (C), LsMDAR (D), LsDHAR (E), LsGR (F) in lettuce leaves
treated with water (CONTROL), glutamic acid and GHI_18_VHLGIu and grown under two water regimes (well-watered: NO
STRESS and water stress and re-watering: STRESS. Measures were taken 3 and 6 hours after the third treatment, before the
re-watering. Values are means * SE (n = 6). Data were subjected to three-way ANOVA.
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1.1. Yield

The yield of lettuce plants was significantly affected by the salt stress conditions as shown in the Figure 68. At
the same time any effect resulted from the application of the glutamic acid or the biostimulant prototype. In
particular, the average yields were about 668 g m? and 500 g m? in plants grown under optimal and non-

stressful conditions, respectively.
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Figure 68. Yield of lettuce treated with water (CONTROL), glutamic acid and GHI_18_VHLGIu and grown under two
salt levels (NO STRESS and 100 mM NaCl: STRESS). Measures were taken at the end of the growing cycle. Values are
means + SE (n =6). Data were subjected to two-way ANOVA. Different letters, where present, represent significant
differences (P < 0.05).

1.2. Chlorophyll

The levels of chlorophyll resulted significantly higher in plants subjected to salt stress if compared with those

grown under optimal conditions (Figure 69) regardless the application of the glutamic acid or the biostimulant

prototype.
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Figure 69. Chlorophyll content determined in vivo in lettuce leaves treated with water (CONTROL), glutamic acid and
GHI_18 VHLGIu and grown under two salt levels (NO STRESS and 100 mM NaCl: STRESS). Measures were taken at the
end of the growing cycle. Values are means + SE (n =30). Data were subjected to two-way ANOVA. Different letters,
where present, represent significant differences (P < 0.05).
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1.3. Chlorophyll a fluorescence
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Figure 70. Maximum quantum efficiency of PSII (Fv/Fm) (A) and performance index (PI) (B) measured in lettuce leaves
treated with water (CONTROL), glutamic acid and GHI_18 VHLGIu and grown under two salt levels (NO STRESS and 100
mM NaCl: STRESS). Measures were taken at the end of the growing cycle. Values are means * SE (n =6). Data were
subjected to two-way ANOVA. Different letters, where present, represent significant differences (P < 0.05).

The maximum quantum efficiency of PSII (Fv/Fm) was not affected by the salinity of the growing conditions
or by the treatments applied and almost all records were about 0.86 (Figure 70 A). A low average value and a

high variability resulted in control plants grown under non-stressful conditions. On the contrary, the

performance index (P1) was significantly increased in plants subjected to salt stress (Figure 70 B).
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Figure 71. Net photosynthetic rate (Pn) measured in lettuce leaves treated with water (CONTROL), glutamic acid and
GHI_18_VHLGIu and grown under two salt levels (NO STRESS and 100 mM NaCl: STRESS). Measures were taken at the end of
the growing cycle. Values are means * SE (n =5). Data were subjected to two-way ANOVA. Different letters, where present,
represent significant differences (P < 0.05).

The analysis of gas exchange and in particular the net photosynthetic rate (Pn) of lettuce leaves was slightly

but not significantly higher in plants grown under salt stress conditions. However, the results obtained showed

a high variability, in particular in response to water treatment (control). In both growing conditions the trends

observed in response to the treatment were similar. The highest value was measured in control plants, the

medium in plants treated with the biostimulant prototype, and the lowest in response to glutamic acid

application.
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1.5. Leaf nitrate

Salt stress has a significant effect on the concentration of nitrate in lettuce leaves. In particular, the levels
measured in plants grown under high salinity (Figure 72). The application of glutamic acid and the prototype

did not show any significant effect even if a slight increase resulted under stress conditions.
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Figure 72. Nitrate content measured in lettuce leaves treated with water (CONTROL), glutamic acid and GHI_18_VHLGIu and
grown under two salt levels (NO STRESS and 100 mM NaCl: STRESS). Measures were taken at the end of the growing cycle.
Values are means + SE (n =6). Data were subjected to two-way ANOVA. Different letters, where present, represent significant
differences (P < 0.05).

1.6. Proline and osmolytes

The concentration of proline in lettuce leaves was significantly affected by the salt stress (Figure 73 A). In
particular, under non-stressful condition the average value was about 12 pg g* whereas in stressed plants
values increased to reach a maximum of 234 pg g in response to water treatments (control). However, the
high variability resulted in control plants did not allowed to see any significant differences among the effect of
the treatments under salt stress conditions.

The osmolytes concentration in lettuce leaves was significantly increased by the salt stress in plants treated
with the glutamic acid and with the biostimulant prototype. No significant difference resulted in control plants

(Figure 73 B).
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Figure 73. Proline (A) and osmolytes (B) concentration in lettuce leaves treated with water (CONTROL), glutamic acid and
GHI_18_VHLGIu and grown under two salt levels (NO STRESS and 100 mM NaCl: STRESS). Measures were taken at the
end of the growing cycle. Values are means + SE (n =6). Data were subjected to two-way ANOVA. Different letters, where

present, represent significant differences (P < 0.05).

1.7. Abscisic acid

A significant effect of the salt stress resulted in the concentration of abscisic acid in lettuces leaves and ABA
levels were generally low in plants grown under high salinity (Figure 74). Moreover, under non-stressful
conditions the treatment with glutamic acid slightly increased the ABA accumulation. Due to the high

variability of the results it was not possible to identify any significant difference.

600 A
CONTROL

EE GLUTAMIC ACID

400 E=d GHI_18_VHLGIu

ABA [ng g™"]

200 A

NO STRESS STRESS

Figure 74. Abscisic acid concentration measured in lettuce leaves treated with water (CONTROL), glutamic acid and
GHI_18_VHLGIu and grown under two salt levels (NO STRESS and 100 mM NaCl: STRESS). Measures were taken at
the end of the growing cycle. Values are means + SE (n =6). Data were subjected to two-way ANOVA. Different
letters, where present, represent significant differences (P < 0.05).

1.8. Expression analyses of LsSOD, LsCAT, LsAPX, LSMDAR, LsDHAR and LsGR

The changes in the expression of the genes involved in the ascorbate-glutathione cycle have been clustered
into a heatmap (Table 22). Further on, a graph representing the expression analysis of each gene is presented

(Figure 75). Different trends resulted in response to salt stress, treatments and during time. Stressful growing
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condition induced a general decrease in the expression levels of LsCAT, LsAPX, LsMDAR, and LsDHAR. On the

contrary, an increase in the expression resulted in LsSOD levels as shown by the colour shades in the heatmap.

Table 22. Heatmap showing temporal expression of selected genes in lettuce plants grown under salt stress condition
and treated with a water (CONTROL), GHI_18 VHLGIu and glutamic acid. Data are - ddCt calculated as - (Ct,Target -
Ct,housekeeping)Time x - (Ct,Target - Ct,housekeeping)Time O, where time x is any time point and time 0 is the
expression of the target gene normalized to the housekeeping in non-stressed and non-treated samples after 3 hours.
The rows represent the genes, and within each row the blue shaded areas indicate lower expression, whereas the red
shaded areas indicate higher expression. No differences were visualized by white squares
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DISCUSSION AND CONCLUSION

Among horticultural crops, leafy vegetables need constant soil moisture and they require high amount of
water during all growing cycle. The aim of the work was the study of the efficacy of a biostimulant prototype
on lettuce crop grown under stressful conditions. In the first activity we choose a baby leaf cultivar and the
object was the study of plants response to a short period of water reduction in combination with the
application of the biostimulant prototype GHI_16_VHL.

In common practice of baby-leaf production, during the week before the harvest and especially the evening
before, irrigation is essential to maximize yield, increase the turgidity of the leaves and minimize postharvest
losses. Indeed, one of the main quality traits of lettuce salad is the high water content [53]. Optimal substrate
moisture tension was kept around -40 -50 kPa whereas in suboptimal conditions values were lowered to -110
kPa, in accordance to those reported by Hanson et al. [54]. These values were chosen in order to keep
moisture deficit, without reaching a stressful condition for plants growth. Results obtained in this study
demonstrated that plants are able to perceive a water reduction around 30% without showing the typical
stress responses. Plants exposed to water stress generally increase osmolytes accumulation in their tissues in
order to increase water uptake and maintain cell turgor pressure [55]. In our experiment, a slight but not
significant accumulation of osmolytes was observed in control plants grown in suboptimal conditions, both in
the first and in the second trial. A similar effect resulted in the final yields too and non-treated plants had lower
values in response to water reduction if compared to those grown under optimal conditions. The decrease in
final yield was more evident in control plants during the first growing cycle, and this make sense since water
supply is particularly critical in summer season. Overall, no significant effect resulted in lettuce yield in
response to treatments or irrigation levels. Agami, [56] reported that lettuce plants grown with a reduction in
irrigation water regime around 40% of field capacity showed a significative decrease both in fresh and dry
weight. Our results confirmed that a decrease of water around 30% for a limited period is not enough to affect
lettuce growth, even in baby leaf production.

Total sugars and sucrose concentration showed different trends in response to treatments applications. In
particular, treatments with the biostimulant prototype strongly decreased their levels, mostly during the first
growing cycle. Since lettuce yield did not decrease in the same plants, it probably means that GHI_16_VHL did
not interfere with plants growth metabolisms. Moreover, neither net photosynthetic rate nor chlorophyll
content and the efficiency of PSIl changed in response to the same treatment, meaning that the low levels of
sugars are not due to a deficient biosynthesis machinery. The possible explanation for this trend of changes is
that the biostimulant prototype is able to stimulate chemical reactions regulated by sucrose. In plants treated

with GHI_16_VHL + proline the effect was less conspicuous. It might be related to the effect of proline as
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reported also by Moustakas et al., [57]. They observed that exogenous proline positively affected sugars
accumulation in Arabidopsis thaliana leaves under water stress conditions.

Photosynthetic pigments are frequently used as indicator of plants physiological status [58]. The high level of
chlorophyll in plants treated with glutamic acid obtained in the first trial might have sense since this amino
acid is a precursor in the biosynthesis of chlorophyll [59]. Unfortunately, the second growing cycle did not
confirm the results. Moreover, changes in chlorophyll content have not been reflected in leaves colours, as
resulted from leaves colour analyses.

The same trend observed in chlorophyll content, appeared also in the analysis of carotenoids concentration.
The highest level of these pigments concurrently with the highest level of chlorophyll in plants treated with
glutamic acid and grown with less water might be explained by their role in chloroplasts. Indeed, in addition
to the activity as accessory pigments harvesting light, carotenoids are essential in photoprotection of
photosynthetic apparatus [60].

There are conflicting reports concerning the effects of exogenous proline on chlorophyll and carotenoids;
Some authors reported an increase of photosynthetic pigments in fennel [61], maize [62] or fava beans [63)]
after the application of 20, 25 or 30 mM proline but, for instance, in the same study on fava beans, a treatment
with 50 mM proline caused significant decreases in chlorophyll and carotenoids content. In addition, Hare et
al., [47] observed a dose-dependent damage to chloroplasts in Arabidopsis thaliana.

The analysis of chlorophyll a fluorescence provides useful information about the photosynthetic apparatus
status and the efficiency of photosynthesis. Almost all chlorophyll fluorescence parameters did not show any
statistical differences in response to treatments neither in response to water reduction. Fv/Fm is the
maximum quantum yield of PSIl and is normally used as indicator of the health status of plants even if it is not
very sensitive to early changes of photosynthesis induced by water stress [64]. Optimal values in herbaceous
crops are around 0.83 —0.84 while lower values usually mean that plants are exposed to some stresses causing
photoinhibition. Similar trend was observed in the effective PSIl quantum efficiency of illuminated sample
(cbpsi). During the second growing cycle a low value resulted in plants treated with glutamic acid and grown
with less water. Since the other analyses performed did not indicate any damages caused by glutamic acid
treatments, the low value might be related to the high variability observed among replications.

A very sensitive parameter that correlate with stress and gives us information about the status of both
photosystem land Il is the performance index (PI). Pl values usually decline with the decrease of relative water
content and so in water stress condition. At the same time, high Pl values might be considered as a defensive
mechanism of plant on moderate water stress [65—68]. In the present study, despite small changes in
response to water amount and treatments, all Pl values were not statistically different from the control plants

grown in optimal conditions.
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The dissipation of energy per reaction centre (Dlo/RC) showed an opposite trend in well-watered plants
treated with glutamic acid comparing the two growing cycles. High values of this parameter are usually
associated to photoinhibition stress [69], but it is also related with the number of RC. As observed in the results
above, RC/CSm index was lower in plant grown without water reduction, thus the highest level of Dlo/RC in
glutamic acid treated samples doesn’t imply a stress condition. Indeed, Lv et al., [35] showed that the
application of glutamic acid as foliar spray on non-stressed Crataegus pinnatifida positively affected
chlorophyll fluorescence and dissipation energy index decreased.

The low ETR parameters obtained in the first growing cycle are due to the low PAR values measured.
Moreover, both in the first and in the second growing cycle ETR levels were higher in plants treated with
glutamic acid and subjected to water reduction if compare with control.

In addition to photosynthetic pigments, phenols compounds are usually investigated in plants. They are a
group of secondary metabolites with several roles, they are involved in the colour of fruits and flowers, but
they are also functional as antioxidants in scavenging peroxyl radicals in plant tissues [70]. In the second
growing cycle a significant increase was observed in lettuce plants treated with proline. This is in accordance
to those reported by Kwok and Shetty [71]. Indeed, they proposed that proline can stimulate the pentose
phosphate, shikimate and phenylpropanoid pathways, and ultimately lead to an increase in phenolic
synthesis. Moreover, Aksakal et al., [72] found that exogenous proline increases total phenolic concentration
in the seedlings of lettuce exposed to UV-B radiation. Lettuce is a good source of several nutrients and it is
considered to have a good antioxidant capacity, also due to its phenolic compounds composition [73].

Gas exchanges analysis is a useful non-destructive method frequently used to evaluate the health-status of
the photosynthetic apparatus. Results obtained in the first cycle did not show any differences whereas in the
second trial different trends appeared. Control plants, as expected, showed a decrease of E, gs and Pn after
water reduction. Stomatal closure, indeed, is one of the earliest plant responses to changes in water amount
since its role in the prevention of water loss. This phenomenon limits CO, diffusion in chloroplast and,
subsequently affects plant photosynthesis. Plants treated with glutamic acid had the same trend of control
while plants treated with proline showed an opposite response to water reduction and, gas exchange
parameters increased. The same trend has been observed also in other species after water deprivation
[74,75]. Results obtained in our study showed that glutamic acid treatments do not affect photosynthesis or
transpiration. In contrast, Lv et al., [35] observed a significant increase in Pn, gs and E in response to 800 mg L
1 glutamic acid treatments on Hawthorn. This different response might be related to the lower concentration
applied in our study compared with the mentioned experiment. The effects of proline treatments enhancing
photosynthetic activities were also noticed by Zouari et al., [76] in palm tree grown in Cadmium stress
condition, and by Ben Ahmed et al. [77] in olive tree grown under salt stress. Treatments with the biostimulant
prototype alone or in combination with proline had a positive effect increasing the net photosynthetic rate in
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plants grown under suboptimal conditions, whereas gs and E were similar to the control. A positive effect on
net photosynthesis rate was found in response to several biostimulant products application on different
species [78-81].

A direct consequence of increased net photosynthetic rate in plants treated with the biostimulant product
was the enhanced water use efficiency. Similarly, other authors reported an increase in WUE after the
application of biostimulants, such as extract of A. nodosum, leaves of Moringa oleifera and arbuscular
mycorrhizal fungi [33,82—85].

Leafy vegetable market is subjected to strict regulation because of the harmful repercussion of dietary nitrate
compounds on human health and their correlation with cancer incidence [86—88]. Actually, despite there are
several evidences also about the positive effects [89] of nitrate consumption, the commerecialization of some
vegetable products s still limited [90]. The thresholds of nitrate concentration in lettuce have been established
by the European Commission Regulations (EC) n° 1881/2006 and 1258/2011 [91]. In our study we referred to
4000 mg kg FW for the first growing cycle and 5000 mg kg FW for the second one according to the
harvesting periods and the growing environment. Results obtained were always below the thresholds and
levels measured in the second trial were almost ten times lower than those detected in the first one. Nitrate
reduction in plants treated with proline is in accordance to those observed in Phaseolus vulgaris grown under
salt stress conditions [45] and in pear leaves [92]. This might be related to the protective activity of proline on
nitrate reductase observed in vitro by Sharma et al.,, [93]. Little information concerning the effects of
exogenous application of glutamic acid on nitrate metabolism is available in literature. Haghighi, [41] showed
that, when glutamic acid (100 mg L) is added in a nutrient solution to replace a portion of Nitrogen source,
the nitrate content in lettuce leaves does not significantly change. This means that glutamic acid stimulated
NO; uptake and compensates the Nitrogen reduction. Moreover, glutamic acid increased the nitrate
reductase activity.

As mentioned before, compatible osmolytes are usually accumulate during stress. They are amino acids,
sugars, proline, and other small molecules. Plants exposed to water stress generally show an increase of
osmolytes concentration in their tissues in order to increase water uptake and maintain cell turgor pressure
[55]. In our experiment water deficit had a significant (P < 0.05) effect on osmolyte accumulation and, plants
that received less water showed higher values than non-stressed ones. The increase was around 20% in
control plants and 16% in plants treated with proline, in both cycles. No changes have been observed after
glutamic acid treatment. It could be explained as a missed response to a non-optimal condition or as a better
tolerance. Sometime is difficult to understand if the accumulation of a molecule related to a stress is a negative
consequence or an adaptive response activated to counteract the adverse condition.

Exogenous proline application does not affect neither osmolytes nor free proline content. Moreover, water
levels didn’t cause any significant increase in proline concentration, regardless of the treatment received
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during our experimentation. A similar result has been seen by Dawood et al., [63] in Vicia faba plants. In
contrast, it is well known that proline accumulation in plant tissues is a common phenomenon observed in
response to water stress since its activity both as osmoprotectant and ROS scavenging inducing abiotic stress
tolerance [43,62,94-96] and Moustakas et al., [57] observed an increase of free proline in Arabidopsis thaliana
after the application of proline in drought stress.

Lipid peroxidation of membranes is a common effect of several stresses and is measured as the level of
malondialdehyde, a product of the breakdown of fatty acids. The extent of damage is commonly used as
biochemical marker of oxidative stress in vegetable and fruits. Several studies showed that drought stress
enhances the amount of ROS in plant tissues and that lipid peroxidation in leaves membrane is positively
correlated with the level of water stress in different crops [97—100]. Basing on our results we can say that the
amount of water deprivation in our work was not enough to cause membrane damages in lettuce leaves and
measured values were similar to those found in another work on lettuce [101]. In contrast, a reduction of lipid
peroxidation has been observed after proline application in several plant species [102-106].

Protective effect of exogenous proline has been linked to its ability detoxifying ROS induced by different
stressful condition [107,108]. A few discordant information about the effect of glutamic acid treatment has
been found in literature. Some authors observed that exogenous glutamic acid in combination with Zinc
reduced the rate of lipid peroxidation induced by Cadmium toxicity in Ceratophyllum demersum [109]. Wang
et al., [110] instead, did not seen any reduction of MDA concentration in rice leaves after the amino acid
application.

ABA plays a central role regulating physiological responses in plants under several stressful and non-stressful
conditions. It's well known that water deprivation triggers the production of abscisic acid since its involvement
in the regulation of plant water status [111-113], thus, a slight but not significant increase of the concentration
of this phytohormone in plants subjected to water reduction observed during the first growing cycle was
expected. Only plants treated with proline showed an opposite trend. Results obtained in the second trial did
not confirm those observed in the first one.

Results achieved in the first activity show that in our experimental conditions, a short period of water
reduction even before the harvest does not impair the production of baby leaf. Any clear effect emerged from
the application of the biostimulant prototype, alone or in combination with proline.

The differences observed between the two growing cycles might be due to the diverse environmental
conditions during the growing period. Indeed, the first growing cycle was carried out in summer whereas the
second one in autumn. Although plants grown in the same greenhouse under controlled conditions, plants
growth was slower in autumn than in summer. Consequently, the period of water reduction was longer in the

second growing cycle, and this might have affected the results. Another reason might be due to the complex
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nature of biostimulant prototypes and their non-constant effect if tested in different environmental
conditions or on different crops/varieties.

For all these reasons the formulation of the biostimulant prototype GHI_16_VHL was revised and the
experimental plans for the following steps were adjusted. In particular, in cooperation with the private
company we decided to increase the number of applications from 2 to 4. Thus, we choose a different lettuce
cultivar with a longer growing cycle. Since during the first experiments the water reduction was not enough
to stress the plants, in order to test the efficacy of the new formulation under water stress condition, we
decide to suspend the water supply until plants showed the first symptoms of stress. Moreover, the
comparison with proline was excluded from the new experimental plan. The treatments with the new
prototype called GHI_18 VHLGIu and the glutamic acid were applied two time before the water stress, one
time during the stress and the last time during the re-watering period in order to evaluate its efficacy also
during the recovery. Indeed, it is known that some biostimulant products helps plants to better recovery from
abiotic stresses [114].

At the end of the growing cycle the yield of plants subjected to a water stress did not reached the same levels
of those grown under constant irrigation and the treatment did not increase the final production. The same
result was confirmed also by the measurement of the dry weight. This might suggest that either the
biostimulant prototype or the glutamic acid application do not alter the primary metabolism but at the same
way they are not involved in the accumulation of the biomass ang growth processes. As mentioned above,
glutamic acid is a precursor in the biosynthesis of chlorophyll and in the first growing cycle performed with the
previous prototype product (GHI_16_VHL), the concentration of chlorophyll increased in plants treated with
the glutamic acid solution. In response to the increased number of applications in the new experiment, we
expected to see an increase in chlorophyll content. What we observed was that during the water stress the
level of chlorophyll concentration decreased regardless the treatments. Similarly, at the end of the growing
cycle the levels recovered at the same way of the plants treated with water. Glutamic acid has an essential
role in amino acids metabolism and in the assimilation of ammonia in plants [115]. It is also known that a
typical plant response to water stress is the accumulation of osmolytes such as soluble sugars, amino acids
and other compatible solutes, aiming to protect the cellular machinery and to facilitate the osmotic
adjustment [116-118].

In addition, Liu et al. [119] reported that the main pathway for the synthesis of proline under water stress is
from glutamic acid. In our experiment the levels of proline and osmolytes increased and the amount of
glutamic acid provided by the treatments might be have involved in the mechanisms to cope the negative
effects of the water stress rather than the synthesis of chlorophyll.

The chlorophyll a fluorescence as well as the level of fluorescence was affected by the stress. Usually, the
Fv/Fm ratio is used as marker of a stress and the optimal value is about 0.83. In this experiment the Fv/Fm of
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stressed plants was 0.84 whereas in non -stressed plants the average value was 0.86 during the water
deprivation. This could mean that the functionality of the photosynthetic apparatus was declining as effect of
the shortage irrigation. Probably since the value was still higher than 0.83 and after 24 h the water supply was
restored plants fully recovered as demonstrated from the same measured performed at the end of the
growing cycle. This was confirmed also by the analysis of the effective quantum efficiency of PSIl and by the
performance index. Even though Fv/Fm and the Pl completely restored to non-stressful value after the re-
watering, the steady-state fluorescence (Fs) of control plants subjected to the stress was significantly lower
than that measured in control plants grown under constant irrigation. The relation between water stress and
Fs is currently exploited to have a rapid assessment of plant status, mostly at canopy level [120,121].

The high level of nitrate determined under water stress condition might be due to a decrease activity of the
nitrate reductase. Indeed, it is known that the activity of this enzyme is inhibited when soil moisture decrease,
as observed in several crops. Another reason of this increase could be related to the role of nitrate as osmotic
regulator [122]. As reported above, the concentration of nitrate in leafy vegetables is subjected to regulation.
As inthe previous experiment, the threshold value we referred is 4000 mg kg-1 FW according to the harvesting
periods and the growing environment. Results obtained were slightly higher in plants grown under non
stressful conditions and two times higher in stressed plants. However, the measurement was taken during
the water deprivation and not at the end of the growing cycle when plants were at harvest stage and nitrate
accumulation is generally high in young leaves [123].

In order to evaluate the potential antioxidant activity of the biostimulant prototype, we also studied the
expression of the genes for the biosynthesis of the enzymes involved in the ascorbate-glutathione cycle and
in the ROS scavenging. Drought stress affect photosynthetic activity and leads to photoinhibition and is
associated with enhanced levels of ROS. Since at high concentrations they are toxic for the cells, during stress
conditions plants increase the antioxidant system in order to remove them and avoid oxidative stress.
Lettuce leaves for this analysis were sampled after 3 and 6 hours from the third treatment, applied during the
water stress. From the results obtained in this experiment emerged that in stressed plants the expression of
all genes was strongly decreased, in particular for LsCAT and LsAPX after 6 hours. The increase of CAT and APX
activity in removing H,O, produced through photorespiration during water stress has been reported in several
plant species [124]. At the same time several authors also reported that the activity of the genes involved in
ROS detoxification changes among plant species. Moreover, since the presence of several isoforms in cytosol,
mitochondria and chloroplast, they showed how the cytosolic fraction were more active than the
chloroplastic one in sorghum whereas an opposite situation was found in sunflower plants [125]. It has also
been reported that in apple leaves severe drought stress decrease the activity of these enzymes and after a
re-watering period it increase again [126]. In our experiment we observed that plant fully recovered at the
end of the growing cycle, meaning that water stress period did not impair any essential process permanently.

210



Oh et al [127] observed an overall activation of genes involved in the secondary metabolism and antioxidant
biosynthesis such as the phenylalanine ammonia-lyase (PAL), y-tocopherol methyl transferase (y-TMT) and |-
galactose dehydrogenase (I-GalDH) in lettuce plants grown under protected condition and subjected to water
stress. These genes are involved in the biosynthesis of phenolic compounds and flavonoids which exert
antioxidant activity. It could be possible that in our experimental condition, despite the downregulation of the
genes involved in the ascorbate-glutathione cycle, lettuce plants activated other antioxidant processes to
protect from water stress damages.

It might be interesting to study the gene expression at different time points, to see if the expression will
increase later in time or during the re-watering period.

Furthermore, the isoform of the genes chosen in this experiment were located in chloroplast or mitochondria,
so it might be interesting to evaluate the expression of other isoforms located in different cell compartments.
Another experiment was conducted in parallel in order to test the biostimulant prototype also in under high
salinity conditions. Salt stress together with water stress is one of the most severe environmental stress
affecting plant growth and productivity. Especially in Mediterranean regions, where the use of water from the
ground wells caused seawater intrusion, it represents a serious problem for commercial horticulture. Indeed,
the high levels of EC in water used for irrigation can overcome the threshold tolerated by most of the plants
[18,128]. The application of biostimulant products as a strategy to face the negative effect of salt stress has
been evaluated from several authors [114,129-131]. Lucini et al. [132] observed that the application of a
plant-derived protein hydrolysate on lettuce salad increased the fresh yield, dry biomass and plant
performance under salinity conditions (NaCl 25 mM) if compared to untreated plants, probably related to a
more extensive roots apparatus.

In our experiment the yield was significantly affected by the high salinity on the growing media regardless the
application of the glutamic acid or the biostimulant prototype. It makes sense since one of the first effects of
high salinity is a stunted growth due to the reduce ability of plants to absorb water from the growing media.
Indeed, the first phase of salt stress is represented by the osmotic stress and it similar to those caused by
drought [133]. Moreover, the low yield of lettuce plants grown under salt stress conditions could be attributed
to a decrease in the nutrient uptake. The lack of effect observed in response to treatment could be due to the
severe salt stress. Indeed, the NaCl concentration in the nutrient solution was 100 mM, much higher than the
level tested in the paper mentioned before [132].

In our experimental conditions we observed that the level of chlorophyll measured in vivo and the Pl were
positively affected by the high salinity whereas the Fv/Fm was similar to those measured in the non-stressed
plants. higher chlorophyll content might be associated to grater photosynthetic rates observed in the same
plants. Indeed, even if the increase was not significant the values recorded in stressed plants were slightly
higher than those measure in plants grown under optimal conditions. Similar results were observed in
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Cucumis sp., Salvinia auriculate, Dunaliella salina and rice subjected to different levels of salt stress [134-137].
The measurement of chlorophyll in vivo is a measure that correlates the green colour of the leaves with the
content of chlorophyll. It is known that chlorophyll a is the main pigment involved in the photosynthetic
activity whereas chlorophyll b plays a role as accessory pigment. Moreover, chlorophyll a absorbs energy from
wavelengths of blue-violet and orange-red light and it is responsible for the green colour of the leaves while
chlorophyll b absorbs energy from wavelengths of green light. Gomes et al. [135] observed an increase in
chlorophyll a and a decrease in chlorophyll b content in response to salt stress. It was in line with other studies
reporting that salt stress affect more chlorophyll b than chlorophyll a [138]. Moreover, since the first step in
the degradation of chlorophyll b is its conversion in chlorophyll a [139], this might explain the high levels of
greenness measure in lettuce leaves in our experimental conditions. No significant effect resulted in response
to glutamic acid or the biostimulant prototype. The concentration of nitrate in lettuce leaves at the end of the
growing cycle was significantly affected by the stress and a general decrease in nitrate levels was observed in
plants subjected to high salinity. This effect has been reported also by other authors and it is probably due to
a limited nitrate uptake and nitrate reductase activity [140].

The concentration of osmolytes resulted significantly higher in stressed plants treated with glutamic acid and
GHI_18 VHLGIu if compared with those grown under optimal condition. On the contrary the level measured
in control plants unchanged. This might be related to the role of glutamic acid in amino acid metabolism and
the amino acid content provided by the biostimulant prototype treatment and their role as compatible
osmolyte in plants. This is a typical effect observe in response to salt stress and it might also mean a plant
response to face the stressful condition.

Abscisic acid plays a central role in plant responses to stress, both in the regulation of several gene expression
and in the mechanism of stress signal transduction [111,141,142], thus the low levels measure in lettuce
leaves grown under salt stress were unexpected.

Similar to those observed in the previous experiment with the new biostimulant prototype, also in the present
study, the expression of the genes involved in ascorbate-glutathione cycle was generally low in plants
subjected to the high salinity. The only exception was the expression of SOD which catalysed the reaction
transforming the superoxide anion to hydrogen peroxide and oxygen. Results achieved showed that salt stress
and water stress conditions applied in our experiments strongly affected the lettuce production and even after
the modification of the prototype formulation and the increase in the number of applications the biostimulant
prototype did not show any clear effect. The experimental approach based on the comparison between the
effect of the biostimulant prototype and the effect of the single compounds present in the product turned is
a useful strategy to understand the biostimulant activity. Moreover, it confirms the complexity of
biostimulants properties and that the effect of a product may not be ascribed to the sum of the effects of their
components but, more likely, to their interaction.
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CHAPTER 4

Evaluation of VOCs profile of rocket salad in response to
glutamic acid treatment and salt stress

INTRODUCTION

1. Volatile organic compounds biosynthesis

Plants produce a huge variety of secondary metabolites that are not directly involved in plants growth
processes, but they are essential for successful competitive strategies. Among them, volatile organic
compounds (VOCs) play an important role and about 1,700 compounds have been isolated and identified
from plants. These molecules are characterised by a low molecular weight and a high vapour pressure at
ambient temperature. These proprieties allow them to cross the cell membranes and be vaporised into the
environment [1,2]. Despite they are classified as secondary metabolites, VOCs production is connected to the
primary metabolism and in particular to the availability of sulfur, carbon, and nitrogen. Considering the
biosynthetic pathways, VOCs can be separated into different classes such as fatty acids derivates, isoprenoids,
terpenoids, amino acids derivates, methyl jasmonate, green leaf volatiles, and phenylpropanoids.

VOCs are emitted by almost all kind of tissues, by flowers, leaves, stems, fruits and roots and they can be
normally released by health tissues or induced by several stimuli like mechanical damage, herbivore or
pathogen infection. VOCs that are produced in response to a stimulus are defined “induced VOCs” and it has
been reported that they can be emitted not only by the damaged tissues by also by the healthy ones. In
addition to spatial regulation, VOCs production is also regulated during time according to the developmental
stage. Indeed, the emission generally increase in young tissues and decrease thereafter, or it is typical at
specific developmental stages like flowering, fruit ripening or leaf maturation. In addition, IVOCs emission is
related to the stressful event and it has been observed that they can be released with a different timing, from
hours to days after the trigger event. This temporal regulation is particularly important to optimize the energy
and carbon use in plants. In fact, the emission of VOCs reduces the availability of carbon and affects plant
performance. Even though their regulation is similar in different plants, VOCs profile is strictly related to the
species.

Plant VOCs take part in a wide range of ecological functions, mediating the interaction with other plants or
animals, and affecting the composition of the air and the climate. VOCs are released as defence from insects
or herbivores, as protection from pathogens or to attract pollinators. Moreover, they are also involved in plant

protection against different abiotic stresses, removing reactive oxygen species or in the mechanism of
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adaption [3,4]. Moreover, VOCs such as NO and ethylene play a role as stress messengers and stimulate plants
to activate several stress defence mechanisms. Abiotic stress such as mechanical damage, nutrient deficiency,
high salinity, high light, water stress and non-optimal temperatures are well known to alter the level of the
VOCs emission. The enhanced emission of VOCs as stress response is partially due to the increase in the
temperature of stressed tissues, resulting in a higher vapour pressure. Nevertheless, the release of VOCs often
increases more than due to a change in vapor pressure, suggesting the presence of other regulatory
mechanisms.

The study of changes of plant VOCs profile in response to different stressful conditions might be a useful
strategy to obtain information about the health status of crops. By monitoring the presence or the level of
specific VOCs, they can be use as biological markers of a particular stress conditions. Moreover, current
technologies allow us to easily measure the concentration of VOCs through a non-invasive screening or with

a minimal tissue disruption [5-7].

2. VOCs and salt stress

Some of the effects of salt stress are similar to those are caused by water stress, in particular on photosynthesis
and stomatal conductance. The reduction of gas exchanges observed is reported to have a negative impact
not only on plants growth and development but also on VOCs emission. This is due to the reduced availability
of photosynthates, carbon and energy that are necessary for their biosynthesis. To date, very few studies have
investigated the effect of salinity on VOCs profile. Among them particular attention has been directed to
isoprene emission and few other molecules. Loreto and Delfine [8] evaluated the effect of salt stress on the
release of isoprene from Eucalyptus leaves and they found out that even though photosynthesis and stomatal
conductance are reduced, the isoprene emission was not significantly affected probably due to the activation
of non -photosynthetic pathways of isoprene biosynthesis. In contrast, in grey poplar leaves salt stress led to
a reduction of dimethylallyl diphosphate level, the substrate for isoprene [9]. It has been observed that salt
stress affects the VOCs profile according to its severity. A study on sage showed that the concentration of
monoterpenes increased with increasing salinity until a threshold point, after which it declines [10]. Moreover,
the composition of the monoterpenes as well as their concentration was affected by the level of salt stress
applied. Similar results have been observed in Origanum majorana [11]. Another example of salt stress
affecting the quantity and the quality of volatilome and inter-plant communication through VOCs release has
been reported by Lee and Seo [12]. They observed that salt stress induced the emission of VOCs to alert other

plants and elicit stress responses.
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Afew classes of VOCs are suggested to be involved in plant responses to salt stress, such as terpenes, oxylipins,
methanol, methane, and ethylene [13]. Terpenes exert antioxidant activity and are able to neutralize ROS
probably due to their conjugate double bonds. Moreover, due to their lipophilic nature, they play a role
protecting and stabilizing cellular membranes.

Green leaf volatiles, derived from oxylipins, are reported to be induced by several stressful condition, including

salt stress. Their sensory properties suggest a contribution in salt stress adaptation strategies.

3. VOCs and aroma

Besides all the roles reported above, VOCs are also particularly important in the definition of the aroma and
flavour of fruits and vegetables. The aromais the results of the perception of a complex mixture of compounds
that are present at high concentration but also in trace amount [14]. This mixture is usually defined with the
term VOCs bouquet. Food aroma is perceived by the consumer and influence repurchase choices [15,16].
Unfortunately, plant breeding aimed to increase growth and vyield negatively affected the secondary
metabolism leading to the development of crop cultivars deficient in VOCs production. This resulted not only
in a higher susceptibility to pest or disease, but also to a less flavour [17-19].

Rocket is a leafy vegetable commonly consumed as ready to eat fresh product alone or in salad mixtures. It is
particularly appreciated for its characteristic flavour described as pungent, sharp, spicy, and peppery. Several
studies focused on the origin of its aroma and it is reported that the VOCs released just after the disruption of
the tissues derive from glucosinolates and isothiocyanates [20-23]. As reported by lirovetz et al. [24] and
Blazevic et al. [25,26] other compounds are important in rocket aroma, such as Hexanal, trans-2-hexenal, cis-

3-hexen-1-ol, trans-2-hexen-1-ol, benzaldehyde and trans, trans-2,4-heptadienal.
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AIM

Based on previous experience using glutamic acid as foliar spray treatment and since little is known about the
effects of its application on plants aroma profile, the aim of this work was the investigation of VOCs from
rocket salad treated with this amino acid. Moreover, the analysis was performed on plants subjected to salt
stress in order to evaluate the changes in the VOCs in response to high concentration of NaCl and to the

combination of stress and treatment.
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MATERIALS AND METHODS

1. Plant material, growth conditions and stress treatment

The trial was carried out at the School of Biosciences of Cardiff University in 2019. Experiment timesteps are
reported in Figure 76. Timelines of the experiment, with indication of treatment application and sampling.Figure 76. Rocket
plants (Diplotaxis tenuifolia L. var. Frastagliata) were grown hydroponically into plastic tank (34 x 22.5 cm) with
10 L of a standard Hoagland medium and the concentrations of nutrients in the solution are reported in Table
23. Seeds of rocket were manually sown into polystyrene trays filled with an agri-perlite substrate. Cultivation

took place in a growth room under controlled conditions.

SOWING TREATMENT SAMPLING
' SALT STRESS
LA
15 March 23 April 24 April 25 April

Figure 76. Timelines of the experiment, with indication of treatment application and sampling.

Plants were treated with 20 mL of water (control) and 20 mL of glutamic acid [5,4 mM]. The concentration
used in this experiment has been chosen since the positive results obtained by Lv et al.,[27] in hawthorn plants.
Treatments were applied as foliar spray onto leaves until run-off 24 hours before the beginning of the stress.
Salt stress was imposed by transferring plants to a fresh nutrient solution containing 200 mM NaCl, 40 days
after sowing at 10:00. The nutrient solution of control plants was also changed. Each experimental unit

consisted of two tanks.

Table 23. Composition of the Hoagland nutrient solution used for rocket plants cultivation.

Compounds Concentration [mM]

Ca(NOs)2 2.19
KNO3 4.55
NHaNOs 3.87
K2HPO4 1.38
MgSO0a 0.83
K2SO4 1.09
Oligo green* 0.02 (g LY
H2504 Up to pH 5.5-6.5

*Qligogreen: is a mineral water-soluble powder fertilizer that provides the plant with micronutrients, essential for the
most important bio-chemical reactions. Green Has Italia.
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2. Non-destructive analyses

2.1. Chlorophyll and chlorophyll a fluorescence

Leaf chlorophyll content was colorimetrically determined in vivo using a portable chlorophyll meter
(SPAD-502 Plus, Konica Minolta. Minolta, Osaka, Japan), placing the leaves toward the emitting window of the
instrument and avoiding the major veins. The results were express such as SPAD units. Chlorophyll a
fluorescence was measured in vivo using a portable fluorometer (MINI-PAM-II, Photosynthesis Yield Analyzer.
Walz). Before all measurement leaves were dark-adapted with the leaf clips for 30-40 minutes. Then were
exposed to a saturating light and information about the structural and functional status of photosynthetic
apparatus was provided by the maximum guantum of photosystem Il (Fv/Fm). Measures were performed at

the end of the trial.

3. Destructive analysis

3.1. Collection and analysis of Volatile organic compounds (VOCs)

For each condition, 3 g of rocket leaves were sampled, placed into a multi-purpose roasting bag (25 cm x 38
c¢m, TJM Ltd.) and sealed, using an elastic band and an Eppendorf tube with the end cut off. The Eppendorf
tube served as a sampling port for the SafeLok™ thermal desorption (TD) tubes (Tenax TA & Sulficarb, Markes
International Ltd., Llantrisant, UK). Leaves were then disrupted manually within the bags for 10 s by crushing
the leaves between the hands and making a vigorous rubbing motion. Care was taken not to perforate the
bags and inadvertently release VOCs. A ‘blank’ sample of atmosphere within empty bags to rule out any
possible contaminating VOCs was taken at the same time. The bags were stored at room temperature (20 °C)
for 1 h to equilibrate the headspace (1 L) that was collected with an EasyVOC manual pump (Markes
International Ltd., Llantrisant, UK) onto TD tubes. Each sampling point was collected in triplicate mixing the
leaves from the two agronomical replicates. A retention standard was prepared by loading 1 uL C8-C20 alkane
standard mixture directly onto a TD tube and analysed under the same conditions as the samples.

All tubes were desorbed by a TD100 thermal desorption system (Markes International Ltd., Llantrisant, Wales,
UK), using the following settings for tube desorption: 2 min at 100 °C, followed by 5 min at 280 °C, trap flow of
40 ml/min and trap desorption and transfer: 20 °C/s to 300 °C, split flow of 20 ml/min into GC (7890A; Agilent
Technologies, Inc., Stockport, UK).

VOCs were separated over 60 m, 0.32 mm ID, 0.5 pm film thickness Rxi-5ms (Restek) at 2 ml continuous flow

of helium, using the following temperature programme: initial temperature 40 °C for 2 min, 5 °C/min to 240
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°Cand 20 °C/min to 300 °C. The BenchTOF-dx mass spectrometer (Almsco International, Cincinnati, OH, USA)
was operated in El mode at an ion source temperature of 250 °C and a mass range of 35-450 m/z.

Data from GC—MS measurements were initially processed using MSD ChemStation software (E.02.01.1177;
Agilent Technologies, Inc, Santa Clara, CA, U.S.A.), deconvoluted and integrated with AMDIS (NIST14) using a
retention-indexed mass spectral library. The identification of each peak has been performed comparing the
mass spectrum against a rocket library previously prepared in the same laboratory. If compounds could not
be matched to the library they were search against a database (NIST) and added to the rocket library in order
to build an update version of it. This step has been done assessing the quality of the NIST identification by
choosing a minimum score value of 80 % and a retention index range of +/- 30. To validate AMDIS outputs
and correct errors that sometimes are generated, all data were analysed with GaVin software (GC-MS

Assignment Validator and Integrator) implemented in Matlab.

4. Statistical analysis

Data of chlorophyll and chlorophyll a fluorescence were subjected to a two-way ANOVA and differences
among means were determined by Tuckey post-test (P < 0.05). Statistics were performed using GraphPad
Prism version 6 for Windows (GraphPad Software, La Jolla California USA, www.graphpad.com). Additional
information is reported in each figure’s legend.

VOC data from GaVIn were processed using StaCEy (STAtistics for gC-ms Experimental analysis) using R (R
version 3.6.1). After normalisation of areas (GaVIn outputs) and square root transformation to reduce weight
of large components, Permutational multivariate analysis of variance (PerMANOVA) and Canonical Analysis
of Principal coordinates (CAP) analysis were performed [28] using the ‘vegan’ package 2.5-5 [29] and
‘BiodiversityR’ package 2.11-1 [30].
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RESULTS

1. Non-destructive analyses

1.1. Chlorophyll and chlorophyll a fluorescence
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Figure 77. Chlorophyll content expressed as SPAD units (A) and maximum quantum efficiency of PSIl (Fv/Fm) (B)
measured in vivo in rocket leaves treated with water (CONTROL) and with glutamic acid and subjected to salt stress
(200 mM) (A). Measures were taken at the end of the growing cycle. Values are means + SE (n = 14) (A), (n = 6) (B).
Data were subjected to two-way ANOVA. Different letters, where present, represent significant differences (P < 0.05).

The content of chlorophyll was not significantly affected by the stress and by the application of glutamic acid
even if a slight increase appeared in treated plants (Figure 77 A). On the contrary, the maximum quantum
efficiency of PSII (Fv/Fm) was significantly lowered by the salt stress regardless the glutamic acid treatment
(Figure 77 B). Fv/Fm values were around 0.85 and 0.86 in non-stressed plants, and indicating a good status of
leaf apparatus whereas under salt stress conditions the values were 0.83 and 0.84 in control and treated plants

respectively. In general, stressful conditions induce a decrease of Fv/Fm values under the value of 0.83.

2. Destructive analysis

2.1. Volatile organic compounds

The VOCsof all rocket leaves samples have been identified for a total of 191. Aroma volatile organic
compounds belonged to different families such as esters, alkanes, furans, terpenes, aromatic compounds, and
nitriles.

Analysis using PerMANOVA indicated that the overall VOCs profile changed in response to salt stress (P <0.05,
R? = 0.142). Linear discrimination plots based on CAP analysis did not show a clear separation of profiles of
plants grown with or without salt stress (percentage of correct classification of 83.3% and a significance of
0.07) (Figure 79) neither between treated and untreated samples (percentage of correct classification of

83.3% and a significance of 0.08) (Figure 78).
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Figure 79. Canonical Analysis of Principal ordinates related to salt stress growing conditions based on all 191 rocket
VOCs using TD-GC-TOF-MS: Each ellipse represents the 95% confidence interval. The plots use linear discriminants LD1
and LD2 (n =6)

43 _| © no_treatment
A treatment
L
o O
(]
o _
L
pul g
1
3
v I [ I I I
4 2 0 2 4

LDA1

Figure 78. Canonical Analysis of Principal ordinates related to the treatment based on all 191 rocket VOCs using TD-GC-
TOF-MS: Each ellipse represents the 95% confidence interval. The plots use linear discriminants LD1 and LD2 (n = 6)

However, there was no discrimination between treated and non-treated plants neither between stressful and
non-stressful conditions.

A closer inspection of VOCs revealed that an average of 9 compounds account for 50% of the total area in all
the samples (Figure 80, Table 24). Five of them (3-Hexen-1-ol (Z)-, Acetic acid hexyl ester, 1-Penten-3-ol,
Butanoic acid 3-hexenyl ester (Z)-, 3-Hexen-1-ol acetate, (E)) were common to all of the examined conditions.
In particular, 3-Hexen-1-ol acetate, (E) and 3-Hexen-1-ol (2)-, were the two most abundant compounds in all

samples, with a percentage average of 23.81 and 10.23, respectively.
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Sulfur dioxide was abundant in plants grown under optimal conditions whereas 2-Hexen-1-ol acetate was
found in plants subjected to salt stress, regardless the glutamic acid treatment. Two compounds (1,2-
Benzenedicarboxylic acid butyl 2-ethylhexyl ester and 3-Pentanone) account for 7.35% of total area only in
non-treated plants grown without stress whereas five compounds (2(5H)-Furanone 5-ethyl-, 2-Hexenal,
Benzene, Ethanol, Furan, 2-ethyl-) were found in response to the combination of stress and glutamic acid

treatment.

-s+t +s-t

Figure 80. Shaded Venn diagram circles indicate number of VOCs
representing the 50% of the total area. “s” means the salt stress, “t”
means the glutamic acid treatment, “+/-“ means the presence or

the absence of the condition expressed by the followed letter.

Table 24. VOCs identified (expressed as percentage of the peak area of each compound compared to the
total area) in rocket by TD-GC—MS-TOF and representing the 50% of the total area. “s” means the salt stress,
“t” means the glutamic acid treatment, “+/-“ means the presence or the absence of the condition expressed
by the followed letter.

Compound name -s-t -s+t +s-t +s+t

1,2-Benzenedicarboxylic acid, butyl 2-ethylhexyl ester  5.85 - - -

1-Penten-3-ol 2.21 1.93 2.49 2.83
2(5H)-Furanone, 5-ethyl- - - - 1.77
2-Hexen-1-ol, acetate - - 3.31 1.47
2-Hexenal - - - 2.72
3-Hexen-1-ol, (2)- 10.08 10.28 10.84 9.72
3-Hexen-1-ol, acetate, (E)- 23.34 26.66 25.55 19.67
3-Pentanone 1.50 - - -

Acetic acid, hexyl ester 1.55 1.79 3.07 2.04
Benzene - - - 4.44
BRANCHED ALKANE 20 - 1.46 - -

Butanoic acid, 3-hexenyl ester, (2)- 231 192 194 213
Dimethyl sulfone 2.00 - 1.43 -
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Ethanol - - - 1.46

Furan, 2-ethyl- - - - 1.84
Octane - 2.85 - -
Phenylmaleic anhydride - - 2.10 -
Sulfur dioxide 1.83  2.27 - -
Undecane - 1.45 - -

About 115 compounds account for almost 95% of the total area in all samples and they are divided as reported
in the Figure 81. Most of the compounds (86) were present in all conditions examined and some of the
molecules found only in control or in stressed plants whit the previous analysis has been detected also in other
condition in smaller amount. However, 4 compounds (Diphenyl sulfone, Hexadecane, 3-Pentanol and
2,6,10,14-tetramethyl-) were identified only in untreated plants grown under optimal conditions whereas 12
compounds were found exclusively in stressed plants treated with glutamic acid (2,4-Hexadienal, (E,E)- 2-
Pentenal, (E)- (NS2) Thieno[3,2-b]thiophene (2),(Z)-2,4-Hexadiene Thiophene, 3-ethyl- 2-Hexanone 2-Penten-
1-ol, (Z)- 1,3-Cyclopentadiene, 1-methyl- p-Xylene 2,4-Hexadiene Thiophene, 2,5-dimethyl- D-Limonene).
Moreover, 5 compounds (Furan, 2-ethyl- n-Pentyl isothiocyanate 3-Hexen-1-ol, (E)- 2(5H)-Furanone, 5-ethyl-

(?) 2-Hexen-1-ol, (E)-) has been found in response to salt stress regardless the treatment.

-s+t +s-t

Figure 81. Shaded Venn diagram circles indicate number of VOCs representing
the 95% of the total area. “s” means the salt stress, “t” means the glutamic
acid treatment, “+/-“ means the presence or the absence of the condition

expressed by the followed letter.
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DISCUSSION AND CONCLUSION

Glutamic acid is a central amino acid in plants, it is involved in protein biosynthesis, nitrogen metabolism, and
it may also function as signalling molecule. Moreover, it is the precursor for chlorophyll synthesis in leaves
[31]. Foliar application of glutamic acid solutions at different concentrations were tested on Crataegus
pinnatifida in order to study their effect on the gas exchange and chlorophyll [27]. Authors observed that the
highest concentration of glutamic acid tested in their experiment (800 mg L) increased the net
photosynthetic rate, the chlorophyll content and the maximum quantum efficiency of PSIl (Fv/Fm) if
compared with the control plants treated with water. In our experiment the content of chlorophyll measured
with a non-destructive instrument and Fv/Fm of rocket leaves did not change in plants treated with the same
concentration of glutamic acid. This might be due to the different number of applications between our
experiment and the one reported in literature, indeed in the present work glutamic acid treatment has been
sprayed only once. The analysis of chlorophyll fluorescence parameters is a common tool to evaluate the
status of photosynthetic apparatus and the plant response to environmental conditions [32]. The maximum
guantum efficiency of PSll of rocket plants was significantly decreased by the imposition of salt stress, as typical
plant response to high salinity conditions [33,34]. A slight but not significant increase of chlorophyll content in
response to salt stress was previously observed also by Cocetta et al. [35] in rocket salad.

Wild rocket is a good source of phytonutrients and it is particularly appreciated for its distinct flavour.
Regardless its importance as vegetable mostly in ready to eat salad, there are only a few reports of VOCs and
most of them are focused on changes in the whole VOC bouquet during post-harvest storage [36—38]. Abiotic
stresses have several effects on plant metabolisms and among these also in the emission of VOCs [3,13]. Some
of them are reported to increase in response to abiotic stress whereas others decrease. In this experiment,
the overall VOCs profile was significantly affected by the salt stress conditions imposed and several differences
in the most abundant compounds emerged from a deeper analysis.

Within those molecules contributing to the 50% of the total area, the two most abundant compounds found
in all samples were 3-hexen-1-ol acetate (e)- and 3-hexen-1-ol, (Z). The first one is a typical plant volatile
involved in the attraction of moths [39] whereas the second one is a leaf alcohol emitted by green plants upon
mechanical damage [40] and previously found in rocket and radish [7,16,26]. In addition to these, 1-penten-
3-ol, acetic acid hexyl ester and butanoic acid, 3-hexenyl ester, (Z)- were abundant in all plants regardless the
growing conditions or the treatment. 1-penten-3-ol is reported to have a pungent green vegetable nuance
and was identified in kale [41] and both in D. tenuifolia and E. sativa [7,16,38] while butanoic acid, 3-hexenyl
ester, (2)- was found in the essential oil of Pistacia lentiscus [42] and Averrhoa carambola [43].

The 3-pentanone is a ketone compound that was significantly correlated with green odour, flavour, and has

been defined to have an ‘ether’ odour [44]. Initially, it was detected only in control plants while, expanding
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the analyses to the compounds accounting for the 95% of the total peak area it was found also in the other
samples. However, even by the extended analysis several compounds were identified only in some
conditions. For example, diphenyl sulphone, 3-pentanol and phytane were found only in control plants grown
under non-stressful conditions. Diphenyl sulphone is a sulfone compound that has been found in plants like
Gnidia glauca and Dioscorea bulbifera and it has a role as plant metabolite. It has been reported to have
antioxidants properties and it is used in treatment of rheumatoid arthritis [45]. Phytane is an acyclic
isoprenoids is usually considered a petroleum residue contamination but it was also detected in fruit waxes,
probably generated from the side chain of chlorophyll g, b or carotenoid pigments [46]. 3-Pentanol is an active
organic compound produced by plants that has been recently reported to trigger induced resistance by
priming SA and JA signaling pathways [47]. At the same way 2, 5-Dimethylthiophene, 2-penten-1-ol (Z), 2-
pentenal (E), 2,4-hexadienal (E,E)- were identified only among the compounds responsible for the 95% on the
aroma in plants treated with glutamic acid and subjected to salt stress. 2, 5-Dimethylthiophene is a volatile
sulfur-containing compound that has been identified in the essential oil of onion and is formed via Maillard
reaction/Strecker degradation of cysteine with furaneol [48,49]. 2-pentenal (E) was previously detected in kale
[41] and rocket leaves [7,37,44] and together with 2-penten-1-ol (Z) was significantly correlated with sweet
attributes. Interestingly, ethanone, 1,2-diphenyl- was fond only in control plant subjected to salt stress. It
belongs to deoxygenises compounds that are intermediates in the synthesis of isoflavones.

The results of this study showed that 24 hours of high salinity affects VOC bouquets of wild rocket without
causing any significant damage on chlorophyll content. At the same time, any clear effect of glutamic acid
application emerged, even though some volatile compounds were identified only in treated plants. More then
one hundred compounds of several nature were found in each samples and further analyses are needed to
better understand their biological roles. Salt stress has been shown to increase the production of several
important volatile molecules in Salvia [50]. Therefore, since rocket salad is particularly appreciated for its
aroma and its high content of several biological active compounds, it might be interesting to indagate changes
generated by stress or different treatments through metabolic and molecular analyses. Moreover, since
environmental stresses affect the VOCs profile both in terms of quantity but also in terms of composition, it

might be useful to elucidate the roles of individual compounds.
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GENERAL CONCLUSION

During the cultivation period, crops are often exposed to abiotic stresses, acting individually or in combination,
which could dramatically reduce the yield and quality of products. Biostimulants are agronomic tools that
could represent an effective and sustainable strategy to enhance plant growth and productiveness, improving
tolerance against abiotic stresses. In fact, biostimulants are defined as “fertilizing product the function of which
is to stimulate plant nutrition processes independently of the product’s nutrient content with the sole aim of
improving one or more of the following characteristics of the plant and the plant rhizosphere: (a) nutrient use
efficiency; (b) tolerance to abiotic stress; (c) crop quality traits, (d) availability of confined nutrients in the soil
and rhizosphere”, according to the EU regulation 1009/2019.

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. Several examples of these situations emerged from the experiments
performed during the Ph.D.. For instance, both the borage extract tested in the first activities and the
biostimulant prototype provided by the private company induced different responses according to the plant
species, the cultivar and also the season. The biostimulants can act by influencing the transcription factors
network and through these induce specific crop responses. These transcription factors play an important role
immediately after the biostimulants application and are able to modulate the transcription profiles under
stress conditions. 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. This aspect emerged in particular from
the work done in collaboration with the private company. Indeed, despite the abundance of glutamic acid in
the formulation, plant responded in different ways.

The combined study of the physiological, biochemical and molecular responses of plants to biostimulant
application, together with the availability of innovative research tools will surely improve the knowledge about
their activity. Additionally, another aspect emerged from this work is the difficulty and the time required in

the process to develop a new biostimulant product.

242



