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ABSTRACT

Soilless culture systems offer a promising alternative to traditional soil-based
agriculture by overcoming many of its associated challenges. Integrating plant
biostimulants that enhance plant growth and resilience into soilless farming systems
represents a practical, safe, and sustainable strategy for modern agriculture. In
particular, the growth-promoting properties of seaweed extracts make them valuable
inputs for environmentally friendly production in soilless farming systems.

This thesis includes various characterization analyses to understand the mechanisms
of action of different seaweed extracts (water, alkali and acid) obtained from
Cystoseira barbata, a brown seaweed, which was collected from the Marmara Sea.
The biostimulant activities of these extracts were evaluated in soilless cultivation
systems using different crop plants, focusing on their effects on early growth and
seedling development of wheat in perlite, wheat growth under salinity stress in
hydroponics, yield and nutritional quality in hydroponically grown lettuce, and the
efficacy of foliar applications in pepper cultivated in substrate-based system.
According to the perlite experiments, the application of C. barbata extracts to the
germination medium had more positive effects on early plant growth compared to seed
application. These findings suggest that extracts with varying compositions can be
effective for supporting seedling performance and early development.

In hydroponic wheat experiments, the potential of using C. barbata extracts as
biostimulants on wheat plants grown under two levels of salinity stress was evaluated.
The extracts enhanced plant biomass and tolerance under both levels of salinity stress,
indicating their potential to mitigate abiotic stress through stress adaptation
mechanisms.

Application of C. barbata extracts led to considerable improvements in hydroponically
grown lettuce under greenhouse conditions, having positive effects on growth
parameters such as yield, root morphology, mineral levels and physiological quality
factors, including phenolic and antioxidant capacity, carotenoid levels, glutathione,
and vitamin C concentrations under greenhouse conditions. It was concluded that
integrating the extracts into the nutrient solution could act as an effective biostimulant
for leafy vegetables, enhancing plant performance and nutraceutical properties.

The results of the pepper experiment revealed that foliar application of C. barbata
extracts, particularly the water and acid extracts, enhanced the yield and nutritional
quality including phenolic content, antioxidant activity, vitamin C, glutathione, and
soluble carbohydrate levels in plants grown in cocopeat-based medium. The
experimental extracts also outperformed the commercial algae biostimulant product.
In conclusion, the findings of this study indicate that extracts obtained from the same
algae source can significantly affect plant performance to different extents depending
on their bioactive composition, which is influenced by the extraction method. These
promising findings highlight the potential of C. barbata extracts as a sustainable and
locally sourced biostimulant that can enhance plant performance, yield, quality and
stress tolerance in soilless agricultural systems.

Keywords: Cystoseira barbata (Gongoloria barbata), Plant Biostimulants,
Seaweed Extracts, Soilless Culture, Sustainable Agriculture
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OZET
Topraksiz tarim sistemleri, geleneksel toprak temelli tarimin getirdigi bir¢ok zorlugun
iistesinden gelerek, ona umut vadeden bir alternatif sunmaktadir. Bitki biiylimesini ve
dayanikliligimmi artiran bitki biyostimiilanlarmi topraksiz tarim sistemlerine entegre
etmek, modern tarim igin pratik, glivenli ve siirdiiriilebilir bir stratejiyi temsil eder.
Ozellikle deniz yosunu dziitlerinin biiyiimeyi tesvik edici 6zellikleri, onlar1 topraksiz
tarim sistemlerinde ¢evre dostu liretim i¢in degerli girdiler haline getirir.
Bu tez ¢aligmasi, Marmara Denizi’nden toplanan kahverengi bir alg tiiri Cystoseira
barbata’dan elde edilen farkli deniz yosunu oOziitlerinin (su, alkali ve asit) etki
mekanizmalarinin  anlagilmasina  yonelik ¢esitli  karakterizasyon analizlerini
icermektedir. Bu Oziitlerin biyostimiilan aktiviteleri, farkli bitkiler kullanilarak
topraksiz yetistirme sistemlerinde degerlendirilmis, perlitte bugdayin erken biiyiimesi
ve fide gelisimi, hidroponikte tuzluluk stresi altinda bugday biiylimesi, hidroponik
olarak yetistirilen marulda verim ve besin kalitesi ve substrat bazli sistemde yetistirilen
biberde yaprak uygulamalarinin etkinligine odaklanilmistir.
Perlit denemelerine gore, C. barbata Oziitlerinin ¢imlenme ortamina uygulanmasi,
tohum uygulamasina kiyasla erken bitki biiyiimesi {lizerinde daha olumlu etkilere
sahipti. Bu bulgular, farkli bilesimlere sahip 6ziitlerin fide performansini ve erken
gelisimi desteklemede etkili olabilecegini gostermektedir.
Hidroponik bugday deneylerinde, C. barbata 6zitlerinin iki tuzluluk stresi seviyesi
altinda yetistirilen bugday bitkilerinde biyostimiilant olarak kullanilma potansiyeli
degerlendirilmistir. Oziitler, her iki tuzluluk stresi seviyesinde de bitki biyokiitlesini
ve dayanikliligini artirmis, bu da onlarin stresin adaptasyon mekanizmalar1 yoluyla
abiyotik stresin hafifletilmesinde potansiyel tagidigini gostermistir.
C. barbata Oziitlerinin serada hidroponik olarak yetistirilen marul bitkilerine
uygulanmasi, verim, kok morfolojisi ve fenolik ve antioksidan kapasite, karotenoid
diizeyleri, glutatyon ve C vitamini konsantrasyonlar1 gibi fizyolojik kalite faktorleri
lizerinde olumlu etkiler gdstererek onemli gelismelere yol agnmustir. Oziitlerin besin
cOzeltisine entegre edilmesinin, yaprakli sebzeler i¢in etkili bir biyostimiilant gérevi
gorebilecegi, bitki performansini ve nutrasotik 6zelliklerini artirabilecegi sonucuna
varilmstir.
Biber deneyinin sonuglari, 6zellikle su ve asit Oziitleri olmak iizere C. barbata
Oziitlerinin yaprak uygulamasinin, kokopit bazli ortamda yetistirilen bitkilerde verim
ve fenolik igerik, antioksidan aktivite, C vitamini, glutatyon ve ¢oziiniir karbonhidrat
seviyeleri gibi besin kalitesini artirdigini ortaya koymustur. Ayrica, deneysel 6ziitlerin,
ticari bir yosun bazli biyostimiilant {irlinline kiyasla daha iistiin performans gosterdigi
belirlenmistir.
Sonug olarak, bu ¢aligmanin bulgulari, ayn1 yosun kaynagindan elde edilen 6ziitlerin,
ekstraksiyon yontemine bagli olarak degisen biyolojik olarak etkili bilesimleri
sayesinde bitki performansini farkli derecelerde etkileyebilecegini gdstermektedir. Bu
umut verici bulgular, Cystoseira barbata 6ziitlerinin siirdiiriilebilir ve yerel kaynakl
bir biyostimiilant olarak, topraksiz tarim sistemlerinde bitki performansini, verimi,
iriin kalitesini ve stres toleransini artirma potansiyeline sahip oldugunu ortaya
koymaktadir.

Anahtar Kelimeler: Bitki Biyostimiilantlarl, Cystoseira barbata (Gongoloria
barbata), Siirdiiriilebilir Tarim, Topraksiz Tarim, Yosun Oziitleri
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1. INTRODUCTION

1.1. Global Problems

The agricultural sector encounters many challenges, including climate change and the
reduction of arable land with urbanization, industrialization, and desertification, all of
adversely affect global food security and crop quality [Duhamel and
Vandenkoornhuyse, 2013; Valoppi et al., 2021]. In addition, the excessive and
uncontrolled use of agrochemicals such as fertilizers and pesticides to increase
agricultural productivity causes, rather than benefits, environmental problems such as
salinization and soil degradation [Lin et al., 2019]. On the other hand, only 10-20%
of excessive fertilizer is taken through plants from the soil, and even minimal
concentrations of pesticides impact target organisms [Mandal et al., 2023].
Moreover, chemical fertilizers present possible pollution problems in agriculture due
to their contained pollutants, and their indiscriminate application frequently leads to
the degradation of natural resources, and the release of harmful substances that directly
impact human health into the soil, air, and water, ultimately leading to the

contamination of natural resources [Rashmi et al., 2020].

It is estimated that the global population, currently over 8 billion, will reach around
10 billion by 2050 [Webl1], increasing the demand for food by 25 to 70 percent over
what is presently produced [Hunter et al., 2017]. For this reason, it will become even
more important in the near future to achieve maximum product yield from a unit area
without compromising product quality [Tan et al., 2006; Roupheal et al., 2018].
Considering all this, the development of sustainable and eco-friendly agricultural
production systems to feed a growing population is a major concern that is closely
linked to the United Nations' Sustainable Development Goals, including zero hunger
and poverty [Francesca et al., 2020]. Moreover, the European Commission intends to
substitute 30% of chemical fertilizers with bio-based alternatives by 2050 [Li et al.,
2022a].



In intensive cropping systems, where more eco-friendly approaches are required to
protect the environment and natural resources, the usage of biostimulants is gaining
interest as a sustainable strategy to increase the efficiency of cropping systems while

minimizing unnecessary chemical usage [Panfili et al., 2019].

Thus, the widespread application of biostimulants in agriculture as sustainable,
environmentally friendly, and effective solutions may assist in feeding the increasing
population, mitigating the effects of climate change, and decreasing reliance on
chemical fertilizers, which are often excessively utilized in crop production systems

[Malik et al., 2020; Hunter et al., 2017].

1.2. Plant Biostimulants

Plant biostimulants, often known as agricultural biostimulants, represent a promising
and developing category of agricultural management products [Goiii et al., 2018].
They are compounds and/or microorganisms utilized in small amounts to plants that
stimulate plant metabolism regardless of their nutrient content, and are distinct from
fertilizers, pesticides, or soil improvers [Campobenedetto et al., 2021; Yakhin et al.,

2017].

Biostimulants can be classified as seaweed extracts (SWEs), humic and fulvic acids,
inorganic compounds, chitosan and other biopolymers, protein hydrolysates and other
N-containing substances, botanicals, beneficial fungi and bacteria [du Jardin, 2015].
In agricultural production, plant biostimulants have become important products,
typically formulated with one or more active compounds [Subramaniyan et al.,
2023]. Additionally, these substances can be applied in small amounts, depending on
their composition and intended use, by seed treatment, foliar spraying, or incorporating
them into soil or soilless growing media such as perlite, cocopeat, vermiculite, or other
soil alternatives [Calvo et al., 2014]. Biostimulants not only affect plants' primary
metabolism through boosting the activity of photosynthesis and derived substances but
can also induce secondary metabolism through triggering particular biosynthetic
processes [Bulgari et al., 2019]. They may improve growth and development,
improved quality traits, increased seed germination, and nutrient uptake and use
efficiency, improved root system related parameters, and enhanced crop performance

[Bulgari et al., 2015; Alvarez et al., 2024]. Biostimulants are also crucial in stressful



situations because they may boost the antioxidant system, stimulate the production of
plant defense molecules, and thus make plants more resistant to stress factors [Nephali

et al., 2020; Franzoni et al., 2022].

The identification and study of an individual compound within a biostimulant may
yield unreliable and inaccurate outcomes, as the biostimulant effects on plants
frequently arise from the interplay and synergistic effects of multiple bioactive
substances [Bulgari et al., 2015; Rouphael and Colla, 2018]. The beneficial effects,
however, differ across plant species, developmental stages, application methods, and

times, and the exact mechanisms of action remain unclear [Colla et al., 2015].

Despite the beneficial effects of biostimulants on diverse abiotic stresses, recent
European legislation on fertilizers emphasizes the necessity of scientific evidence
validating the usefulness of a product classified as a biostimulant, along with a

comprehensive elucidation of its mode of action mechanism [Regulation EU, 2019].

1.2.1. Seaweed Extracts

Macroalgae or seaweeds, are autotrophic, multicellular, and photosynthetic organisms
which have the ability to colonize intricate, harsh, and challenging marine habitats
worldwide [Bhattacharya et al., 2015]. Seaweed encounters persistent and
occasionally severe fluctuations in light quantity, salinity, climate, and nutrient
availability; consequently, they have developed the capacity to synthesize a wide range
of secondary metabolites in their thallus, which is essential for swiftly managing and

dealing with abiotic stressors [de Morais et al., 2015; Vaghela et al., 2023].

Seaweed extracts are one of the most promising and fastest-growing classes of
biostimulants [Carmody et al., 2020] and constitute about one-third of the total
worldwide biostimulant market [Eef et al., 2018]. Approximately 7.5 to 8.0 million kg
of wet seaweed is harvested globally each year [Mughunth et al., 2024]. Seaweed
biomass and its extracts have long been regarded as significant resources utilized for
many purposes, such as agriculture, food, cosmetics, and pharmaceuticals [Carillo et
al., 2020a]. Historically, the first known agricultural usage of algal biomass originated
in ancient Rome as a soil amendment [Nedumaran et al., 2015; El Boukhari et al.,
2020]. Furthermore, the first usage of SWE in liquid form in agricultural applications
dates to the early 1950s [Craigie, 2011]. Macroalgae, as one of the most important

3



sustainable resources, plays a critical part in coastal marine ecosystems and consists
of almost 10,000 species [Battacharyya et al., 2015]. They are primarily categorized
into three classes according to their pigmentation: rhodophyta (red), chlorophyta

(green), and phaeophyta (brown), [Khan et al., 2009].

Although certain seaweeds are prevalent across several geographic regions, others are
endemic to certain locales [Ali et al., 2021]. Brown seaweeds with Ascophyllum,
Fucus, and Laminaria are the dominant groups [du Jardin, 2015] and due to their
abundance, fast-growth capability and distribution, they are the primary raw materials
for the industrial production of extracts for agricultural practices [Carrasco-Gil et al.
2018; Rouphael and Colla, 2020]. The predominant marketable seaweed-based
biostimulants are liquid extracts that differ in flavor, density, colour ranging from
colorless to a very dark brownish-black, and content [Craigie, 2011]. In contrast to
terrestrial plants, seaweed can be cultivated in ocean farms or open pond systems

without requiring fresh water or arable land [Pereira and Cotas, 2024].

Alongside functional variety, characterized by distinct adaptation features to multiple
habitats and pressures, the seaweed biochemical profile exhibits significant diversity
owing to extensive taxonomic dispersion and evolutionary variation. It possesses a
complex chemical composition comprising polysaccharides (alginate, fucoidan,
laminarin, mannitol), unsaturated fatty acids, essential amino acid and bioactive
peptides, vitamins (A, B12, C, D, E, K), and both macro- and micronutrients
[Godlewska et al., 2016]. Seaweed extracts are also rich in antioxidant compounds
like polyphenols and phlorotannins (eckol, phenolic acids, flavonoids, and lignans),
and pigments (chlorophylls and carotenoids) [Michalak and Chojnacka, 2014].
Moreover, these extracts are abundant in plant growth regulators, like auxins,
cytokinins, gibberellic acids, salicylic acid, kinetin and abscisic acid [Godlewska et
al., 2017]. Moreover, it is important to emphasize that seaweed can synthesize unique

substances not generated in terrestrial plants [Michalak and Chojnacka, 2014].

Macroalgae can produce several bioactive polysaccharides absent in terrestrial plants
with their kind, quantity, and chemical composition varying according to the type of
seaweed and environmental factors [Jiao et al., 2011; Vera et al., 2011]. Seaweed
often has up to 76% polysaccharides by dry weight and acts as a promoter,
demonstrating diverse biological actions when utilized on plants [Jayaraman et al.,

2015].



Alginate, a polysaccharide present in the cell wall of seaweed in the form of alginic
acid, makes up nearly half of the dry biomass of the algae [Holdt and Kraan, 2011].
These compounds are known to have numerous beneficial effects, like improving soil
structure and water holding capacity and raising soil fertility through microbial activity
stimulation [Mamede et al., 2023]. Alginate oligo-derivatives, which are made from
degraded alginate, can boost root system and crop production while also reducing the
adverse impacts of abiotic stressors, including salinity stress [Liu et al.,, 2013;

Mukherjee and Patel, 2020].

Approximately 10% of the dry weight in algae consists of fucoidan, a sulfated
polysaccharide with anti-inflammatory, antiviral, antitumor, and antioxidative
properties; however, the chemical ingredients of this molecule can differ depending
on the seaweed source and the timing of harvest [Synytsya et al., 2010; Song et al.,

2012; Usov et al., 2022].

Laminarin comprises roughly 10% of the dry weight of seaweed, similar to fucoidan,
with this percentage potentially increasing to 32% seasonally [Holdt and Kraan,
2011]. Due to its antioxidant activities, laminarin acts as a stimulant in various defense
mechanisms, especially against pathogens, thanks to the activation of defense-related
enzymes, Ca®" influx, accumulation of stimulant compounds such as salicylic acid,

and synthesis of phytoalexins [Aziz et al. 2003; Garde-Cerdan et al., 2017].

Mannitol, a sugar alcohol (polyol) produced during photosynthesis, is found naturally
in several species, excluding archaea and mammals [Godswill, 2017]. It can constitute
roughly 20% to 30% of the dry matter in seaweed [Adams et al., 2011; Wei et al.,
2013]. Macroalgae, characterized by their rapid growth rates and significant ability for
mannitol biosynthesis, constitute a viable and sustainable source for the huge-scale
industrial production of mannitol, utilized in the food, health and pharmaceutical
sectors. It functions as a vital compatible solute and antioxidant, contributing to
cellular protection by maintaining turgor pressure, stabilizing lipid bilayers and

membrane proteins, and mitigating oxidative stress [Hosseini et al., 2024].

Seaweed extracts exhibit bioactive properties when applied in low concentration to the
plant or growth medium [Khan et al.,, 2009]. Besides enhancing growth and
development, seaweed-based biostimulants are recognized for their beneficial effects

on germination [Hernandez-Herrera et al., 2016], nutrient uptake [Halpern et al.,



2015], root morphology [Rayorath et al., 2008], flowering [Ali et al., 2019], and fruit
quality metrics [Kapur et al., 2018]. Moreover, algae-based biostimulants not only
promote plant development but also mitigate several abiotic challenges, including
drought [Xu et al., 2015; Elansary et al., 2016], salinity [Hernandez-Herrera et al.,
2022], cold [Nair et al., 2012; Bradacova et al., 2016] and heat [Zhang and Ervin,
2008], by targeting several plant pathways.

The growth-promoting benefits of SWEs are recognized across various species
[Battacharyya et al., 2015]; nevertheless, the heterogeneous and intricate
composition of these substances complicates the identification of specific components
responsible for their efficacy, hence obstructing a comprehensive understanding of the
underlying mechanisms [Van QOosten et al., 2017]. While most of their chemical
constituents and mechanisms of action remain inadequately understood, it is proposed
that they function synergistically to elicit a favorable response within the plant
mechanism, with each substance potentially acting either alone or collaboratively on
diverse metabolic networks [Malaguti et al., 2002; Grundy et al., 2015]. Moreover,
elucidating the biomolecular mechanisms of action of these varied compounds or their
compositions on plants is a complex process that requires an integrated strategy that
encompasses several disciplines, including genomes, proteomics, transcriptomics, and

plant physiology [Carillo et al., 2020a].

Seaweed-based biostimulants have significant potential to be a viable tool in
sustainable agriculture due to their rich bioactive components, high environmental
compatibility, and being biodegradable and safe, in contrast to chemical fertilizers
[Layek et al.,, 2018]. Moreover, the utilize of whole seaweed biomass as a
biostimulant in agriculture is a more feasible and economical method than isolating a
single molecule [Carillo et al., 2020a]. For this reason, the increasing interest in the
development of novel products derived from SWEs has contributed to the development
and advancement of innovative extraction methodologies [Kadam et al., 2013]. The
increasing demand for a bioeconomy that uses resources more efficiently and
sustainably requires the use of renewable biological resources instead of synthetic
inputs in agricultural practices, which is possible by further integrating agriculture with

blue biotechnology [Vieira et al., 2020].

On the other hand, there may be some difficulties in the use of SWEs in agriculture.
Harvesting seaweed from marine ecosystems such as seas or oceans requires attention
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to efficient harvesting techniques, extraction processes, rapid processing and storage
methods to preserve the chemical composition and quality of the raw materials
[Zodape, 2001]. Moreover, the variability stemming from differences in species,
habitats, and environmental and climatic circumstances might complicate the
maintenance of consistent quality and the optimization and standardization of the
resulting product, and the many activities and uses of SWEs also complicate their
commercial classification and labeling [du Jardin et al., 2020; Ali et al. 2021]. The
prevalence of counterfeit products on the market, which include little seaweed-derived
ingredients, mandates the implementation of rigorous quality standards to precisely

determine, validate, and label the authenticity of their content [Leandro et al., 2020].

1.2.1.1. Seaweed Extraction Methods

Choosing and optimizing an efficient extraction technique is a vital beginning step to
getting seaweed-based biostimulants, as variations in the content of bioactive
compounds can be noted throughout the extraction of seaweed [CikoS$ et al., 2018].
Seaweed extracts can be obtained by both physical and chemical processes
[Godlewska et al., 2017]. The main objective of extraction methods is to maximize
the production of target compounds, protect by-products, reduce energy consumption,
explore recycling strategies to diminish waste creation, optimize the process, and

enhance scalability [Michalak and Chojnacka, 2014].

Biologically active substances can recover from algal biomass primarily through
traditional solvent extraction and hydrolysis methods, including hydrothermal, acid,
or alkaline hydrolysis [Meillisa et al., 2013]. Firstly, the extraction of phenolics and
phytohormones can be conducted using water extraction, a method that is
straightforward, efficient, cost-effective, and environmentally sustainable without the
need for organic solvents [Godlewska et al., 2016; Khalil et al., 2017]. Acid
hydrolysis is an extraction technique employed to isolate polysaccharides mainly
alginate and fucoidan, by removing fucose-containing sulfated polysaccharides from
seaweed through treatment with strong acids like sulfuric or hydrochloric acid
[Sharma et al., 2014]. The alkaline hydrolysis procedure, commonly employed in
industry, offers significant extractability and medium breakdown of polysaccharides
to oligomers, which are among the most bioactive constituents of SWE [Jayaraj et

al., 2018; Shukla et al., 2019].



Moreover, various novel extraction strategies have been employed to maximize the
isolation of different types of biologically active compounds from seaweed in a
without solvent condition [Kisvarga et al.,, 2022], such as ultrasonic-assisted
extraction (UAE) [Kadam et al., 2015], microwave-assisted extraction (MAE) [Xiao
et al., 2013; Michalak et al., 2015], enzyme-assisted extraction (EAE) [Wijesinghe
and Jeon, 2012], supercritical fluid extraction (SFE) [Conde et al., 2015] and pressure
fluid extraction (PFE) [Perez-Vazquez et al., 2023].

Ultrasonic-assisted extraction utilizes sound waves with low frequency and high
power produced in an ultrasonic bath or by an ultrasonic probe to create pressure
fluctuations, which provide mechanical energy that breaks the cell, thereby
diminishing particle size and enhancing the interaction between the solution and the
obtained substances [Ying et al., 2011; Hahn et al., 2012; Mena-Garcia et al., 2019].
This method has demonstrated efficacy in increasing the extraction of polysaccharides,
pigments, and phenolic substances from different algae species [Florez-Fernandez et
al., 2017; Carreira-Casais et al., 2021]. Finally, UAE can be utilized in conjunction
with MAE and SFE, either alone or collectively, to significantly enhance extraction

efficiency and diminish expenses [Kadam et al., 2013].

In MAE, the microwave system stimulates vibrations in water inside the cell, resulting
in an elevation of intracellular fluid temperature, and a rise in temperature leads to
water evaporation and the application of pressure on the cell walls, ultimately causing
the cell wall to rupture and release intracellular contents into the surrounding
environment [Hahn et al., 2012]. This technology offers reduced time and solvent
usage, a more cost-effective alternative to SFE, and is mainly used to extract
polysaccharides (fucoidan), pigments, and phenols from algal biomass [Kadam et al.,

2013; Dulanlebit and Hernani, 2023].

The extraction of bioactive compounds from seaweeds via EAE may lead to
degradation selectivity, high concentration of bioactive, and exhibit improved
biological activity, therefore serving as a valuable option to overcome physical and
chemical extraction limitations [Wijesinghe and Jeon, 2012]. The utilization of
diverse enzymes such as protease, alginate lyase, a-amylase, agarase, cellulase, and
pepsin to extract bioactive chemicals from seaweed is constrained in the market mostly

due to the high prices associated with these enzymes [Sander and Murthy, 2009].



In SFE methods, CO2 generally serves as a solvent, recognized for its cost-
effectiveness, safety, nonflammability, and non-corrosiveness, and it can be readily
and eliminated from the SWE [Pan et al., 2012; Crampon et al., 2011]. Moreover,
CO; has a relatively low critical temperature and pressure, making it an outstanding
solvent for the extraction of heat-sensitive bioactive chemicals from seaweeds, like
carotenoids and pigments [Fiori et al.,, 2014]. This approach offers numerous
advantages, including a rapid extraction ratio, a significant amount of productivity,
efficiency, and safety, appropriate for industrial application [Crampon et al., 2011;
Ibaiiez et al., 2011]; nevertheless, it also presents disadvantages such as substantial
initial investment, the requirement for polar substances, and labor-intensive

procedures.

Pressure fluid extraction is among the most promising methods, providing numerous
advantages over conventional extraction techniques, including enhanced selectivity,
significantly reduced processing time, and diminished usage of organic solvents
[Ibafiez et al., 2011; Jaime et al., 2005]. The PLE method, commonly employed for
extracting antioxidants from SWE, utilizes water as a solvent while simultaneously
applying elevated temperature and pressure to obtain the desired substances
[Michalak and Chojnacka, 2014; Jacobsen et al., 2019], with the extraction
temperature significantly influencing the method's efficiency and selectivity [Zakaria

and Kamal, 2016].

Extraction efficiency may differ based on the seaweed species, solvent type and ratio,
particle size, temperature, duration, pH, environmental factors, and other variables
[Park et al., 2008]. Consequently, it is critical to determine the optimum and suitable
reaction process to achieve maximum yield that is quantitative, non-destructive, time-
saving, and efficient by adjusting all these influencing parameters [Wijesinghe and

Jeon, 2012].

1.2.1.2. Cystoseira barbata

Cystoseira barbata, (syn. Gongolaria barbata), a species of brown algae, is classified
within the order Fucales and belongs to the Sargassaceae family, and is located in the
Adriatic, Black Sea, Mediterranean, Marmara, and Aegean Seas [Savonitto et al.,

2021]. C. barbata, is regarded as generally resilient to eutrophication and is a long-



lived species typically found in shallow, protected, and well-illuminated marine coral
environments, rock pools, and coastal marshes [Blanfuné et al., 2025]. Distinguished
by a thickly branching tallus, these plants provide refuge, sustenance, and reproductive
habitats for various organisms, thereby supporting ecosystem biodiversity [Thibaut et
al., 2016; Chiarore et al., 2019]. Moreover, the prevalence of these species in their

habitat signifies superior water quality [Manev and Petkova, 2021].

Although the biochemical content of Cystoseira varies for various reasons, it is
generally rich in many vital bioactive compounds, including polysaccharides
(fucoidan, alginate and laminarin), terpenoids, fatty acids and phlorotannins, and is
known to have antioxidant properties [Ak and Tiirker 2018; Dobrinci¢ et al., 2021;
Oztaskent and Ak 2021; Orlando-Bonaca et al., 2021]. Moreover, C. barbata is
classified under the Fucales order, recognized for its abundance of polyphenolic
chemicals, including phenolics and flavonoids, which significantly enhance the
antioxidant activity of macroalgae [Duan et al. 2006; Ak et al., 2022]. Various
Cystoseira species have been shown to possess antiviral, antibacterial, anti-
inflammatory, and antifungal properties [Orlando-Bonaca et al., 2021]. Furthermore,
this edible alga is conventionally used as a functional food in the Black Sea regions

[Pereira, 2017].

The proliferation, distribution, and viability of various algal species fluctuate due to
natural environmental factors including water temperature, light, salinity, climate
change, nutrients and anthropogenic stresses like habitat loss, pollution [Harley et al.,
2012; Marletta and Lombardo, 2020]. The establishment of seaweed farms presents
a viable answer to these issues [Zhang et al., 2022; Tullberg et al., 2022].

While the biostimulant potential of numerous Cystoseira species has been explored,
C. barbata remains unexamined in this regard [Krid et al., 2024]. In the literature, a
study was conducted on the effects of extracts obtained from C. barbata on the
germination of various plants without mentioning their biostimulant effects [Demir et
al., 2006]. On the other hand, the study published as part of this thesis describes for
the first time the biochemical composition of C. barbata extracts and reveals their
potential biostimulant effects on germination and growth of early wheat plants through

substrate and seed applications [Mutlu-Durak et al., 2024].
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1.3. Soilless Culture System

The soilless agriculture system, which is the fastest-growing sector of agriculture and
has been adopted as an important technological component in modern greenhouse
cultivation, plays a role as the driving force of agricultural production in overcoming

various difficulties faced by soil-based agriculture [Hussain et al. 2014].

Although soilless culture systems are perceived as contemporary methods, the
Hanging Gardens of Babylon and the wall paintings in the Deir el-Bahri temple
showing Egyptians growing plants in soilless containers show that soilless agriculture
has a history spanning approximately 4,000 years, dating back from ancient

civilizations to the present day [Lakhiar et al., 2018; Waiba et al., 2019].

Higher yields can be obtained even in areas with adverse growing conditions thanks
to eco-friendly soilless culture systems in which plants are grown by using many
growing media other than soil, such as inorganic, organic materials, and synthetic
substrates [Gruda, 2009; Hussain et al., 2014]. Beyond higher yields, soilless culture
provides optimal growing conditions that consistently support reliable, healthy, and
high-quality plant production compared to traditional open-field agriculture [Fussy
and Papenbrock, 2022]. Additionally, these systems reduce the risk of soil-borne
pathogens and eliminate the need for weeds control [Rajendran et al., 2024]. The
widespread use of pesticides in soil-based agricultural systems, which contributes to
environmental pollution, is avoided in these systems, leading to savings in time, labor,
and overall costs [Savvas et al. 2013]. By applying nutrients and water to plants more
equally, the efficiency of water and fertilizer use increases significantly compared to
soil-based agriculture, thus helping to prevent waste by using fewer resources at the
same time and making more production of the desired quality possible [Putra and

Yuliando, 2015; Savvas, 2002].

Despite the significant benefits, soilless agriculture also has certain drawbacks [Fussy
and Papenbrock, 2022; Resh, 2012]. The initial capital and energy expense is large,
and large-scale commercial applications require technical expertise [Sonneveld, 2000;
Resh, 2012]. Cultivating perennial plants is unfeasible in soilless agriculture, but
often, high value-added annual crops are produced [AlShrouf, 2017]. Careful
management of plant health is critical, as waterborne diseases can readily transmit

between plants [Ikeda et al., 2002]. It is crucial to regulate pH, EC, and appropriate
11



nutrient concentration of the medium; failure to do so may restrict production

performance and result in yield losses [Van et al., 2002].

Soilless culture systems are categorized into two types: substrate-culture, which
utilizes a soilless medium for root growth, and hydroponic or water culture, where
roots are mainly immersed in a nutrient solution lacking a substrate or soil in the

rooting medium [Putra and Yuliando, 2015].

1.3.1. Substrate Culture

Substrate culture or solid media refers to a medium distinct from soil, using individually
or in combinations of substrates that comprise either organic materials (peat, coco coir,
bark, wood fiber, rice husks, biochar) or inorganic substances (sand, perlite, tuff,
rockwool, vermiculite, zeolite and pumice) [Joshi et al. 2022; Mir et al., 2022]. This
medium can exist in various forms to facilitate plant growth and development and must
possess attributes such as superior water/nutrient retention capacity, high durability,
biocompatibility, low bulk density, ample aeration space and devoid of pathogenic
organism [Deepagoda et al., 2013; Hussain et al., 2014]. Furthermore, it allows more
accurate and uncomplicated control over the supply and content of mineral nutrients
and other components, allowing for more consistent crop performance and efficient
resource management [Lee et al., 2022]. The selection of substrate material may differ
based on the plant species, and the properties of the growing medium must fulfill all
the plant's requirements [Fussy and Papenbrock, 2022]. The primary crops cultivated
in substrate culture medium under greenhouse circumstances include tomato
[Ghehsareh et al., 2011], pepper [Aslani et al., 2016] and strawberry [Tehranifar et
al., 2006].

Coir fiber obtained from coconut mesocarp is a plant-based organic waste product,
which is abundant in many Asian and Far Eastern countries, especially India and Sri
Lanka, is exported worldwide from these countries [Abad et al., 2005; Raviv, 2013].
This fiber is extensively utilized, serving as a component of the growing medium for
many crops in horticultural cultivation [Barrett et al., 2016]. Cocopeat culture
possesses significant air and water holding capabilities, allowing roots to penetrate and
develop inside the substrate readily [Kalaivani et al., 2019]. Coconut is entirely organic

and may be readily recycled as a soil amendment and it does not contribute to
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environmental pollution and is suitable for usage across numerous seasons due to its
stability [Resh, 2022; Barker, 2021]. Conversely, when cocopeat is utilized in closed
systems, microorganisms may proliferate in the substrate if the recirculated leachate is
not properly treated. Coconut fibers insufficiently washed by the producer may retain
high NacCl levels, requiring additional washing by the grower [Poulter, 2014]. It may
possess potassium; therefore, the nutrient solution must be modified correspondingly,

and the boards should be rinsed with a low-K nutrient solution [Ross et al., 2012].

Commercial production of perlite is based on a glassy volcanic rock that is pulverized,
sieved and then heated to temperatures between 760 and 1100°C, and 70% of global
perlite reserves are located on the Aegean coast of Tiirkiye [Dogan and Alkan, 2004].
An environmentally friendly and inert material with an extraordinary water retention
capacity, capable of holding 3-4 times its weight in water, perlite is devoid of mineral
nutrients and is often used as a sole substrate in soilless applications or potting soil
mixes to reduce compaction. On the other hand, it has disadvantages such as high cost,
high energy requirements during production, and aluminum toxicity at low pH levels

[Raviv et al., 2019].

1.3.2. Hydroponic Culture

Hydroponic, one of the soilless cultures, is a plant-growing method in which the roots
meet water and nutrients directly through aeration without using soil in the rooting
environment [Fussy and Papenbrock, 2022]. The term hydroponics was originally
described by Gericke in 1937, and the introduction of Hoagland's nutrient formula
dramatically increased commercial crop yields in both solution culture and substrate
culture systems [Gericke, 1937; Hoagland and Arnon, 1938; 1950]. Hydroponic
systems can be more efficient and productive and at the same time more affordable in
soilless production, compared to growing plants with soil and these systems are ideal
for growing a wide variety of crops, including tomato, lettuce, and other leafy crops
[Asao, 2012; Barrett et al., 2016; Sing et al., 2017]. Netherlands, a global pioneer in
hydroponically cultivated vegetables and cut flowers, generates half of the total value
of all fruits and vegetables produced in the nation through these systems [Fussy and

Papenbrock, 2022].
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The temperature, optimal concentration of the nutrient solution, pH, and EC values
must be carefully regulated according to the specific requirements of the target plant
to achieve maximum system efficiency and higher plant yield [Trejo-Tellez et al.,
2012]. Electrical conductivity generally ranges from 0 to 5 dS/m in hydroponic
cultivation, with recommendations for producers to maintain EC below 3 dS/m to
promote optimal plant growth [Raviv et al., 2019]. In hydroponic cultivation, solution
pH levels should generally be maintained between 5 and 7, with an optimal irrigation

solution pH range of 5.5 to 6.5 [Savvas and Gruda, 2018].

Deep water culture, one of the oldest hydroponic systems, is a system in which plant
production takes place in a relatively large container filled with nutrient solutions, with
roots spreading freely in this liquid, supported by an air pump that oxygenates the
water [Nursyahid et al., 2021]. One of the most widely used hydroponic systems, the
Nutrient Film Technique, consists of long white channels with openings at the top for
the placement of plants and involves growing plants by covering the roots with nutrient
solutions without the use of substrate [Aires, 2018]. A thin layer of nutrients is applied
to the roots by constantly or several times an hour pushing the nutrient solution through

the root zone through foggers in an aeroponic system [Garzon et al., 2023].

As a cost-effective and easy-to-use practice to enhance crop production and decrease
the need for chemical inputs, the addition of biostimulants from SWEs as growth-
promoting products through nutrient solutions in soilless growing systems can be an
important approach for sustainable agricultural production [Moncada et al., 2021;
Miceli et al., 2021]. Although the integration of seaweed-based biostimulants into
hydroponic systems in plant production is a promising, environmentally friendly
production strategy, studies and their modes of action are still limited in the literature

[Wang et al., 2022].

1.4. Salinity Stress

Salinity, a major abiotic stress factor affecting agriculture globally, causes significant
losses in yield and quality, therefore poses a serious threat to world food security
[Parihar et al., 2015]. Globally, salinity stress impacts about ~1 billion hectares of
land across more than 100 nations, and is projected to affect 50% of arable land by

2050, resulting in considerable yield reductions in numerous crops [Atta et al., 2023].
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Primary salinity results from natural processes like rock breakdown, which releases
soluble salts like NaCl, CaClo, MgClo, SO472, and COs7? into the water. These salts then
accumulate in the soil due to wind, precipitation, global warming, insufficient rainfall,
and increased evapotranspiration [Zhu, 2001; Rouphael et al., 2018a]. Secondary
salinity results from human activities like intensive agriculture, improper irrigation
techniques, land clearing, the utilization of irrigation water with elevated salt
concentrations, and inappropriate fertilizer [Rouphael et al., 2018a; Giordano et al.,

2021].

Although salinity stress occurs initially triggers osmotic stress over the short term
(ranging from minutes to days), prolonged exposure leads to ionic toxicity and
ultimately results in oxidative stress in plants [Carillo et al., 2011]. Firstly, osmotic
stress is intensified by elevated salt concentrations in the growth medium, which
restricts water and nutrient absorption in plants by roots [Li et al., 2022b]. The
diminished ability for water absorption induces osmotic disturbances that adversely
impact stomatal aperture, transpiration, leaf expansion, root tip creation, new shoot
development, and young leaf growth in plants, thus lowering nutrient usage efficiency
and photosynthetic production [Annunziata et al., 2017; Negrao, et al., 2017]. Long-
term exposure to salinity stress (ranging from days to weeks) induces ionic toxicity,
leading to the accumulation of Na" and CI” ions in plant cells and tissues, hence
affecting many important plant processes, which disrupt metabolic balance and
diminish plant growth and yield [Ibrahimova et al., 2021]. lonic toxicity resulting
from elevated ion concentrations that impair ionic homeostasis in plant cells manifests
more gradually than osmotic stress and predominantly impacts the senescence of older

leaves [Wungrampha et al., 2018].

Elevated Na" concentrations in the environment diminish the availability of other ions,
including K*, Ca?', and Mg?*, because of competitive interactions, resulting in
nutritional shortages and imbalances that adversely impact plant growth and
development, eventually resulting in decreased yields [Atta et al., 2023; Pandit et al.,
2024].

Under non-stress circumstances, reactive oxygen species (ROS), including singlet
oxygen ('02), hydrogen peroxide (H20.), superoxide radical (O>"), hydroxyl radical
(OH) mainly generated in mitochondria, chloroplast and peroxisome at low
concentrations in plants function as signaling molecules in numerous critical processes
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[Hasanuzzaman et al., 2019]. However, during stress conditions, as the closing of
stomata leads to an accumulation of energy that is redirected to Oz, elevated ROS
levels induce oxidative stress, resulting in detrimental effects on the plant, including
DNA mutations, disruption of lipid metabolism and chlorophyll pigments, and protein

degradation [Naveed et al., 2020].

The response of the plant to salinity stress may differ based on the amount, intensity
and duration of the stress, and whether the onset is sudden or gradual, as well as the
genotype and developmental stage of the plant [Liang et al., 2018; dos Santos et al.,
2022].

1.4.1. Mechanism of Salinity Tolerance in Plants

Throughout the evolutionary process, plants have developed numerous adaptation
mechanisms to endure saline conditions. These include selective ion absorption,
accumulation, and excretion [Shabala and Munns, 2012]; control of hormonal
equilibrium; alterations in evapotranspiration by decreasing of leaf size and
adjustments in photosynthetic pigments [Yasmeen et al., 2013]; activation of
antioxidant defence pathways; upregulation of stress-responsive genes; as well as

expression of defensive proteins to mitigate salinity stress [Ma et al., 2022].

Under saline conditions, plants limit Na“ entry or accumulate this ion in their old
tissues, preparing the ground for an environment where it can be eliminated later [dos
Santos et al., 2022]. Ionic homeostasis, which regulates ion flux to establish a low
Na' concentration and a high K" concentration in the cytosol, is crucial for the
functionality of various cytosolic enzymes and for maintaining cell volume and
membrane potential, as elevated Na* levels impede K* accumulation and stomatal
regulation [Hasegawa et al., 2000; Farooq et al., 2015]. Na'/H" antiporters, which
are placed in the plasma membrane and tonoplast, are essential for preserving
intracellular ion homeostasis by transporting Na* from the cytoplasm into vacuoles or

the extracellular environment [Pehlivan et al., 2016; Cui et al., 2020].

Osmotic adjustment is an adaptation mechanism that generally involves the
accumulation of compatible inorganic ions as well as organic solutes including N
containing osmolytes (polyamines, proline, glycine betaine), sugar alcohols (sorbitol,
mannitol, pinitol), quaternary ammonium substances and sugars (sucrose and
raffinose) synthesized and/or stored in the cytosol without causing any toxicity
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problems to enable them to withstand ionic, oxidative and osmotic stress under salinity
stress [Parihar et al., 2015; Kumar et al., 2021]. In addition, these compounds not
only play an important role in osmotic adjustment but also demonstrate antioxidant
properties by scavenging ROS, preserving membrane stability and the structure of

proteins [Rahneshan et al., 2018].

When stressed environments scavenge high levels of ROS formation, plants can
initiate protective defense mechanisms that encompass various enzymatic
antioxidants, including catalase (CAT), glutathione reductase (GR), superoxide
dismutase (SOD), ascorbate peroxidase (APX), peroxidase (POX) as well as non-
enzymatic antioxidants such as ascorbate, glutathione (GSH), carotenoids, phenolic,
flavonoids, and other secondary metabolites [Bacha et al., 2017; Giordano et al.,

2021].

1.4.2. Salinity Stress in Soilless Systems

Hydroponic culture systems provide a regulated setting for investigating plant
response to salinity stress. These systems offer accurate regulation of salt levels in the
nutrient solution and enhance the monitoring of root as well as shoot growth patterns
[Tester and Davenport, 2003]. Researchers can apply different degrees of salinity
stress on wheat genotypes through a hydroponic system, thereby reducing confounding
variables linked to soil-based systems, such as soil property heterogeneity and
microbial interactions, thereby facilitating the systematic assessment of salinity
tolerance traits among many genotypes and offer significant insights to the
fundamental physiological and molecular processes associated with stress responses
[Fellahi et al., 2024]. Hydroponic culture is considered more appropriate than soil
screens for large-scale screening of many seedlings [Mujeeb-Kazi et al., 2019;

Kulkami et al., 2021].

Salinity stress, resulting from elevated salt concentrations in soil or water [Rouphael
et al., 2017], is typically linked to soil-based agriculture; however, it also serves as a
limiting factor for soilless agricultural systems due to NaCl accumulation from
contaminated fertilizers and inadequate water quality [Katsoulas and Voogt, 2014;].
Soil or water with an EC exceeding 4 dS m™!, corresponding to 40 mM NaCl, is

classified as saline [Ibrahimova et al., 2021]. The elevated levels of NaCl in the

17



rooting medium may lead to leaf turgor loss due to osmotic effects, Cl and Na" toxicity
in various plant tissues, and potential nutritional imbalance [Alfosea-Simén et al.,

2020].

To obtain optimum yields from plants grown in soilless farming systems, it is vital to
use high quality water with low salt concentration in the formulation of a balanced
nutrient solution. In contrast, increasing difficulties in supplying high quality water
will lead to the use of saline water in soilless farming systems, and a nutrient solution
with an EC exceeding the tolerance threshold of many vegetable crops will reduce
yield and quality in plant production [Mariani and Ferrante, 2017; Vetrano et al.,
2020].

Numerous studies indicated that the vegetative growth performance and yield of wheat
cultivated hydroponically under saline stress diminished [Ashraf and Ashraf, 2016].
Moreover, Mutlu-Durak et al. (2023) reported that salinity stress resulted in
diminished growth and development in hydroponically grown maize. Another study
showed that elevated EC of the nutrient solution in a soilless system adversely affected
tomato yield and overall growth [Krauss et al., 2006; Alfosea-Simon et al., 2020].
Unliikara et al. (2008) reported similar findings, indicating a decrease in lettuce

production following irrigation with water exhibiting a high EC level of 6.0 mS/cm.

In today's world, where the global climate crisis is becoming increasingly severe, as
high-quality water resources become increasingly scarce and access to high-quality
water for agricultural applications is becoming increasingly difficult [Assouline et al.,
2015]. For this reason, plants grown in soilless systems may experience salt stress, and
unless innovative strategies are developed to increase plant salt tolerance, problems
associated with salinity stress in agricultural production will be inevitable [Niu et al.,
2018; Kaloterakis et al., 2021]. Therefore, advancing knowledge and developing
sustainable approaches for the effective use of saline water in horticulture, as well as
mitigating salt stress in saline environments, are becoming priorities for vegetable

growers and researchers [Hegazi et al., 2015].

Although the limited applications of seaweed-derived biostimulants in hydroponic
systems [du Jardin, 2015; Sambo et al., 2019], recent studies indicate that SWEs can
enhance plant yields by favorably influencing physiological processes and mitigating

the adverse effects of salt stress [Deolu-Ajayi et al., 2022; Mughunth et al., 2024].
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Consequently, the incorporation of algae-based biostimulants to enhance plant stress
tolerance represents a sustainable and innovative approach in agricultural practices

[Carillo et al., 2020a; Hernandez-Herrera et al., 2022].

Specifically, SWEs can bolster plant defense mechanisms by activating certain
metabolic pathways and/or stimulating formation of secondary metabolites, including
non-enzymatic antioxidants, that enhance the antioxidant response and improve
photosynthesis, growth, production, and quality [Rai et al., 2021; Dell’Aversana et
al., 2021; Khan et al., 2022]. Overall, the augmenting and priming effects of SWEs
on plant defense against abiotic stress can be ascribed to the biochemical composition
and their ability to trigger a cascade of physiological and molecular responses within
the plant [Yakhin et al., 2017]. Compatible solutes, which bolster plant resistance to
various abiotic stresses, accumulate in plant cells in response to osmotic stress and can
mitigate the detrimental effects of salt stress by maintaining cell volume, while also
enhancing stress tolerance through the regulation of signaling pathways linked to the
stress response [Ghosh et al., 2021]. SWE-based biostimulants have elevated levels
of many osmolytes that may be partially taken by the plant and/or stimulate a mild and
temporary osmotic stress [Di Stasio et al., 2018]. Ongoing osmotic priming during the
growing period enhances the plant's ability to withstand subsequent stress, initiating a
series of morphological and physiological adaptation mechanisms that improve the
plant's response to unforeseen and seasonal stressors [Fleming et al., 2019]. SWEs
encompass several advantageous compounds devoid of specialized osmotic action that
may facilitate plant development and yield. They also interact with stress-protective
compounds, including secondary metabolites such as phenolic compounds with non-
enzymatic antioxidant properties, and exhibit hormone-like activity [Sharma et al.,
2016; Muthu-Pandian et al., 2019]. Moreover, SWEs also comprise numerous
biologically active components, such as complex polysaccharides and phycocolloids
(fucoidan, alginate), which have demonstrated efficacy in inducing salinity tolerance

in plants [Drira et al., 2021; Zou et al., 2019].

1.5. Crop Quality

The quality attributes developed throughout the plant’s growth cycle, from initial

development to the harvest stage, encompass a range of factors, including agricultural
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traits (fruit size, yield potential, and resistance to pathogens), sensory characteristics
(color, aroma, flavor, texture firmness, and morphological features), and nutritional
and biochemical composition (phenolic compounds and antioxidant capacity) [Di
Vittori et al., 2018]. These multifaceted attributes are not only shaped by genetic and
environmental influences but also by agricultural practices and are critical in
determining consumer safety, acceptance, and marketability [Rouphael et al., 2018b;

Kutman, 2023].

Nitrogen (N) is crucial for crop quality, as its type, delivery technique, and dosage
greatly affect plant growth and in green leafy crops, increased nitrogen levels promote
chlorophyll production, leading to a more vibrant color that is more attractive to
consumers [Barickman and Kopsell, 2016]. Larger fruit size is generally seen as an
indicator of superior quality, but attaining the genetically predetermined size requires
adequate nitrogen availability; yet excessive nitrogen can adversely impact on overall
size and, subsequently, market quality [Schellenberg et al., 2009; Carranca et al.,
2018]. Calcium (Ca) is an essential macroelement that influences the quality of fruits
and vegetables; its lack frequently results in physiological diseases that undermine
visual and structural integrity, overall quality [de Freitas and Mitcham, 2012].
Potassium (K), another important macronutrient, when low, can worsen physiological
problems such as inadequate coloring, consequently reducing visual quality [Morgan
et al., 2005]. Conversely, sufficient K application has been demonstrated to enhance
flavor characteristics in diverse fruits, such as melons, apples, and cherries, by
elevating total soluble solids (TSS), augmenting sugar content (sweetness), and
regulating acidity [Alva et al., 2006; Lester et al., 2006; Solhjoo et al., 2017; Yener
and Altuntas, 2020]. Sulfur (S), especially as organosulfur metabolites, significantly
enhances the flavor, aroma and nutraceutical attributes of horticulture crops,
highlighting its relevance for sensory as well as nutritional quality [Huchette et al.,
2007]. Boron (B) shortage among micronutrients is linked to visual defects that

diminish overall product quality [Rerkasem et al., 2020].

Crops not only supply vital nutrients but also encompass several kinds of antioxidants
and health-enhancing compounds [Kutman, 2023]. The nutritional status of plants can
substantially affect the levels of both helpful metabolites and antinutritional substances

[Omirou et al., 2009]. Consequently, plant nutrition is interconnected with human
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nutrition through the nutritional value of crops [Bouis and Welch, 2010; Bouis and
Saltzman, 2017].

Phytochemicals, polyphenolic compounds in plants, are known for their physiological
effects, including stress tolerance, color, odor, aroma, and flavor enhancement, as well
as their capacity to improve quality parameters [Picchi et al. 2012]. The content and
levels of phytochemicals in plants, which are considerable quality indicators due to
their positive effects on human health including preventing many diseases as well as
anti-cancer, antioxidant and anti-aging activity, can be affected by environmental

factors and agricultural practices [Lako et al. 2007; Fratianni et al., 2020].

When growing a particular crop variety under a particular set of circumstances, the
amounts of mineral elements needed to optimize yield are seldom the same as the
amount needed to optimize quality [Kutman, 2023]. A frequently noted correlation
between yield and quality attributes is elucidated by the "dilution effect," whereby
heightened yields result in a diminished concentration of minerals or other vital
substances as they are dispersed throughout a greater biomass [Marles, 2017; Wang
et al., 2018; Kutman et al., 2023]. In a different situation, the peak achievable yield
is reached at a nutrient input level that fails to improve quality; beyond this threshold,
increased mineral supply may enhance certain quality traits without further
augmenting production [Kutman, 2023]. Identifying the ideal conditions that
concurrently enhance all aspects of crop quality is exceedingly difficult, as agronomic
methods that improve one quality attribute may be inappropriate for enhancing others.
At this moment, the use of plant biostimulants in agriculture provides a sustainable
strategy for achieving high yield and improved product quality, two key characteristics
for assuring economic production while also protecting the environment and human

health.

In addition to enhancing harvestable crop yield, SWEs have been documented to
augment the nutrient quality of various plants, including apple [Soppelsa et al., 2018],
broccoli [Lola-Luz et al., 2014], cucumber [Valencia et al., 2018], lettuce [Yusuf et
al., 2019], orange [Fornes et al., 2002], pepper [Paradikovié et al., 2011], spinach
[Fan et al., 2011; Xu and Lescovar, 2015], strawberry [Kapur et al., 2018], tomato
[Ali et al., 2016].
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The flavor and taste of fruit are primarily influenced by the levels of TSS, total acids,
and their respective ratios [Kriiger et al., 2012], thus increasing TSS in fruits by
applications of algae-based biostimulants contributes to overall fruit quality [Kapur
et al.,, 2018]. The modulation of photosynthesis and secondary metabolism by
biostimulants, including SWEs, can lead to improvements in fruit and vegetable
quality [Colla et al., 2017] and at the same time, the increase in secondary metabolites
can contribute to human health by reducing many diseases caused by oxidative stress

[Sangha et al., 2014].

Following the treatment of SWE, the fruits exhibit increased concentrations of
beneficial and flavor-enhancing components, including anthocyanins, soluble
carbohydrates including fructose and sucrose, polyphenols, and ascorbic acid
[Valencia et al., 2018; Frioni et al., 2018; Kergosien et al., 2023]. Seaweed extracts
from A. nodosum were shown to increase the anthocyanins and total phenolic contents
in grapevines and berries, while in spinach, they increased the levels of phenolics,
flavonoids, and antioxidants, and in strawberry plants, they improved the edible quality
of the fruit by increasing TSS, sucrose, and fructose [Fan et al., 2011; Frioni et al.,
2018; Kapur et al., 2018]. Another study has shown that the application of brown
SWE on cucumbers significantly enhanced fruit quality by elevating total phenol
content, antioxidant capacity, and vitamin C levels, alongside improving yield
[Valencia et al., 2018]. Moreover, the shelf-life appears to be prolonged by the
treatment of spinach [Fan et al., 2014], tomato [Widyastuti et al., 2019], grapes

[Norrie and Keathley, 2006] with brown macroalgae extracts.

1.6. Wheat

Wheat, the third most produced crop globally after rice and corn, was first cultivated
during the Neolithic Revolution about ten thousand years ago [Khalid et al., 2023].
Wheat is a staple crop for human nutrition and global food security, comprising
thousands of varieties, including bread or common wheat (7riticum aestivum) and
durum or pasta wheat (7riticum durum) [Cakmak and Kutman, 2018]. According to
2023 global wheat production data, China, India, and Russia are the three greatest
wheat producers globally, collectively accounting for nearly 41% of total wheat

production, while Tiirkiye ranks 9" [Web2].
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Triticum durum, a wheat species of considerable economic significance worldwide and
in Tiirkiye, is characterized by its elevated yellow pigment content and hard, vitreous
endosperm, primarily employed in the manufacture of food products including pasta,
spaghetti, bulgur, and couscous [Kili¢, 2010; Tedone et al., 2017; Oziilkii, 2022].
Sariganak-98, a Turkish durum wheat cultivar, has become popular in southeastern
Tiirkiye due to its high production possibility, resilience to widespread wheat diseases
in the area, and tolerance to suboptimal soil conditions, especially those related to

microelement shortages [Yildirim et al., 2013].

Wheat is not only a significant source of carbohydrates but also offers considerable
quantities of important or beneficial health components, namely protein (albumin,
globulin, glutenin), vitamins including B and E, lipids, minerals, dietary fiber, and
phytochemicals that could aid in maintaining a balanced diet [Shewry and Hey, 2015;
De Santis et al., 2021].

Global climate change with increasing drought may create salt stress in previously
unaffected arable lands and worsen the effects of existing salt stress, thus negatively
affecting wheat crop productivity [Miransari and Smith, 2019]. Consequently,
considering the place of wheat in global food security, it will become even more
important as a promising and sustainable approach to utilize the power of plant
biostimulant including SWEs, which mitigate the negative impacts of stress for
sustainable wheat production in saline regions, which will cause even more devastating

results in the near future [Sellami et al., 2025].

Numerous studies have indicated that extracts from various macroalgae species
function as biostimulants, offering multiple advantages in promoting early-stage or
vegetative growth in wheat, including enhanced root elongation, increased chlorophyll
content, improved osmoprotection mechanisms, higher relative water content, reduced
oxidative stress, greater stress tolerance, and improved mineral nutrient uptake

[Latique et al., 2017; Ali et al., 2021; Mutlu-Durak et al., 2024].

1.7. Lettuce

Lettuce (Lactuca sativa L.), belonging to Asteraceae family, is one of the most popular
leafy vegetables worldwide, widely cultivated and consumed primarily in the raw form

[Kim et al., 2016; Ottaiano et al., 2021]. Lettuce, with its short growth cycle and ease
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of cultivation, is an ideal candidate for year-round hydroponic production and remains
a leading choice among leafy vegetables in soilless farming systems [Dasgan et al.,
2023]. According to 2023 data, China produces more than 50% of the world's lettuce,
while Tiirkiye, where most of the production is carried out in the Aegean,
Mediterranean and Marmara regions, ranks sixth globally with a lettuce production

volume of 577,773 tons [Web3].

Lettuce plays a critical role in the Mediterranean diet and as a source of plant nutrients
with high levels of health-enhancing attributes, including antioxidants molecules
including carotenoids, phenolic compounds like polyphenols, and flavonoids, and is
also rich in vitamins (A, C, K and E), fiber, carotenoids, low calorie, low levels of fat,
some macro and microelements (Fe, Ca) and also several other minerals [Mou, 2012;
Ahmed et al., 2021]. The amount and quality of these features may fluctuate based on

many pre-harvest conditions, including agronomic strategies [Sofo et al., 2016].

Lollo Rosso, a rapidly proliferating lettuce variety characterized by its vivid red
pigmentation [Cammarisano et al., 2020], is abundant in phytonutrients including
phenolic acids, flavonoids, and anthocyanins and excessive consumption of these
chemicals has been linked to a diminished occurrence of chronic and degenerative

disorders [Tsormpatsidis et al., 2008; Sublett et al., 2018].

The integration of open field and greenhouse environments, alongside contemporary
production technologies like vertical farming and the potential for year-round
cultivation with a brief growth cycle, is significantly enhancing the economic
significance of lettuce and providing advantages that promote its extensive cultivation
[Kacar and Ulukapi, 2025]. This reliance on synthetic fertilizers for lettuce
production raises substantial concerns regarding environmental impact and
sustainability; therefore, the potential application of biostimulants as an alternative or
supplementary input is crucial for a sustainable approach [Hassan et al. 2021; Hong

et al. 2022].

Key parameters considered in the quality assessment of lettuce include soluble
carbohydrates, proteins, certain phenolic compounds (flavonoids) and photosynthetic
pigments (chlorophyll and anthocyanins) that contribute to taste and aroma [Wang et
al., 2022]. These compounds are not only involved in the metabolic processes in the

plant but are also important for human health due to their antioxidant properties [Lee
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et al., 2017]. The effects of plant biostimulants on lettuce are not limited to increasing
yield [Di Mola et al., 2019], they also augment nutritional quality by enhancing
antioxidant levels [Chrysargyris et al., 2018; Di Mola et al., 2019; Ottaiano et al.,
2021] and inducing the uptake of macro- and micronutrients [Noroozlo et al., 2019;
Yaseen and Takacs-Hajos, 2022]. There are many studies in the literature about the
treatment with SWEs on hydroponically grown lettuce plants [Ofiez et al., 2025;
Miceli et al., 2021]. These applications have been reported to enhance plant growth
and improve yield [Sandepogu et al., 2019; Di Mola et al., 2019] and many quality
traits like chlorophyll and carotenoids content, antioxidant activity [Jung and Kim et
al., 2020], stomatal conductance, potassium content [Chrysargyris et al., 2018] as

well as postharvest quality parameters [Miceli et al., 2021].

1.8. Pepper

Pepper (Capsicum spp.) commercialized in many fruit colors and shapes varieties, is
one of the most economically important crops worldwide, as it provides productivity,
fruit quality, and favorable market prices for growers [Melo et al., 2020]. Pepper,
whose origin dates back to 7500 BC, is based on the tropical regions of America, and
it is thought to have spread to Europe and then Africa and Asia after Columbus

discovered the American continent [Penella and Calatayud, 2018].

Pepper is an valuable agricultural product not only due to its economic value but also
because of the nutritional benefits of its fruits in human diet, which serve as a rich
source of mineral elements (Ca, Fe, K, Mg), natural pigments and antioxidant
components including carotenoids, capsaicinoids, polyphenolic compounds
(quercetin) and pro-vitamin A and E (tocopherols), vitamin C [Paradikovi¢ et al.,
2011; Garcia-Jiménez et al., 2018; Hervert-Hernandez et al., 2010; Barrajon-
Catalan et al., 2020]. The concentration and profile of these compounds display
significant diversity within genotypes and are influenced by various factors, including
fruit developmental stage, cultivation methods, and post-harvest processing techniques
[Wahyuni et al., 2013]. These molecules, beneficial for human health due to their
anti-aging, antioxidant and anti-cancer properties, significantly contribute to the

prevention of several diseases, including cardiovascular, immunological, and digestive
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disorders, when consumed consistently and in sufficient amounts [Paradikovi¢ et al.,

2011; Mwebi et al., 2020].

The recommended daily intake (RDI) of vitamin C for woman is 90 mg and 75 for
men [Monsen, 2000], a 100 g portion of pepper generally provides about 100% of the
necessary daily intake of vitamin C and tocopherol, while supplying about 5-10% of
the daily requirement for provitamin A [Rosa-Martinez et al., 2021; Wahyuni et al.,

2013].

Capsicum annuum 1is the one the most extensively distributed and economically
valuable species within the Capsicum family [Yildiz et al., 2020]. Pepper, brought to
Istanbul in the 16" century throughout the Ottoman Empire [Yayman et al., 2024],
displays considerable morphological variation, including various colour, forms,
bitterness levels, and flavor profiles [Wang and Bosland, 2006]. Moreover, Tiirkiye
ranks among the world's leading pepper-producing nations, contributing 2.6 million
tons to the global pepper production of 36.1 million tons in 2020 [Karatas et al.,
2024]. Unlike pepper varieties grown all over the world, such as bell pepper, long
green pepper is widely grown, mostly native to Tiirkiye, and can be consumed fresh
or used in a variety of ways, including dishes, fried foods, pickles, ready meals, frozen
products, canned products and medicine [Basaran and Engindeniz, 2015]. This crop
exhibits significant adaptability and may be cultivated in various production systems,
encompassing both open-field and greenhouse conditions [Chatzisymeon et al., 2017;

Melo et al., 2020].

Numerous studies have shown that foliar application of SWE to pepper increased
growth parameters, fruit number and yield [Ali et al., 2022], nutritional value, mineral
content and quality [Mohamed et al., 2021], antioxidant activity [Ashour et al.,
2021], as well as an extended shelf life [Khan et al., 2018].
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2. PURPOSE OF THE STUDY

While it is known that SWEs derived from brown algae are widely used as
biostimulants in agricultural practices, studies specifically focusing on C. barbata
remain extremely limited. To date, no studies have explored the production of plant
biostimulants from C. barbata using different extraction techniques or evaluating their

effects in soilless agricultural systems.

This thesis aimed to investigate the biostimulant potential of C. barbata, a locally
available brown seaweed, by comparing the biochemical properties and plant effects
of its water, acid, and alkali extracts obtained through different extraction methods. To
achieve this, the extracts were characterized in terms of mineral content, total

phenolics, amino acids, antioxidant capacity, and auxin-like activity.

The effects of these extracts on growth, development, yield, and quality were
evaluated under different soilless cultivation systems (perlite, deep-water culture, and

substrate culture) using multiple application methods.

Two perlite-based experiments were conducted by applying C. barbata extracts
directly to seeds or to the growth medium to evaluate their performance on wheat
(Triticum durum cv. Sariganak-98) germination and seedling development, identifying

the most effective extract type and optimum application levels (low, medium, high).

Hydroponic experiments were conducted to evaluate the potential of C. barbata
extracts to alleviate the stress-induced effect on wheat exposed to salinity stress in a
model system and to investigate the underlying tolerance mechanisms through

physiological analyses.

The performance of the extracts was also evaluated in lettuce (Lactuca sativa L. cv.
Lollo Rosso) and pepper (Capsicum annuum cv. Fiyaka F1) under soilless conditions.
In lettuce, various concentrations of the extracts were added to the nutrient solution to
assess their effects on yield, and quality. In pepper, foliar applications of the extracts
were compared with a commercial seaweed-based product in terms of yield and fruit

quality.
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3. MATERIAL AND METHOD

3.1. Collection and Preservation of C. barbata

Cystoseira barbata was gathered in February 2020 from the shallow areas (maximum
depth of 1 m) along the Tuzla/Istanbul coast (40° 49" 30" N, 29° 16’ 44" E) in the
Marmara Sea (Figure 3.1A-B). The samples of algae were obtained by separating the
seaweed without compromising their attachment points where they attach themselves

to the stone (Figure 3.1C).

"Tekirdag man

Figure 3.1: Cystoseira barbata collected from the Tuzla / Istanbul coast of the Sea of
Marmara (40° 49’ 30" N, 29° 16’ 44" E) (A), algae biomass found in the
area (B), and detailed picture of the seaweed growing on the stone (C)
[Mutlu-Durak et al., 2024]

The harvested samples were then transported to the laboratory on the same day, where
they were rinsed three times with deionized water to ensure the removal of extraneous
substances and excess seawater. Some of these seaweeds were dried in an oven at 60°C
for 3 days, ground into fine powder with a laboratory blender, and stored in ziplock
bags. The remaining part of the collected and washed seaweed was stored at -80°C as

a frozen sample after draining the excess water.

3.2. Preparation of C.barbata Extracts

The extraction of C. barbata was conducted by using three different methods: water,

acid, and alkali extractions as described below
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The obtaining of water extracts from dried seaweed was executed utilizing the
methodology outlined by Sharma et al., [2014]. One hundred grams of dried and
pulverized seaweeds were mixed with deionized water to reach a total volume of one
liter and maintained at 70°C for 3 hours with constant stirring by a magnetic stirrer.
Following filtration with cheesecloth and centrifugation at 8000 g for 15 minutes, the

supernatant was obtained.

Acid extraction was carried out according to the method described by Ertani et al.,
[2018] and Shukla et al., [2019]. 500 g of frozen seaweed samples was ground with
the help of a laboratory blender with deionized water into a total volume of 1 L. The
pH of this mixture was reduced to 3.0 £ 0.1 by using H>SO4. The mixture was
incubated in a hot water bath at 45°C for 30 minutes and then centrifuged at 8000 g
for 15 minutes. After filtration using a cheesecloth, the pH of the supernatant was

neutralized to pH 7.0 + 0.1 using KOH.

Alkali extraction is a prevalent approach for producing biostimulants from brown
seaweeds [Shukla et al., 2019], functioning as both an extraction and hydrolysis
process. This extraction was conducted following the methodologies outlined by
Craigie [2011] and Shukla et al., [2019]. The frozen seaweed samples were processed
according to the acid extraction methodology up to the centrifugation step, as
previously outlined. In contrast to the acid extraction procedure, following the
incubation period at 45 °C for 30 minutes, KOH was introduced to the extract, and its
pH was set to 12.0 + 0.1. The extracts were placed in a water bath at 80°C for 3 hours,
followed by the centrifugation step was repeated. Following filtration using
cheesecloth, the liquid phase was obtained, and the pH was set to 7.0 = 0.1 using

H>SOg4. These extracts were preserved at -80°C until utilization.

3.3. Characterization of C. barbata Extracts

The concentrations of polysaccharides (alginic acid, fucoidan, and laminarin) and
mannitol in SWEs were quantified through assays conducted by Bogazici University
(Table 3.1). Table 3.1 indicates that the largest concentrations of polysaccharides
(alginic acid and fucoidan) were found in water (11.6 g1 and 45.9 g 1), alkali (5.0 g
I and 42.4 g I'"), and acid (1.0 g I'! and 36.0 g I'!), respectively. Fucoidan constituted

the predominant polysaccharide in all extracts. In contrast to other polysaccharides,
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the minimal quantity of laminarin was seen in the water extraction method. The
concentration of mannitol, a sugar alcohol, in C. barbata extracts ranged from 1.1 to

3.0 g I'! of seaweed extract.

Table 3.1: Effect of different types of seaweed extractions (Water extracts, Alkali
extracts, Acid extracts) on the contents of polysaccharides (alginic acid,
fucoidan and laminarin) and mannitol (g I'') of SWEs.

Alginic

Extraction Acid Fucoidan Laminarin Mannitol
gl™h
Water 11.6 + 0.2 459 + 0.1 42 + 0.1 30 = 0.3
Alkali 50 + 0.1 424 £ 0.2 6.5 £ 0.0 1.1 + 0.1
Acid 1.0 £ 0.0 36.0 = 0.0 59 £ 0.0 29 + 04

Mineral analysis, total phenolic substance, total free amino acid, and auxin-like

activity were determined in these extracts.

3.3.1. Mineral Analysis

The mineral analysis was conducted following the methodology modified by Ceylan
et al., [2016]. Approximately 0.5 ml of each extract was allocated to digestive tubes.
The samples were subjected to acid digestion with 2.0 mL of 30% hydrogen peroxide
(H202) and 5.0 mL of 65% nitric acid (HNO3). The wet digestion of SWEs was
conducted using a microwave device (Mars Express; CEM Corp., Matthews, NC,
USA). After the samples were completely cooled, the total volume was adjusted to 20
mL by the addition of double-deionized water, followed by filtration using filter papers
(Macherey-Nagel, @125 mm, blue band). The quantities of macronutrients (Ca, K, Mg,
S, P) and micronutrients (B, Cu, Fe, Mn, Zn) in extracts were quantified using
inductively coupled plasma optical emission spectrometry (ICP-OES) (Agilent 5800,
USA).

3.3.2. Total Phenolic Substance Analysis

The total amount of phenolic substances of the SWEs was measured using the Folin-
Ciocalteu method [Singleton and Rossi, 1965]. In the reaction, 400 pl of 0.5 N Folin
reagent and 400 pl of 10% Na;CO3 solution were mixed with 20 pl of the sample, and
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the total volume was calibrated to 1.5 ml with distilled water. Gallic acid solutions (0-
1.6 mg/ml) were prepared as standards and underwent the same procedure as the
samples. After a 30-minute incubation, the absorbance (Abs) values of the standards
and samples at 760 nm were measured using a spectrophotometer (Peak Instruments
C-71008), and the content of phenolic compounds in the samples was ascertained by
the established standard curve. Results were quantified in grams of Gallic Acid

Equivalent (GAE) per liter (g GAE 1"!) of fresh extracts.

3.3.3. Total Free Amino Acid Analysis

The total amount of free amino acids in SWEs was measured by the method outlined
by Sadavisam and Manickam [2005]. 0.2 M citrate buffer was made utilizing citric
acid and pH was adjusted to 5 with 10 M NaOH. 0.5% (w/v) ninhydrin was solubilized
in ethanol. A solution of ninhydrin was mixed with citrate buffer at a ratio of 1:1 and
0.05% (w/v) SnCl2.2H20 was dissolved in this mixture. This ninhydrin reagent was
freshly prepared for analysis. Glutamic acid was solubilized in K-P buffer and used as
the amino acid standard. 1 ml of ninhydrin reagent was combined with 0.1 ml of
sample or standard and the mixture was incubated in a 90 °C water bath for 10 minutes.
Absorbance values were measured at 570 nm using a UV/Vis spectrophotometer.
Results were quantified in g of Glutamic acid Equivalent per liter (g I'') of fresh

extracts.

3.3.4. Auxin-like Activity Analysis

To determine the hormonal effects of SWEs, Colla et al., [2014] used the "corn
coleoptile elongation rate test" method. Corn seeds were germinated in darkness for 7
days under controlled climate chamber settings. Following this, the apical sections of
the coleoptiles, measuring 3-4 mm in length from an approximate total length of 3 cm,
were excised, and a 2 cm segment was extracted from the remaining portion. Ten
coleoptile segments were put in 10 cm diameter petri dishes with 20 ml of liquid in
each. The required solutions for this purpose are: indole-3-acetic acid (IAA) at a
concentration of 1.75 mg/L, filtered distilled water, or SWE including Water Extract
(0.04%), Alkali Extract (0.1%), and Acid Extract (0.1%). Four independent

replications were conducted for each application, and the experiment lasted 48 hours.
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After this duration, coleoptile lengths were quantified utilizing the Image J software,

and the auxin-like impacts of SWEs were assessed by contrasting them with IAA.

3.3.5. Determination of Antioxidant Capacity

3.3.5.1. ABTS assay

Seaweed extracts were tested for their ability to scavenge free radicals using the 2,2-
azinobis (3-ethylbenzothiazoline-6-sulfonate; ABTS) method, as detailed by Re et al.,
[1999]. An aqueous solution containing 7 mM ABTS and 2.45 mM potassium
persulfate (K2S,0g) was combined in equal volumes to create the ABTS™ stock
solution. Before being used, the combination was stabilized for up to 16 hours in a
dark environment. Following incubation, ethanol was added to the dark blue-green
ABTS"" stock solution to achieve the ideal Abs value (~0.70) at 734 nm. After
combining 10 pl of SWE or standard with 1 ml of diluted ABTS solution and letting
it sit in the dark for 10 minutes, the final Abs were measured at 734 nm to assess the
ABTS'" scavenging activity.The following formula was used to determine the ABTS
radical's scavenging activity: Scavenging activity (%) = ((Ao-A1)/Ao)*100, where Ao
represents the control Abs and A; represents the extract solution Abs. Trolox [(£)-6-
Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid] solutions (0—1.5 mM) were
utilized as standards. The data are given as mmol Trolox equivalent (TE) per liter

(mmol TE 1.

3.3.5.2. DPPH assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) method was conducted using the
methodologies established by Miller and Rice-Evans [1997] and Sanchez and
Calixto [1998]. 100 ul of the SWEs or standard was combined with 3.9 ml of 100 uM
DPPH in methanol, and the reaction mixture was left to sit at room temperature in the
dark for 120 minutes. A spectrophotometer was used to detect Abs at 515 nm following
incubation. A calibration curve in the range of 0-1.5 mM Trolox solutions was used to
compute the values. The scavenging activity formula was used to determine the
samples' percentage of DPPH decolorization. The findings were expressed as mmol

TE 1!
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3.3.5.3. FRAP assay

A revised version of the Ferric-reducing antioxidant power (FRAP) method, as
described by Benzie and Strain [1996], was employed. The FRAP reagent was
prepared daily by combining 300 mM acetate buffer (pH 3.6), 10 mM tripyridyl
triazine (TPTZ) in 40 mM HCI, and 20 mM ferric chloride (FeCl3.6H>O) in a 10:1:1
(v/v/v) ratio. Incubate 30 uL of sample solution or Trolox standards, 90 pL of
deionized water, and 900 pL of freshly made FRAP reagent and mixture in a water
bath at 37°C for 30 minutes. A spectrophotometer was then used to detect the change
in Abs caused by the antioxidants in the SWEs reducing the ferric-TPTZ) complex at
593 nm. The FRAP assay also employed Trolox as the standard solution to create a

standard curve (0-1.0 mM), with the results represented in mmol TE 1"

3.4. Determination of the Effects of C. barbata Extracts on
Germination and Early Growth Periods in Wheat

3.4.1. Plant Material and Growth Conditions

This thesis study employed durum wheat seeds (7riticum durum cv. Sariganak-98),
which were developed and registered in 1998 by the GAP International Agricultural

Research and Training Center.

The two perlite experiments were performed in a growth chamber under regulated
environmental circumstances with light/dark intervals of 16/8 hours, temperatures of

25/20°C, and relative humidity levels of 60/70.

All thesis study, with the exception of the germination experiment, were conducted in
a Venlo-type, automatic-controlled glass greenhouse equipped with central heating
and an evaporative cooling system at the Biotechnology Institute of Gebze Technical
University in Kocaeli, Tiirkiye. The temperature in this research greenhouse with
geographical coordinates of 40° 48 24°” N and 29° 21° 46’ E is kept at around 25 +
5°C during the day and 20 + 5°C at night. There is supplementary lighting and also a
thermal curtain system that can be used to extend the daytime and increase the light

intensity in the winter months.

Two perlite experiments were conducted to investigate the impact of C. barbata
extracts on wheat seed germination and early plant growth. The first of these was about
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adding the extracts to perlite, the growth medium, while the other experiment was to

directly impregnate the seeds with SWEs.

3.4.2. Application of SWEs to Perlite Medium (Substrate

Experiment)

The objective of this perlite experiment was to evaluate the efficacy of SWEs derived
from C. barbata as a biostimulant and to assess the impact of these extracts, when
administered directly to a perlite medium, on wheat germination and short-term
growth. The water holding capacity of this quantity of perlite was ascertained to be
150 mL. In this context, 40 g of dry perlite was created in 300 ml plastic containers by
including water with varying concentrations of SWE, in which wheat seeds were
germinated. It will be consistently irrigated with deionized water during the
germination phase, following its water requirements. This experiment examined three
levels of seaweed (low, medium, and high) from each of the three extraction methods
water extracts (2, 4 and 6 mL were diluted in 150 mL deionized water) and alkali and
acid extract (0.5, 1.0 and 1.5 mL per 150 mL deionized water) resulting in a total of
ten application groups, each with five duplicates, alongside a control group (water).

The germination and development of wheat seeds were monitored for 6 days.

At the end of the experiment, the germination percentage (%) was determined as
follows:

Germination Percentage (%) = (number of germinated seeds/number of planted seeds)
* 100.
Furthermore, the fresh weights (FW) of both the shoots and roots of all wheat plants
were measured. Ten plants were randomly selected from each of the five replicate
boxes for the analysis of shoot and root esterase activity. Shoots and roots from an
additional set of 10 plants from each box were utilized for shoot height measurements
and comprehensive root imaging investigations. The remaining plants were dried and

utilized for mineral analysis.

3.4.3. Seed Soaking with SWEs (Seed Treatment)

This investigation utilized SWEs as seed treatment agents, and their impact on seedling

performance and early seedling viability was observed. Experiments were performed
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in a perlite media under controlled growth chamber conditions. To achieve this, 40
wheat seeds were immersed in the same solutions as in the first experiment with SWE
for 16 hours at ambient temperature. Upon completion of this procedure, seeds were
sown in 300 ml plastic containers filled with perlite saturated with water and observed
for 6 days. Following the water requirements, they were irrigated with deionized water
during the germination phase. This experiment included three levels of seaweed (low,
medium, and high) selected from each of the three extraction methods (water, alkali,
and acid), along with a control group treated only with water, resulting in a total of ten

application groups and five repetitions for each group.

At the end of the 6™ day, similar to the first experiment germination %, fresh weights
of shoots and roots, esterase activities in shoots and roots, shoot length, and

comprehensive root imaging studies were also conducted.

3.5. Investigation of The Effects of C. barbata Extract
Applications on Salinity Stress Resistance and Related
Physiological Parameters in Wheat

For use in hydroponic culture experiments, wheat seeds were germinated for
approximately one week in perlite growth medium impregnated with a solution
containing 2 mM Ca in the form of Ca(NOs3)2'4H,0. They were watered with
deionized water throughout the germination period according to their water needs. At
the end of a week, the plants were transferred to pots with lids made of lightproof black
plastic containing 4.5 | of nutrient solution. A total of 15 one-week-old wheat seedlings
were placed in 5 holes opened at equal distances in the pot lids, with 3 plants in each

hole, using sponge cut to surround the root collar.

When plants were transferred to the hydroponic system, they were first grown in half-
strength nutrient solution conditions to prevent roots from experiencing transplant
shock and then transferred to the full-strength nutrient solution medium 2 days later.
Nutrient solutions were prepared using only analytical grade chemicals and high-
quality deionized water and were renewed once a week. The ventilation of the pots
was provided continuously with the aquarium pump. The prepared pots were placed

randomly in the greenhouse using the randomized plots trial pattern.
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The contents of the hydroponic nutrient solution used in the wheat experiment were as
follows: the full-strength nutrient solution contained 4 mM Ca (NO3)2.4H>0, 0.2 mM
KH2POy4, 1.2 mM K2S04, 0.1 mM KCI, 0.75 mM MgS04.7H,0, 75 uM Fe (in the form
of FeEDTA), 5 uM H3;BO;, 2 uM MnSO4.H;0, 3 puM ZnS04.7H20, 0.6 pM
CuS04.5H20, 0.50 uM (NH4)6M07024.4H:0.

3.5.1. Determination of The Effective C.barbata Extracts
Application Levels on Plant Growth in a Hydroponic
Environment

This study aimed to determine of types and application doses of C. barbata extracts

that positively influence the growth of wheat plants grown under greenhouse

circumstances added to the nutrient solution in a hydroponic medium on the growth

and mineral nutrition of wheat.

The experiment consisted of 40 pots, including three SWE application levels from each
of the three extraction methods, along with a control group receiving no SWE
treatment. Each application group included 4 pot replications in the experimental
design. Seaweed extracts were incorporated into the hydroponic system concurrently
with the solution change when the plants were 14 and 21 days old. The experiment

concluded after the plants reached 28 days old.
The concentrations of SWE to be utilized were established as follows:

e Water extraction: 10, 20, and 40 ml of extracts were incorporated into 4.5 1 of
nutrient solution.
e Alkali extraction: 2.5, 5, and 10 ml of extracts were incorporated into 4.5 1 of
nutrient solution.
e Acid extraction: 2.5, 5, and 10 ml of extracts were incorporated into 4.5 1 of
nutritional solution.
At the end of experiment, shoots and roots were harvested separately. The DW of
shoots and roots were measured. The roots were meticulously rinsed with adequate
deionized water before harvest, dried at 70°C for three days, weighed, and pulverized

into a fine powder; these samples were utilized for mineral analysis in the tissues.
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3.5.2. Determination of Effective Salt Stress Application Levels on
Plant Growth in a Hydroponic Environment

The second experiment was carried out to determine the effective salt stress application
levels on plant growth in a hydroponic environment. Within the scope of this study,
wheat plants grown in hydroponic and greenhouse conditions were exposed to 5
different salt levels (30 mM, 60 mM, 90 mM, 120 mM, 150 mM NaCl) apart from the
control application. In the experiment, there were 4 pots in parallel in each application
group, and there was a total of 24 pots. Salt applications were started 1 week after the
plants were given a full-strength nutrient solution under hydroponic conditions; the
specified salt doses were applied to the solution together with the nutrients at each

solution change. The experiment was 2 weeks after the salt application started.

During harvest, the shoot parts and roots of all plants were harvested separately and
dried at 70°C for 3 days, then weighed to determine their dry weight. Salt doses that
reduce the weight of plant shoot parts by 15-25% and 20-30% were determined and

were used as salt levels.

3.5.3. Effects of Selected C. barbata Extract Applications on
Salinity Stress Resistance and Physiological Parameters

In this experiment, in which the potential of C. barbata extracts on the tolerance of
wheat to salinity stress was investigated, plants were grown as described in the first
hydroponic experiment. One week after the plants were grown in a full-strength
nutrient solution, salt stress, and SWEs were added to the nutrient solution of the plants
simultaneously with the solution changes during the solution change. This experiment
consisted of 4 SWEs (1 dose chosen based on the first hydroponic experiment,
alongside a control application without SWEs), 2 salt doses (salt levels determined
from the second hydroponic results, in addition to a control), and 4 pots parallel for
each application group, resulting in a total of 48 pots. The experiment was terminated
2 weeks after the SWEs, and salt application was started as described in the second

hydroponic experiment.

All shoot parts and roots in the pot were harvested separately. The roots were gently
washed with plenty of deionized water during harvest. The 6 out of 15 plants from
each pot were dried at 70°C for 3 days, weighed and ground into fine powder, and

these samples were used to determine the minerals in the tissues. During this analysis,
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in addition to the mentioned minerals, the amount of Na in the tissues was also
measured with the method explained under the title of mineral analysis. These samples
were also used for the measurement of glycine betaine, the details of which are given
below. As soon as the second oldest leaf of 1 plant in each pot was cut, it was subjected

to the REL test, the method of which is explained below.

All leaves from the remaining eight plants in each pot were collected for analyses
requiring fresh samples. The leaves were cut into fragments with a maximum width of
5 mm, and the pooled material was divided into three subsamples. Each fragment was
weighed to determine its fresh weight for subsequent analyses. The samples were then
individually packaged and immediately flash-frozen in liquid nitrogen. In these shoot
samples, protein concentration, activities of antioxidative enzymes (SOD, CAT, APX,
GR), free proline, and malondialdehyde (MDA) levels were determined as described

below.

3.6. Determination of The Effects of C. barbata Extracts on
Yield and Quality Parameters of Lettuce (Lactuca
sativa L. cv Lollo Rosso) in the Soilless Culture System

3.6.1. Plant Materials and Growth Conditions

In this study, lettuce (Lactuca sativa L. cv. Lollo Rosso), is red lettuce variety from
the Genta Prestige brand, was used. It features red, frilled, and curly leaf morphology,
exhibiting a compact structure, appropriate for growth in open fields or greenhouses.
The development period typically spans 45 to 60 days, contingent upon conditions,

and it thrives in mild to fairly warm climate.

This study aimed to identify the types and application dosages of SWEs which
positively affect the growth of lettuce plants cultivated under greenhouse conditions
and to elucidate the consequences of these applications. Greenhouse conditions were

as described above for the wheat hydroponic experiment.

3.6.2. Experimental Designs and Seaweed Extract Treatments

The contents of the hydroponic nutrient solution used in the lettuce experiment were

as follows: the hydroponic nutrient solution contained 4.65 mM Ca (NO3)2.4H>0, 0.35
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mM KH>POy4, 1.35 mM KNOs3, 0.65 mM MgS04.7H20, 0.15 mM KCI, 50 uM Fe (in
the form of FeEDTA), 20 uM H3BO3, 5 uM MnSO4.H,0, 5 uM ZnS04.7H,0, 1 uM
CuS04.5H20 and 0.50 uM (Naz2) M00O4.2H>O.

In this experiment, lettuce seeds were germinated in vermiculite, moistened with a
solution containing 2 mM Ca in the form of Ca (NO3), 4H,O for 10 days under
greenhouse conditions. They were watered with deionized water throughout the
germination period according to their water needs. After 10 days, the lettuce seedlings
considered appropriate for transplantation were relocated to pots with a lid made of

lightproof black plastic containing 4.5 1 of nutrient solution.

After 10 days, the lettuce seedlings deemed appropriate for transplantation were
moved to pots covered with a lid made of lightproof black plastic containing 4.5 1 of
nutrient solution, with 5 holes opened at equal distances in the pot lids, with 1 plant in

each hole, using sponge cut to surround the root collar.

The experiment was carried out similarly to the first hydroponic wheat experiment.
This experiment had 40 pots, incorporating three seaweed extract levels selected from
each of the three extraction processes, a control group without SWE, and four
repetitions per application group. All pots had 4 lettuce plants, thinned to 3 lettuce
plants when the plants were approximately 18 days after transferring (DAT).

Seaweed extracts were applied to the nutrient solution at the same time by changing
the solution 5 times at one-week intervals. In the lettuce hydroponic experiment, the
application rates of SWEs obtained from C. barbata were the same as the application

doses used in the first wheat hydroponic experiment, as described above (3.4.3.1).

Detailed root imaging analysis of one lettuce root from each pot was performed using
the WinRhizo root imaging device in exactly half of the experiment (18 DAT). The

experiment was terminated when the plants were about 5 weeks old.

At the end of this experiment, the shoot and root part of lettuce plant in each pot were
separate independently. Lettuce roots were meticulously washed with abundant
deionized water and dried at 70°C for three days and weighed. Lettuce shoots also
dried, weighed and grinded into a fine powder; these samples were utilized to
determine the minerals in the tissues. Dry matter ratio was calculated by dividing the
DW of shoot parts by the FW of shoot parts, and root/shoot parts ratio was calculated
by dividing the DW of roots by the DW of shoot parts.
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All leaves from these plants were cut into fragments with a maximum width of 5 mm.
The pooled samples were then divided into three portions; each fragment was
individually weighed to record FW for subsequent analyses. Afterwards, the samples
were separately packaged and immediately flash-frozen in liquid nitrogen, then stored
at —80 °C. The fresh samples were used for phenolic content, antioxidant activity
(ABTS, DPPH, FRAP), vitamin C, glutathione, and carotenoids analyses as described

below.

3.7. Comparison of Foliar Applications of C. barbata
Extracts and a Commercial Seaweed-Based Product on
Yield and Fruit Quality of Pepper

3.7.1. Plant Materials and Growth Conditions

In this study, the pepper seeds (Capsicum annuum cv. Fiyaka F1) were used as plant
material in the substrate culture experiment. Fiyaka F1 is an early kind of pepper
characterized by its sweetness. It is a hybrid pepper variety ideal for cultivation in both
greenhouse and open field cultivation. This plant is appropriate for industrial pickling
and fresh market consumption, exhibiting a yield that persists throughout the season.

Adapts exceptionally well to spring and summer crops.

3.7.2. Experimental Designs and Seaweed Extract Treatments

In this experiment, the effects of three different SWEs (water, alkali, and acid)
obtained from C. barbata and Acadian as commercial seaweed-based biostimulant
products were investigated on pepper (Capsicum annuum cv. Fiyaka) plants grown in
cocopeat medium as substrate culture as foliar application under greenhouse
conditions. Greenhouse conditions were as described above for the wheat hydroponic

experiment.

The Acadian algae-based biostimulant, derived from Ascophyllum nodosum through
proprietary biochemical extraction procedures to retain bioactive components, is

marketed in liquid form by Acadian Plant Health (Canada).

In this study, pepper seeds were germinated in vermiculite moistened with a solution

containing 2 mM Ca in the form of Ca (NO3), 4H>O for 45 d under greenhouse
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conditions. During this period, they were watered at regular intervals according to their
water needs and watered once a week with nutrient solution. After 45 days, the pepper
seedlings considered appropriate for transplantation were relocated to pots with a total

volume of roughly 9.5 I, packed with well-moistened cocopeat.

The pots received 10 mM Ca (NO3)24H>0, 0.5 mM KH>PO4, 3 mM KNO;3, 1.5 mM
MgS04.H20, 0.3 mM KCIl, 50 uM Fe (in the form of FEEDTA), 10 uM H3BO3, 5 uM
MnSO04.H20, 5 uM ZnS04.7H20, 1 uM CuS0O4.5H0, 0.50 uM (Naz) M00O4.2H-0.
Fertilisation was conducted twice weekly, and approximately one-quarter of the
nutrient solution was drained from the bottom of the pots to avoid excessive mineral

buildup in the growth medium.

There were 4 replications from each treatment group in the experiment consisting of
20 pots. After the plants were transferred to the pots, the experiment lasted
approximately 80 days and during this period, 5 foliar applications were applied to the
plants at approximately 2-week intervals and a total of 6 harvests were carried out. The
pepper plants were watered with a nutrient solution twice a week. In all harvests, care
was taken to collect peppers that reached a certain size, thus ensuring a homogeneous

harvest.

Foliar applications were prepared as follows: 10 ml per 1 for the commercial product,
as indicated on the label; 20 ml per | for the water extract; and 10 ml per 1 for the alkali
and acid extracts. Water was sprayed on pepper plants in the control group. This
application was applied under greenhouse conditions and in a windless environment,
except at times when the sun was not directly on the plants, such as at noon. To increase
the effectiveness of applications on leaves, 2% Tween was prepared as a stock solution
and Tween was added from the stock solution to each SWE application solution at

2/10 000.

The fruit number, weight and yield of the total peppers collected during the 80-day
growing period were taken. The collected peppers were washed and removed of
pedicle and seeds and then cut into small pieces (~2 g) and then they were packaged
separately and immediately shocked in liquid nitrogen to store at -80°C. Some of these
samples were dried in a 65°C for 3 days and ground, and the samples turned into fine
powder were used in mineral analysis and total soluble sugar analysis in fruits. The

fresh samples were used for phenolic content, antioxidant activity (ABTS, DPPH,
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FRAP), vitamin C, glutathione, and chlorophyll pigment (chla, chlb and caretonoids)

analyses as described below.

3.8. Plant Analysis

3.8.1. Mineral Analysis of Plant Samples

Approximately 0.2 grams of each dried and finely powdered wheat, lettuce as well as
pepper fruits were measured and put into digestion tubes. Microwave digestion was

conducted as outlined in section 3.3.1, and mineral analysis was executed by ICP-OES.

3.8.2. Esterase Activity Analysis

The esterase activity in the obtained shoot parts and roots was carried out with the
method developed by Junge and Klees [1984] and modified by Ertani et al., [2019].
According to this method, 1 g of fresh shoot parts or root sample was pulverized with
liquid nitrogen in a non-ball form, and then 10 ml of 0.1 M potassium phosphate (K-
P) buffer (pH 7.0) was added and homogenized. The sample was centrifuged at 15000
g for 15 minutes at 2°C and the supernatant was transferred to new eppendorfs and
utilized as an enzyme source. For esterase measurement, 1| ml of a-naphthyl acetate
solution was added to the plant extracts and followed at 600 nm for 20 minutes at 37°C,
and the results were reported as % esterase activity by comparing them with the value

measured in the control (=%100).

3.8.3. Detailed Root Imaging Analysis (WinRHIZO)

The roots of ten wheat seedlings from each repetition box in perlite experiments and
one root of lettuce were analyzed using the WinRhizo STD4800 Pro (Regent
Instruments) advanced root imaging and analysis system. This apparatus and software
were utilized to ascertain the alterations in wheat root morphology induced by SWEs
derived from various extraction methods. The root positioning device facilitated the
placement of the roots on the scanner, allowing for the measurement of root length,
surface area, volume, and average diameter parameters. The alterations in the root tips

and the branching configurations of the roots were elucidated.
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3.8.4. Total Phenolic Content Analysis

The Folin-Ciocalteu method was employed to quantify the total phenolic content in
the plant samples [Singleton et al., 1999]. Plant extracts were initially generated
utilizing 70% methanol at a ratio of 1:25 (w/v) for lettuce and 1:40 for pepper fruit
[Kaluzewicz et al., 2017]. The samples were extracted using a mixing mill with liquid
nitrogen, thereafter, centrifuged at 4 °C for 15 minutes at 8000 g, and aliquoted for
total phenolic and total antioxidant analysis. This approach relies on a redox reaction
wherein phenolics are oxidized and the Folin reagent is reduced in an alkaline
environment, leading to the development of a blue hue. 400 pl of Folin reagent (0.5
N) and 400 pl of sodium carbonate (Na.COs) (10%) solution was mixed with 20 pl of
the sample or standard. The total volume of the mixture was adjusted to 1.5 ml with
distilled water (dH20) to facilitate the reaction. Standards of gallic acid at various
concentrations (0.125-1 mg ml ™) were prepared. Following a 30-minute incubation in
darkness, the Abs of the standards and samples was assessed at 760 nm and quantified

utilizing the standard curve. The values were expressed as mg GAE per 100 g of FW.

3.8.5. Glycine Betaine Analysis

Glycine betaine analysis was performed according to the method developed by Grieve
and Grattan (1983). 20 ml of pure water was added to 0.5 g of dry powder sample
and shaken at room temperature for 24 hours and then filtered. 1 ml of 2 N sulfuric
acid (H2SO4) was added to 1 ml of filtered sample and 0.5 ml of this mixture was
cooled in an ice bath for 1 hour and then 0.2 ml of pre-cooled KI-I> reagent was added.
The KI-I> reagent was prepared by dissolving 15.7 g of iodine (I2) and 20 g of
potassium iodide (KI) in 100 ml of water. The mixture was kept at 0-4°C for 16 hours
and then centrifuged at 4000 g at 0°C for 15 minutes. After carefully removing the
liquid phase from the medium, the period-iodide crystals remaining at the bottom were
dissolved by vortexing in 9 ml of 1,2-dichloroethane. Glycine betaine solutions of
different concentrations were prepared and used as a standard in 1 N H2SOa. The Abs
of the standards and samples at 360nm were measured with a spectrophotometer. The
glycine betaine concentrations in the samples were calculated using the drawn standard

curve.
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3.8.6. Relative Electrolyte Leakage (REL) Analysis

The fresh leaf samples taken for relative electrolyte analysis were washed with
deionized water and placed in capped tubes containing 50 ml of deionized water so
that the entire leaf remained in the water. After the prepared tubes were kept at 25°C
for 6 hours, the conductivity of the water was measured with a conductivity meter (EC
meter), and the EC1 value was determined for each of the samples. After the values
read were recorded, the samples were boiled in a water bath for 30 minutes and the

EC; values were determined.
Finally, the REL value is calculated as follows:

REL = (EC1/ECz) * 100%. (3.1)

3.8.7. Extraction for Protein and Antioxidative Enzyme Assays

A K-P buffer with a pH of 7.6 was prepared using 0.1 M KH>PO4 and 0.1 M KoHPO4
to be used in the extraction of frozen wheat shoot samples. 0.1 mM Na3-EDTA
(Titriplex IIT) was added to this extraction buffer. 0.5 g of frozen fresh green parts or
root samples were ground into fine powder in an iron ball mill with the help of liquid
nitrogen, and then 5 ml of buffer was added to homogenize the samples. The
homogenate was centrifuged at 4°C for 15 minutes at 4600 g, and the supernatant was
transferred to new tubes. The centrifugation process was repeated at 4°C and 15000 g,
and 250 pl aliquots were taken from the liquid phase and stored at -80°C. These

samples were used in protein and antioxidative enzyme analyses.

3.8.8. Bradford Protein Analysis

Protein concentration was determined using the linearized Bradford technique as
outlined by Zor and Selinger [1996]. According to this method, a solution was
prepared by adding 50 ml of pure ethanol, 100 ml of 85% ortho-phosphoric acid, and
450 ml of pure water to 100 mg of Coomassie Brilliant blue. 100 ml of glycerin and
enough pure water to complete the final volume of 1 1 were added to this solution,
which was filtered with coarse filter paper. This solution, called Bradford reagent, was

kept in the refrigerator at 4°C for at least 24 hours before use.
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Protein standards at various concentrations (0, 100, 200, 400, 800 mg/ml) to be used
for drawing the standard curve were prepared by dissolving Albumin (fraction V) in
K-P buffer. The 5 ml of Bradford reagent was applied to 50-150 ul of extracts or
standards and after waiting for 5 minutes, Abs values were measured at both 450 nm
and 590 nm using a spectrophotometer. After calculating the Abs (590) / Abs (450)
ratio for each measurement, the standard curve was drawn and the protein

concentration in the wheat samples was determined.

3.8.9. Antioxidative Enzyme Activities

To determine the impacts of SWEs on antioxidative enzyme activity under salinity
stress, the extraction of wheat samples obtained from the third hydroponic wheat
experiment was carried out as described in 3.6.8. Total activities of antioxidative
enzymes such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX) and glutathione reductase (GR) in wheat samples were measured
spectrophotometrically, and specific enzyme activities were calculated by dividing by

protein concentration as described below.

3.8.9.1. Superoxide dismutase (SOD) Analysis

The activity of the SOD enzyme was assessed spectrophotometrically utilizing the
methodology established by Giannopolitis and Ries [1977] and partially refined by
Mengiitay et al., [2013]. For this, 100 pl of plant extract was mixed with 500 pl of 50
mM NayCOs3, 500 pl of 12 mM L-methionine and 500 pl of 75 uM NBT, and the total
volume was completed to 4.5 ml with K-P buffer containing 0.1 mM Titriplex III. 500
ul of 2 uM riboflavin was added to these prepared mixtures at the last moment to start
the reaction and kept under strong light for 8 minutes. Then, the inhibition of
photochemical reduction of p-nitro blue tetrazolium chloride (NBT) by SOD was
monitored at 560 nm wavelength. One unit of SOD activity is defined as the activity

that reduces NBT activity by 50%.

3.8.9.2. Catalase (CAT) Analysis

For the measurement of catalase activity, K-P buffer (pH 7.6) containing 100 mM
H>02 and 0.1 mM Titriplex III was prepared. K-P buffer was added to 100 pl H>O>
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solution and 50 pl plant extract to complete the volume of the mixture to 1 ml. Catalase
activity was calculated by following the decrease in H2O2 Abs spectrophotometrically

for 2 minutes at 240 nm wavelength [Kutman et al., 2013].

3.8.9.3. Ascorbate peroxidase (APX) Analysis

The activity of ascorbate peroxidase enzyme was determined by the method developed
by Nakano and Asada [1981]. According to this method, 100 pl of 12 mM H>0., 100
ul of 0.25 mM ascorbic acid (CsHgOs), and 50 pl of plant extract were added to K-P
buffer containing 0.1 mM Naz-EDTA (Titriplex III) to complete the total volume to 1
ml. The average depletion rate of L-ascorbic acid was calculated by measuring Abs

values at 290 nm spectrophotometrically and determining APX activity.

3.8.9.4. Glutathione reductase (GR) Analysis

The activity of the glutathione reductase enzyme was measured using the method
developed by Foyer and Halliwell [1976] and partially modified by Mengutay et al.,
[2013]. To determine the activity of the GR enzyme, 100 pl of 0.5 mM oxidized
glutathione (GSSG), 100 pl of 0.12 mM nicotinamide adenine dinucleotide phosphate
(NADPH), 200 pl of plant extract and K-P buffer containing 0.1 mM Titriplex III were
added to each sample to complete the mixture to 1 ml. Glutathione reductase enzyme
activity was determined by following the Abs at a wavelength of 340 nm and the
oxidation of NADPH was determined spectrophotometrically, and Abs values were

monitored for 2 minutes to find the average NADPH-Na4 depletion rate.

3.8.10. Malondialdehyde (MDA) Analysis

Malondialdehyde (MDA) analysis was performed by the spectrophotometric method
developed by Heath and Packer [1968] and improved by Hodges et al., [1999]. For
use in extraction, approximately 0.5 g of frozen leaf sample was homogenized in an
iron ball mill with liquid nitrogen and homogenized with 25 ml of 80% ethanol. The
homogenized mixture was centrifuged at 3000 g for 10 minutes and the liquid phase
was transferred to a clean tube for use. Firstly, two separate solutions were prepared

as follows:
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-TBA: 20% trichloroacetic acid (TCA) + 0.01% butylated hydroxy toluene
(BHT)

+TBA: 20% TCA + 0.01% BHT + 0.65% thiobarbituric acid (TBA)

For each sample, 1 ml of -TBA or 1 ml of +TBA solution was added to 1 ml of plant
extract taken in a tube and incubated in a water bath at 95°C for 25 minutes and then
immediately cooled in an ice bath. The liquid phases of the mixtures, which were then
centrifuged at 3000 g for 10 minutes, were transferred to clean tubes and their Abs at
440, 532 and 600 nm were measured with a spectrophotometer. The MDA

concentration in the samples was calculated using the following formulas:

A = [(Abss32+TBA) - (Abs 600+TBA) - (Abss32-TBA-Abseoo-TBA) ]
B = [(Abs440+TBA - Abssoo+TBA) 0.0571]
MDA (nmol-mlt) = [(A-B) / 157 000] 10° (3.2)
3.8.11. Free Proline Analysis

In the analysis of free proline of wheat samples obtained from the third hydroponic
wheat experiment, Bates et al., [1973] was utilized. To extract proline, approximately
0.5 g of frozen sample was homogenized in an iron ball mill using liquid nitrogen and
then 10 ml of a 3% water-based sulfosalicylic acid solution was added and
homogenized. The homogenate was filtered with Whatman filter paper and used. 2 ml
of each sample was mixed in a tube with 2 ml of glacial acetic acid and 2 ml of acid-
ninhydrin solution (1.25 g of ninhydrin is dissolved in 30 ml of glacial acetic acid and
20 ml of 6 M phosphoric acid by heating and can be stored at 4°C for 24 hours) and
incubated at 100°C for 1 hour and then cooled in an ice bath. After the mixture cooled,
4 ml of toluene was added, and this new mixture was vortexed. The toluene phase
containing the chromophore was transferred to a new container and used for free
proline analysis. To use as a standard, proline solutions prepared at different
concentrations in 3% water-based sulfosalicylic acid solution were used. The Abs of
the standards and samples at 520 nm were determined by spectrophotometer and the

amount of proline in the samples was determined by drawing the standard curve.
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3.8.12. Total Antioxidant Capacity of Plant Samples

Antioxidant activity of plants was performed, as mentioned above in 3.2.6. The plant’s
(lettuce and pepper) antioxidant activities were assessed using the same methanolic
extraction as the total phenolic content assay [Mannino et al., 2020]. The plant extracts
were made with 70% metaphosphoric acid, with lettuce at a 1:5 (w/v) ratio and pepper
at a 1:10 (w/v) ratio. The results were given in terms of pumol Trolox equivalent (TE)

per 100 g FW (umol TE 100 g! FW).

3.8.13. Ascorbic acid Analysis

Total ascorbic acid (AsA) and reduced AsA were measured in plant species (lettuce and
pepper) [Kampfenkel et al., 1995; Ilahy et al., 2011]. Plant extracts were initially
prepared using 5% metaphosphoric acid at a 1:5 (w/v) ratio for lettuce and 1:10 (w/v)
ratio for pepper. The samples were extracted using a mixing mill with liquid nitrogen,
thereafter, centrifuged at 4 °C for 15 minutes at 8000 g, and aliquoted for glutathione
quantification. The analysis entails the reduction of ferric iron (Fe*) to ferrous iron
(Fe*?) by ASA, succeeded by the spectrophotometric identification of Fe™ complexes
with 2,2-dipyridyl. The preincubation of the sample with dithiothreitol (DTT) reduces
the oxidized form of dehydroascorbic acid (DHA) to AsA. Excess DTT is subsequently
eliminated using N-ethylmaleimide (NEM), and the total AsA is quantified. The Abs
of the samples or standards was measured at 525 nm by UV-Vis spectrophotometry.
The findings were presented as milligrams of total AsA and milligrams of reduced AsA

per 100 g of FW.

3.8.14. Glutathione Analysis

Aliquots of the 5% metaphosphoric acid extract from the lettuce employed for ascorbic
acid (AsA) analysis were utilized to assess GSH [Kampfenkel et al., 1995]. A K-P
buffer (150 mM) with EDTA (5 mM) at pH 7.4 was included into the extracts [Zhou
et al., 2022]. The resultant mixture was subjected to centrifugation at 4 °C at 8000 g
for 15 minutes. Subsequently, DTNB was introduced into the reaction vessel at a

concentration of 6 mM. The Abs was measured at 412 nm following a 20-minute
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incubation period. Results were quantified in mg GSH per 100 g of FW, employing a

standard curve derived from different amounts of GSH.

3.8.15. Chlorophyll and Total Carotenoid Analysis

The lettuce and pepper samples were extracted using 80% acetone at 1:100 (w/v) ratio
and 1:20 (w/v) ratio using a homogenizer, respectively [Wellburn, 1994]. The
homogenate was then centrifuged at 4°C at 8000 g for 15 minutes. The measurement
has been facilitated by diluting the plant sample (100 pl) with 80% acetone (1900 pl).
The Abs of the samples was measured at 470 nm, 646.8 nm, and 663.2 nm. The

following equations were utilized for calculations:

The calculation formula is below:

Ca= 12.25Abse63.2 - 2.79Abses46.8
Cb= 21.5Abse46.8- 5.1Abss63.2

Cxtc = (1000Absa70 - 1.82Ca - 85.02Cb) / 198 (3.3)

3.8.16. Total Soluble Carbohydrate Analysis

The method employed to quantify soluble carbohydrates by spectrophotometer was
derived from the methodology outlined by Yemm and Wills [1954] and Mengutay et
al.,, [2013], with some alterations. The anthrone reagent interacts with the
polysaccharides in the solution, resulting in a green-blue color. Dried and ground
pepper samples were initially extracted at a ratio of 1:100 (w/v) using 80% ethanol.
Subsequently, 0.6 g of anthrone was combined with 0.4 L of 20% ethanol and sulfuric
acid (98%) in a 1:3 ratio. Plant samples (0.25 ml) and anthrone reagent (4 ml) were
subsequently combined and incubated for 20 minutes at 90°C in a water bath. Following
refrigeration on ice, the Abs were measured at 612 nm. The standard curve was
generated utilizing various amounts of D-glucose. The concentrations of soluble

carbohydrates were quantified as mg g! DW.
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3.8.17. Statistical Analysis

For statistical analysis, JMP software (18.0.0) was employed. The importance of the
treatment effects and their interactions on the observed attributes for each experiment
was assessed using one-way analysis of variance (ANOVA). Where ANOVA
indicated a significant effect, a post-hoc test at 5% significance was employed to
ascertain significant differences between means. The Fisher protected least significant
difference (LSD) test (p < 0.05) was employed in the experiments of this thesis study.
The datasets obtained from the biochemical characterization of SWEs contained three
replicates for each group. The only exception was auxin-like activity analysis, where
4 replicates were used for each treatment group. For the germination experiments, a

completely randomized design was used with 5 replicate.

The first hydroponic wheat experiment showed means and standard deviations of 5
replicates; second and third were 4. In the 3™ wheat experiment, the interaction
between salinity and SWE treatments was analyzed, employing the LSD test for
instances where ANOVA indicated a statistically significant difference as at two-
factor variance assessment. Lack of lettering indicates absence of significant effect

according to ANOVA.

In the lettuce and pepper experiment, the values represent the means and standard

deviations of 4 repeats.
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4. RESULTS

4.1. Biochemical Characterization of C. barbata extracts

The concentrations of macro and micronutrients contained within SWEs are outlined
in Table 4.1. According to ANOVA, the effect of seaweed extraction type on
macronutrients as well as micronutrients (except for Zn) of SWEs was significant
(Table 4.2). The Ca concentration was the highest in the acid extract, showing a
statistically significant difference, whereas it was similar in water and alkali extracts
(Table 4.1A). All SWEs contained K and S concentrations exceeding 1 g per 1, with
the alkali extract exhibiting the highest levels of both elements. The results showed
that the water and acid extracts had similar K* and Mg?* concentrations. Furthermore,
the alkali and acid extracts exhibited similar levels of P. The alkali extract contains
approximately double the amount of Fe compared to the acid extract (Table 4.1B).
Moreover, B and Mn were the most abundant micronutrients after Fe in the SWEs.

Finally, the measured concentrations of Cu and Zn were < 1 mg 1"\,

Table 4.1: Essential (A) macro- (Ca, K, Mg, P and S) and (B) micro- (B, Cu, Fe, Mn
and Zn) element concentrations of the SWEs

(A) Macronutrient Concentrations (g 1)

SWE Ca K Mg P S
Water 0.32 + 0.01b 542 + 0.30b 032+ 0.0la 0.11 £ 0.01a 1.31 + 0.07 ¢
Alkali 0.31 £ 0.01b 937+ 03la 0.14 £ 0.00b 0.07 + 0.00b 5.05 £ 0.16a
Acid 0.89 + 0.01 a 5.64 + 0.06b 031 £ 0.00a 0.07 £ 0.00b 3.02 + 0.01b
(B) Micronutrient Concentrations (mg 1)

SWE B Cu Fe Mn Zn
Water 575 £ 0.29a 0.23 £ 0.15b 11.08 £ 0.23b 2,11+ 0.11b 023 £ 0.17
Alkali 5.05+030b 043 £0.02a 16.53 £ 147a 1.83+ 0.08c 041 + 0.19
Acid 335+ 0.06¢ 0.07 +£ 0.04b 7.52 + 0.13¢  3.16+ 0.02a 029 + 0.23

Values are mean and standard deviations of three replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering

indicates absence of significant effect according to ANOVA.
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The significance of the effect of extraction type on the biochemical characterization of
SWEs, as determined by one-way analysis of variance (ANOVA), is presented in
Table 4.2.

Table 4.2: Significance of the biochemical characterization of SWEs according to one-
way analysis of variance (ANOVA) (a = 0.05)

Source of

DF! Ca K Mg P S
Variation
Extracts 2 ks Hk stk Rk o
Source of
DF B Cu Fe Mn Zn
Variation
Extracts 2 sk *k sk sk n.s.2
Source of . Total Total Free
Variation Phenolic Amino acid
Extracts 2 R ok ¥
Source of Auxin-like
DF ABTS DPPH FRAP
Variation activity
Extracts 2 Hokok Aok ok o *

DF!, degree of freedom; n.5.%: not significant; * 0.01 < p < 0.05; ** 0.001 <p < 0.01; *** p < 0.001

ANOVA indicated a significant effect of extraction type on total phenolic, free amino
acid in SWEs (Table 4.2). The biochemical characterization results of several SWEs,
as presented below, demonstrate that the total phenolic content, total free amino acids
of the extracts are influenced by the extraction techniques (Table 4.3). Despite the
alkali extract exhibiting the highest overall phenolic content, it concurrently displayed
the lowest concentration of free amino acids. Conversely, the water extract exhibited

the highest levels of total free amino acids.
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Table 4.3: Total phenolic and total free amino acids concentrations of SWEs

Total Free Amino

Extraction Total Phenolic .
Types acid
3
Water 0.71 + 0.08b 231 £ 0.10a
Alkali 200 + 0.03a 1.64 + 0.13b
Acid 0.64 + 0.01b 2.17 + 0.08a

Values are means and standard deviations of three replicates. Different letters indicate significant
differences between means according to the Fisher's protected LSD test (p < 0.05).

ANOVA indicated that the effects of extraction types on the antioxidant activities of
SWEs were significant (Table 4.2). The antioxidant activities of SWEs have been
reported by 3 different methods (Table 4.4). The alkali extract exhibited the strongest
antioxidant activity, with 2-3 times greater efficacy than both the water and acid
extracts, as corroborated by consistent results from all three analyses. On the other
hand, the antioxidant activity observed in both water and acid extracts did not show

substantial variation.

Table 4.4: The antioxidant activities (ABTS, DPPH, and FRAP) of SWEs

Extraction ABTS DPPH FRAP
Types (mmol TE I'))
Water 022 + 000c 637 + 053D 747 £ 0.12b
Alkali 074 * 000a 1671 + 094a 1570 + 0.19a
Acid 024 = 0.00b 601 + 0.06b 505 £ 082c

Values are means and standard deviations of three replicates. Different letters indicate significant
differences between means according to the Fisher's protected LSD test (p < 0.05).

ANOVA demonstrated that the effect of extraction type had a significant effect on
auxin-like activity of SWEs (Table 4.2). For the auxin like activity test, the elongation
rate of maize coleoptiles after 2 days of incubation in darkness was assessed under
several solutions: acid extract (0.1%), alkali extract (0.1%), water extract (0.04%),
IAA (Indole-3-Acetic Acid) (1.75 mg L) as reference, and a control (water) (Figure
4.1). The utilization of alkali extracts promoted the highest elongation rate, surpassing

that of IAA application. In comparison to the control application, the coleoptile
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elongation rate increased by 20%, 25%, and 30% with treatments of water, acid, and
alkali extracts, respectively, whereas IAA resulted in an approximate 25% increase in

length.

Acid
& Alkali
=
)
§ Water
P
= IAA

Control

0 1 2 3 4 5
Elongation (mm)

Figure 4.1: Elongation rate of maize coleoptiles utilizing alternative SWEs
(water, alkali, and acid), IAA (1.75 mg I'!), and control. Values are
mean and standard deviations of four replicates. Different letters
indicate significant differences between means according to
Fisher’s protected LSD test (p < 0.05).

4.2. Determination of the effects of C. barbata extracts on
germination and early growth periods in wheat

Two experiments were conducted within the scope of perlite experiments: the first is
the substrate experiment, in which SWEs were applied directly to the perlite, and the
second is the seed soaking experiment, in which extracts were used as seed treatment.
The effects of extraction type on early growth parameters in the substrate experiment
determined by one-way analysis of variance (ANOVA) are shown in Table 4.5A and

in Table 4.5B for the seed treatment.
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Table 4.5: Significance of the effects of SWEs on reported traits on wheat (7riticum
durum cv. Sariganak-98) plants (6 days after sowing (DAS)) grown in
perlite experiment (A) Substrate Treatment and (B) Seed Treatment

according to one-way analysis of variance (ANOVA) (a = 0.05)

A) Substrate Treatments

Source of 1 Germination Shoot Shoot Shoot Root
Variation DF Percentage Height FW Esterase Esterase
g g Activity Activity

Seaweed ) sk sk
Extracts 2 n.s. n.s. n.s.
Source of Root Root Root Avg.

Variation DF Root FW Length SA Volume Diameter
Seaweed 2 % % koK kek %
Extracts

Source of

Variation DF Ca K Mg a2 S
Seaweed - ok s ok k e
Extracts 2

S"“.r“’. of DF Cu Fe Mn Zn

Variation

Seaweed ns o o s
Extracts 2

B) Seed Treatments
Source of Germination Shoot Shoot Baoot Root
Variation Dh Percentage Height FW Extgrase Esterase
g g Activity Activity

Seaweed 2k% * sk ootk
Extracts 2 18-

Source of Root Root Root Avg.

Variation DF Root FW Length SA Volume Diameter
Seaweed 2 * n.s n.s n.s n.s
Extracts 8. 8. 8. 8.

DF!, degree of freedom; n.s.%: not significant; * 0.01 <p < 0.05; ** 0.001 < p < 0.01; *** p < 0.001

4.2.1. Application of SWEs to Perlite Medium (Substrate Experiment)

The final germination rate was determined at the end of the experiment, which

involved directly providing perlite to the SWEs (Figure 4.2). The applications were

shown to have no statistically significant effect on the wheat germination rate, with

similar outcomes noted in germination percentages (Table 4.5A). These applications

demonstrated an average germination rate of over 90%. Upon comparing various

SWEs and their concentrations with the control group, it was noted that there was no

apparent beneficial or negative impact on the germination of wheat seeds.
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Figure 4.2: Effect of substrate treatments (Control (Water); SWEs: Water extracts
(Low, Medium, High); Alkali extracts (Low, Medium, High); Acid
extract (Low, Medium, High)) on germination percentage (%) of wheat
(Triticum durum cv. Sariganak-98) seedlings at 6 days after sowing (6
DAS)) grown in perlite.

In the substrate treatment experiment, all seedlings subjected to any of the substrates
(water, alkali, and acid extracts) exhibited superior shoot and root growth, as well as
enhanced seedling performance, in comparison to the control group (Figure 4.3,
Figure 4.4). According to ANOVA, the seedling height as well as shoot biomass were
statistically significantly affected by SWEs application (Table 4.5A). The findings of
the measured shoot growth parameters from the substrate experiment investigating the
impacts of SWEs are presented in Figure 4.4. Substrate treatment with SWEs resulted
in a more vigorous and uniform germination stage. In the substrate experiment, control
(non-treated) plants had the lowest shoot height and shoot biomass (Figure 4.3, Figure
4.4). The substrate application with all SWEs (except for low concentration of acid
extracts) resulted in a statistically significant increase in shoot height (Figure 4.4A).
The treatment with SWEs resulted in an approximate 20% increase in seedling height
in the substrate experiment. The highest shoot biomass was measured in wheat
seedlings grown in a growth medium treated with a high concentration of all SWEs
(Figure 4.3, Figure 4.4B). Furthermore, shoot FW was increased by around 30%
using these extracts. Visually, the substrate treatments were more apparent than the
seed soaking treatments in the differences caused by the SWEs (Figure 4.3, Figure
4.7).
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Figure 4.3: Effect of substrate treatments (Control (Water); SWEs: Water
extracts (Low, Medium, High); Alkali extracts (Low, Medium,
High); Acid extracts (Low, Medium, High)) on perlite-grown
6 day-old-wheat (Triticum durum cv. Sariganak-98) seedlings
under growth chamber conditions.
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Figure 4.4: Effect of substrate treatments (Control (Water); SWEs: Water extracts
(Low, Medium, High); Alkali extracts (Low, Medium, High); Acid extract
(Low, Medium, High)) on (A) shoot height, (B) shoot fresh weight (FW)
of wheat (Triticum durum cv. Saricanak-98) seedlings at 6 days after
sowing (6 DAS)) grown in perlite.

According to the ANOVA results, the application of substrates containing a variety of
SWE:s at varying concentrations did not have any significant and consistent impact on

the outcomes of the shoot and root esterase activity (Table 4.5A, Figure 4.5).
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Figure 4.5: Effect of substrate treatments (Control (Water); SWEs: Water extracts
(Low, Medium, High); Alkali extracts (Low, Medium, High); Acid extract
(Low, Medium, High)) on (A) shoot and (B) root esterase activity of wheat
(Triticum durum cv. Saricanak-98) seedlings at 6 days after sowing (6
DAS)) grown in perlite.

A study of mineral elements was conducted to verify the substantial enhancement
noted in the growth characteristics of the substrate treatment groups (Table 4.6).
ANOVA analyses indicated that the substrate treatment with SWEs had a significant
impact on the shoot macroelement concentration of wheat (Table 4.5A). In the
substrate experiment, the concentrations of K and S in the shoots were enhanced with
the SWEs treatment, while the concentrations of Ca and P were reduced, and the Mg
concentration remained the same. The treatments showed the most significant impact
on K compared to all assessed macronutrients. The concentration of K was directly
correlated with the increasing amounts of SWEs, with the greatest value observed in
plants treated with water extracts. Thanks to this treatment, K concentration nearly
tripled in the wheat shoots compared to the control. Conversely, the elevations in S
concentrations were less significant, not surpassing 20% in all of the treatments. The

reductions in shoot concentrations of both P and Ca following SWE treatments were
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primarily dose-dependent, with the most significant and consistent declines recorded

for Ca, which surpassed 50% at the highest treatment level of the water extract.

Table 4.6: Changes in shoot macronutrient (Ca, K, Mg, P, S) concentrations of wheat
(Triticum durum cv. Sariganak-98) seedlings with different substrate

treatments
Treatments ca K Me F >
(mgg™) (mg g™ (mgg™") (mgg™") (mgg™")
Control 35 £ 02a 126 = 04g 1.3 + 0.0ab 79 £ 0.1a 27 £ 0.le
Water - L 28 £ 02c¢ 219 + 0.6d 14 + 0.lab 74 £ 02b 2.8 £ 0.1de
Water - M 21 + 0.le 297 + 15D 1.3 + 0.0ab 6.8 £ 03c-e 2.8 + 0.1de
Water - H 1.6 £ 0.1f 36.8 + 24a 14 + 0.1a 73 £ 05D 31 £ 02ab
Alkali - L 29 £ 03be 148 £ 0.7f 1.3 £ 0.0bc 70 £ 0.1cd 29 £ 0.1cd
Alkali - M 2.8 £ 04c 182 + 24e 1.3 + 0.lab 69 + 0.1ce 30 £ 0.1bc
Alkali - H 25 + 02d 268 £ 19¢c 1.3 £ 0.0bc 6.8 £ 0.2de 32 £ 01a
Acid-L 3.1 £ 02D 143 + 04fg 1.3 £ 0.0bc 7.1 £ 0.2bc 29 + 00cd
Acid -M 3.0 £ 0.1bc 152 + 13f 14 £ 0.1ab 6.6 £+ 05e 29 £ 02bc
Acid - H 24 £ 0.1d 185 £ 05e 1.2 £ 00c¢ 62 + 0.1f 27 + 00e

Values are mean and standard deviations of five replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05).

ANOVA indicated that shoot microelement concentrations, with the exception of Cu,
were statistically significantly influenced by SWEs (Table 4.5A). In general, seaweed
applications slightly increased or decreased micronutrient concentrations (Table 4.7).
No notable alterations were detected in shoot Cu concentrations. There was not a
consistent effect of SWEs as substrate treatments on shoot Fe concentration, which
ranged from 52 to 61 mg kg'. On the other hand, medium or high levels of SWE
application caused a reduction in Zn and Mn concentrations. The lowest Zn

concentration was observed in the high level of the acid extract treatment.
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Table 4.7: Changes in shoot micronutrient (Cu, Fe, Mn, Zn) shoot concentrations of
wheat (Triticum durum cv. Sariganak-98) seedlings with different substrate

treatments
Treatments cu Fe Mo Zn
(mg kg™) (mg kg™) (mg kg™) (mg kg™)
Control 104 =+ 14 56 + 3a-c 34 £ 3a 38 £ 3a
Water - L 104 =+ 1.0 61 £ 3a 32 £ 2a 35 £ 2a-c
Water - M 9.7 £ 1.1 58 £+ 2a-c 27 + 1lc 31 £ 2c-e
Water - H 9.7 £ 1.2 61 £ 6a 27 £+ 3¢ 32 £ 2c-€
Alkali - L 94 + 04 55 + 3a-c 32 £ 2a 37 + lab
Alkali - M 86 £ 1.7 54 £ Obc 28 + 6bc 30 £ 5de
Alkali - H 86 £ 0.2 58 + 8ab 28 + 2bc 33 £ 4cd
Acid - L 93 + 04 53 + 2bc 31 £ 1lab 33 £ 1b-d
Acid -M 93 £ 0.8 61 £ 10a 31 £ 2ab 34 + Sa-d
Acid - H 89 £ 1.0 52+ 2¢ 29 £ 2bc 29 £ le

Values are mean and standard deviations of five replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05).

According to ANOVA, the factors associated with the root system were significantly
influenced by SWEs (Table 4.5A). The positive effects of SWEs on root biomass and
system-related parameters were also observed in the substrate experiment (Table 4.8).
The SWEs treatment statistically significantly enhanced the root biomass, except for
the low concentration of acid extract application. Moreover, the root biomass of wheat
seedlings that were treated with high levels of acid extract was approximately 25%
higher when compared with control plants. Moreover, the maximum root biomass,
almost 25% greater than that of the control plants, was achieved with the treatment of
the water extract at a medium level or with the use of acid or alkali extracts at high
levels. In addition to the positive effects seen in root FW, when the parameters for root
morphology were examined, the highest root length, root surface area, and root volume
were observed in wheat seedlings subjected to a medium concentration of water
extract. The notable enhancements in these metrics achieved with this application
varied from 20% to 30% in comparison to the control. Finally, the average root

diameter was increased in response to SWEs, especially acid extract at high levels.
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Table 4.8: Effect of substrate treatments on root growth and morphology parameters
(FW; Length; SA, Surface Area; Vol, Volume) of wheat (Triticum durum
cv. Sariganak-98) seedlings

Treatments Root FW Root Length Root SA Root Vol. Avg. Diameter
(mg plant™) (cm plant™?) (cm? plant™) (mm?3 plant™!) (mm)

Control 67 £ 3¢ 23+ 1c 39 £ 02c¢ 53 £+ 5¢ 0.55+ 0.03¢c
Water- L 77 £ 9ab 26 £ 2ab 4.6 £+ 03 ab 65 + 4ab 0.57 £ 0.02 a-c
Water-M 84 + 9ab 27 + 2a 49 £+ 04a 69 = 5a 0.57 £ 0.01 be
Water-H 79 £+ 6ab 24 £ 2bc 44 £ 03b 62 £ 3b 0.57 £ 0.02 ab
Alkali-L 78 £ 5ab 25+ lab 45 £ 03b 62 £ 5b 0.56 £ 0.01 bc
Alkali-M 77 + 8ab 24 + 3bc 44 £+ 05b 62 £ 6b 0.57 + 0.01 a-c
Alkali-H 82 + 9ab 26 + 2ab 4.6 + 0.3ab 65 + 4ab 0.57 + 0.01 be
Acid-L 76 = 8bc 25 £ 0be 44 + 03b 62 £ 7b 0.56 = 0.03 be
Acid-M 83 + 5ab 25 £ 1bc 4.6 £ 0.1 ab 67 + 4ab 0.58 = 0.03 ab
Acid-H 85 + 6a 24 + 2bc 44 £+ 03D 66 £ 5ab 0.59 + 0.02a

Values are mean and standard deviations of five replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.

4.2.2. Seed Soaking with SWEs (Seed Treatment)

In the seed soaking experiment, firstly, the final germination percentage was calculated,
and the results are shown in Figure 4.6. Like the germination rate outcomes in the
substrate treatment experiment, various applications of SWE did not adversely affect
the germination of wheat seedlings, nor were any additional benefits observed. The
mean germination rate across all applications exceeds 90%. Algae extracts exhibited
comparable effects on wheat seed germination; however, these effects were not

statistically significant (Table 4.5B).
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Figure 4.6: Effect of seed soaking (Control (Water); SWEs: Water extracts (Low,
Medium, High); Alkali extracts (Low, Medium, High); Acid extract
(Low, Medium, High)) on germination percentage (%) of wheat
(Triticum durum cv. Sariganak-98) seedlings at 6 days after sowing (6
DAS)) grown in perlite

The effects of soaking treatment of wheat seeds with SWEs on early seedling growth
and development are shown in Figure 4.7. According to ANOVA, the shoot height as
well as shoot biomass were statistically significantly affected by SWEs as seed
treatment agents (Table 4.5B). The positive effects of seaweed applications on the early
growth of wheat seedlings are observed. Conversely, the observed favorable effects on
shoot biomass and height were less apparent and not consistently influenced by dose.
All SWEs significantly improved seedling height in the seed soaking experiment
(Figure 4.7, Figure 4.8A). The application of SWEs provided approximately %20 an
increase in wheat seedling height. Moreover, the maximum seedling height was
observed in medium rate of alkali extract-treated plant (Figure 4.7, Figure 4.8B).
Seaweed applications as seed soaking agents caused only %10 an enhancement on
shoot FW. However, the effects are not as obvious as with substrate applications.
Overall, SWE-treated plants had higher shoot and root length, and development

compared to the control.
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Figure 4.7: Effect of seed soaking (Control (Water); SWEs: Water extracts (Low,
Medium, High); Alkali extracts (Low, Medium, High); Acid extracts
(Low, Medium, High)) on perlite-grown 6 day-old-wheat (Triticum
durum cv. Saricanak-98) seedlings under growth chamber conditions
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Figure 4.8: Effect of seed treatments (Control (Water); SWEs: Water extracts (Low,
Medium, High); Alkali extracts (Low, Medium, High); Acid extract
(Low, Medium, High)) on (A) shoot height, (B) shoot fresh weight (FW)
of wheat (Triticum durum cv. Saricanak-98) seedlings at 6 days after
sowing (6 DAS)) grown in perlite

ANOVA indicated that soaking treatment with SWEs significantly influenced esterase
activity in comparison to the control, however not in a dose-dependent manner (Table
4.5B, Figure 4.9). The high levels of the studied alkali and acid extracts correlated with

the most notable effects on root esterase activity, which increased by as much as 40%.
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Figure 4.9: Effect of seed treatments (Control (Water); SWEs: Water extracts (Low,
Medium, High); Alkali extracts (Low, Medium, High); Acid extract
(Low, Medium, High)) on (A) shoot and (B) root esterase activity of
wheat (Triticum durum cv. Sariganak-98) seedlings at 6 days after
sowing (6 DAS)) grown in perlite

The positive effects observed on root biomass and morphological parameters in
substrate experiments were not obtained in the seed soaking experiment (Table 4.8,
Table 4.9). It was observed that seed soaking applications with SWE, irrespective of
the application doses, caused insignificant changes in certain wheat root parameters
(Table 4.5B, Table 4.9). Only a slight decrease in root biomass was observed with
low dose alkali SWEs application.
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Table 4.9: Effect of seed treatments on root growth and morphology parameters (FW;
Length; SA, Surface Area; Vol, Volume) of wheat (Triticum durum cv.
Sariganak-98) seedlings

Treatments Root FW Root Length Root SA Root Vol. Avg. Diameter
(mg plant™) (cm plant™) (cm? plant™) (mm? plant™) (mm)
Control 68 + 5ab 21 + 2 41 + 04 62 + 11 0.61 + 0.06
Water- L 69 + 3ab 25 £ 1 46 * 04 69 + 11 0.59 +0.04
Water- M 70 + 1ab 22 £ 1 41 = 0.2 61 + 4 0.59 + 0.01
Water- H 66 + 4bc 21 £ 2 40 + 03 60 + 3 0.61 = 0.02
Alkali-L 62 + 3¢ 21 £ 2 4.1 £ 04 63 + 5 0.61 = 0.01
Alkali-M 68 £ 4ab 22+ 1 42 * 0.1 66 + 4 0.62 = 0.03
Alkali-H 68 + 2ab 22 £ 2 41 £ 02 61 + 4 0.59 + 0.03
Acid-L 67 £ 6ab 21 £ 3 39 £ 04 59 £ 5 0.60 + 0.03
Acid-M 71 £ 34 22 + 2 42 £ 04 62 + 4 0.60 = 0.01
Acid-H 71 + 44 22 £ 3 42 * 04 64 + 4 0.61 = 0.02

Values are mean and standard deviations of five replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.

4.3. Investigation of the Effects of C. barbata Extract
Applications on Salinity Stress Resistance and Related
Physiological Parameters in Wheat

4.3.1. Determination of the Effective C.barbata Extracts Application
Levels on Plant Growth in a Hydroponic Environment
The different application levels of water, alkali, and acid extracts obtained from C.
barbata were tested by giving them directly to the nutrient solution. These applications
positively influenced the vegetative growth and development of approximately one-
month-old wheat plants grown hydroponically (Figure 4.10). The application of
SWEs in hydroponic medium caused statistically significant improvements in the
shoot and root DW of wheat plants (Table 4.10A, Figure 4.11). The advantageous
impact on growth and development is distinctly evident in both the shoot and root
systems of wheat plants cultivated hydroponically with the administration of SWE, in
contrast to those grown without it (Figure 4.10, Figure 4.11). Wheat plants subjected

to medium rate of water extract exhibited an increase of around 35% in dry weight of
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the shoot compared to control plants (Figure 4.11A). Conversely, although acid
applications did not yield a statistically significant improvement relative to the control
plant, it was noted that low-dose acid applications resulted in a 16% enhancement in
shoot DW. As the result of shoot DW, statistically significant effects of SWE on root
DW were determined (Figure 4.11B). In applications of water and alkali extracts at
medium and high levels, notable increases in root DW were recorded compared to the
control plants, with the medium rate of water extract application yielding the highest
shoot and root biomass. Root DW rose by roughly 40% with a medium rate of water
extract and 35% with high alkali extract treatments compared to control plants. As a
result, it was observed that the biomass and vigor of wheat plants grown in the nutrient
solution containing SWE increased, whereas the root and shoot growth of control
plants was weak and, therefore, less developed compared to the others (Figure 4.10,
Figure 4.11). Consequently, the most effective doses of SWEs (water (medium), alkali

(low) and acid (low)) were selected for the third hydroponic experiment.
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Figure 4.10: Effect of SWEs (Control (Water); Water extracts (Low, Medium, High);
Alkali extracts (Low, Medium, High); Acid extracts (Low, Medium,
High)) on hydroponically grown 28 day-old-wheat (Triticum durum cv.
Saricanak-98) seedlings under greenhouse conditions.
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Figure 4.11: Effect of SWEs (Control (Water); Water extracts (Low, Medium, High);
Alkali extracts (Low, Medium, High); Acid extracts (Low, Medium,
High)) on (A) shoot DW and (B) root DW of wheat.

The effects of the extraction type on growth parameters and macro and micronutrient
concentrations of SWEs in hydroponically grown wheat plants, as determined by one-
way ANOVA, are shown in Table 4.10A. Additionally, the significance of extraction
type on shoot and root dry matter in the second hydroponic experiment is detailed in

Table 4.10B.
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Table 4.10: Significance of the effects of SWE on reported traits on wheat (7riticum
durum cv. Saricanak-98) plants grown in (A) first hydroponic
experiment (B) second hydroponic experiment according to analysis of
variance (ANOVA) (o = 0.05).

A) First Hydroponic Experiment

Source of

. DF! Shoot DW Root DW
Variation
Seaweed 3 . %
Extract
Source of DF p K Ca M S
Variation 8
Seaweed sk Hokok ook 2
Extract 3 n.s. n.s.
Source of DF Fe Zn Mn Cu Mo
Variation
Seaweed " sk * ok ok
Extract S .S

B) Second Hydroponic Experiment

Source of

.. DF Shoot DW Root DW
Variation
Salinity 1 s ot
Stress

DF!, degree of freedom; n.s.2: not significant; * 0.01 < p < 0.05; ** 0.001 <p < 0.01; *** p < 0.001

The effect of adding SWEs directly to the nutrient solution on macronutrient
concentration in hydroponically grown wheat plants are shown in Table 4.11. The
concentrations of P and S in the shoots of hydroponically grown wheat plants were not
substantially influenced by C. barbata extracts compared to the control group;
nevertheless, K, Ca, and Mg concentrations exhibited statistically significant changes
(Table 4.10A, Table 4. 11). Application of high rate of water extracts increased K
concentrations by approximately 10% relative to the control group. Conversely, all
SWEs administered at high doses and water extracts given at moderate levels resulted
in a substantial reduction in Ca, while moderate applications of acid extracts led to a
considerable rise. Finally, all SWEs, apart from the medium rate of acid extracts,
markedly diminished Mg concentration; yet the plants exhibited no indications of Ca

or Mg deficiency.
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Table 4.11: Changes in shoot macronutrient (P, K, Ca, Mg, S) concentrations of wheat

(Triticum durum cv. Sariganak-98) seedlings in response to SWEs.

Seaweed P K Ca Mg S
Extracts (mgg™") (mg g™ (mgg™) (mgg™) (mgg™")
Control 75 £ 0.2 52 £ 1 be 91 £ 03 b 26 £ 02 a 45 + 02
Water-L 73 £ 0.2 53 £ 1 be 89 + 02 bd 23 £ 00 b 45 + 0.1
Water-M 7.0 = 0.7 51 £ 2 bd 84 + 05 de 22 £ 0.1 bc 44 + 0.1
Water-H 78 + 0.1 57 £ 1 a 82 £ 01 e 22 £ 00 bc 46 £ 0.0
Alkali-L 73 £ 0.7 54 + 4 ab 87 £ 06 b-e 23 £ 02 bec 47 £ 0.1
Alkali-M 6.7 + 0.2 49 + 1 d 88 + 03 b-e 22 £ 00 bc 48 £ 0.0
Alkali-H 6.7 + 0.8 51 £ 3 cd 83 + 05 de 20 £ 02 ¢ 49 +£ 05
Acid-L 7.0 + 0.7 50 + 3 cd 91 £ 0.6 bc 23 £ 01 be 46 = 00
Acid-M 75 £ 0.7 51 £ 2 cd 104 + 07 a 26 + 03 a 46 =+ 03
Acid-H 68 + 05 50 £ 2 cd 85 £ 02 c-e 21 £ 00 bc 45 £ 0.0

Values are mean and standard deviations of five replicates.

Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.

The effects of SWEs added to hydroponic medium on wheat shoot microelement (Fe,

Zn, Mn, Cu and B) concentrations are shown in Table 4.12. The treatments of SWEs

considerably influenced the concentrations of micronutrients in shoots except for Mo

(Table 4.10A, Table 4.12). The application of water extracts and moderate doses of

acid extracts from plants resulted in an approximate 10% enhancement in Fe

concentration in the shoot tissues; however, this increase was not statistically

significant. Conversely, although the quantities of Zn, Mn and Cu diminished with the

treatments, no micronutrient deficiencies were detected in the plants.
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Table 4.12: Changes in shoot micronutrient (Fe, Zn, Mn, Cu, Mo) concentrations of
wheat (Triticum durum cv. Sariganak-98) seedlings in response to SWEs.

Seaweed Fe Zn Mn Cu Mo

Extracts (mg kg™ (mg kg™ (mg kg™ (mg kg™ (mg kg™
Control 198 + 12 ab 75 £ 7 a 138 £ 9 a 15 + 1 a 6.8 = 0.3
Water-L 187 £+ 9 b 52 £ 2 b 126 + 7 ab 14 £ 1 bd 69 + 04
Water-M 220 + 14 a 49 + 1 be 120 + 8 be 14 £ 1 a-c 62 £ 0.3
Water-H 189 + 12 b 47 + 4 be 126 £+ 8 ab 14 £ 0 ac 68 + 05
Alkali-L 179 + 23 be 53 £ 8 b 127 £ 17 ab 15 £ 1 ab 66 + 13
Alkali-M 184 + 19 be 53 £ 4 b 124 + 5 ab 13 £ 0 cd 67 += 03

Alkali-H 177 £ 15 be 47 + 4 be 113 £ 20 be 13 £ 1 df 64 = 04

Acid-L 158 + 20 ¢ 50 £ 2 b 124 + 12 ab 13 + 0 de 64 + 02
Acid-M 220 £ 34 a 44 + 7 cd 105 =+ 19 ¢ 12 + 2 ef 65 + 0.1
Acid-H 185 £ 14 b 39 £ 2 d 117 £ 6 be 11 £ 1 f 63 = 0.6

Values are mean and standard deviations of five replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.

4.3.2. Determination of Effective Salt Stress Application Levels on
Plant Growth in a Hydroponic Environment

In this experiment, the impact of salinity stress on hydroponically grown wheat plants
was investigated by incorporating five distinct NaCl concentrations (0, 30, 90, 120,
and 150 mM) directly into the nutrient solution (Figure 4.12). ANOVA results indicate
that salinity treatments had a decreasing effect on both shoot and root biomass (Table
4.10B). In comparison to control plants that received no salt application, escalating
salt concentration progressively decreased wheat growth and development. The
control plant exhibited superior vegetative growth and enhanced development in the
hydroponic system, characterized by an increased number of shoots and roots (Figure
4.12, Figure 4.13). Moreover, as the salt concentration increased, shoot biomass
progressively decreased, with reductions of 10%, 20%, 30%, 35%, and 40%
corresponding to the application of 30, 60, 90, 120, and 150 mM NaCl, respectively
(Figure 4.13A). Increased salt levels negatively affected not only shoot biomass but

also root biomass of wheat (Figure 4.12, Figure 4.13B). High salt concentrations of

73



120 and 150 mM NaCl statistically significantly reduced wheat root biomass compared
to the control. As expected, plants had the highest shoot and root biomass under control
conditions, while plants growing at 150 mM had the lowest shoot and root biomass.
As a result, the 60 and 90 mM NaCl levels were selected for the third hydroponic
experiment because this level caused the reduction of 20-30 % shoot and root biomass

and so led to moderate stress on hydroponically grown wheat.

Figure 4.12: Effect of different salinity stress levels (Control (0 mM NaCl, 30 mM
NaCl, 60 mM NacCl, 90 mM NaCl, 120 mM NaCl, 150 mM NacCl) on
hydroponically grown 28 day-old-wheat (7riticum durum cv.
Saricanak-98) seedlings under greenhouse conditions.
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Figure 4.13: Effect of different salinity stress levels (Control (0 mM NaCl, 30 mM
NaCl, 60 mM NaCl, 90 mM NaCl, 120 mM NaCl, 150 mM NacCl) on
(A) shoot DW per plant and (A) root DW per plant of wheat.

4.3.3. Effects of Selected C. barbata Extract Applications on
Salinity Stress Resistance and Physiological Parameters

The third hydroponic wheat experiment utilized the most effective doses of SWEs
(water extract (medium), alkali (low) and acid extracts (low)) determined in the first
hydroponic experiment (Figure 4.11) and the salinity stress levels (60 mM and 90
mM) chosen from the second hydroponic experiment (Figure 4.13). The impact of
incorporating water, alkali, and acid extracts derived from C. barbata into hydroponic
medium was evaluated in deep water culture under both control (0 mM) and saline

conditions (60 mM, 90 mM) (Figure 4.14).

The impact of salt stress on plant growth was evaluated by quantifying the dry weight
of the shoot and root of hydroponically cultivated wheat (Figure 4.15). According to
a two-way analysis of variance, the interaction of salinity and biostimulant treatment
was found to be significant on the shoot biomass (Table 4.13, Figure 4.15). On
average, shoot dry weight decreased by approximately 20% and 25% under 60 mM
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and 90 mM salinity stress treatments, respectively (Figure 4.15A). Under control
conditions, water, and alkali extract treatments statistically significantly enhanced
shoot DW. Regardless of stress, the most positive effects on shoot and root biomass
were obtained with water, acid and alkali extract applications, respectively (Figure
4.15). All treatments of SWEs positively influenced shoot DW under 60 mM salt
stress, with water extract treatment resulting in a statistically significant increase of
17% compared to the control. On the other hand, when compared to the control plants,
acid extract applications enhanced the shoot DW by 23% under high salinity

conditions.

The biostimulant and salinity applications as well as the interaction of salinity and
biostimulants caused a significant effect on root DW (Table 4.13, Figure 4.15B). The
root biomass of wheat plants was significantly impacted by salinity stress, resulting in
a 15% reduction (Figure 4.15B). The application of water extract to the nutrient
solution increased hydroponically grown wheat root biomass up to 36% under 60 mM
salt stress. Moreover, the acid extract treatment significantly increased root biomass

compared to the control, with up to 50% under high salinity conditions.

Overall, the addition of SWEs to the nutrient solution positively influenced vegetative
growth performance relative to untreated plants under both non-stressed and stressed

circumstances (Figure 4.14, Figure 4.15).
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Figure 4.14: Effect of biostimulant applications (Control; Water Ext.; Alkali Ext.;
Acid Ext.) and salinity stress levels (0 mM NaCl, 60 mM NaCl, 90 mM
NaCl) on hydroponically grown 28 day-old-wheat (7riticum durum cv.
Saricanak-98) seedlings under greenhouse conditions.
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Figure 4.15: Effect of SWEs (Control; Water; Alkali; Acid) and salinity stress levels
(0 mM NaCl, 60 mM NaCl, 90 mM NaCl) on (A) shoot DW and (B)
Root DW of hydroponically grown wheat.

The single effect of SWE and salinity stress treatments and their combined interaction
of SWE treatment and salinity stress treatments on the measured parameters in

hydroponically grown wheat plants were shown by two-way ANOVA (Table 4.13).
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Table 4.13: Significance of the effects of SWE on reported traits on wheat (7riticum
durum cv. Sariganak-98) plants grown in third hydroponic experiment

according to two-way analysis of variance (ANOVA) (a = 0.05).

. Shoot Root . APX
Source of Variation DF DW DW REL Protein ot
Seaweed Extract (A) 3 *ok wok* ok n.s. ok
Salinity Stress (B) 2 Ak Hork Ak n.s. oAk
AxB 3 * *k * .. wkE
.. SOD
Source of Variation DF CAT Total GR Total ot APX sp CAT sp
Seaweed Extract (A) 3 n.s. n.s. ok HAE n.s.
Salinity Stress (B) 2 * HoAx * HAE n.s.
AxB n.s n.s. * HAE n.s.
Source of Variation DF GR sp SOD sp MDA Glyc?ne Proline
Betaine
Seaweed Extract (A) 3 n.s. n.s. *ok n.s. ok
Salinity Stress (B) 2 & * oAk n.s. oAk
AxB 3 n.s. * X * *
Source of Variation DF Ca Mg P S
Seaweed Extract (A) 3 okl * Ak Ak
Salinity Stress (B) 2 gtk Hokk Rk * n.s.
AxB 3 ok k- n.s. ok
Source of Variation DF Fe Zn Mn Cu Mo
Seaweed Extract (A) 3 o wok* n.s. *ok *
Salinity Stress (B) 2 ok n.s. n.s. R * oAk
AxB 3 n.s. n.s. n.s. n.s. n.s.
Source of Variation DF Na K Na/K
Seaweed Extract (A) 3 n.s. wok* n.s.
Salinity Stress (B) 2 Ak Hork Ak
AxB 3 n.s. n.s. n.s.

DF!, degree of freedom; n.s.%: not significant; * 0.01 <p < 0.05; ** 0.001 <p < 0.01; *** p < 0.001

A two-way analysis of variance indicated that biostimulant and salinity treatments and

their interaction significantly influenced REL (Table 4.13, Figure 4.16). Overall,

control plants exhibited the highest REL value, while the lowest REL values were

recorded with water, acid, and alkali applications, respectively. Salinity treatment in

the absence of SWE application caused significant changes in REL, however the REL

values were statistically unchanged under non-saline conditions. Under 60 mM NaCl

conditions, all SWE extracts significantly reduced REL values compared to control.

On the other hand, only water-based SWE markedly reduced REL in comparison to

the control under high salinity conditions.
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Figure 4.16: Effect of SWEs (Control; Water; Alkali; Acid) and salinity stress levels
(0 mM NaCl, 60 mM NaCl, 90 mM NaCl) on REL values (ECi/EC>
(%)) of hydroponically grown wheat.

The effects of SWEs on the macronutrient concentrations of hydroponically grown
wheat are shown in Table 4.13. The macronutrient concentration was affected by the
interaction of biostimulant and salinity stress, with the exception of P, which remained
unaffected (Table 4.14). Among the applications, the control plants had the lowest P,
Mg and S concentrations. On the other hand, salinity stress caused Ca and Mg
concentration to decrease by approximately 40% and 30%, respectively, while it did
not affect S concentration significantly. In general, P concentration tended to increase
with increasing salinity stress levels. Under high-stress conditions, the water extract
resulted in a slight decrease in Ca concentration in wheat. Mg concentration did not
change statistically with SWE treatments under stress conditions. Under stressful
circumstances, S concentration in wheat plants treated with alkali and acid extracts

exceeded those of control plants.
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Table 4.14: Effect of SWEs (Control; Water; Alkali; Acid) and salinity stress levels
(0 mM NaCl, 60 mM NaCl, 90 mM NaCl) on macronutrient
concentrations (P, Ca, Mg and S) of hydroponically grown wheat
(Triticum durum cv. Sariganak-98).

Seaweed NaCl P Ca Mg S
Extracts  (mM) (mgg™) (mgg™) (mg g™ (mgg™)
0 11 + 1 96 =+ 02 ¢ 24 + 0.1 ¢ 42 + 0.1 e
Control 60 15 + 1 63 =+ 02 e 1.8 + 0.1 de 47 + 02 d
90 15 £ 0 70 + 08 d 1.8 £ 02 de 49 + 03 ad
0 14 + 1 104 £ 04 Db 27 £ 02 ab 50 £ 0.1 a-c
Water 60 17 + 1 62 £ 07 e 1.8 £ 0.1 de 48 £ 03 bd
90 18 + 1 63 £ 02 e 1.7 £ 0.1 e 47 + 04 «cd
0 12 £ 1 107 + 02 b 25 + 0.1 be 48 + 02 «cd
Alkali 60 16 = 2 6.7 + 0.6 de 1.9 + 02 d 50 £ 02 a-c
90 16 =+ 0 71 + 03 d 1.9 += 0.1 de 51 £+ 0.1 a-c
0 13 £ 1 115 + 05 a 27 £ 0.1 a 51 £ 01 a
Acid 60 16 + 1 6.6 + 04 de 1.8 = 0.1 de 49 + 0.1 ad
90 16 =+ 1 6.7 + 00 de 1.8 £ 0.1 de 51 + 0.1 ab

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.

The interaction of biostimulant and salinity stress treatments had no significant effect
on the concentration of any micronutrients (Table 4.13). A slight increase in Cu, Mo
and B concentration was observed with stress application (Table 4.15). Furthermore,
low salinity stress resulted in an increase of approximately 23% in Fe concentration,
while high salt stress led to a 50% increase. Seaweed treatments enhanced shoot Fe
concentration, with alkali extracts specifically increasing Fe concentration by 28%
under high salt level. Although salinity stress did not influence Zn concentration,
shoot Zn levels in hydroponically grown wheat ranged from 33 to 43 mg kg™!. Neither
salt stress nor the application of SWEs significantly influenced the Mn concentration
in wheat. The Cu concentration in hydroponically grown wheat, which increased with
stress, tended to decrease with SWE treatments. Overall, the highest Mo levels were
observed in acid extract-treated plants compared to other plants under saline

conditions.
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Table 4.15: Effect of SWEs (Control; Water; Alkali; Acid) and salinity stress levels
(0 mM NaCl, 60 mM NaCl, 90 mM NaCl) on micronutrient
concentrations (Fe, Zn, Mn, Cu, and Mo) of hydroponically grown wheat
(Triticum durum cv. Sariganak-98).

Seaweed NaCl Fe Zn Mn Cu Mo
Extracts (mM) (mg kg™) (mg kg™) (mg kg™) (mg kg™) (mg kg™)
0 100 + 12 37 + 3 79 + 6 15 + 1 9 + 1
Control 60 131 £+ 15 43 £ 6 92 + 14 19 + 2 13 + 2
90 152 + 18 43 + 4 89 + 14 19 + 2 12 + 1
0 118 + 10 35 + 1 89 + 1 17 + 2 9 + 0
Water 60 146 + 13 33 + 0 97 + 6 18 + 1 12 + 1
90 162 + 24 34 + 1 87 + 9 18 + 2 12 + 2
0 117 £ 9 39 + 5 82 + 2 15 £ 0 10 + 1
Alkali 60 133 + 8 38 + 2 87 + 16 16 + 2 13 + 2
90 194 + 19 38 + 1 88 + 6 16 + 0 13 £+ 0
0 117 £ 9 41 + 1 87 + 11 17 + 1 10 £+ 0
Acid 60 146 + 13 37 + 2 96 + 8 18 + 1 13 + 1
90 173 + 22 41 + 1 95 + 8 19 + 0 14 + 0

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.

There was no statistically significant difference in the interaction of biostimulant and
salinity stress on Na, K and Na/K ratio (Table 4.13). On the other hand, Na
concentration increased significantly with increasing salinity level (Table 4.13, Table
4.16). Compared to control plants, lower Na levels were detected in water-extract
treated plants under low stress conditions, while higher Na levels were observed in
wheat plants treated with alkaline extraction under high stress. Overall, stress
applications adversely affected K concentration, causing a reduction of around 40%
(Table 4.16). Generally, control plants exhibited the lowest K concentrations, whereas
SWEs treatments elevated K levels, with the highest amounts observed in plants
treated with water and acid extract. Higher K concentrations were observed in wheat
plants treated with SWE in both non-stress and stress conditions. Although the Na/K
ratio was statistically affected only by salinity stress, wheat plants treated with water
extract under stress had the lowest Na/K ratio in both stress conditions, followed by

those treated with acid extract (Table 4.16).
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Table 4.16: Effect of SWEs (Control; Water; Alkali; Acid) and salinity stress
levels (0 mM NaCl, 60 mM NacCl, 90 mM NacCl) on Na (%), K (%)
and Na/K ratio of hydroponically grown wheat (Triticum durum cv.
Sariganak-98).

Seaweed NaCl

Extracts (mM) Na (%) K (%) Na/K
0 0.02 = 0.01 59 £ 02 0.00 + 0.00
Control 60 333 + 0.38 35 £ 03 095 += 0.11
90 3.80 + 0.55 33 £ 02 1.17 + 0.15
0 0.05 + 0.01 63 = 02 0.01 + 0.00
Water 60 319 = 037 42 = 0.1 0.77 £ 0.09
90 3.83 = 041 36 £ 0.3 1.06 + 0.16
0 0.04 + 0.01 6.1 + 0. 0.01 + 0.00
Alkali 60 3.62 + 0.90 39 £ 0.5 097 + 0.38
90 472 + 0.33 35 £ 0.2 1.36 + 0.18
0 0.04 + 0.00 63 £ 0.1 0.01 + 0.00
Acid 60 322 + 023 40 + 03 0.80 + 0.10
90 424 + 048 3.6 £ 02 1.19 + 0.15

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.

The biostimulant and salinity applications as well as the interaction of salinity and
biostimulants did not cause any statistically significant effect on protein concentrations

(Table 4.13, Table 4.17).
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Table 4.17: Effect of SWEs (Control; Water; Alkali; Acid) and salinity
stress levels (0 mM NaCl, 60 mM NaCl, 90 mM NacCl) on
average protein concentration (590/450) (%) of hydroponically
grown wheat (Triticum durum cv. Sariganak-98) shoots

Seaweed NaCl Average [Protein]m
Extracts (mM) (590/450) (%)

0 31 £ 09
Control 60 40 = 0.7
90 35 £ 05
0 32 £ 09
Water 60 37 £ 03
90 31 £ 038
0 42 £ 12
Alkali 60 40 + 1.0
90 40 + 14
0 35 £ 0.1
Acid 60 41 + 1.1
90 40 + 1.0

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.

To assess the antioxidant responses of hydroponically grown wheat plants to saline
stress, the total enzymatic activity of SOD, APX, GR and CAT in the shoots were
quantified (Table 4.18). The interaction of salinity and biostimulant treatments
significantly influenced total APX and SOD activities, although CAT and GR
activities were unaffected by this interaction (Table 4.13). The total APX activity was
reduced by biostimulant and salinity treatments and so the greatest values in APX
activity were measured with the control plant under non-saline conditions. On the other
hand, all SWE applications statistically significantly decreased the total activity of the
APX enzyme under 60 mM NaCl conditions (Table 4.18). In general, total CAT
activity tended to decrease with salt stress. It was found that all wheat plants had
similar levels of CAT enzyme activity. With elevated salt levels resulted in an
enhancement in total GR activity. Conversely, plants treated with water extract
exhibited the highest GR activity at high salt level. The activity of the SOD enzyme,
which tended to increase with salinity stress and decrease with SWEs, was typically

highest in wheat plants that did not receive SWEs treatment.
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Table 4.18: Effect of SWEs (Control; Water; Alkali; Acid) and salinity stress levels
(0 mM NaCl, 60 mM NaCl, 90 mM NaCl) on the total antioxidant
enzyme (APX, CAT, GR, SOD) activities of shoot of hydroponically
grown wheat (Triticum durum cv. Sariganak-98).

APX CAT GR

Moy MO @mko gm0
FW min™) g FW min™) min™')
0 310 £ 32 a 30 = 03 047 + 0.06 107 = 6 a
Control 60 205 + 94 b 25 + 06 069 =+ 0.10 94 £ 6 be
90 28 + 06 d 25 £ 03 070 = 0.15 100 + 6 ab
0 15 + 32 ¢ 27 £ 01 055 + 0.03 9+ 9 d
Water 60 39 £ 08 d 25 £ 03 0.59 + 0.09 92 % 5 e
90 38 + 17 d 26 £ 03 074 + 0.15 95 £ 6 be
0 193 + 54 b 30 £ 03 055 + 0.05 93 £ 14 b
Alkali 60 129 + 06 27 £ 02 0.61 =+ 0.02 % £ 5 be
90 55 + 30 d 28 £ 03 061 = 0.07 102+ 10 ab
0 40 + 11 d 28 + 02 048 =+ 0.04 87 + cd
Acid 60 50 + 08 d 28 = 03 0.61 % 0.04 94 + be
90 56 + 06 d 28 £ 0.1 059 = 0.03 101 = ab

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.

In addition to the above total enzyme activity, the impact of SWEs on the specific
enzymatic activity of wheat plants subjected to salinity stress was also assessed (Table
4.19). The specific enzymatic antioxidant activities did not change with the interaction
of salinity and biostimulant treatments, except for APX and SOD (Table 4.13).
Specific APX activity in unstressed plants was approximately 5 times the average APX
activity of all plants exposed to high salt level. On the other hand, this enzyme activity
diminished by 45% with water and alkali, 75% with acid applications, respectively.
When all application groups were analyzed, it was generally seen that the control
plants had the highest CAT activity, which diminished in response to salt stress.
Salinity stress significantly enhanced shoot GR enzyme activity, while this enzyme
activity values in hydroponically grown wheat were found to be at similar levels. The
activity of the SOD enzyme, which did not change significantly with SWE-based

biostimulant in both salinity levels.
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Table 4.19: Effect of SWEs (Control; Water; Alkali; Acid) and salinity stress levels
(0 mM NaCl, 60 mM NaCl, 90 mM NaCl) on the specific antioxidant
enzyme (APX, CAT, GR, SOD) activities of shoot of hydroponically
grown wheat (Triticum durum cv. Sariganak-98).

APX CAT GR SOD
Seaweed NaCl (nmol H20: mg"! (umol H20: (nmol (U mg! protein)
Extracts (mM) prt min!) mg! prt min") NADPH mg!
prt min!)
0 1048 + 224 a 96 =+ 28 14 £ 5 36 £ 08 a
Control 60 465 = 157 ¢ 66 =+ 25 18 £ 5 24 £ 03 ¢
90 93 + 31 e 86 =+ 23 18 =+ 1 29 £+ 04 a<c
0 669 + 170 b 90 <+ 25 18 = 6 36 £ 1.1 a
Water 60 103 + 26 e 68 + 15 16 + 4 25 + 03 be
90 114 + 63 [ 76 £ 17 19 + 2 32 + 0.8 a-c
0 426 + 24 c 75 £ 19 14 + 5 23 + 08 ¢
Alkali 60 309 + 82 d 70 = 18 16 + 4 25 + 0.8 be
90 146 + 87 e 74 £ 20 16 + 4 28 +£ 1.1 ab
0 113 £ 31 e 80 = 6 14 =+ 1 25 £ 02 be
Acid 60 131 + 47 e 74 + 23 16 £+ 5 24 £+ 05 be
90 146 + 33 [ 74 + 18 16 + 4 277 + 0.7 a-c

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering

indicates absence of significant effect according to ANOVA.

Salinity stress and SWEs as well as their interaction had a significant influence on the

accumulation of MDA in the shoot of wheat, as displayed in Table 4.13. Salinity stress

resulted in a rise of roughly 37% and 51% in MDA levels under low and high salt

stress, respectively (Table 4.20). On the other hand, compared to other applications,

the highest MDA concentration was observed in wheat plants with water extract

applications under high salt stress conditions.
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Table 4.20. Effect of SWEs (Control; Wate; Alkali; Acid) and salinity stress levels
(0 mM NaCl, 60 mM NaCl, 90 mM NaCl) on shoot MDA
concentration (nmol g"' FW) of hydroponically grown wheat (Triticum
durum cv. Sariganak-98).

Seaweed NaCl MDA
Extracts (mM) (nmol/g FW)
0 93 £ 12 eg
Control 60 122 =+ 1.9 bd
90 11.8 £ 0.7 b-e
0 96 £ 16 d-g
Water 60 11.1 £ 25 cf
90 16.1 + 48 a
0 73 £ 16 ¢
Alkali 60 9.7 £ 15 d-g
90 11.7 £ 1.1 b-e
0 84 = 1.7 fg
Acid 60 143 + 0.8 ab
90 13.1 £ 1.2 bc

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.

The proline concentration was significantly affected by the interaction of salinity and
biostimulant treatments (Table 4.13, Figure 4.17). Under salinity stress conditions,
shoot proline concentrations increased up to 25% with 60 mM NaCl and 45% with 90
mM NaCl. Significant increases in proline levels were also observed in SWE-treated
plants under high salinity conditions. Increasing effects of SWE on proline levels were
determined regardless of stress, and while control plants had the lowest proline levels.
Under high salinity stress, proline levels increased by 80% and 115% following
treatment with water and alkali extracts, respectively. The highest proline
concentration was observed in wheat treated with acid extracts under both moderate
and high salinity conditions. Proline accumulation in wheat plants exposed to salinity
stress was significantly increased, roughly 1.5-times and 2.5-times greater than that in

control plants under medium and high stress conditions, respectively.
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Figure 4.17: Effect of SWEs (Control; Water; Alkali; Acid) and salinity  stress
levels (0 mM NaCl, 60 mM NaCl, 90 mM NaCl) on shoot proline
concentration (mg kg' FW) of hydroponically grown wheat (Triticum
durum cv. Sariganak-98).

According to ANOVA results, neither biostimulant application nor salinity stress alone
had a significant effect on glycine betaine in wheat; however, their interaction had a
statistically significant effect (Table 4.13, Table 4.21). Control plants that did not
receive SWE treatment had the lowest glycine betaine concentrations, regardless of
whether they were grown in the absence or presence of saline conditions. Overall, all
SWEs, including alkali, water, and acid, positively influenced glycine betaine
accumulation in wheat, irrespective of stress conditions. Although not statistically
significant, all SWE treatments, especially water-based SWE treatments, increased
glycine betaine concentration in wheat shoots under high salt stress by approximately

25% compared to control plants.
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Table 4.21: Effect of SWEs (Control; Water; Alkali; Acid) and salinity stress levels
(0 mM NacCl, 60 mM NaCl, 90 mM NacCl) on the shoot GB concentration
(mg g!' DW) of hydroponically grown wheat (Triticum durum cv.
Saricanak-98).

Seaweed Na(Cl
Extracts (mM) GB (mg g DW)
0 1.34 + 0.18 ¢
Control 60 1.87 £ 0.61 a-c
90 147 + 0.13 bce
0 1.74 + 0.22 a-d
Water 60 194 + 035 ab
90 1.84 = 022 a-c
0 219 = 0.60 a
Alkali 60 1.61 = 044 b-d
90 1.79 £ 0.29 a-c
0 1.76 = 0.37 a-d
Acid 60 1.54 + 020 b-d
90 1.82 = 0.52 a-c

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.

4.4. Determination of the Effects of C. barbata Extracts on
Yield and Quality Parameters of Lettuce (Lactuca
sativa L. cv Lollo Rosso) in the Soilless Culture System

Lettuce plants grown in hydroponic medium treated with SWE had a healthy
appearance with increased growth and development compared to the control plants
without extract which showed the lowest biomass and less development (Figure 4.18,
Figure 4.19). ANOVA findings indicated that the seaweed applications significantly
influenced shoot biomass (Table 4.23, Figure 4.19). All SWE treatments resulted in
a statistically significant increase in fresh biomass, whereas control plants not
subjected to any SWE had the least fresh biomass (Figure 4.19). Moreover, higher
rates of all SWE resulted in an increase in lettuce biomass by approximately 85%,
40%, and 25%, respectively. In general, lettuce plants subjected to SWE exhibited
enhanced vibrancy and increased yields attributable to improved growth and

development during the vegetative stage.
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Figure 4.18: Effect of treatments (Control (Water); Water extracts (Low, Medium,
High); Alkali extracts (Low, Medium, High); Acid extracts (Low,
Medium, High) on hydroponically grown lettuce (Lactuca sativa L.
cv. Lollo Rosso) plants 36 days after transplantation (DAT).
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Figure 4.19: Effect of treatments (Control (Water); Water extracts (Low, Medium,
High); Alkali extracts (Low, Medium, High); Acid extracts (Low,
Medium, High)) on shoot FW of hydroponically grown 36-DAT
lettuce (Lactuca sativa L. cv. Lollo Rosso).

The SWE treatments had a statistically significant effects on shoot and root DW, root
to shoot ratio as well as dry matter ratio parameters (Table 4.22, Table 4.23). The
lowest lettuce biomass was observed in control plants without SWE. The SWE extract
applications led to a dose-dependent increase in the shoot DW, with the highest
enhancement observed in water extract applications, followed by alkali and acid

extracts, respectively. Among the treatment groups, lettuce plants subjected to the
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highest rate of water extract had the greatest shoot DW, which was approximately two
times that of the control group. Lettuce plants treated with the water extract
demonstrated the greatest root biomass, similar to the shoot biomass results.
Additionally, compared to the control plants, root DW increased by approximately
60% with medium rate of water extract, 40% with high rate of alkali extract, and 50%
with high rate of acid extract applications (Table 4.22). The application of high
concentrations of water and alkali extract and moderate levels of acid extract to
nutrient solutions exhibited lower root-to-shoot ratio on hydroponically grown lettuce
plants (Table 4.22). On the other hand, the application of a medium concentration of
acid extract resulted in a statistically significant increase in the dry matter ratio of

hydroponically grown lettuce (Table 4.22).

Table 4.22: Effect of treatments (Control (Water); Water extracts (Low, Medium,
High); Alkali extracts (Low, Medium, High); Acid extracts (Low,
Medium, High)) on Shoot DW, Root DW, Root/Shoot (%), Dry Matter
(%) of hydroponically grown 36-DAT lettuce (Lactuca sativa L. cv. Lollo

Ross0).

Seaweed Shoot DW Root DW Root/Shoot Ratio Dry Matter Ratio
Extracts (mg plant) (mg plant™) (%) (%)

Control 589 £ 115 f 49 £+ 1 g 8.6 £ 19 ab 526 + 056 b
Water- L 989 + 50 a-c 74 = 15 ab 75 + 13 ad 533 + 024 b
Water- M 982 + 184 a-<c 80 + 7 a 84 + 2.1 a-c 500 £ 0.68 b
Water- H 1112 £ 74 a 62 £ 1 cf 56 £ 03 e 540 £ 027 b
Alkali- L 740 £ 116 ¢ 55 £ 12 eg 73 £ 0.5 bd 503 £ 051 b
Alkali- M 884 + 66 b-d 66 £ 10 b-e 75 £ 1.1 ad 549 £ 011 b
Alkali-H 999 + 140 ab 68 £ 8 b-d 69 £ 1.0 c-e 536 £ 049 b
Acid - L 825 £ 108  de 60 £ 5 dg 73 £ 04 b-e 566 £ 027 ab
Acid -M 857 + 46 c-e 51 + 8 fg 62 = 1.0 de 636 £ 120 a
Acid - H 824 + 61 de 74 £ 8 a<c 90 £ 12 a 555 + 068 b

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05). Lack of lettering
indicates absence of significant effect according to ANOVA.
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The effects of extraction type on growth- and root-system-related parameters,
nutritional quality measurements, macro and micronutrient concentrations of SWEs in
hydroponically grown lettuce plants, as determined by one-way analysis of variance

(ANOVA), is shown in Table 4.23.

Table 4.23: Significance of the effects of SWEs on measured parameters of
hydroponically grown lettuce (Lactuca sativa L. cv. Lollo Rosso) plants
(36 (DAT)) according to one-way analysis of variance (ANOVA) (a =

0.05).
Source of Shoot Root/Shoot Dry Matter
DF! Shoot FW Root DW
Variation 00 DW 00 Ratio Ratio
SeaWeed 9 sk sksksk sksksk sk %
Extracts
Source of .
b, DF Phenolic ABTS DPPH FRAP
Variation
Seaweed 9 . ok ok ok
Extracts
Source of Total Reduced Total
DF GSH
Variation Vitamin Vitamin Carotenoid
Seaweed 9 fk sk e * *
Extracts
Source of Root Root Root
DF Root SA Nti
Variation Length 4 Volume Diameter s
Seaweed 9 oo % * fxk o
Extracts
Source of DF Ca K M P S
Variation g
Seaweed 9 ns? " " - s
Extracts
Source of
. DF B Cu Fe Mn Zn
Variation
Seaweed 9 sk * sk ook *
Extracts

DF!, degree of freedom; n.5.2: not significant; * 0.01 < p < 0.05; ** 0.001 <p < 0.01; *** p < 0.001

Seaweed treatments considerably influenced overall phenolic content and antioxidant
activity (Table 4.23, Figure 4.20). Generally, a proportional rise in phenolic and
antioxidant analyses was observed with escalating doses of SWE applications, with
the highest levels providing greater phenolic content and antioxidant activity. The
greatest phenolic and antioxidant activities were observed in lettuce plants subjected
to high levels of acid among all application groups. Moreover, this application resulted
in an increase of approximately 20% in total phenolic content, 124% in DPPH activity,

87% in ABTS activity, and 68% in FRAP activity. In conclusion, the acid extract
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treatment had the highest effect on antioxidant activity, followed by water and alkali

extracts.
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Figure 4.20:Effect of treatments (Control (Water); Water extracts (Low, Medium,
High); Alkali  extracts (Low, Medium, High); Acid extracts (Low,
Medium, High)) on (A) total phenolic content and (B) DPPH, (C) ABTS,
(D) FRAP antioxidant activity as Trolox equivalent (ng TE 100 g! FW)
of hydroponically grown grown lettuce (Lactuca sativa L. cv. Lollo
Rosso) plants 36 DAT.

According to ANOVA results, SWEs applications added to the hydroponic solution
had a statistically significant effect on total and reduced Vitamin C levels in lettuce
plants (Table 4.23, Figure 4.21). Water extract at medium rate, and acid extract at low
and medium rates caused an increase in total vitamin C of lettuce by approximately
50% (Figure 4.21A). Moreover, there was an approximately 45% increase in the
reduced vitamin C of lettuce with the high level of water extracts, compared to control

plants (Figure 4.21B).
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Figure 4.21:Effect of treatments (Control (Water); Water extracts (Low, Medium,
High); Alkali extracts (Low, Medium, High); Acid extracts (Low,
Medium, High)) on (A) Total Vitamin C and (B) Reduced Vitamin C
(mg 100 g"! FW) of hydroponically grown lettuce (Lactuca sativa L. cv.
Lollo Rosso) plants 36 DAT.

The biostimulant applications had a statistically significant effect on carotenoid
concentration (Table 4.23, Figure 4.22). Compared to the control plants, the
application of low- and medium-level alkali SWEs increased carotenoid
concentrations by approximately 20%, while the low-level acid extract enhanced

carotenoid content by 33% in lettuce plants cultivated in deep water culture systems.
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Figure 4.22: Effect of treatments (Control (Water); Water extracts (Low, Medium,
High); Alkali extracts (Low, Medium, High); Acid extracts (Low,
Medium, High)) on Total Carotenoid (mg 100 g! FW) of
hydroponically grown lettuce (Lactuca sativa L. cv. Lollo Rosso)
plants 36 DAT.

The GSH concentration in hydroponically grown lettuce was affected by the tested C.
barbata extract applications as shown in Figure 4.23. Lettuce plants grown
hydroponically and treated with high rates of C. barbata acid extract had

approximately 40% more GSH compared to control plants.
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Figure 4.23: Effect of treatments (Control (Water); Water extracts (Low, Medium,
High); Alkali extracts (Low, Medium, High); Acid extracts (Low,
Medium, High)) on GSH (mg 100 g'' FW) of hydroponically grown
lettuce (Lactuca sativa L. cv. Lollo Rosso) plants 36 DAT.

According to the ANOV A results, root morphology parameters of lettuce plants grown
in hydroponics were significantly affected by the SWEs treatments applied at different
doses (Table 4.23, Table 4.24). The greatest root length was observed in lettuce plants

treated with high levels of alkali and water extracts. Moreover, the high concentration
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of water extracts applied to the hydroponic solution gave the best root area, volume,
and n tips results. Thanks to this application, root SA increased by about 25%, root
volume was enhanced by about 50 %, and n tips were incremented 3 times. The control
plant had the lowest average diameter results. Overall, all levels of water extract
significantly enhanced root volume and diameter. N-tips were improved with

increasing dose levels of water (except low dose) and alkali extracts.

Table 4.24: Effect of treatments (Control (Water); Water extracts (Low, Medium,
High); Alkali extracts (Low, Medium, High); Acid extracts (Low,
Medium, High)) on root system-related parameters of hydroponically
grown lettuce (Lactuca sativa L. cv. Lollo Rosso) plants 18 DAT.

Seaweed Root Length Root SA Root Volume Avg. Diameter N Tips
Extracts (cm) (cm?) (cm?) (mm)

Control 779 £ 65 b 69 £ 11 be 047 £ 0.10 de 027 £ 0.02 d 708 £ 189 de
Water-L 710 £ 80 b 76 £+ 8 ac  0.65 £ 0.10 ab 034 £ 0.02 a 557 £ 67 de
Water-M 807 £ 79 ab 82 + 8 ab 0.62 £ 0.10 a-c 0.33 £ 0.02 ab 1186 + 217 ¢
Water-H 877 £ 52 a 85 £ 7 a 0.69 + 0.05 a 0.31 £ 0.0l be 2242 + 247 a
Alkali-L 796 £ 46 ab 78 + 6 ab 0.61 £ 0.07 a-c 0.31 £ 0.01 a-c 799 + 132 de
Alkali-M 706 + 67 b 71 £ 19 be 0.52 + 0.17 b-e 0.29 = 0.03 cd 842 + 254 cd
Alkali-H 894+ 65 a 82 + 7 ab 0.60 + 0.07 a-d 0.28 = 0.03 cd 1643 + 604 b
Acid-L 756 +58 b 63 +7 ¢ 0.45 + 0.06 e 028 + 0.02 cd 489 £ 62 e
Acid-M  731+£78 b 71 £ 6 ac 049 £ 0.08 c-e 029 + 0.02 cd 528 + 79 de
Acid-H 753+£43 b 68 £+ 3 be 049 + 0.04 c-e 029 + 0.02 cd 573 + 95 de

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05).

Compared to the control group, a reduction in P and Mg concentration was detected in
lettuce plants subjected to the SWEs, regardless of the applied levels (Table 4.25).
Conversely, K concentrations in leaves from plants subjected to medium or high levels
of water and high levels of alkali extracts were enhanced by roughly 17% relative to
the control group. Among the measured macronutrients, Ca and S were unaffected by

the biostimulant applications (Table 4.23).
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Table 4.25: Changes in leaves macronutrient (P, K, Ca, Mg, S) (mg g!) concentrations
of lettuce (Lactuca sativa L. cv. Lollo Rosso) in response to SWE

treatments

Seaweed K Ca Mg S
Extracts (mgg™) (mgg™) (mg g™) (mg g™) (mgg™)
Control 100 £ 10 a 71 £ 5 «od 13.1 £ 1.6 38 + 04 a 32 £ 03
Water-L 9.1 £ 03 bc 78 £ 3 ad 11.1 £ 0.5 34 + 0.1 be 30 + 0.1
Water-M 10.1 £ 10 a 81 +£ 5 ab 120 + 09 37 £ 03 ab 32 £ 03
Water-H 95 £ 02 ab 82 + 3 ab 124 + 05 36 + 0.1 a-c 3.1 £ 0.0
Alkali-L 89 = 0.5 bc 76 £ 9 a-d 113 + 0.8 34 + 02 be 32 £ 0.2
Alkali-M 88 = 0.2 be 79 + 4 a-c 109 + 0.5 33 £ 02 ¢ 29 + 0.1
Alkali-H 90 = 04 be 83 =+ 7 a 11.8 + 0.6 34 + 0.2 be 30 £ 0.2
Acid-L 85 £ 0.5 be 74 + 7 bd 114 + 1.1 32 £02 ¢ 30 £ 0.0
Acid-M 87 = 0.8 bc 78 £ 8 a-d 11.6 + 0.7 32 £ 0.1 ¢ 30 £ 03
Acid-H 85 £ 02 ¢ 70 £ 4 d 11.7 + 0.8 33 £0.1 ¢ 30 £ 0.1

Values are mean and standard deviations of four replicates. Different letters indicate significant

differences between means according to Fisher’s protected LSD test (p < 0.05).

Biostimulant applications had significant impacts on the micronutrient concentrations

of lettuce leaves as shown in Table 4.23. Lettuce plants treated with elevated doses of

water extracts exhibited leaves containing 37% more Fe and 30% more Mn compared

to control plants (Table 4.26). On the other hand, the applications caused a slight

decrease in other micronutrients (Zn, Cu and B) regardless of the type of SWEs.
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Table 4.26: Changes in leaves micronutrients (Fe, Zn, Mn, Cu, B) (mg kg")
concentrations of lettuce (Lactuca sativa L. cv. Lollo Rosso) in
response to SWE.

Seaweed Fe Zn Mn Cu

Extracts (mg kg™) (mg kg™) (mg kg) (mg kg™) (mg kg™
Control 257 £ 54 be 109 £ 14 a 125 £ 21 be 129 £ 2.6 a 27 + ab
Water-L 263 + 35 be 89 £ 5 b 113 £ 9 c-e 102 + 0.5 be 26 + be
Water-M 305 £ 76 ab 96 + 18 ab 134 + 28 b 104 £ 1.2 be 29 + a
Water-H 352 £ 44 a 90 £ 9 b 163 = 14 a 103 £ 0.6 be 28 + ab
Alkali-L 245 + 13 «cd 93 £ 8 b 107 £ 4 c-e 104 + 1.0 be 26 + be
Alkali-M 197 £ 8 d 87 £+ 2 b 102 + 4 de 9.6 £ 0.3 be 25 =+ c
Alkali-H 223 £ 39 cod 8 + 12 b 117 + 19 b-d 91 £ 0.7 ¢ 28 + ab
Acid-L 192 + 10 d 8 £+ 4 b 93 + 5 e 100 £ 1.2 be 24 £ 1 ¢
Acid-M 197 + 31 d 94 £ 11 b 103 + 10 de 108 + 2.1 be 25 £ 1 be
Acid-H 208 + 17 «cd 111 £ 12 a 104 + 6 de 11.6 £ 1.7 ab 26 £ 0 be

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05).

4.5. Comparison of Foliar Applications of C. barbata
Extracts and a Commercial Seaweed-Based Product
on Yield and Fruit Quality of Pepper

Seaweed extract treatments were found to significantly enhance both the yield and
number of pepper fruits, although they had no significant effect on average fruit weight
(Figure 4.24, Table 4.27). Commercial SWE did not appear to provide any additional
benefits on fruit yield and number. On the other hand, the fruit yield increased by 35%
with the water extract, by 27% with the alkali extract, and finally by 30% with the acid
extract, compared to the control plant (Figure 4.24A). The highest number of fruits
and the best fruit yield were observed in the plants treated with water extract.
Application of water extract resulted in an approximate 30% increase in the number of
fruits, while both alkaline and acid treatments led to a 20% increase (Figure 4.24B).
The weight of the fruit per plant was almost the same in all the treatment groups

(Figure 4.24C).

98



A) 400

= - 300 7 a a a
e b b
-~ § 200 -
g5 B
= < 100 -

0 J

Control Acadian Water Alkali Acid

® ,,

Fruit Number
(plant™?)

a
15 A b b

10 A

5

0 -

Control Acadian Water Alkal Acid

a a a
15 A
5-
0_

Control Acadian Water Alkali Acid

~

0

e
(]
h

Fruit Weight
(g fruit?)
[

[—]

Figure 4.24: Effect of foliar applications with biostimulant (Control (Water);
Acadian; Water extracts; Alkali extracts; Acid extracts) on (A) Fruit
Yield, (B) Fruit Number, and (C) Fruit Weight of cocopeat grown in
pepper (Capsicum annuum cv. Fiyaka) plants 80 DAT.

According to one-way ANOVA results, whether foliar applications of SWE to pepper

plants grown in substrate culture significantly affected the measured parameters is

shown in Table 4.27.
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Table 4.27: Significance of the effects of SWEs on reported analysis of substrate
culture grown pepper (Capsicum annuum cv. Fiyaka) plants (80 DAT)
according to one-way analysis of variance (ANOVA) (a = 0.05).

Source of Fruit Fruit Fruit Weight

DF! Total Phenoli ABTS
Variation Yield Number per fruit ot Thenone

Seaweed 3 ok sk n.s.2 * -

Extract

¢ R

Source o DF DPPH FRAP GSH Total Vit C educed
Variation viec
Seaweed 3 % sk ook n.s. ok

Extract
Source of

o DF P K Ca Mg >

Variation

Seaweed

3 n.s n.s. n.s n.s n.s.

Extract

Source of
i DF Fe Zn Mn Cu B

Variation

Seaweed 3 . ok 7S, n.s. n.s.

Extract
S P Solubl

ou.rce. 0 DF Chla Chlb Carotenoids oo
Variation Carbohydrate

S d

eawee 3 . ns. n.s. *
Extract

DF!, degree of freedom; n.s.2: not significant; * 0.01 < p < 0.05; ** 0.001 < p < 0.01; *** p < (.001

The levels of phenolics in the harvested pepper fruit and their antioxidant capacity,
assessed by ABTS, DPPH, and FRAP assays, are shown in Figure 4.25. According to
ANOVA results, these measured parameters were statistically significantly affected
by SWEs treatment (Table 4.27). Although foliar sprays with water and acid extracts
increased phenolic concentration in pepper fruit, this effect was not statistically
significant (Figure 4.25A). In the ABTS assay, a significant increase in antioxidant
activity was observed only in plants treated with the water and acid extract of C.
barbata compared to the control group (Figure 4.25B). Furthermore, foliar
applications of seaweed-based biostimulants were found to have a positive effect on
the antioxidant activity of pepper fruits in other antioxidant assays as well (Figure
4.25C-D). Similar to the trend in phenolic analysis results, these analysis results
consistently demonstrated that the application of water and acid-based extracts to the

leaves increased the antioxidant activity in pepper fruits (Figure 4.25).
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Figure 4.25: Effect of foliar application with biostimulant (Control (Water); Acadian;
Water extracts; Alkali extracts; Acid extracts) on (A) Total Phenolic
Content, (B) ABTS, (C) DPPH and (D) FRAP of pepper (Capsicum
annuum cv. Fiyaka) fruit

The GSH levels in pepper fruit were markedly enhanced by foliar applications of all
C. barbata extracts, whereas applications of the commercial seaweed-based product
did not result in a statistically significant increase (Table 4.27, Figure 4.26).
Significant increases of up to 45% and 25% in GSH concentration of pepper fruits
were observed with water and acid extract applications, respectively. The highest GSH
concentration was measured in fruits harvested from alkali extract-applied plants,

exhibiting a 65% rise relative to control plants.
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Figure 4.26: Effect of foliar application with biostimulant (Control (Water); Acadian;
Water extracts; Alkali extracts; Acid extracts) on GSH of pepper
(Capsicum annuum cv. Fiyaka) fruit

The impact of the foliar sprays with biostimulant on the activity of the total and
reduced forms of vitamin C in pepper fruits is shown in the Figure 4.27. ANOVA
results showed that total vitamin C in fruit was not significantly affected by SWEs,
while reduced vitamin C was affected (Table 4.27). Fruits from plants treated with
water extract contained the highest levels of both forms of vitamin C (Figure 4.27).
Application of water extract increased total vitamin C by approximately 26%, although
this change was not statistically significant. However, the same treatment significantly

boosted the reduced form of vitamin C by around 80% compared to the control fruit.
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Figure 4.27: Effect of foliar application with biostimulant (Control (Water); Acadian;
Water extracts; Alkali extracts; Acid extracts) on Total and Reduced
Vitamin C of pepper (Capsicum annuum cv. Fiyaka) fruit
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Neither commercial SWE nor C. barbata extract applications caused significant
changes in fruit macronutrient concentrations of pepper plants grown in cocopeat
medium (Table 4.27, Table 4.28). The fruits of pepper plants obtained from the

different application groups had similar macronutrient concentrations (Table 4.28).

Table 4.28: Effect of foliar applications with biostimulant (Control (Water); Acadian;
Water extracts; Alkali extracts; Acid extracts) on macronutrient
concentration (P, K, Ca, Mg and S) of pepper (Capsicum annuum cv.
Fiyaka) fruit.

P K Ca Mg S

Applications 1 1 1 1 1

(mgg) (mgg) (mgg) (mgg) (mgg)
Control 24 + 02 27 £ 2 14+03 1.8 £ 0.1 24 £ 02
Acadian 25+ 0.1 28 + 1 1.1+0.1 1.8 +0.1 24 + 0.1
Water 26+ 02 29 +2 13+03 1.9+02 25+ 02
Alkali 2.8 + 02 30 +£2 1.1+0.0 1.9 £ 0.1 28 £ 03
Acid 26+ 0.1 29+ 1 1.1+0.1 1.8+0.0 24+ 0.1

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05).

With the exception of Fe and Zn, fruit micronutrient concentrations were not
significantly affected by biostimulant application, similar to the results obtained for
macronutrients (Table 4.27, Table 4.29). On the other hand, it was observed that the
application of the alkali extract increased both the Fe and Zn concentration by about

20%.
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Table 4.29: Effect of foliar application with biostimulant (Control (Water); Acadian;
Water extracts; Alkali extracts; Acid extracts) on micronutrient
concentration (Fe, Zn, Mn, Cu and B) of pepper (Capsicum annuum cv.

Fiyaka) fruit

Applications Fe 1 Zn 1 Mn 1 Cu 1 B 1
(mg kg™) (mg kg™) (mg kg™) (mg kg™) (mg kg™)
Control 83+5 b 23+1 b 17 £ 1 46 + 0.5 119+ 1.4
Acadian 79+7 b 23+2 b 17 £ 2 46 £ 0.5 11.8 £ 0.7
Water 81+7 b 23+3 b 17 £ 2 50 £ 0.5 12.1 £ 1.1
Alkali 100+ 12 a 28+2 a 17 £ 1 49 £ 0.5 133 £ 1.2
Acid 80+3 b 22+1 b 16 £ 0 4.6 £ 0.2 11.3 £ 0.2

Values are mean and standard deviations of four replicates. Different letters indicate significant
differences between means according to Fisher’s protected LSD test (p < 0.05).

As a result of foliar application with commercial seaweed or C. barbata extracts, no

statistically significant difference was observed in the concentration of chlorophyll a,

chlorophyll b and carotenoids in pepper fruits (Table 4.27, Figure 4.28). When

compared with the control pepper fruits, it was seen that these measured values were

close to each other and as a result, no positive or negative effect of the applications

was determined on these values.

104



40 - a a T a a
230-
=
S 20 -
o0
E 10 -
0 -

Control Acadian Water  Alkali Acid

a

A20— a . a
z
Z 15 -
010 -
'O_D
£ 57

0_

Control Acadian Water Alkali Acid

Chlb

20

a a a
a
15 A
10 4
5_
0_

Control Acadian Water  Alkali Acid

Carotenoids
(mg kg1 FW)

Figure 4.28: Effect of foliar application with biostimulant (Control (Water);
Acadian; Water extracts; Alkali extracts; Acid extracts) on (A) Chla,
(B) Chlb and (C) Carotenoids of pepper (Capsicum annuum cv.
Fiyaka) fruit

Figure 4.29 demonstrates the substantial increase in total soluble carbohydrate
concentration in pepper fruits from plants treated with Acadian or C. barbata-based
biostimulants. ANOVA results showed that SWE applications statistically
significantly affected the soluble carbohydrate in the pepper fruit (Table 4.27). Among
the applications, both commercial and alkali biostimulant applications resulted in
comparable substantial increases of approximately 20% in soluble carbohydrate
content. An elevated improvement in the quantity of soluble matter in pepper fruit was
attained with water and acid treatments, resulting in an approximate 30% increase

relative to the control group.
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Figure 4.29: Effect of foliar application with biostimulant (Control (Water); Acadian;
Water extracts; Alkali extracts; Acid extracts) on Soluble Carbohydrate
of pepper (Capsicum annuum cv. Fiyaka) fruits
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S. DISCUSSION

5.1. Biochemical Characterization of C. barbata Extracts

In response to diverse abiotic and biotic challenges, seaweed has developed resilient
defense mechanisms and synthesize essential many important bioactive secondary
metabolites [Jégou et al., 2021]. Due to their rich content of macroalgae such as
hormones, polysaccharides, osmolytes, antioxidants, and mineral elements,
macroalgae are increasingly valuable resources in agricultural applications for eliciting
various beneficial physiological responses in plants, and they can be readily applied to
seeds, growth medium, or leaves [Engel et al., 2006; Sivasankari et al., 2006;

Hamed et al., 2018].

The chemical composition and bioactivity of SWEs are strongly influenced by both
intrinsic biological factors including species, developmental stage, biomass age,
harvest location, depth, and seasonality and extrinsic variables such as extraction and
processing conditions [Dominguez, 2013; Singh et al., 2013; Shukla et al., 2019].
Even extracts derived from the same macroalgae species can exhibit substantial
chemical and functional variability depending on the extraction techniques applied
[Cikos et al., 2018; Wu et al., 2022]. Alkaline and neutral extracts derived from A.
nodosum, through various methods exhibited distinct biological activities, each
activating genes associated with auxin metabolism via different pathway and so this
indicates that diverse gene clusters implicated in the biological and molecular
mechanisms of the applied plants were significantly modulated [Goiii et al., 2016;

Shukla et al., 2025].

Processing parameters critically shape the metabolite profiles of the extracts,
ultimately impacting their biostimulant efficacy on target plants [Kim, 2012; Khairy
and El-Shafay, 2013; Battacharyya et al., 2015]. The intricate biochemical structure
of SWEs renders the comprehension of their mode of action challenging, frequently
necessitating a multidisciplinary strategy because of the numerous interactions among

a substantial array
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of bioactive components inside the extract [El Boukhari et al., 2020]. Minor
variations in the level of these compounds within extracts obtained from the identical
macroalgae using different extraction techniques can give rise to much larger changes
on the molecular or cellular scale, with different effects on the various metabolic

pathways activated and on the plant [Goiii et al., 2016].

While the precise mechanisms by which algae-based biostimulants remain
incompletely elucidated, it is widely acknowledged that they influence plant
physiology, improve nutritional status, and hence foster growth and development, as a
consequence of the synergistic effects of their bioactive substances [Schiattone et al.,

2017].

In this context, a series of biochemical characterization analyses were conducted to
understand the mechanism of action of C.barbata on plants. The mannitol and
polysaccharide (alginic acid, fucoidan, and laminarin) concentration of the SWE were
analyzed by Bogazi¢i University (Table 3.1). Among the extracts, the acid extract
exhibited the lowest concentrations of alginic acid and fucoidan (1 g 1! and 36 g 1'!,
respectively), while the water extract presented the highest concentrations (11.6 g I'!
and 459 g I'!, respectively). Compared to other polysaccharides, fucoidan was
consistently found at higher concentrations across all SWE. Laminarin content was
highest in the alkali extract and lowest in the water extract. Finally, mannitol, a sugar

alcohol, was determined in the SWEs at concentrations ranging between 1 and 3 g 1"\

A study that compared various extraction methods for polysaccharides from the same
seaweed species found that polysaccharides extracted using hot water had the highest
antioxidant properties [Cheng et al. 2013]. In consistent with this study, sulfated
fucans can be readily removed from the cell wall of macroalgae using hot water
[Sellimi et al., 2014]. Moreover, in similar studies reported in the literature, water
extraction has been found to yield the highest alginate levels among various extraction
methods applied to brown seaweeds [Jayasinghe et al., 2016]. Seaweed alginates and
oligo-derivatives not only activate multiple defense enzymes to induce plant
antioxidant mechanisms but also enhance germination, shoot elongation, plant growth
and development in diverse plants by improving N assimilation and basal metabolic

processes [Merino et al., 2021; Mamede et al., 2023].
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Brown seaweeds are particularly high in polysaccharides, comprising up to 80% DW
in certain species; this ratio differs greatly depending on species, location, maturity
and seasonal variation [Stiger-Pouvreau et al., 2016; Mohd Fauziee et al., 2021].
Seaweed polysaccharides and their derivative oligosaccharides, recognized as
significant contributors to the biostimulant activities of SWEs, are primarily known
for their beneficial effects on secondary metabolism and also play important roles in
carbon and nitrogen assimilation, seed germination, and nutrient uptake [Holdt and
Kraan, 2011; Sharma et al. 2014; Mzibra et al., 2018; Ali et al., 2019]. Moreover,
these substances can stimulate signaling pathways that elicit local and systemic
defense responses in plants, enhancing the production of protective enzymes that
enhance resistance against diverse abiotic and biotic stressors [Klarzynski et al.,
2003; Deolu-Ajayi et al., 2022; Mamede et al., 2023]. Because of the existence of
phycocolloids, polysaccharides unique to seaweed, including alginate, laminarin,
fucoidan, and carrageenan, missing in terrestrial plants, SWEs are believed to have
distinct modes of action on plant metabolism [Khan et al., 2009; Deolu-Ajayi et al.,

2022].

The concentration of mannitol, a sugar alcohol that serves as a suitable compatible
osmolyte and non-enyzmatic antioxidant compounds, which aids plants in enduring
stress situations by enhancing osmotic adaptation, was elevated in both water and acid

extracts [Battacharyya et al., 2015; Lojkova et al., 2020; Patel et al., 2023].

Although the capability of SWEs on growth-promoting effects is primarily linked to
the presence of polysaccharides and also their derivatives, some research suggests that
this impact could also be attributable to the existence of hormones in the extracts

[Mzibra et al., 2018; Zhang and Ervin, 2004; Khan et al., 2009].

The macro- and micronutrient concentrations of three different SWE (water, alkali and
acid) obtained from C. barbata at varying concentrations are presented in Table 4.1.
In general, the water extract exhibited higher concentrations of P and Mg, whereas the
alkali extract was characterized by elevated levels of K, S, B, Cu, Fe, and Zn.
Conversely, the acid extract predominantly contained higher concentrations of Ca and
Mn. Among all the elements measured, K and Fe were the most abundant mineral

elements across all extracts.
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Brown seaweed exhibits significant absorption and build-up capabilities for salts and
minerals from their environment, with variations influenced by species, seasonal
changes, and the mineral levels of the surrounding seawater [Cmikova et al., 2024].
Typically, their mineral levels approximately range from 10 % to 45 % of the DW of
the seaweed [Circuncisao et al., 2018; Kergosien et al., 2023]. The abundant mineral
levels render seaweed advantageous for the formulation of functional meals and

nutritional supplements [Panayotova and Stancheva, 2013].

A comparable study on brown algae indicated that K had the highest concentration
among macronutrients, whereas Fe displayed the largest concentration among
micronutrients [Cravo et al.,, 2004; Derafshi et al., 2024]. The elevated Fe
concentrations observed in SWE, relative to other micronutrients, may result from the
necessity of Fe for the proper growth of macroalgae and the capacity of many seaweed

species to biomagnify Fe from their environment [Aydin-Onen and Oztiirk, 2017].

Although fertilizers contain various levels of macro and micronutrients that are
naturally present in macroalgae or are generated during processing for purposes such
as pH adjustment and are easily absorbed by plants, these extracts cannot replace
mineral fertilizers [Hong et al., 2007; Michalak et al., 2015]. Rather, their main
benefits stem from their capacity to stimulate a large number of physiological
processes within the plant, leading to improved growth and development; their
mechanism of action is therefore attributed not only to their mineral content but also
to their biostimulant properties that fundamentally distinguish them from traditional
fertilizers [Khan et al., 2009; Ali et al., 2019]. Moreover, since SWEs are typically
applied at very low concentrations in agricultural practices, it is unlikely that they can
supply all the mineral nutrients required by plants [Schmidt et al., 2003].
Nevertheless, seaweed-based biostimulants have been shown to enhance nutrient use
efficiency in plant growth medium and can further improve plant nutritional status by
stimulating the uptake of mineral nutrients [Vernieri et al., 2005; Mancuso et al.,
2006]. Additionally, the use of KOH and H>SOa during the preparation of the alkali
extract from C. barbata is thought to have contributed to its higher K and S

concentration compared to the other extracts.

The total phenolic concentration measured in the SWEs also exhibited considerable
variation (Table 4.3). Phenolic substances levels were found to be richest in the alkali,
water, and acid extracts, respectively. The use of strong bases in alkaline extraction
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methods is recognized as an effective approach for extracting phenolic compounds
from algae, which are known to be rich in these compounds, and the results confirm
that the highest phenolic content among the extracts was observed in the alkaline
extracts [Craigie, 2011; Sharma et al., 2014]. Research on the characterization
analysis of C. barbata has revealed its abundant phenolic components, including
vanillic acid, benzoic acid, salicylic acid, and ferulic acid, as well as several flavonoid
compounds such as phlorotannins and quercetin, along with its derivatives [Cadar et

al., 2019; Abdel-Raouf et al., 2017; Sellimi et al., 2017;Castillo et al., 2023].

In contrast to terrestrial plants, phenolics derived from seaweed exhibit greater
variability in their characteristics, encompassing both simple molecules and extremely
intricate, specialized compounds [Huang et al., 2019]. Polyphenolic substances
exhibit potent antioxidant bioactivity and serve as beneficial secondary metabolites in
seaweeds, thereby safeguarding plants from oxidative stress by mitigating oxidative
processes [Freile-Pelegrin and Robledo, 2013; Audibert et al., 2010]. These
substances, which typically accumulate during stress, are essential for plant growth
and development since they chelate metal ions, stabilize membranes and proteins, and

scavenge ROS [Kulbat, 2016; Huang et al., 2019].

Phlorotannins (eckol and dieckol), prominent polyphenolic compounds derived from
brown seaweed, exhibit enhanced antioxidant bioactivity attributed to their distinct
structural characteristics, including a greater quantity of phenolic rings [Venkatesana
et al., 2020], and have been documented to demonstrate antioxidant activity up to
tenfold greater than that of ascorbic acid and a-tocopherol [Gupta and Abu-
Ghannam, 2011]. Moreover, a mixture of phenolic compounds has been documented
to exhibit antioxidant properties in wheat when given externally to the leaves [Zhao

and Zou, 2002].

According to the results of the total free amino acid content analysis of SWE shown
in Table 4.3, the total free amino acid concentrations in both water and acid extracts
were in similar ranges, while the lowest concentration was detected in the alkali
extract. The varying levels of amino acids obtained from SWE using different
extraction methods can be attributed to the presence of distinct solvents employed in
the extraction processes, as well as the pH adjustments made, which influence amino

acid solubility. Free amino acids in SWEs primarily function to shield against

111



oxidative stress; also, they defend cells from dehydration, salinity, and cold stress by

serving as osmolytes [Conde et al., 2013].

Seaweed is particularly abundant in amino acids, notably aspartic and glutamic acids
which comprise a significant percentage of the total amino acids present in various
seaweed [Thiviya et al.,, 2022]. They contribute to the formation of nitrogenous
molecules like proline, enhance nitrogen absorption, positively influence
photosynthesis, and mitigate physiological damage from oxidative stress [Colla et al.,
2015; Pangestuti and Kim, 2015; Rizwan et al., 2017; El-Metwally et al., 2022].
The amino acid profile of seaweed is influenced by many variables, including species,
storage conditions, extraction processes, seasonal change, and the growing

environment [Thiviya et al., 2022].

Reports indicate that biostimulants comprising amino acids enhance crop yields
[Kocira, 2019; Hassan et al., 2020] by promoting root development through the
regulation of enzymes associated with nitrogen reduction and absorption, as well as
phytohormone biosynthesis, thereby augmenting the intake, transport, and

accumulation of mineral microelements [du Jardin, 2015].

In studies reported in the literature, the antioxidant activities of various SWEs have
been analyzed using methods including ABTS, FRAP, and DPPH [Agregan et al.,
2017]. The results obtained from the three different antioxidant assays (ABTS, DPPH
and FRAP) were consistent with one another (Table 4.4). According to all analyses,
the antioxidant activities of the water and acid extracts were comparable, whereas the
alkali extract exhibited higher antioxidant activity. When compared to other extracts,
it has been found that the alkali extract with the highest phenolic concentration exhibits
the most antioxidant activity. These findings demonstrate a correlation between radical
scavenging activity and phenolic levels [Meenakshi et al., 2009]. This parallelism
implies that the extracts' antioxidant capabilities might be improved by the existence

of phenolic substances.

The superior antioxidant activity of brown algae extract among algal species is likely
attributable to the synergistic combination of polyphenols and alkaloids [Kosani¢ et
al., 2015; Hamdy et al., 2020], with red and green algae extracts following in efficacy
[Harb et al., 2021; Begum et al., 2021]. Seaweed-based biostimulants can enhance

plant resilience against damage caused by oxidation, either directly via their
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antioxidant properties or indirectly by activating the plants' defense systems
[Paradikovic et al., 2019]. The antioxidant activity of seaweed is directly associated
with the presence of polysaccharides, polyphenols, carotenoids, vitamins and other
bioactive substances that scavenge ROS and protect against oxidative stress [Ali et al.,
2021; El-Rafie et al., 2024]. Moreover, research indicates that brown seaweeds have
superior antioxidant activity compared to terrestrial plants [Chan et al., 2017; Chew

et al., 2008; O’Sullivan et al., 2011].

According to the results of the maize coleoptile elongation assay, conducted using
indole-3-acetic acid (IAA) as a reference to assess the hormone-like activity of the
SWEs (water, alkali and acid) obtained from C. barbata, all extracts exhibited
comparable auxin-like activity across the tested concentrations (Figure 4.1). The
greater stimulation of coleoptile elongation by the alkali extract compared to the [AA
positive control aligns with previous findings reporting the presence of auxin-like
compounds in alkali hydrolysates of macroalgae [Buggeln and Craigie, 1971].
Additionally, it has been demonstrated that plants treated with SWEs may accumulate

higher levels of auxin and auxin-like compounds [Wally et al., 2013].

Beyond auxin and auxin-like compounds, a range of phytohormones including abscisic
acid, cytokinins, ethylene, and gibberellins have been detected in SWEs, with their
profiles influenced by the algal source, extraction technique, and purification
conditions [Stirk and Van Staden, 2014; Battacharyya et al., 2015; Lu and Xu,
2015]. Numerous studies have confirmed that auxins and other auxin-like compounds
present in SWEs enhance root system morphology by stimulating lateral root and root
hair development, thereby improving nutrient uptake efficiency and ultimately
promoting overall plant growth and yield [Mugnai et al., 2008; Rayorath et al., 2008;
Kurepin et al., 2011; Zluhan-Martinez et al., 2021].

In the present study, the increases in root growth parameters observed in early-stage
wheat plants in the substrate experiment and in lettuce plants grown hydroponically
following SWEs application can be attributed to the presence of hormone- and

hormone-like compounds in these extracts and also their effects on the plant.

When given at prescribed quantities [do Rosario Rosa et al. 2021], the growth

hormones included in the SWE may be inadequate to induce physiological changes in
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plants [Gérka and Wieczorek 2017]; nonetheless, the constituents of the SWE may

activate inherent pathways for the production of growth hormones in plants.

5.2. Determination of the Effects of C. barbata Extracts on
Germination and Early Growth Periods in Wheat

Pre-sowing treatments, which directly influence plant physiology in multiple ways,
represent an important strategy within sustainable agricultural practices by promoting
improved development and yield [Lanka et al., 2017]. Seed priming or soaking, a
hydration method that stimulates certain pre-germination processes before radical
emergence, can enhance seed quality and mitigate yield loss by many strategies,
including osmo, biological, hydro, hormonal, and chemical priming [Salehzadeh et
al., 2009; Stanley-Raja et al., 2021]. Priming has demonstrated beneficial effects on
germination in various crops, including wheat, resulting in earlier emergence,
enhanced seed viability index, and improved biomass and yield as well as stress
tolerance [Ibrahim, 2016; Chanthini et al., 2019]. Research indicates that a portion
of the biostimulant function of SWE is attributable to a priming impact that enhances
plants' resilience to stress [El Boukhari et al., 2020; Fleming et al., 2019]. The
application of mild stress with SWEs during the early growth stage may serve as an
effective technique to stimulate defense metabolism in plants, aiding their resilience
against unfavorable abiotic stress factors [Kawatra et al., 2019; Bourioug et al.,
2020; Hakeem et al., 2017; Lemmens et al., 2019]. Osmo-priming with SWEs
enhances the plant's ability to withstand subsequent stress by activating various stress
tolerance mechanisms, including increased antioxidant activity, stimulation of
signaling compounds, and synthesis of abscisic acid, thereby boosting plant

performance, yield and chances of survival [Kerchev et al., 2020].

No statistically significant positive or negative effects of SWEs on the germination
rate of wheat seeds were observed in either of the perlite-based experiments (Figure
4.2, Figure 4.6). The absence of adverse effects indicates that applied concentrations
were not phytotoxic. Conversely, the lack of a stimulatory response is not unexpected,
as the high-quality wheat seeds used in the study already exhibited a germination rate
exceeding 90% under control conditions. This result is consistent with the results of a
similar study, in which seed treatments with extracts from brown algae showed no

significant effect on seed germination [Esserti et al., 2018].
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The direct application of C. barbata extracts to the perlite medium led to an increase
in biomass of early wheat seedlings (Figure 4.3, Figure 4.4), likely due to the
existence of growth-promoting compounds such as polysaccharides, free amino acids,
hormone-like compounds as well as essential mineral elements contained within the

extracts.

Previous study in the literature have also demonstrated that treatments with SWEs can
function as biofertilizers, thereby enhancing early wheat growth and development
[Hamouda et al., 2022]. Moreover, numerous studies have demonstrated beneficial
effects of SWEs on early growth and seedling vigor of various plants other than wheat,
including sunflower [Cabral and Castilho, 2016; Santos and Castilho, 2018] and
soybean [Gehling et al., 2017], cowpea [Sivasankari et al., 2006]. Although the
mechanisms of action of SWEs are not fully understood, these positive effects can be
attributed to the existence of growth-promoting compounds including macro- and
micronutrients, amino acids, vitamins, hormones (auxin, gibberellin, cytokinin) and
hormone-like compounds, betaines and phenolic compounds in SWEs [Khan et al.,

2009; Wally et al., 2013].

Based on both visual observations and quantitative data obtained from the two perlite
experiments investigating early wheat growth, direct application of SWEs to the
growing medium was more effective in promoting biomass accumulation compared to
seed treatments (Figure 4.4, Figure 4.8). This finding confirms that the efficacy of
SWE:s on plant growth can vary significantly depending on the method of application.
Supporting this observation, a previous study similarly reported that foliar application
of SWEs had no noticeable effect, whereas their direct incorporation into the growing

medium successfully stimulated plant growth [Crouch and Van Staden, 1993].

The efficacy of the C. barbata extract may have varied greatly depending on where
and for how long the plant was exposed to the bioactive compounds in SWEs. In the
substrate experiment, the bioactive molecules in SWEs may have been continuously
present around the roots during germination and seedling development, allowing for
continuous and effective exposure throughout root and shoot development, providing
stronger and longer physiological stimuli. On the other hand, a single exposure to
bioactive compounds at the seed level and limited uptake prior to radicle emergence
may not have been sufficient to trigger sustained physiological responses, which may
have limited benefit. Furthermore, when SWEs were applied to seeds, the bioactive
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compounds may have been degraded by enzymes in the seed coat, remained on the
seed surface without being absorbed and were ineffective, or the seeds may have
protective barriers that prevent the uptake of larger molecules such as polysaccharides

or phenolics.

In the substrate experiment where C. barbata extracts were applied directly to the
perlite medium, shoot related growth parameters increased in a dose-dependent
manner, whereas improvements in root development appeared to be independent of
the applied dose (Figure 4.4, Tablo 4.8). It is known that SWEs can increase the
growth and development of plant roots, especially when applied in the early
developmental stages [Samuels et al., 2022]. Enhancements in the root system through
SWEs have been linked to the activation of genes governing nutrient absorption by
roots and the modulation of endogenous plant hormone activity, facilitating improved
nutrient and water uptake [Kergosien et al., 2023]. The beneficial impacts of SWEs
on rooting and root development are mostly due to the presence of auxins; also, amino
acids found in SWEs have demonstrated an enhancement in rooting efficacy in plants
[Gomes et al., 2018]. Moreover, alginate and also their derivatives like
oligosaccharides present in SWEs are recognized for their ability to promote root

growth in plants [Abd Tahar et al., 2022].

In contrast, seed treatments with SWEs did not produce a pronounced effect on root
system, and their impact on shoot growth was less significant compared to the substrate

experiment (Figure 4.8, Tablo 4.9).

Esterase enzyme activity, one of the key enzymes involved in metabolic processes
such as germination and ripening through hydrolysis of ester bonds [Subramani et
al., 2011; Ertani et al., 2018], did not show a consistent response in shoots and roots
through substrate and seed applications of SWE (Figure 4.5, Figure 4.9). Similarly,
Hameed et al., [2013] reported that biostimulant applications did not consistently
modulate esterase enzyme activity in wheat. Moreover, the high esterase activity
observed in control plants, in the absence of stress factors, may have masked any
potential positive effects of SWE applications [Lamhamdi et al., 2011; Hu et al.,
2015].

Consistent with findings in literature, an increase in K and S macronutrient

concentrations was observed in wheat seedlings grown in growth medium treated with
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C. barbata extracts; however, no additional positive effects were detected in
micronutrient concentrations (Tablo 4.6, Tablo 4.7). Seaweed extracts are known to
enhance the accumulation of macro- and micronutrients in plants, with a particularly
pronounced effect on K levels [Rouphael et al., 2018b]. While the water, alkali, and
acid extracts contained appreciable levels of K, which may have partially contributed
to the observed plant responses, the distinct variations in their biochemical and mineral
ingredients combined with the lack of a direct relationship between shoot K levels and
the magnitude of the effects indicate that these extracts act not merely as nutrient

sources, but also as biostimulants [Mutlu-Durak et al., 2024].

The water extract is abundant in potassium and sulfur owing to the substantial presence
of soluble substances like fucoidans in C. barbata. However, the elevated
concentrations of potassium and sulfur in the alkali and acid extracts may result from
the chemicals employed in the extraction process, specifically KOH and H>SOs.
Besides the direct sulfur fertilizer role of the evaluated SWEs, bioactive substances,
especially sulfur-containing carbohydrates like fucoidans, may improve nitrogen and
sulfur assimilation via metabolic alterations in plants [Bouissil et al., 2020; Nivetha

et al., 2024; Shukla et al., 2016].

5.3. Investigation of the Effects of C. barbata Extract
Applications on Salinity Stress Resistance and Related
Physiological Parameters in Wheat

5.3.1. Determination of the Effective C.barbata Extracts Application
Levels on Plant Growth in a Hydroponic Environment

Seaweed-based biostimulants are known to have substantial potential to promote
growth parameters, including increasing plant height, shoot and root biomass [Craigie,
2011]. As a cost-effective and easy-to-use practice to enhance crop production and
decrease the need for chemical inputs, the addition of biostimulants from SWE as
growth-promoting products through nutrient solutions in soilless growing systems can
be an important approach for sustainable agricultural production [Miceli et al., 2021].
In contrast, studies on the direct addition of biostimulants to hydroponic systems and
their mode of action are still limited in the literature [Wang et al., 2022]. In a study
conducted on lettuce it was reported that the commercial extract of E. maxima applied
through nutrient solutions improved numerous morphological and physiological
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characteristics of the lettuce as well as plant growth and yield [Miceli et al., 2021].
Another study showed that when sprayed with seaweed liquid extracts or mixed into
the nutrient solution in the medium, vegetative growth and biochemical characteristics,
including protein content and chlorophyll pigment, were improved in comparison to

untreated hydroponically grown bean plants [Latique et al., 2013].

In this preliminary hydroponic experiment with wheat, the direct addition of water,
alkali, and acid extracts derived from C. barbata to the nutrient solution at three
distinct concentrations resulted in a significant enhancement of biomass in both the
aerial parts and the root system (Figure 4.10, Figure 4.11). Growth-promoting effects
on shoot development were most pronounced following treatment with medium
concentrations of the water extract and low concentrations of the alkali and acid
extracts (Figure 4.11A). Similarly, enhancements in root biomass were observed with
medium and high concentrations of the water and alkali extracts, as well as low and
high concentrations of the acid extract (Figure 4.11B). Wheat plants approximately
one month old exhibited a healthier, more vigorous phenotype compared to control
plants that did not receive any SWEs. Overall, the greatest enhancement in both shoot
and root biomass were recorded in plants treated with the medium concentration of the
water extract. In contrast, wheat plants cultivated in a growth medium lacking the
SWEs demonstrated weaker development, characterized by less robust shoots and root

systems.

Based on these findings, for the third and main hydroponic trial, designed to evaluate
the performance of SWEs under salinity stress conditions, the promising level of each
extract type, which was the medium concentration of the water extract and low

concentrations of the alkali and acid extracts, was selected for further investigation.

No significant changes were observed in the macroelement concentrations of shoot
tissues in hydroponically grown wheat following SWEs applications (Table 4.10A).
An analysis of nitrogen metabolism in hydroponically grown wheat indicated that
direct addition of SWEs to the nutrient solution caused minor fluctuations but no
substantial changes in shoot N concentrations (Table 4.11). Across all treatment
groups, irrespective of extract type or application level, shoot nitrogen content
remained comparable to that of the controls. Generally, decreases in shoot Ca and Mg
concentrations were identified, but no visual symptoms of Ca or Mg deficiency were
observed. Furthermore, the reduced concentrations of Ca and Mg in the wheat shoots
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of SWE-treated plants might result from an antagonistic relationship among K, Ca,
and Mg ions during absorption and transport [Xie et al., 2021; Herndndez-Pérez et
al., 2020]. On the other hand, it was observed that high-level water extract application
increased the K concentration of wheat plants grown in hydroponics compared to the
control group. Research indicates that the application of water-based SWE derived
from C. barbata enhances potassium concentration in wheat plants [Mutlu-Durak et

al., 2024] and tomato fruits [Arikan-Algul et al., 2025].

Similarly, SWEs treatments induced minor fluctuations in shoot microelement
concentrations (Table 4.12). While Cu and Mo levels remained stable across all
treatments, Zn and Mn concentrations decreased. No micronutrient deficiency

symptoms were detected in any treatment group.

5.3.2. Determination of Effective Salt Stress Application Levels on
Plant Growth in a Hydroponic Environment

Over 6% of the global land is impacted by soil salinization, leading to a 20%—-30%
reduction in agricultural productivity across all cultivated and irrigated areas [Khan
et al., 2019]. Moreover, it is projected that by 2050, soil salinity would threaten nearly
half of all arable land [Sahile et al., 2021]. Climate change adversely impacts water
availability, quality, and distribution through modified precipitation trends, elevated
evaporation and salinity, and severe weather conditions, restricting access to and usage
of high-quality water in agricultural practices [ikiz et al., 2024]. Salinity, whether in
water or soil, is one of the main factors that has a devastating impact on wheat
production worldwide by inhibiting plant growth and development and thus reducing

yields [Qadir et al., 2014].

Wheat (Triticum durum) is known to have moderate salt tolerance among cereal crops,
with greater tolerance than rice but lower tolerance compared to barley [Munns and
Tester, 2008]. While salt stress tolerance differs among species, Sariganak exhibits
relatively greater sensitivity compared to other wheat cultivars. When the EC value
reaches threshold levels of 6 dS m !, wheat yield reduces by approximately 7.1% for
each unit increase in EC [Chinnusamy et al., 2005; Hasanuzzaman et al., 2017].
The negative impacts of salinity stress on wheat development have been extensively

shown invarious research [El Sabagh et al., 2021; Saddiq et al., 2021; Seleiman et

al., 2022]. Salt stress has resulted in considerable declines in various wheat yield
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metrics, including spikelet count, seeds per spike, productive tillers, thousand-grain
weight, and biomass output over the long run, in both sensitive and tolerant cultivars
[Afzal et al., 2008]. The detrimental impacts of salt stress by altering plant metabolic
processes on wheat plants generally occur in the form of induced osmotic stress, poor
germination, suppressed photosynthetic activity, inhibited plant growth, changes in
enzymatic activities, overproduction of ROS, and nutritional and hormonal
imbalances, which ultimately result in serious yield losses [Mittler et al., 2004;

Kaveh et al., 2011; Miransari and Smith, 2019; Seleiman et al., 2022].

In this study, the effects of salt stress on hydroponically grown wheat were evaluated
by supplementing the nutrient solution with five NaCl concentrations (0, 30, 90, 120,
and 150 mM) (Figure 4.12). The growth-suppressing effects of salinity stress observed
phenotypically in hydroponically grown wheat were corroborated by shoot and root
DW measurements (Figure 4.13). In this preliminary second experiment, increasing
salinity levels impaired wheat growth and development. Moreover, salinity stress
progressively reduced shoot biomass by 10%, 20%, 30%, 35%, and 40% with
increasing NaCl concentrations, respectively (Figure 4.13A). The observed decrease
in shoot dry weight may be attributed to the direct inhibitory effects of salinity on
photosynthesis [Parida et al., 2005]. As expected, control plants, grown without salt
stress, exhibited superior vegetative growth and development, whereas plants
subjected to higher NaCl concentrations displayed significant reductions in shoot
length and biomass, along with compromised root morphology. Plants exposed to
severe salinity exhibited weaker shoot and root systems compared to the controls. This
experiment showed that salinity also caused a growth-reducing effect on root biomass
with increasing salinity levels (Figure 4.13B). Consistent with these results, salt stress
in wheat adversely affects various aspects of root system development, including the
quantity, length, diameter, area and volume of root, while also diminishing both shoot

and root biomass [Saboora et al., 2006; Shafi et al., 2010].

Based on these findings, 60 and 90 mM NaCl was selected for the third hydroponic
experiment, as this concentration induced a 20-30% reduction in shoot and root

biomass, corresponding to a moderate level of stress in hydroponically grown wheat.

Given the significance of wheat in human nutrition, it is crucial to devise sustainable

strategies that enhance wheat growth and adaptability to saline conditions to boost

production, particularly in salt-affected regions [El Sabagh et al., 2021]. In this
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context, choosing appropriate cultivars and developing salt-tolerant wheat varieties
with conventional breeding, molecular approaches is a method that mitigates the
impacts of salt stress; nevertheless, this endeavor is labor-intensive, costly and requires
many years [Seleiman et al., 2022]. On the other hand, plant biostimulants can be used

as part of sustainable agriculture to alleviate stress conditions.

5.3.3. Effects of Selected C. barbata Extract Applications on Salinity
Stress Resistance and Physiological Parameters

It is known that different Cystoseira species exhibit biostimulant properties under
salinity stress conditions, reducing the harmful effects of stress on different plant
species including barley [Bensidhoum and Nabti, 2021], tomato [Krid et al., 2024]
and wheat [Salih and Abdulrraziq, 2024]. Moreover, in a study examining the effects
of applying Cystoseira tamariscifolia extract at different doses (2%, 5% and 10%) on
stress tolerance in tomato seedlings grown under 50 mM NaCl salt stress, the growth-
promoting effects of low-dose SWE on tomato plants against salt stress were
determined [Krid et al., 2024]. In contrast, the potential effects of C. barbata under

salinity stress have not been investigated before.

In this third hydroponic wheat experiment, the effects of the most promising doses of
water (medium), alkali (low), and acid (low) extracts, identified in the first hydroponic
experiment, were evaluated in a deep-water culture system under both control (0 mM
NaCl) and saline (60 mM NaCl and 90 mM NacCl) conditions selected from the second
hydroponic experiment (Figure 4.14). Visually, it was observed that high salinity in
the nutrient solution slowed down the growth of wheat shoots, but adding C. barbata-
based extracts to the solution helped the plants grow better than those that didn't
receive the extracts, both when stressed and not stressed, suggesting that these extracts
might help plants handle salinity stress better (Figure 4.14). The growth-reducing
effects of salinity stress were further reflected in biomass measurements, ranging from
a 20-25% decrease in shoot FW observed in hydroponically grown wheat (Figure
4.15A). Numerous studies in the literature demonstrate the growth-inhibitory effects
of salt stress on wheat plants [Guo et al., 2015]. This decrease may be ascribed to a
direct suppression of cellular proliferation and expansion because of the osmotic stress,
which restricts growth [Munns, 2002]. Notable reductions in both fresh and dry

weights of wheat plants in response to salt stress demonstrate the growth-inhibitory

121



impact of such stress factor [Annunziata et al., 2017]. In alignment with our findings,
Zou et al., (2016) reported that salinity stress (100 mM NaCl) induced by resulted in

a reduction of shoot and root lengths, as well as their DW in wheat plants.

Under non-stress conditions, applying water and alkali extracts significantly increased
shoot dry weight (Figure 4.15A). In contrast, under stress conditions, the water extract
enhanced not only shoot biomass but also root biomass when exposed to 60 mM salt
stress, while the acid extract showed an increase in shoot and root biomass at higher
salt concentrations (Figure 4.15). Furthermore, under normal conditions the effects of
water and alkali extracts were equally effective; however, under high salt stress

conditions acid extracts were more effective than other extracts.

The application of seaweed-based biostimulants has risen in agricultural practices
recently owing to their many advantageous impacts on crop production under both
optimal and unfavorable situations, including salinity stress [Rouphael et al., 2022].
Seaweed extracts can have varying impacts on plant development and stress tolerance,
contingent upon the extraction technology employed and the amount and accessibility
of bioactive metabolites present [Goni et al., 2016]. Furthermore, the developmental
and priming effects of SWEs on plant stress responses are due to the rich biochemical
components of the extracts, many of which are also found in C. barbata extracts, and
their synergistic activity as well as stimulatory abilities. They are growth-promoting
hormones, polysaccharides, essential elements, vitamins, amino acids, non-enzymatic
antioxidants (polyphenols) and compatible osmolytes (betaine, proline); all of which
enhance plant metabolism and performance, promote growth, and increase crop
production while improving stress tolerance [Yakhin et al., 2017; Khan et al., 2022].
On the other hand, some molecules in SWEs may function as signaling agents that
regulate critical pathways at the transcriptional and/or post-translational levels,
resulting in differential expression of crucial genes in plants that enhance plant
development and resilience to stress [Deolu-Ajayi et al., 2022]. The biochemical
composition of SWEs indicated a high concentration of antioxidant molecules, which
are crucial for mitigating abiotic stress, inhibiting the formation of ROS, enhancing
plant growth and yield by making nutrients more available and easier to uptake; and
make plants more resistant to salt stress [Roy and Chowdhury, 2020]. Research
indicates that polysaccharides, which are also found in C. barbata extracts, markedly

enhanced the shoot and root height, fresh and dry biomass, and chlorophyll
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concentration of salt-stressed wheat, hence augmenting the salt tolerance of wheat
seedlings [Zou et al., 2018; Zou et al., 2019]. Moreover, these polysaccharides can
preserve the osmotic equilibrium of salt-stressed wheat by augmenting sugar and
proline levels while modulating the Na*/K™ ratio, and additionally, they can mitigate
oxidative stress caused by salinity by reducing the levels of REL and MDA and
enhancing the antioxidative enzyme activity, which scavenges ROS [Zou et al., 2019].
The many studies have shown that phytohormones and their derivatives, also present
in C. barbata extracts, can be induced more in plants exposed to SWE under salinity
stress and increase endogenous hormone levels, which can affect growth and
development by regulating physiological and molecular processes related to nutrient
assimilation and stress tolerance by modulating hormonal pathways [Ryu and Cho,
2015; Hashem et al., 2019]. Although biostimulants cannot provide all the essential
mineral elements in the amount that the plant needs due to their nature [Schmidt et
al., 2003], many macro and microelements, including those found in C. barbata
extracts, can increase nutrient utilization efficiency by stimulating many physiological
processes in the plant, and can support growth and development under stress

[Mancuso et al., 2006; Latique et al., 2017].

In this study, regardless of salinity stress, the most beneficial effects on the vegetative
growth of hydroponically grown wheat plants were observed in the applications of
water, acid and alkali extracts, in that order. Overall, the water and acid SWE had a
growth-enhancing impact on hydroponically grown wheat plants subjected to salinity
stress and significantly alleviated the growth suppression caused by salt stress. These
findings were consistent with previous reports demonstrating that SWE treatments
enhance plant growth and development under salinity stress conditions relative to
untreated controls [Hernandez-Herrera et al., 2022; Rouphael et al., 2022]. In
general, as in this study, water extract with the same SWEs obtained from C. barbata
in early plant growth showed the highest development in wheat seedlings [Mutlu-
Durak et al., 2024]. This positive effect may be due to the presence of higher levels
polysaccharides including alginic acid, fucoidan and other compounds like mannitol
in water extracts [Mutlu-Durak et al., 2024]. Moreover, positive effects of acid
extract under high salt levels may be attributed to osmolyte contents, which are present

in extracts [Mutlu-Durak et al., 2024], including mannitol, probably proline and GB
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functions as a non-enzymatic antioxidant, mitigate stress-induced growth inhibition

[Lojkova et al., 2020; Patel et al., 2023].

Plant roots are the initial organs to experience salt stress, and root development is
especially susceptible to salinity in the root zone [Khan, 2003]. Prior to inducing ion
toxicity, elevated salt concentrations in the rooting medium restrict water accessibility,
induce physiological drought, and diminish tissue water content [Azeem et al., 2023].
In this experiment, the growth-reducing effects of salinity stress were further reflected
in biomass measurements, approximately 15% decrease in root DW observed in
hydroponically grown wheat (Figure 4.15B). Root development is essential for
sustaining osmotic balance as well as ion homeostasis under salinity stress, and the
enhancement of root biomass through SWEs treatments may serve as an adaptive
strategy to salinity stress in wheat. Seaweed extracts are known to positively influence
root system architecture, improving root size, length, biomass, and vitality [Khan et
al., 2009]. Similar to shoot biomass results, wheat plants that were treated with water
and acid extracts mitigated the root system inhibiting effects induced by 60 mM NaCl
and 90 mM NaCl stress levels, respectively (Figure 4.15B). Auxin-like activity found
in C. barbata-based water and acid extracts suggests a way to improve root
development [Mutlu-Durak et al., 2024], thereby augmenting the plant's nutrient
absorption efficiency and boosting its overall physiological functions under stress
conditions [Ertani et al., 2018]. Moreover, the beneficial impacts of SWEs on the root
system can be ascribed to elevated auxin levels induced by alginate oligosaccharides
and the activation of auxin-associated genes, together with the direct or indirect
influences of other chemicals present in C. barbata extracts on root development

[Zhang et al., 2014].

A notable rise in REL was observed in hydroponically grown wheat plants subjected
to salt stress in the absence of SWE treatment (Figure 4.16). This finding parallels
previous research across other plant species, where cell membrane damage and
enhanced electrolyte leakage and lipid peroxidation are associated with salt stress
conditions [Ahmad et al., 2019; Cheng et al., 2020; Ahanger et al., 2020; Abdelaal
et al., 2020]. On the other hand, the C. barbata extracts led to a reduction in REL
values in wheat when exposed to 60 mM NaCl levels. Moreover, the treatment with
water extracts reduced electrolyte leakage caused by stress in the wheat plants at both

stress levels. This investigation demonstrated that SWE positively influences
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membrane stability and can preserve membrane from the negative effects of salt stress,

as SWE-applied plants exhibited decreased electrolyte leakage relative to the control.

A recent study has indicated that the extract of Cystoseira mediterranea has the
potential to preserve membrane integrity in barley seedlings by reducing electrolyte
leakage, thereby mitigating the negative effects of salinity stress (350 mM NacCl) on
these seedlings [Bensidhoum and Nabti, 2021]. Another study evaluated the efficacy
of SWE in mitigating salt and drought stress in wheat, revealing that the extracts
enhanced growth parameters, pigments and tissue water content and reduced the REL
value [Patel et al., 2018]. Moreover, Pienaar et al., (2025) have shown that the
application of SWE mitigates the negative effects of salinity-induced membrane
damage in salt-stressed maize plants, enhancing membrane permeability as well as
stability while minimizing electrolyte leakage. The use of SWE on plants subjected to
salinity stress enhanced growth metrics while reducing electrolyte leakage and so, the

plants were able to tolerate the stress [Bahmani Jafarlou et al., 2023].

The enhancement in membrane integrity is due to the capacity of SWE to regulate
electrolyte leakage, suggesting that SWE maintain cell membrane stability by
diminishing electrolyte leakage from the cytoplasm [Zou et al., 2019; Cabo et al.,
2019]. Numerous components and processes, including compounds present in SWEs
that contribute to the preservation of cell membrane integrity including Ca**, Mg**,
alginate, and fucoidan [Pal et al., 2024]; alongside secondary metabolites and
enzymatic antioxidants that enhance antioxidant defense [Giirsoy, 2024];
accumulation of compatible osmolytes (proline, betaine, and mannitol) [Mughunth et
al., 2024]; increased K'/Na" balance, and hormonal modulation, are linked to the

capacity of SWE to diminish electrolyte leakage in plants subjected to salinity stress.

In this respect, this positive effect, which is seen at the highest level with water extract,
may be due to the content of membrane-protective compounds such as fucoidan,
alginic acid, and mannitol, which are known to be found more in water extracts than
in other extracts [Mutlu-Durak et al., 2024]. Moreover, the rich bioactive component
content of C. barbata extracts, especially polysaccharide and mineral content, enhance
in proline and glycine betaine accumulation in the plant, increase in K level, induction
of plant defense mechanism may have contributed to the reduction of electrolyte
leakage salinity-induced stress by water and acid extracts and thus the positive result
on membrane stability.
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The effects of SWE treatments on the concentrations of macro- and micronutrients in
hydroponically grown wheat plants are summarized in Table 4.14 and Table 4.15.
Among the macronutrients, P concentration remained unaffected by both salinity stress
and biostimulant treatments. Salinity stress, however, resulted in a reduction of Ca and
Mg concentrations in the shoots of wheat plants. Because of the antagonistic impact
that salinity has on the uptake and transport of a variety of macro- and micronutrients
inside the plant, it has the potential to completely disrupt the nutritional equilibrium of
plants [Parihar et al., 2015; Hasanuzzaman et al., 2021]. It disrupts ion homeostasis
by modifying ion equilibrium, characterized by an elevation in Na" levels alongside a
concurrent reduction in K*, Ca*" and Mg?" concentrations [Rahman et al., 2016;
Parvin et al., 2019; Balasubramaniam et al., 2023]. This excessive sodium influx
induces ion channel dysfunction, nutrient displacement, and membrane depolarization,
resulting in irregularities in nutrient absorption and assimilation [Gaikwad et al.,
2022]. Moreover, salinity can impede the absorption of crucial nutrients like nitrogen
due to interactions between sodium and ammonium or chloride and nitrate, hence

disrupting plant functions [Parihar et al., 2015].

Overall, control plants exhibited the lowest concentrations of Mg and S, while wheat
plants treated with acid extract exhibited higher concentrations of these elements
compared to other treatments, irrespective of stress. Under stress conditions, S
concentrations in alkali and acid treated wheat plants were higher than those in control
plants. The rise in S concentration observed in this study was also observed in wheat
[Mutlu-Durak et al., 2024] and tomato [Arikan-Algiil et al., 2025] plants in response
to C. barbata extracts. This situation may be due to the S macroelement found in the
extracts caused by the chemicals applied during the extraction method, as well as the

sulfur compounds it contains, and other metabolic changes caused by them.

Salinity stress led to an increase in B, Cu, Mo, and Fe concentrations in hydroponically
grown wheat plants, but had no significant effect on Mn and Zn concentrations. Under
high salt levels, plants treated with alkali extract exhibited the highest Fe
concentrations compared to other treatments. In general, plants treated with acid
extract showed higher concentrations of Mo than those treated with other extracts.
While stress raised the Cu concentration in hydroponically grown wheat plants, SWE
treatment had the opposite effect. On the other hand, Mn concentrations remained

similar across all treatment groups, while the concentration of Zn in wheat shoots
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generally diminished with the application of SWE. While B concentration increased
significantly only with salinity stress, no significant increase or decrease was achieved

with biostimulant applications.

One of the major detrimental effects of salinity on wheat growth is its interference with
the uptake and assimilation of essential mineral nutrients [Hu and Schmidhalter,
2005]. Wheat plants subjected to salt stress exhibited an inhibition in the absorption of
Ca?", K" as well as Zn**, alongside an enhance in the uptake of Na* and C1°, resulting
in nutritional homeostasis imbalance that adversely affected the growth and
development of the wheat plant [Guo et al., 2015]. Elevated concentrations of Na* and
chloride Cl™ ions in salt-stressed wheat cultivars have been shown to inhibit the
absorption of key nutrients such as K*, Ca?", Zn**, and Mg?**, primarily competition
due to chemical similarity, potentially cause nutrient deficiencies [Munns and Tester,
2008; Guo et al., 2015]. Moreover, salinity-induced stress substantially decreases root
area by limiting root hair length and density, which are critical determinants of nutrient
acquisition [Arif et al., 2019]. This morphological reduction can negatively affect the
uptake of nutrients such as Ca?", Mg?", Fe**, and Zn*' [Robin et al., 2016; Nahar et
al., 2016; El Sabagh et al., 2021].

The Na, K and Na/K ratio values presented in Table 4.16 were not significantly
affected by the interaction between biostimulant and salt stress. As expected,
increasing stress levels caused an increase in Na concentration and a decrease in K
concentration in wheat plants (Table 4.16). On the other hand, less Na accumulation
was observed in wheat subjected to water extract under low stress circumstances,
whereas elevated Na levels were noted in wheat plants treated with all C.barbata

extract under high stress conditions, but this effect was not statistically significant.

Potassium is crucial for a wide variety of essential processes which include
maintaining membrane potential and turgor pressure, stimulating enzyme activity, and
modulating osmotic pressure, as well as supporting stomatal movement [Laurie et al.,
2002; Mekawy et al., 2015]. The lowest K levels under both stress and non-stress
conditions were recorded in control wheat plants not receiving SWE, whereas SWE
applications had a positive effect on K accumulation under in both stress conditions.
Among the other elements, K was the predominant mineral in C.barbata extract
[Mutlu-Durak et al., 2024]. Moreover, previous studies with C. barbata extracts have
shown that SWE applications increased K levels in wheat [Mutlu-Durak et al., 2024]
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and tomato fruit [Arikan-Algiil et al., 2025]. A study indicated that potassium levels
increased in proline-applied plants [Shahbaz et al., 2013]. In this study, the increased
proline level with SWEs may have contributed to the increase in K levels (Figure 4.17,
Table 4.16). In addition to the proline and K content of the C.barbata extract, it can

also be explained by a better nutrient uptake with the developed root system.

While the Na/K ratio was statistically influenced solely by salinity stress, the lowest
Na/K ratio was recorded in wheat plants added with water-based SWE in the nutrient
solution under stress conditions at both levels; this beneficial effect was subsequently
observed in plants treated with acid extract, but this effect was not statistically
significant. In conditions of salinity, the plant absorbs a greater quantity of Na®
compared to K" when the concentration of Na* in the growth medium rises, resulting
in enhanced K outflow from the cell and an elevated Na/K ratio [Cuin et al., 2008;
Rahman et al., 2016]. Keeping a minimal cytosolic Na/K ratio is essential for a plant's
ability to tolerate salt and facilitates survival in saline environments [Wakeel et al.,
2011; Isayenkov and Maathuis, 2019].The brown SWEs improved the growth of
plants under salt stress by sustaining a higher K*/Na" ratio [Elansary et al., 2017; Di
Stasio et al. 2020].

Protein concentrations of hydroponically grown wheat plants were not statistically
affected by the applications of biostimulants and salinity, nor by the interaction of
biostimulants and salinity (Table 4.13, Table 4.17). The researchers demonstrated that
under moderate salinity conditions, the protein content of three distinct rice cultivars
remained largely stable, and a significant increase in protein levels was observed only
under severe salt stress, suggesting that moderate salinity stress does not always result
in significant protein concentration changes [Yao et al., 2022]. Stress does not
universally lead to pronounced changes in protein content in plants; rather, the extent
of the response can vary depending on the plant species and the severity of the stress

condition.

Elevated levels of ROS resulting from oxidative stress induced by salinity can cause
significant cellular damage, including oxidation of carbohydrates, DNA
fragmentation, peroxidation of membrane lipids, protein breakdown, inhibition of
enzymatic activity, reduction in photosynthetic pigment levels, disruption of
membrane integrity, and ultimately cell death [Mittler et al., 2004]. Numerous studies
have demonstrated that wheat plants respond to salt-induced oxidative stress by
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modulating the activities of key antioxidant enzymes, including SOD, GR, APX and
CAT, as a critical component of their defense mechanism against oxidative damage
[Sairam et al., 2005; Caverzan et al., 2016]. Hydrogen peroxide can be eliminated
via the AsA—GSH cycle, which serves as a vital antioxidant defense mechanism for
H:0: detoxification [Pasternak et al., 2005; Pandey et al., 2015]. The enzymes APX
and GR are essential components that significantly contribute to the operation of this
cycle [Fotopoulos et al., 2010; Hasanuzzaman et al., 2019a]. SOD initially protects
cells from the detrimental effects of ROS by turning O>  into H>O>. The H>O»
generated is subsequently neutralized and convert to HoO by CAT, and APX [Foyer
and Noctor, 2011; Hasanuzzaman et al., 2020]. GR facilitates the preservation of
the GSH pool by converting GSSG back to GSH and regulating the redox equilibrium
in plants through the maintenance of a steady GSH/GSSG ratio [Gill et al., 2013].

In this study, the changes in the enzymatic activities of total and specific APX, CAT,
GR, and SOD in the shoot of hydroponically grown wheat plants under salt stress,
following SWE applications, are presented in Table 4.18 and Table 4.19. Salinity
stress led to an increase in total GR and SOD activities, while it resulted in a decrease
in CAT and APX activities (Table 4.18). In addition to the total antioxidant enzyme
activities, the specific activities of enzymatic antioxidants except for APX, SOD were
not significantly affected by the interaction between salinity stress and biostimulant
treatments (Table 4.13, Table 4.18). Except for specific CAT activity, salinity stress
statistically influenced the specific activities of the other enzymes (Table 4.13). Total
APX activity was decreased by salinity stress, whereas the highest total APX activity
under high salt levels was found in plants treated with acid extract. As in this study,
numerous studies have indicated that salt stress may lead to a reduction in APX
enzyme activity [Tepe and Aydemir, 2015; Fardus et al., 2021]. All wheat plants
had similar total CAT enzyme activity (Table 4.18). These results suggest that wheat
plants do not experience enough stress under these conditions to induce CAT activity.
Similar findings have been reported in previous studies, where salinity treatment did
not cause significant changes in CAT activity in lentil [Bandeoglu et al., 2004], rice

[Lin and Kao, 2000], and potato [Benavides et al., 2000].

Research indicates that diminished antioxidant enzymatic activities may result from a
decrease in ROS production [Mahawar et al., 2024]. Both total and specific GR

enzyme activities did not change significantly with biostimulant applications but
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increased with salinity stress (Table 4.13). In consistent with this results, research
indicates that GR enzyme activity in wheat elevates during salinity stress [Sairam et
al., 2005; Talaat and Todorova, 2022]. Total SOD enzyme activity, which increased
under salinity stress but tended to decrease with SWEs applications, was generally
highest in SWEs-untreated wheat plants. Research indicates that salinity stress elevates
SOD enzyme activity, while the use of biostimulants diminishes this activity

[Zuzunaga-Rosas et al., 2023].

Salinity stress has been shown to elicit diverse responses in enzyme activity, which
may increase markedly, remain relatively unchanged, or exhibit substantial inhibition
[Shalata et al., 2001; Hasanuzzaman et al., 2020]. This emphasizes the complicated
nature of plant responses to salt stress. Extensive evidence in the literature indicates
that variations in antioxidant enzyme activity under salinity stress are influenced by
several factors, including the salinity threshold, stress type, intensity, duration of
exposure, and the species and developmental stage of the plant as well as other
experimental factors [Abogadallah, 2010; Hasanuzzaman et al., 2021]. It is worth
noting that the responses of antioxidant enzymes to salt stress are highly variable, as

reported in the literature [Jakovljevié et al., 2017].

Salinity-induced high ROS production elevates the final outcome of MDA and REL,
resulting in cell membrane impairment [Miransari and Smith, 2019; Alché, 2019;
Guo et al., 2019]. While the detrimental consequences of elevated levels of ROS are
recognized [Kerchev and Van Breusegem 2022], it is also known that moderate
levels of ROS are critical as a signaling molecule in plant priming as well as regulating
and triggering both enzymatic and non-enzymatic antioxidant metabolic processes

[Hu et al., 2012].

Biostimulant treatments and salinity stress as well as their interaction significantly
influenced MDA concentrations (Table 4.13, Table 4.20). A rise in MDA levels was
observed at both levels of salinity stress (Table 4.20). Among the biostimulant
treatments, water extract application specifically induced a further increase in MDA
concentration, suggesting a potential stimulation of oxidative signaling pathways.
Interestingly, the rise in MDA levels following water extract application may not
exclusively reflect oxidative injury but could also indicate an adaptive physiological
response. Recent studies have proposed that MDA can stimulate regulatory genes
linked to defense and growth under oxidative stress, thus functioning as a protective
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or signaling molecule rather than solely as a biomarker of damage [Morales and
Munné-Bosch, 2019]. These findings highlight the complex role of MDA in stress
adaptation and suggest that specific biostimulant treatments may prime plants for

improved stress resilience through controlled oxidative signaling.

MDA formation was temporarily elevated in plants subjected to C. barbata extract at
90 mM NaCl; no significant rise in MDA accumulation was noted at reduced NaCl
concentrations (Table 4.20). The findings indicate that wheat, which exhibits
moderate tolerance to salt stress, displayed no signs of oxidative stress under 60 mM
NaCl conditions with SWE applications. Furthermore, the elevated accumulation
observed with water extract at higher salinity levels, along with the resultant increase
in lipid peroxidation, did not signify oxidative damage in the plant, nor did it disrupt
plant growth (Figure 4.14, Figure 4.15), suggesting that the wheat plant can endure
this salt stress. This non-destructive boost in oxidative stress may serve as a protective

strategy for plants against moderate salt stress rather than causing damage.

The amount of MDA enhanced with salinity stress was further increased by the
application of Moringa leaf extract as a plant-based biostimulant [Akhter et al., 2023].
Another study also showed that rosemary plants show an increase in MDA
accumulation with salt stress (150 mM NaCl), indicating that this is part of a protective
mechanism that induces tolerance rather than causing oxidative damage [Tounekti et

al., 2011].

Seaweed extracts can pre-activate defense mechanisms in plants by inducing a
"priming" effect, characterized by a transient and regulated oxidative stress response,
marked by elevated ROS generation and a transitory rise in MDA levels. This transient
stress fortifies the plant's stress tolerance mechanism and enhances its long-term
resilience to environmental challenges [Islam et al., 2021]. The augmenting and
priming impacts of SWEs on the primary defense against stress factors can be
attributed to the collectively contributing composition of the SWE and their elicitation-
inducing characteristics [Yakhin et al., 2017]. Plant priming and responses triggered
by SWE share numerous common characteristics: their mechanism of action is
systemic throughout plants, they enhance tolerance to various stress factors, they are
not unique to certain plant species, and they lead to increased plant development
[Battacharyya et al., 2015; Martinez-Medina et al., 2016; Rasul et al., 2021]. It has
been reported that laminarins in SWEs can function as stimulants to trigger defense
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mechanisms in a number of plant species [Shukla et al., 2021]. In addition to
laminarin, the synergistic effects of mannitol, polyphenols, oligosaccharides,
polysaccharides and many other bioactive metabolites can act as priming agents at the
molecular level in plants, rapidly and strongly increasing stress tolerance and
promoting growth [Shukla et al., 2019; Kerchev et al., 2020; Rasul et al., 2021;
Sujeeth et al., 2022]. As a result, it is thought that C. barbata extracts may have
activated a priming pathway in the formation of plant responses through osmolytes
including proline, polysaccharides such as alginate, fucoidan, laminarin and other

compounds, or by stimulating existing pathways in the plant.

Proline is an amino acid present in plants and plays a critical role in osmotic adjustment
and antioxidant activities in response to different stress conditions [Shakeri et al.,
2019]. To cope with salinity-induced osmotic stress, plants can accumulate compatible
osmolytes like proline, which function as osmoprotectants, lowering water potential
and so enhancing uptake [Szabados and Savouré, 2010; Hnilickova et al., 2021]. It
also acts as a molecular chaperone, stabilizing protein structure and membrane
stability, strengthening photosynthetic apparatus, as well as increasing various enzyme
activities, consequently affecting adaptive responses [Hayat et al., 2012; Borsai et
al., 2020; Mehta and Vyas, 2023]. It is also involved in the plant defense mechanism
including stress adaptation, recovery and signaling pathway as a non-enzymatic
antioxidant by scavenging free radicals [Jogaiah et al., 2013]. Besides controlling
responses to stressors, it functions as a metabolic signaling compound that modulates
redox equilibrium, sustains cellular homeostasis, trigger the expression of specific
genes, and affects cell proliferation or death [Matysik et al., 2002; Kishor et al.,
2005; Szabados and Savouré, 2010]. It is believed that proline's function as a ROS
scavenger is more significant than its function as a basic osmolyte in stress reduction
[Hong et al., 2000]. Since proline concentrations increase dramatically in plants
subjected to salt stress, it has been suggested that this amino acid could serve as a

marker molecule for the response to stress factor [Szabados and Savouré, 2010].

In this experiment, significant changes in proline concentration were observed in
hydroponically grown wheat plants when C.barbata extracts were added to the nutrient
solution under salinity stress conditions (Figure 4.17). The concentration of proline
was significantly influenced by the application of both biostimulants and stress, as well

as their combination (Table 4.13). With the increase in salinity stress, proline
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concentrations in hydroponically cultivated wheat plants also rose. The increase in
proline levels observed at low salinity became more pronounced at higher salinity
levels. The proline concentration in wheat plants subjected to acid extract application
was elevated at all levels under both control and stress conditions. In addition to acid
application, significant increases in proline levels were observed with water and alkali
extracts, especially under high salinity stress. These findings demonstrated that salinity
stress resulted in an enhancement in proline concentration in wheat plants grown in
hydroponic system compared to the control, and that proline levels are further boosted

by SWE treatment in salinity stress.

When wheat plants were subjected to salt stress, proline concentrations in wheat
tissues were observed to increase to protect the plant against saline damage [Ahmad
et al., 2010; Al-Whaibi et al. 2012; Talaat and Shawky, 2013; Abedini, 2016].
Numerous studies have demonstrated that proline plays a crucial role in mitigating
osmotic stress by compensating for the osmotic pressure of Na* cations [Acosta-
Motos et al., 2017; Yakhin et al., 2017]. The high level of proline in the cell wall
mitigated the adverse effects of stress and enhanced tolerance in soybean plants
[Phang et al., 2008]. Under situations of salt stress, there was an elevation in maize
proline content and growth related parameters [Molazem et al., 2015]. Furthermore,
it was noted that salt-tolerant bean varieties had elevated proline levels in comparison
to salt-sensitive types [El Sayed et al., 2011]. As a result, proline accumulation is an
important survival strategy for plants under salinity stress [Siddique et al., 2018].
Numerous studies in literature on various plants exposed to salinity stress show that
proline not only enhances germination and root development, but also increases
biomass by improving leaf water potential, chlorophyll concentration and
photosynthetic activity [Ehsanpour and Fatahian, 2003; Khedr et al., 2003; Roy et
al.,, 2016]. Salinity stress induces excessive proline production in plants, which
enhances stress tolerance by preserving cell turgor and osmotic balance; mitigates
electrolyte leakage through membrane stabilization; decreases lipid peroxidation, and
normalizes ROS concentrations, thereby averting oxidative burst in plants [Hayat et
al.,, 2012; Hashem et al., 2017]. Moreover, proline promotes the expression of salt
stress-related genes, and activates antioxidant enzymes, all of which facilitate plant
response to salt stress by augmenting antioxidant capabilities [Hasanuzzaman et al.,

2014].
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The observed increase in proline concentration in hydroponically cultivated wheat
under salinity stress is seen as a defensive strategy utilized by these plants to alleviate
osmotic and oxidative damage caused by salinity. Wheat plants treated with SWE
showed an increase in proline concentration, which was thought to be associated with
improved stress tolerance. Algae extracts possess elevated levels of osmolytes,
including proline, which, upon application to plants, can be partially uptake and/or
trigger moderate, temporary osmotic stress [Di Stasio et al., 2018], resulting in
morphological and physiological adaptations that improve the plant's stress response
[Fleming et al.,, 2019]. Consequently, SWE may stimulate the endogenous
accumulation of proline, potentially acting synergistically with the proline contained
in SWE, thereby enhancing plants' tolerance to osmotic stress. In line with our
findings, several studies have reported the stimulatory effect of SWE on proline
metabolism in plants subjected to salinity stress [Elansary et al., 2017; Jithesh et al.,
2019; Patel et al., 2018]. The application of fucoidan, derived from brown algae,
elevated proline levels in wheat seedlings subjected to salt stress at 120 mM NaCl

relative to the control group [Zou et al., 2021].

Brown SWEs can modulate modulate proline levels by upregulating the gene encoding
for proline biosynthesis, A!-pyrroline-5-carboxylate synthetase (P5CS), and/or
downregulating the gene responsible for proline catabolism, proline dehydrogenase
(ProDH) [Carvalho et al., 2018]. Moreover, lipophilic constituents (sugars, polyols,
terpenes) of 4. nodosum extracts have demonstrated the ability to elicit a fast metabolic
reaction, resulting in elevated proline accumulation by modulating synthesis and
degradation related genes of proline [Nair et al., 2012]. Additionally, many plant
hormones have important roles in regulating osmolyte accumulation during abiotic
stress [Sharma et al., 2019]. Auxin- and cytokinin-induced enhancements in osmolyte
accumulation and osmotic adjustment have been documented in several abiotic
conditions, including salt stress [Wu et al., 2014], water stress [Gadallah et al., 2000]
and drought stress [Muhammad et al., 2015]. Consequently, in plants subjected to
SWE, proline production may be augmented by the modification of hormone
biosynthesis pathways and/or the impact of phytohormones such as auxin, cytokinin,
and gibberellin found in the extracts, so promoting plant adaptation to stress

conditions.
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Glycine betaine, a well-known osmoprotectant, plays a crucial role in enhancing plant
tolerance to abiotic stresses and improving crop productivity [Annunziata et al.,
2019]. Under salinity stress, GB alleviates adverse effects by reducing cellular osmotic
potential, inducing the expression of various stress-responsive genes, and protecting
cells from salt-induced damage through the suppression of ROS accumulation [Giri,
2011; Paradisone et al., 2015]. Salinity-induced osmotic stress compels plants to
elevate their osmolyte levels, such as GB, proline, and carbohydrates, which enable
osmotic adjustment and enhance the uptake of water and nutrients [Chun et al., 2018;

Arnao et al., 2021].

In this study, in terms of the levels of glycine betaine in wheat, the ANOVA findings
showed that only the interaction between biostimulant and salt stress had a statistically
significant impacts (Table 4.13). Conversely, control plants that did not undergo SWE
treatment displayed the lowest quantities of glycine betaine, irrespective of stress
exposure. In general, SWE treatments have been shown to have an increasing effect
on glycine betaine accumulation in wheat shoots (Table 4.21). In wheat shoots
subjected to high salt stress, the concentration of glycine betaine increased when
treated with SWE, particularly when treated with water-based SWE; however, this rise

was not statistically significant.

Seaweed extracts are known to include GB [MacKinnon et al., 2010], and although
not specifically analyzed, the elevated GB levels observed in wheat might be because
of the GB that is probably in the C. barbata extract. They have been shown to increase
GB levels under salinity stress, leading to improved osmotic potential, water and
nutrient uptake, and stabilized photosynthetic activity [Carillo et al., 2020a, 2020b;
Sarifiana-Aldaco et al., 2022] and increased antioxidant defense [Khan et al., 2022].
The results are ascribed to SWEs abundant in betaines and betaine-like compounds as
well as promoting the accumulation of GB in plant tissues, consequently augmenting

plant tolerance to salt stress [MacKinnon and Craft, 2015; Mughunth et al., 2024].

Indeed, GB is produced and stored in young leaf tissues during extended stress,
whereas proline accumulates more swiftly at the outset of stress and mostly in older
leaves. This elucidates the significant elevation in proline levels seen in this short-term
stress investigation [Carillo et al., 2008; Annunziata et al., 2019]. Moreover, when
proline is present at elevated concentrations alongside GB, it effectively defends plants
against oxidative stress, rendering antioxidant compounds and antioxidative enzymes
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relatively insignificant in ROS protection in saline conditions [Carillo et al., 2011;

Woodrow et al., 2017; Annunziata et al., 2019].

The results of the third hydroponic experiment demonstrate that C. barbata-based
SWE applications were found to mitigate the growth inhibition caused by moderate
salt stress caused by 60 mM NaCl and 90 mM NacCl application in hydroponically
grown wheat plants. The application of C. barbata extract resulted in enhanced shoot
and root biomass, diminished electrolyte leakage, increased proline and glycine
betaine accumulation, elevated K levels. This growth-promoting action of SWE on
hydroponically grown wheat may be ascribed to the existence of many bioactive
compounds in the extracts. The results demonstrate that the water and acid extract of
C. barbata regulated many metabolic, physiological and molecular mechanisms in
hydroponically grown wheat, potentially enhancing salinity tolerance through
synergistic effects. Based on these findings, growers employing deepwater culture
systems may consider incorporating SWEs into nutrient solutions to mitigate the
effects of salt stress. Consequently, it has been noted that a system of action and
reaction exists inside the plant, and that the use of seaweed-based biostimulants can

enhance plant growth and production by eliciting responses to stressors.

5.4. Determination of the Effects of C. barbata Extracts on
Yield and Quality Parameters of Lettuce (Lactuca sativa
L. cv Lollo Rosso) in the Soilless Culture System

Vegetables don’t possess a long-life cycle and relatively need higher amounts of
fertilizer throughout the growing season. Moreover, lettuce, compared to other
vegetables, has rapid growth and develops a superficial root system; it necessitates
adequate fertilization during its growing period [Sarmento-Soares et al., 2012].
Ensuring the provision of all required mineral nutrients for maximum plant growth and
productivity is a fundamental necessity in soilless cultivation systems, just as it is in
traditional soil-based agriculture [Domingues et al., 2012]. In recent years, the
agricultural sector has become increasingly reliant on chemical fertilizers to increase
crop production, but while this dependency may provide improvements in production,
it is not a sustainable approach in the long term [Quaik et al., 2012]. The overuse of
chemical fertilizers correlates with a deterioration in agricultural sustainability, as well

as issues related to their substantial economic costs, potential for environmental
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damage, and negative impacts on human health [Ramya et al., 2015]. In response to
these issues, there is increasing interest in organic input that provides more
environmentally sustainable and economically viable alternatives. These inputs are
increasingly acknowledged as essential elements in the shift towards sustainable

agriculture production systems.

Hydroponic systems, a method of cultivating plants without soil through a nutrient-
rich solution, serve as a viable alternative to conventional soil-based agriculture,
ensuring a stable supply of produce [Jan et al., 2020; Velazquez-Gonzalez et al.,
2022]. These systems promote faster crop ripening, higher yields and quality, and
enhanced nutrient content due to the efficient delivery of nutrients to the plant roots
[Sardare and Admane, 2013; Sharma et al.,, 2018]. Lettuce, one of the most
commonly grown plants in hydroponic systems, has a crop cycle of approximately 70
days in soil, whereas this period can be reduced to 30 days in hydroponic system
[Cometti et al., 2013; Sapkota et al., 2019]. For these reasons, cultivating leafy
vegetables such as lettuce in hydroponic systems enhances sustainable agricultural
production by augmenting water usage efficiency and enhancing production yields and

profitability [Majid et al., 2021].

This study evaluated the effects of three different concentrations (low, medium, and
high) of water, alkali, and acid extracts derived from C. barbata on the vegetative
growth performance and quality parameters of hydroponically cultivated lettuce
plants. Compared to control plants cultivated without the SWE, lettuce plants grown
hydroponically with the addition of all SWE to the nutrient solution exhibited
enhanced growth, increased yields and a healthier, more vigorous appearance (Figure
4.18). Especially, the maximum yield was observed at the highest concentrations of all
SWEs (Figure 4.19). Multiple studies have shown that the use of biostimulants on
lettuce significantly enhances biomass, leaf area, and overall yields [Navarro-Ledn et

al., 2022; Carillo et al., 2022; Di Mola et al., 2019; Noroozlo et al., 2019].

The results indicate that SWEs derived from C. barbata as eco-friendly and
multifunctional plant biostimulants, supporting sustainable agricultural practices in
soilless systems. The observed increase in lettuce growth under hydroponic conditions
when treated with various extracts derived from the same seaweed, compared to

untreated plants, can be attributed to the presence of growth-promoting compounds
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including polysaccharides, hormone-like compounds as well as polyphenolic

substances.

Studies on lettuce plants, in soilless cultivation systems have demonstrated that the
incorporation of SWEs applications into the growth medium via nutrient solutions, as
in hydroponic systems, significantly enhances morphological and physiological traits,
overall plant growth parameters, yield, nutrient uptake as well as postharvest quality
[Miceli et al., 2021; Wang et al., 2022; Cuchca Ramos et al., 2025; Oiiez et al.,
2025]. Moreover, incorporating SWEs into nutrient solutions considerably enhances
the vegetative growth performance of hydroponically cultivated lettuce, owing to their
intrinsic plant growth-promoting properties [Vernieri et al., 2005; Wang et al., 2022].
A recent study also indicated that the use of SWE with hydroponic solutions enhanced
various growth indices of lettuce, including plant height, leaf count, length, breadth,
root development, and overall yield, and these observed beneficial benefits were
ascribed to the response elicited by the hormones in the SWE rather than the mineral

elements in the solution [Oiiez et al., 2025].

The control plant exhibited the lowest shoot and root biomass, whereas the C. barbata
SWE treatments resulted in a significant enhancement of both dry weight (Table 4.20).
In general, both shoot and root dry weight attained their peak values when subjected
to water extract treatment. In general, lettuce plants subjected to SWE revealed a
reduced R/S ratio (Table 4.20). The low R/S ratio, which quantifies the biomass
distribution between roots and shoots, indicates that in nutrient- and water-rich
environments, such as hydroponic systems, plants allocate less biomass to root
development due to minimal resource looking requirements [Mokany et al., 2006].
Consequently, they invest more energy in shoot growth, enhancing photosynthesis and
increasing above-ground biomass accumulation. This is regarded as a highly favorable
and anticipated physiological response, indicating that under optimal and stress-free
development conditions, plants are effectively utilizing available resources for
productive growth [Maskova and Herben, 2018]. Moreover, the R/S ratio serves as
a crucial indicator of plant adaptation to environmental resource constraints [Bonifas
and Lindquist, 2006]. Particularly, under conditions of nutrient or water scarcity,
plants typically allocate greater resources to their root systems to enhance nutrient and
water absorption, resulting in an elevated R/S ratio and increased root biomass

[Franco et al., 2011; Lopez et al., 2023].
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Increased dry matter accumulation in lettuce resulting from high-dose SWE treatments
may correlate with enhanced photosynthetic activity and elevated nutrient density,
signifying superior physiological performance (Table 4.20). Consistent with this study
conducted in the winter months, a study revealed that the dry matter content of lettuce
was approximately 7% in the summer months, decreasing to 4% in the winter months
[Pereira et al., 2023]. The dry matter ratio (DMR), reflecting the proportion of a
plant's fresh mass comprised of structural, metabolic, and storage components as
opposed to water, serves as a measure of plant growth efficiency and quality. Multiple
studies indicated that 95% of plant dry matter accumulation originated from organic
matter generated by photosynthesis, with the photosynthetic rate serving as the
foundation for biological yield development [Zhang et al., 2023a]. An elevated DMR
typically indicates effective nutrient use, improved texture, enhanced photosynthetic
activity and increased soluble solids. For fresh leafy vegetables like lettuce, a higher
DMR also provides to improved texture and longer shelf life, which is critical for
preventing postharvest losses and ensuring high storage quality [Huang et al., 2021].
Research on lettuce has consistently demonstrated a direct correlation between nutrient

accumulation and DMR [Souza et al., 2015; Govedarica-Lucié et al., 2020].

Seaweed applications were found to significantly influence the phenolic content and
antioxidant activity of hydroponically grown lettuce plants (Figure 4.20). Among all
treatment groups, the highest total phenolic content and antioxidant activities were
recorded in lettuce plants exposed to high concentrations of the extracts. Overall, acid
extract applications had the greatest effect on phenolic content and antioxidant activity
in a dose-dependent manner, followed by water and alkali extracts. Phenolic
substances are thought to extend the shelf life of lettuce, therefore aiding in the
minimizing of postharvest loss [Rasouli et al., 2022; Cuchca Ramos et al., 2025].
Moreover, it has been shown that these constituents in lettuce play a significant
protective role in the cardiovascular system, fight inflammation, and may even help
prevent cancer [Rashmi and Negi, 2020]. The utilization of SWE is known to induce
an increase in the total phenol content of the plant [Basavaraja et al., 2018; Cuchca

Ramos et al., 2025] as well as antioxidant activity [Di Mola et al., 2019].

In accordance with this study, Kim et al., (2018) have shown that red-green lettuce
varieties exhibit a greater average total phenolic content of 227 mg GAE/100 g FW
compared to green lettuce varieties, which contain 133 mg GAE/100 g FW. High
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levels of phenolic compound in plants are associated with better antioxidant activity,
and the use of SWEs in plant production can increase the nutritional value and quality
of plants by accumulating non-enzymatic antioxidant substances and increasing
antioxidant enzyme activities [Allen et al., 2001; Kang and Saltveit, 2002; Fan et
al., 2011]. These observed improved phenolic and antioxidant activity in SWE-applied
lettuce plant can be attributed to polysaccharides present in SWEs function as elicitors,
augmenting the activity of phenylalanine ammonia-lyase (PAL), an essential enzyme
in phenolic synthesis, thereby leading to an increase in phenolic compounds [Bouissil
et al., 2020; Ali et al., 2021]. Moreover, SWEs improve the absorption of nutrients,
particularly trace elements like Zn, Mn, and Cu, which function as cofactors in
enzymatic pathways related to phenolic metabolism [Bradacova et al., 2016]. The
enhanced phenolic levels in plants may be partly ascribed to stimulation of endogenous
hormone activity with SWEs [Lola-Luz et al., 2014]. Additionally, SWEs generally
include high concentrations of organic and inorganic osmolytes including proline,
mannitol and glycine betaine may be partially absorbed by the plant and/or may induce
mild and transient osmotic stress [Di Stasio et al., 2020] and so SWEs may have
simulated mild stress, which does not harm the plant but triggers secondary mechanism
reactions, including the synthesis of phenolic chemicals. Glycine betaine was
demonstrated to induce phenolic accumulation and the activity of their biosynthetic
enzymes [Wang et al., 2019]. Moreover, ascorbic acid and carotenoids, significant
antioxidant components, enhance the overall antioxidant activity of lettuce [Nicolle et
al., 2004]. Consequently, the applied C. barbata extracts are intrinsically abundant in
phenolic compounds [Mutlu-Durak et al., 2024], which can be absorbed by the plants
and/or modulate endogenous signaling pathways, hence augmenting the overall
phenolic content observed in the treated plants. There is a growing consumer or market
interest for vegetables or fruit with high antioxidant qualities, regarded as value-added
foods that may aid in avoiding damage caused by oxidative stress [Chrysargyris et

al., 2018; Rahman et al., 2021].

Vitamin C, a major water-soluble antioxidant, is highly concentrated on meristems,
photosynthetic tissues, root tips, flowers, and developing fruits [Akram et al., 2017].
These levels fluctuate significantly based on genotype, environmental conditions, and
the developmental phase [Gest et al., 2012]. Vitamin C participates in many important

processes such as photoprotection, ROS scavenging, a-tocopherol regeneration, and
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electron transferring to photosystem II [Smirnoff, 2000; Téth et al., 2009]. It also
participates in the production of substances including anthocyanins, ethylene,
flavonoids, gibberellic acid, which are crucial for growth and ripening of fruit as a
cofactor for certain metabolic enzymes [Smirnoff and Wheeler, 2000]. It modulates
plant hormones production and, by acting as an electron donor during stress, facilitates
the enzymatic elimination of ROS, thus maintaining cell balance and integrity
[Hasanuzzaman et al., 2019a]. Furthermore, it can serve as a precursor for molecules
such as organic acids that are found in large amounts in fruits and have effects such as

flavor, nutritional value, and shelf-life extension [Shi et al., 2022].

The addition of SWEs to the hydroponic system led to an increase in both total and
reduced vitamin C levels in harvested lettuce plants (Figure 4.21). Overall, water and
acid extract treatments resulted in a significant enhancement of total vitamin C level
compared to other application groups (Figure 4.21A). On the other hand, the highest
level of reduced vitamin C was observed in lettuce plants treated with the high

concentration of the water extract (Figure 4.21B).

Seaweed-derived biostimulants enhanced ascorbic acid levels in greenhouse lettuce
[Rasouli et al., 2022], pepper [Mohamed et al., 2021], spinach [Rouphael et al.,
2018b], and tomato [Arikan-Algul et al., 2025]. Ascorbic acid is recognized for its
significant function in the protection of chloroplasts [La Bella et al., 2021]. The
correlation between photosynthesis and ascorbic acid synthesis in plants suggests that
the elevated levels of vitamin C observed with seaweed-based biostimulants may result
from enhanced chlorophyll content and increased photosynthetic activity, attributable
to the stimulatory effects of SWE [Patel et al., 2017; Rasouli et al., 2022]. The
positive impact of SWE on vitamin C levels is ascribed to the intricate combination of
amino acids, hormones, carbohydrates, phenolic substances, vitamins and lipids,

which are readily taken by plants [Rasouli et al., 2022; Cuchca Ramos et al., 2025].

Augmenting the vitamin C levels in plants can have several advantages, like enhancing
the nutritional value of food and augmenting resilience to abiotic stress [Wang et al.,
2024]. Moreover, Saini et al., [2016] reported that elevated levels of ascorbic acid in

lettuce enhanced shelf-life by maintaining phenolic components.

Humans are unable to synthesize this substance, so they must depend solely on dietary

sources for their intake [Fenech et al., 2019]. Fruits and vegetables are considered the
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principal sources of vitamin C, which is a significant determinant of the nutritional
quality of fruits and vegetables [Medina-Lozano et al., 2021]. Moreover, ascorbic
acid accounts for roughly 25% of the total antioxidant activity in lettuce, signifying
that vitamin C is a principal antioxidant [Carnat et al., 2004]. The mean vitamin C
concentration of loose-leaf lettuce utilized in this investigation was recorded as 10.39
mg/100 g FW [Yang et al., 2022]. Moreover, a recent study, consistent with this
findings, indicated that the vitamin C in Lollo Rosso rose to 12.2 mg/100 g FW
following biostimulant treatment [Stojanovi¢ et al., 2020]. In this study, Vitamin C
levels in lettuce plants treated with C. barbata extract were similarly found to reach
12 mg/100 g. Moreover, their levels are affected by many things, such as cultivar,
pigmentation, genotypic differences, growing weather conditions, farming methods,
the fruit or vegetable's level of ripeness, and how it was picked, stored, and handled

after harvest [Marin et al., 2004].

In consistent with our results, recent research indicated that using SWEs in hydroponic
systems can enhance both the yield and nutritional quality, including vitamin C, of
lettuce [Rasouli et al., 2022]. Moreover, hydroponically cultivated lettuce has
markedly elevated concentrations of ascorbic acid and tocopherols than soil-cultivated
lettuce [Buchanan and Omaye, 2013]. Moreover, Selma et al., [2012] reported in a
study that L. sativa cv. Lollo Rosso grown in a soilless system had higher
phytochemical levels, like vitamin C and total phenolics compounds, compared to
grown in soil production system. Soilless systems are favored for their ability to
enhance antioxidant levels, particularly in red-leafed genotypes, as these chemicals not
only confer health benefits but also safeguard against spoiling of fresh-cut products
[Hodges and Toivonen, 2008; Selma et al., 2012]. In general, the increased
production of phytochemical substances in leafy greens, including lettuce, represents
a notable nutritional benefit, substantially impacting human health and longevity

[Rouphael et al., 2018b].

Vitamin C is especially susceptible to degradation under unfavorable pre- and
postharvest conditions, like prolonged storage, extreme high and low temperatures,
inadequate relative humidity, and physical harm [Tudela et al., 2002]. The reduced
form (ascorbic acid), a biologically active antioxidant, is a less stable form of Vitamin
C and demonstrates the plant's current antioxidant capacity. It is the bioavailable form

of Vitamin C, essential for collagen formation, iron absorption, immunological
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support, and the neutralization of free radicals in the human body. It is easily oxidized
by ascorbate oxidase, particularly in the presence of O, metal ions, and elevated pH
and temperatures, resulting in its conversion to dehydroascorbic acid (DHA), the
oxidized form [Lee and Kader, 2000]. This oxidized form can also be converted back
to ascorbic acid within cells with substantial reducing capacity, such as erythrocytes
or hepatocytes. On the other hand, total vitamin C, encompassing both active and
inactive forms inside the plant, is a more stable than the ascorbic acid. It indicates the
maximum potential vitamin C and reveals the initial quantity present prior to
processing, storage, and other factors. After consumption of lettuce, both forms of
vitamin C can be digested and absorbed across the small intestinal epithelium by
different mechanisms via transporters in human body [Malo and Wilson, 2000; Shi
et al., 2022]. Consequently, both higher reduced and total vitamin C levels are ideal,
signifying that the plant or fruit is fresh, robust, and stable.

Carotenoids are a category of lipid-soluble phytochemicals that serve as accessory
pigments in photosynthesis and are essential for safeguarding plants from photo-
oxidative stress [Bohn, 2019; Sun et al., 2022]. They are integral to plant metabolism,
facilitating the absorption of particular light spectrum, eliminating ROS produced
through photosynthesis, preserving intricate light-harvesting proteins, and protecting
thylakoid membranes [Young and Lowe, 2018; Garcia-Caparrés et al., 2019;
Hussain et al., 2019]. Moreover, they are essential compounds in plants, performing
a wide range of functions including contribution to pigmentation, and regulation of
signaling pathways [Sun et al., 2022]. Additionally, research has demonstrated that
carotenoids play a role as a precursors in the production of several phytohormones, all

of which enhance plant development [Maoka, 2020].

All SWE treatments resulted in elevated carotenoid levels in hydroponically grown
lettuce plants, particularly under low concentrations of acid, alkali, and water extracts,
compared to plants that did not receive any C.barbata SWE treatment (Figure 4.22).
Carotenoids in lettuce may rise with the usage of SWEs due to various synergistic
effects induced by the bioactive components included in the extracts. Moreover, this
increase may be due to the fact that SWEs contain various active compounds such as
polyphenols and hormone-like substances that can trigger the antioxidant defense

system of the plant, which encourages the production of more carotenoids.
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The use of biostimulants commonly results in an elevation of photosynthetic pigments,
notably carotenoids, which are crucial for chlorophyll synthesis [Abobaker et al.,
2018; Carillo et al., 2019]. Applications of SWE can enhance chlorophyll content,
therefore augmenting photosynthesis, stomatal conductance as well as water use
efficiency [de Carvalho et al., 2019]. Several recent studies, including those on lettuce
[Di Mola et al., 2019; Asadi et al., 2022], have indicated that the application of SWE
enhances photosynthetic pigment rate, resulting in considerably greater total
chlorophyll levels in plant [Castellanos-Barriga et al., 2017; Mahmoud et al., 2019].
Seaweed extract comprises high levels of plant growth regulators and betaines, which
can substantially enhance plant growth, boost leaf development, and augment
photosynthetic pigment synthesis as well as cytokinin, which protects chloroplasts and
stimulates endogenous cytokinin biosynthesis in plants [Gupta et al., 2021; Alhasan
et al., 2021; Nabti et al., 2018]. Furthermore, SWE possesses a high concentration of
mineral nutrient elements including K, Mg, N and Fe, with Mg being crucial for
chlorophyll formation and K contributing positively to improving photosynthesis,
stimulating meristem growth, and modulating the water levels of plants [Chrysargyris
et al., 2018]. As photosynthesis increases, carotenoids concurrently grow to facilitate
photoprotection. In general, these favorable outcomes can be ascribed to the SWE
application, which enhanced the total chlorophyll content in the leaves, hence

improving the ability and efficacy of the photosynthetis as well as yield.

Glutathione, an integral component of the ascorbate—glutathione (AsA-GSH) cycle
that sustains redox homeostasis, fulfills critical roles in signal transmission, SO+*
transport, and molecules conjugation [Gong et al., 2018]. Moreover, it is crucial in
modulating internal defense mechanisms by effectively eliminating ROS [Lushchak
et al., 2012; Kesarwani et al., 2013]. The biological activity of antioxidant
compounds such as vitamins C and E and coenzyme Q10 is largely dependent on
glutathione levels [Ballatori et al., 2009]. Moreover, it is purportedly implicated in
the mechanism that fosters the convertion of DHA to AA, a process crucial for
sustaining vitamin C levels in plants, ensuring the stability of vitamin C in tissues, and
enhancing cellular health and the defense system [Paciolla et al., 2019;

Hasanuzzaman et al., 2019b].

In this study, hydroponically grown lettuce plants treated with high levels of acid
extract had higher GSH levels (Figure 4.23). Glutathione is present in the majority of
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cells and tissues in both plants and mammals [Flieger et al., 2021; Irato and
Santovito, 2021]. It is an essential nonenzymatic antioxidant necessary for the life of
people, animals, and plants, existing in reduced (GSH) and oxidized (GSSG) forms
[Foyer and Noctor, 2011; Al-Temimi et al., 2023]. Within the cell, almost 98% of
glutathione exists in the GSH form [Ighodaro et al., 2018]. The presence of amino
acids such as cysteine, which contain sulfur, is required for glutathione synthesis; as a
result, it is known that sulfur deficiency causes a decrease in glutathione levels [Noctor
et al., 2011; Honsel et al., 2012]. For these reason, the increase in glutathione levels
observed with C. barbata extracts can be attributed to the presence of S element and
sulfur-containing compounds such as fucoidan, amino acids, sulfate esters and

organosulfur in the extract (Table 3.1, Table 4.1).

This study also investigated the effects of different doses of SWE applications on the
root systems of lettuce plants. The results of the root analysis showed that the
applications had a positive effect, stimulating improvements in various parameters,
including root length, surface area, volume, diameter, and root tip number. (Table

4.24).

Seaweed extracts added to the nutrient solution resulted in a stronger root system in
various plants, including lettuce grown in these systems [Wang et al., 2022]. It is
known that high levels of phytohormones and hormone-like activity, also found in C.
barbata extracts [Mutlu-Durak et al., 2024], have a significant effect on the
developed root system by stimulating and accelerating root growth, promoting lateral
root formation, and enhancing root hair elongation [Craigie et al., 2010; Ertani et al.,
2018; Frick and Strader, 2018; Mukherjee and Patel, 2020; Hamouda et al.,
2022], which significantly improves the nutrient acquisition efficiency of the plant,
supporting increased physiological function and overall yield and developmental
vitality [Calvo et al., 2014]. Moreover, these beneficial impacts of SWE on the root
system architecture may be ascribed to the activation of an auxin-related gene triggered
by alginate oligosaccharide, resulting in elevated auxin levels that stimulate root
development and elongation [Zhang et al., 2014]. Moreover, it has been documented
that certain polysaccharides including alginates and sulfated compounds can activate
plant defensive mechanisms and have direct or indirect involvement in root growth

and development [Gonzalez et al., 2013]. Thanks to SWEs, this improvements in the
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root system can be even more beneficial in stress conditions where growth and

development are difficult [Khan 2009; Ali et al., 2021].

The stimulating impact of C. barbata-based SWEs on root system morphology likely
contributed to the enhanced accumulation of macroelements like K and microelements
such as Fe in lettuce plants (Table 4.24, Table 4.25, Table 4.26). This enhanced
accumulation of minerals in plants applied with SWEs was attributed to the
upregulation of genes encoding transporters and/or the encouragement of root cell
division and the growth of lateral roots and hairs [Mugnai et al., 2008; Spinelli et al.,

2010].

Mineral analysis indicated alterations in the mineral element compositions of
hydroponically cultivated lettuce following treatments (Tablo 4.25 and Tablo 4.26).
Compared to the control group, lettuce plants treated with C.barbata extracts showed
similar Ca and S concentrations across all application levels (Table 4.25). However, a
slight decrease in P, Ca and Mg levels was observed, along with an increase in K
concentration. The reductions in Ca and Mg levels in C.barbata extracts-treated lettuce
plants may result from the antagonistic interaction between these elements and K
during uptake and translocation [Jacobsen, 1993]. Although mineral concentrations
are expressed on a dry matter basis, since changes in lettuce dry matter in response to
SWE treatments are known (Table 4.22, Table 4.25), it can be safely concluded that
all SWE-treated plants had substantially higher K levels on a FW basis than control
plants. Numerous studies have demonstrated that the application of biostimulants
enhances potassium levels in lettuce plants [Carillo et al., 2022; Giordano et al.,
2022]. Potassium is known to be the most abundant mineral element compared to other
elements in SWEs obtained from C. barbata [Mutlu-Durak et al., 2024]. Numerous
studies have demonstrated that the application of SWE enhances K levels in plants
[Fei et al., 2017; Rouphael et al., 2018b; La Bella et al., 2021; Mutlu-Durak et al.,
2024 Arikan-Algiil, et al., 2025]. Moreover, Chrysargyris et al., [2018]
demonstrated that the application of foliar sprays containing SWEs reduced the effects
of K deficiency, increased antioxidant capacity, and improved the quality of processed
lettuce. In leafy vegetables such as lettuce, potassium concentrations play an important
role in market crop quality due to their positive contributions to nutritional quality such
as TSS, acidity, health-related components and vitamin levels, in addition to visual

and structural quality such as postharvest durability, texture, size and color [Mitra and

146



Dhaliwal 2009; Lester et al., 2010; Marschner, 2012; Chrysargyris et al., 2018].
In addition, the increase in potassium accumulation due to SWEs may be thought to
be related to cell expansion, membrane traffic, auxin balance, signaling pathways and

especially root development [Sustr et al., 2019].

In addition to macronutrient concentrations, applications of algae-based biostimulants
led to a reduction in the concentrations of Zn, Cu, and B micronutrients in the leaves
of hydroponically grown lettuce plants, irrespective of the type of SWE used (Table
4.26). In contrast, lettuce plants treated with high concentrations of water extracts
exhibited higher levels of Fe and Mn compared to other treatment groups. The
augmentation of Fe in lettuce resulting from biostimulant treatment may enhance the
physiological condition of the plants, as Fe is essential in the catalytic centers of
numerous hemoprotein redox enzymes, such as cytochromes, peroxidases, and CAT
as well as is essential for photosynthesis and nitrogen assimilation [Hinsch and

Mendel, 2009; Atero-Calvo et al., 2024].

A recent study has shown that up to 50% of commercial fertilizer input in
hydroponically grown lettuce systems can be effectively replaced with SWE, thus
halving the dependency on chemical fertilizers and with a return on investment of
around 100%, consequently making SWE a promising component of a more
sustainable fertilization strategy [Ofiez et al., 2025]. In addition, the application of
algae-based biostimulants in soilless systems without causing yield reduction can
reduce the required fertilizer input by increasing mineral uptake and accumulation,
thus reducing both production costs and environmental pollution concerns [Shahein
et al., 2014; Guilayn et al., 2020]. Moreover, biostimulants enhance nutrient use
efficiency, enabling a decrease in fertilizer usage and improving the uptake of
macronutrients like potassium and micronutrients such as iron, thereby elevating
nutritional quality, which benefits human health and fosters sustainable agricultural
practices by mitigating environmental impacts [Navarro-Ledn et al., 2022; Yaseen
and Takacs-Hajos, 2022; Noroozlo et al., 2019]. These results can be attributed to
the modification of root morphology system by SWE, which improves plant nutrient

uptake [Table 4.24-4.26].

Although studies on the effects of plants grown in biostimulant-treated medium on

human health are insufficient, a study has shown that consumption of lettuce grown in

SWEs-treated medium has positive effects on human health [Di Gaudio et al., 2025].
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In addition, they suggested that SWE-enriched lettuce could be a natural alternative to
iron supplements with various side effects by improving Fe homeostasis in the blood
by increasing serum Fe concentration and could be evaluated as a solution to Fe
deficiency or anemia, a significant public health concern, particularly among

individuals adhering to vegan or vegetarian diets.

The results of this thesis study revealed that all C. barbata extracts improved
vegetative growth and overall plant performance in hydroponically grown lettuce
plants, as well as improved quality parameters such as dry matter, phenolic and
antioxidant capacity, carotenoids, glutathione, nutritional properties and vitamin C
concentration. Consequently, biostimulants may be an important tool for enhancing
edible plant components, such as leaves and fruits, with minerals that are essential for
maintaining human health [Carillo et al., 2020b; Rouphael et al., 2021]. Thus, the
integration of hydroponics and seaweed-based biostimulants represents a viable eco-

friendly approach to vegetable crop cultivation [Vernieri et al., 2005].

5.5. Comparison of Foliar Applications of C. barbata
Extracts and a Commercial Seaweed-Based Product on
Yield and Fruit Quality of Pepper

Substrate culture, recognized as one of the most common methods in greenhouse crop
production, offers advantages such as optimized particle size distribution, improved
capillary porosity, and enhanced water-holding capacity over traditional soil-based
systems, as well as offering more accurate and easy control over the supply and
composition of mineral nutrients and other components, thereby enabling more

consistent crop performance and efficient resource management [Tuxun et al., 2025].

Biostimulants, such as SWEs, demonstrate potential as sustainable solutions that
enhance plant performance and minimize inputs in pepper cultivation in both soilless
and soil-based systems [Arthur et al., 2022; Ashour et al., 2021]. Many studies in
the literature have shown that foliar applications of different algae extracts can increase
fruit yields and quality of many different pepper varieties grown in greenhouse

conditions in soilless systems [Khan et al., 2018; Melo et al., 2020].

A greenhouse experiment was conducted to assess the effectiveness of foliar

applications of SWEs (water, alkali and acid) from C. barbata and a commercial
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seaweed-based biostimulant product (Acadian) in enhancing the yield and quality
parameters of pepper plants cultivated in a substrate culture system using cocopeat as

the growth medium.

Foliar applications serve as an alternative or complementary strategy to soil
fertilization in agricultural production, as they provide nutrients directly to specific
tissues, act more swiftly on the plant, and are more precise and environmentally
sustainable, with a diminished risk of environmental pollution compared to soil
applications [Niu et al., 2021]. However, the transfer of foliar-applied nutrients
through the epidermis and into internal tissues is a complex process characterized by
varying efficiency [Fernandez and Brown, 2013]. Furthermore, the efficacy of foliar
sprays can be affected by several environmental (humidity, windy, rainfall, light
intensity, photoperiod, temperature), physicochemical, and physiological parameters
pertaining to the plant, in addition to the characteristics of the spray composition

[Alshaal and ElI-Ramady, 2017; Hariharan et al., 2024].

The predominant and popular method of biostimulant application is foliar spraying,
succeeded by application to soil or hydroponic solution and seed treatment [Wozniak
et al., 2020]. Seaweed-based biostimulant can be applied through seed imbibition,
direct incorporation into growth media such as soil or hydroponic systems, or via foliar
spraying [Ali et al., 2021]. Foliar applications, regarded as one of the most effective
and popular methods for delivering SWEs to many plants such as vegetables, cereals
and flowers [Karthikeyan and Shanmugam 2016]. Seaweed-based biostimulants can
be applied as a foliar spray application method, resulting in superior outcomes like
rapid growth promotion due to the enhanced absorption of various bioactive
compounds and direct interaction with the tissues, particularly when performed during
morning hours when stomata are most active [Sharma, et al. 2019; Battacharyya et

al., 2015; El Boukhari et al. 2020; Ashour et al., 2021].

In this study, biostimulant application interval is once every 2 weeks as a foliar
application to pepper plants grown in substrate culture medium. Numerous studies in
the literature have demonstrated that applying SWEs at optimal intervals of 10 to 14
days results in the highest levels of effectiveness in plants [Arioli et al., 2015]. The
components and quantity of seaweed-based biostimulants utilized in foliar applications
to pepper plants exhibit significant variability, influenced by factors like macroalga
types and extraction techniques [Khan et al., 2018; Ozbay and Demirkiran, 2019;
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Ashour et al., 2021; Mohamed et al., 2021; Ali et al., 2022]. Consequently, the
suggested application dosage for the commercial seaweed-based biostimulant product

(Acadian) featured in the study was utilized as a reference.

Although foliar applications of SWEs enhanced the total yield and fruit number of
pepper plants, no significant differences were observed in fruit weight per plant, with
the average fruit size remaining consistent across all treatment groups (Figure 4.24).
The highest fruit yield was recorded in cocopeat of pot-grown greenhouse pepper
plants treated with water-based SWE, followed by those treated with acid and alkali
extracts, respectively (Figure 4.24A). Notably, no additional yield benefit was
detected in plants treated with the commercial product. Among all treatment groups,
water extract applications resulted in the greatest fruit production, while acid and alkali
treatments exhibited comparable improvements in fruit quantity (Figure 4.25B).
Peppers from all treatment groups were of similar fruit weight. This shows that a
homogeneous sampling process was achieved by harvesting only long green peppers
that reached a certain fruit size (Figure 4.24C). The hormonal components of SWE
contributed to improved growth and fruit production in pepper plants, promoting
overall development [Khan et al., 2009]. Recent research demonstrated that an A.
nodosum treatment of tomato and pepper markedly stimulated the upregulation of
genes responsible for the synthesis of phytohormones, indicating a potential
correlation with plant growth and development [Ali et al., 2019]. Numerous studies
have documented that seaweed-based biostimulant foliar-applied to peppers revealed
substantial enhancements in vegetative growth performance and enhanced some
growth parameters including plant height, leaf area, branch quantity, stem diameter,
shoot dry matter, root length [Shabana et al., 2015; Ozbay and Demirkiran, 2019;
Ashour et al., 2021], flower number, fruit yield, and fruit number, length and diameter
and overall vigor and yield [Eris et al., 1995; Ali et al., 2022] as well as post-harvest
shelf life [Khan et al., 2018]. Overall, seaweed-based biostimulant increase yield by
promoting early flowering and fruit set in plants including pepper, and the increase in
yield may be attributed to the presence of plant hormone in the extracts, as well as
modulation of gene expression regulating the endogenous production of hormones
such as auxin and cytokinin by seaweed components [Kulkarni et al., 2019; Ali et

al., 2019]. Cytokinin found in SWE can increase the number of branches in the treated
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plants, which is reflected in the increased fruit yield of the pepper, by stimulating the
development of lateral buds [Mohamed et al., 2021].

Research indicates that pepper plants sprayed with SWE exhibited an increase in both
the quantity and productivity of fruits [Arthur et al., 2003; El Boukhari et al., 2020;
Mohamed et al., 2021]. Moreover, Khan et al., [2011] indicated that foliar
application of commercial seaweed products exhibited cytokinin-like activity,
implying that SWEs contain substances capable of stimulating endogenous cytokinin-

like activity.

Positive impacts of foliar applications, particularly those involving water and acid
extracts, were observed on the phenolic content of fruits harvested from pepper plants
cultivated in a cocopeat medium, as well as on their antioxidant capacities as assessed
by ABTS, DPPH, and FRAP assays (Figure 4.25A-4.25D). While foliar application
of commercial seaweed-based products did not significantly enhance the phenolic or
antioxidant activity of pepper fruits, significant improvements in both phenolic
substances as well as antioxidant activity were noted in plants treated with water and

acid extracts from C. barbata.

Phenolic substances, secondary metabolites that assist in defending plants from stress
factors, are recognized for their health benefits in humans, attributed to the protective
properties of dietary polyphenols against numerous chronic illness [Del Rio et al.,
2013]. A robust positive association typically exists between phenolics, the primary
metabolites responsible for the antioxidant activity in plants, and the overall
antioxidant activity [Jacobo-Veldzquez and Cisneros-Zevallos, 2009]. The color,
flavor, and nutritional attributes of peppers may be influenced by their antioxidant
levels; thus, understanding the phytochemical alterations during maturation and their
impact on antioxidant capacity are considerable dietary considerations that may
influence the consumption of various types [Paradikovi¢ et al., 2011]. A recently
published study showed that the extracts derived from C. barbata utilized in this thesis
research increased fruit yield as well as enhanced the phenolic and antioxidant content
in tomato fruits cultivated under greenhouse conditions [Arikan-Algiil et al., 2025].
Paradikovi¢ et al., (2011) indicates that the use of biostimulants on pepper plants
cultivated in substrate culture under greenhouse conditions typically results in
enhanced pepper yield, nutritional content and fruit quality including, antioxidant
activity, vitamin C and phenolic levels. Another study also shown that foliar
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application of a commercial seaweed-based biostimulant product to hot pepper plants
under greenhouse conditions not only enhanced yield but also increased antioxidant
activity of the fruit, resulting in increased levels of ascorbic acid and certain phenolic
compounds, including phenols and flavonoids, compared to conventional NPK

treatments [Ashour et al., 2021].

While foliar applications of commercial seaweed-based products did not enhance GSH
levels in pepper fruits, treatments with C. barbata extracts significantly increased GSH
concentrations, particularly in fruits from plants treated with alkali (16.7 mg/100 g
FW), water (14.4 mg/100 g FW), and acid extracts (12.4 mg/100 g FW), respectively
(Figure 4.26). Moreover, control plants exhibited the lowest GSH (9.9 mg/100 g FW)
levels. Consistent with our results, the GSH value range of sweet peppers reported in

the literature is 11-14 mg/100 g FW [Endo et al., 2019; Al-Temimi et al., 2023].

The essential function of glutathione in preserving redox equilibrium in humans, along
with mounting evidence of its diminished amounts in numerous chronic illnesses, has
prompted researchers to look at this molecule as both a diagnostic and a prospective

therapeutic target [Minich and Brown, 2019].

Sulfur is a crucial ingredient for the biosynthesis of cysteine, that, together with
glutamic acid and glycine, forms the tripeptide glutathione [Li et al., 2020]. Elevated
glutathione concentrations were correlated with increased sulfur levels in pepper

plants subjected to alkali SWE treatment (Table 4.28, Figure 4.26).

Vitamin C, an antioxidant molecule, acts as a powerful free radical scavenger and co-
factor of various enzymes that are essential not only for plants but also for human
metabolism [Paciolla et al., 2019]. Several studies have shown that Vitamin C plays
a role in post-harvest stress protection not only of photosynthetic tissues but also of

organs such as fruits [Gest et al., 2012].

In this study, fruits harvested from control plants that did not receive any algae-based
biostimulant treatment exhibited lower concentrations of both forms of vitamin C,
whereas the highest levels of these two forms of AsA were observed in fruits from
pepper plants treated with water extracts (Figure 4.27). Moreover, water-extracted
pepper plants exhibited elevated amounts (66 mg/100 mg) of total AsA, potentially

attributable to increased TSC levels, the precursor of ascorbic acid.
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Vitamin C concentrations in pepper genotypes can vary from 43 mg/100 g to 247
mg/100 g of fresh fruit, potentially providing 50% to over 100% of the recommended
daily intake (RDI). The current RDI for vitamin C is 90 mg per day for men and 75
mg per day for women [Wahyuni et al., 2013]. This means that one pepper fruit that
70 g can fulfill an individual's daily vitamin C requirements [Mohamed et al., 2021].
Although orange has only 50 mg per 100 g, the mean maximum vitamin C content in
green pepper varieties is 120 mg per 100 g; however, this concentration might exceed
200 mg in red pepper species [Locato et al., 2013; Zhang et al., 2023b]. Alongside
variations in genetic background, environmental cultivation circumstances can

influence the Vitamin C level [Howard and Wildman, 2007; Aloni et al., 2008].

Research indicates that the foliar spraying of SWE to tomato plants in greenhouse
settings significantly enhances quality parameters, including TSS and ascorbic acid
concentrations in the fruits [Ali et al., 2016]. Foliar treatments with seaweed-based
biostimulant caused an increase in ascorbic acid and total phenol content of leaves in

greenhouse spinach plants [Rouphael et al., 2018b].

Applications of neither commercial SWEs nor C. barbata-derived extracts resulted in
significant positive or negative alterations in the concentrations of macronutrients
(Table 4.28) and micronutrients in pepper plants cultivated in a cocopeat medium,
with the exception of Fe and Zn (Table 4.29). On the other hand, only the foliar
application of the alkali extract from C. barbata led to an increase in both Fe and Zn
concentrations in the pepper fruit. Overall, the mineral nutrient levels analyzed in this
study were within expected physiological ranges, with no indications of important
elemental toxicity or deficiency. Chrysargyris et al. (2018) found that foliar spraying
of SWEs to lettuce plants did not boost the accumulation of any of the nutritional

minerals tested.

No significant differences were detected in the photosynthetic pigment concentrations
of long green pepper fruits following foliar application of either commercial algae-
based biostimulant products or C. barbata-derived extracts (Figure 4.28). Neither
commercial nor C.barbata seaweed-based biostimulants had a notable impact on these
measured parameters. This finding indicates that fruits with comparable green color
intensities were consistently harvested across all treatment groups. Likewise, foliar
treatments of A. nodosum extract did not influence chlorophyll content in lettuce
[Chrysargyris et al., 2018] and spinach [Xu and Leskovar, 2015]. Moreover, a
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recent study has shown that the foliar-applied brown SWE did not considerably

influence carotenoid levels in spinach leaves [La Bella et al., 2021].

Compared to control plants, foliar applications of both commercial and C. barbata-
based biostimulants significantly increased the TSC concentration in pepper fruits
(Figure 4.29). The highest TSC was particularly observed in fruits from plants treated
with water and acid extracts. Increased TSC in fruit is due to the existence of growth-
stimulating hormones and minerals in SWE that increase the photosynthesis
performance and higher biomass of the plant [Fan et al., 2011]. This observed increase
can be attributed to the accelerated glucose biosynthesis enhanced by foliar
applications of water and acid extracts to pepper plants grown in substrate culture due
to the transferred ions and organic compounds converted to glucose [Nguyen-Quoc
and Foyer, 2001; Abbas et al., 2020]. Soluble carbohydrates, which enable the
transport of sugars from source organs to sink organs, can suppress the expression of
stress-related genes while promoting the expression of growth-related genes [Rosa et
al., 2009]. Foliar application of biostimulants led to an increased levels of glucose and
fructose in greenhouse-grown chili peppers [Ertani et al., 2014]. Additionally, a
higher concentration of total soluble sugars was observed in many plants other than
pepper treated with foliar applications of SWE [Khan et al., 2012; Kumari et al.,
2011; Zheng et al., 2016]. The significant increase in TSC observed in fruits may be
due to the increased biomass with increased allocation of assimilates to fruits by
elevated CO; fixation ratio, increased photosynthetic performance with SWEs
treatment, as well as the sinking power generated by the accumulation of stimulants
[Liava et al., 2023; Hao et al., 2024]. The accumulation of soluble sugars, including
glucose, fructose, and sucrose, predominantly found in the pericarp of fruits, is crucial
in defining aroma, flavor, and sweetness, hence considerably influencing the quality
of fruits and vegetables [Nookaraju et al., 2010; Zhang et al., 2023b; Guijarro-Real
et al., 2023]. Recent studies on rice and tomato indicate that the administration of
biostimulants improved photosynthetic activity, subsequently leading to a boost in

soluble sugar concentration [Liava et al., 2023; Hao et al., 2024].

The aforementioned results clearly indicated that all C. barbata SWEs tested as foliar
applications significantly increased fruit number and yield in pepper plants and
significantly improved overall plant performance compared to the control group. In

general, the results obtained from this study showed that the effects of SWEs obtained
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from C. barbata on pepper plants were more effective than the commercial seaweed-
based product. Overall, substrate culture-grown pepper plants treated with water
extract maximized yield as well as various fruit nutritional quality traits that were rich

in phenolic, antioxidant, vitamin C, and TSC, followed by acid extract.
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6. CONCLUSION

This thesis provides a comprehensive evaluation of the potential of C. barbata extracts
as natural biostimulants for enhancing plant growth and quality in soilless systems.
This research reveals that C. barbata is a valuable marine bioresource with strong
potential for development into effective biostimulants for soilless agriculture, as the
tested extracts are highly efficient, environmentally friendly, reliable, and

economically viable agents for sustainable agricultural practices.

In perlite experiments, the application of SWEs significantly enhanced early wheat
growth when applied to seeds or substrate, with substrate application showing more
consistent benefits. The trials using wheat as a model organism also indicate that C.
barbata-based biostimulants can alleviate salt stress in plants grown with poor-quality
irrigation water, supporting their utility in stress-prone environments, contributing to
the development of more sustainable and resilient agricultural practices. Application
of the extracts to nutrient solutions significantly improved lettuce yield, root
morphology, mineral levels (K and Fe), and nutritional quality including phenolics,
antioxidant activity, carotenoid and Vitamin C levels under greenhouse conditions.
Moreover, foliar treatment of pepper plants grown in substrate culture with C. barbata
extracts led to superior performance when compared to a commercial seaweed-based
biostimulant, improving not only yield but also various quality traits including
phenolic content, antioxidant activity, vitamin C, glutathione, and soluble

carbohydrate levels.

The positive effects observed in this study are likely attributed to the complex and
diverse chemical composition of C. barbata extracts. These include polysaccharides,
mannitol, amino acids, phenolic, antioxidants, osmolytes, and hormone or hormone-
like substances, all of which may act individually or synergistically to influence plant
physiological processes. However, the rich nature of SWEs and the variable responses
among plant species make it challenging to pinpoint specific mechanisms of action or
the exact compounds responsible for biostimulant activity. To address these
challenges, future research should focus on fractionating the water, acid, and alkali

extracts to characterize
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specific bioactive constituents. Identifying the most active compounds will enable the
development of targeted and more consistent biostimulant formulations. Additionally,
the complexity of potential synergistic effects could be better understood through

comprehensive characterization studies using advanced analytical techniques.

Based on these findings, future studies should focus on the biostimulant potential of
C. barbata extracts that can be further evaluated in other economically important crops
under different abiotic stress conditions. Future studies should also investigate the
extracts through a wider range of applications and long-term trials under commercial
soilless greenhouses to better understand their efficacy and practical applicability.
Moreover, the effects of more eco-friendly C. barbata extracts, such as those obtained
through cold pressing or supercritical fluid extraction, can also be tested. The
combined effects of these SWE, either with each other or other biostimulant
substances, can be explored to assess potential synergistic interactions. Investigating
the interaction between SWEs and the microbiome may also reveal synergistic effects

on plant health, nutrient uptake in soilless systems.

The establishment of industrial-scale C. barbata cultivation systems is another critical
step to protect marine ecosystems. This will ensure a consistent and sustainable
biomass supply, while also preventing the ecological degradation associated with the
overharvesting of wild brown macroalgae. Moreover, conducting life cycle
assessments and economic evaluations will provide insights into the sustainability and
cost-efficiency of integrating C. barbata-based products into modern agricultural
systems. This thesis also supports the potential integration of C. barbata biostimulants
into urban and controlled-environment agriculture systems, such as vertical and indoor
farming systems. These systems align well with the global transition toward
sustainable food production, particularly in the context of limited arable land and

climate change.

157



REFERENCES

Abad, M., Fornes, F., Carrion, C., Noguera, V., Noguera, P., Maquieira, A., Puchades,
R., “Physical properties of various coconut coir dusts compared to peat”, Hortscience
2005, 40, 2138-2144.

Abbas, M., Anwar, J., Zafar-ul-Hye, M., Igbal Khan, R., Saleem, M., Rahi, A. A,
Datta, R., “Effect of seaweed extract on productivity and quality attributes of four
onion cultivars”, Horticulturae, 2020, 6, 28.

Abd Tahar, S. Z., How, S. E., Lum, M. S., Surugau, N., “Seaweed Extracts as Bio-
stimulants for Rice Plant (Oryza sativa)” 2022.

Abdelaal, K.A., EL-Maghraby, L.M., Elansary, H., Hafez, Y.M., Ibrahim, E.I., El-
Banna, M., El-Esawi, M., Elkelish, A.,“Treatment of sweet pepper with stress
tolerance-inducing compounds alleviates salinity stress oxidative damage by
mediating the physio-biochemical activities and antioxidant systems”, Agronomy
2020, 10, 26.

Abdel-Raouf, N., Mohamed, H., Mostafa, S., Ibraheem, I., “Controlling of microbial
growth by using Cystoseira barbata extract”, Egyp. J. Bot. 2017, 57, 469-477.

Abedini, M., “Physiological responses of wheat plant to salinity under different
concentrations of Zn”, Acta Biol. Szeged. 2016, 60, 9—16.

Abobaker, A. M., Bound, S. A., Swarts, N. D., Barry, K. M., “Effect of fertiliser type
and mycorrhizal inoculation on growth and development of sunflower (Helianthus
annuus L.)”, Rhizosphere, 2018, 6, 11-19.

Abogadallah, G.M. Insights into the significance of antioxidative defense under salt
stress. Plant Signal. Behav. 2010, 5, 369-374.

Acosta-Motos, J.R., Ortuiio, M.F., Bernal-Vicente, A., Diaz-Vivancos, P., Sanchez-
Blanco, M.J., Hernandez, J.A. “Plant responses to salt stress: Adaptive mechanisms”,
Agronomy 2017, 7, 18.

Adams, J. M. M., Ross, A. B., Anastasakis, K., Hodgson, E. M., Gallagher, J. A.,
Jones, J. M., Donnison, I. S., “Seasonal variation in the chemical composition of the
bioenergy feedstock Laminaria digitata for thermochemical conversion”, Bioresour.

Technol. 2011, 102, 226-234.

Afzal, 1., Rauf, S., Basra, S. M. A., Murtaza, G., “Halopriming improves vigor,
metabolism of reserves and ionic contents in wheat seedlings under salt stress”, Plant
Soil Environ. 2008, 54, 382—-388.

Agregan, R., Munekata, P. E., Dominguez, R., Carballo, J., Franco, D. Lorenzo, J. M.,

“Proximate composition, phenolic content and in vitro antioxidant activity of aqueous
extracts of the seaweeds Ascophyllum nodosum, Bifurcaria bifurcata and Fucus

158



vesiculosus. Effect of addition of the extracts on the oxidative stability of canola oil
under accelerated storage conditions”, Food Res. Int. 2017, 99, 986-994.

Ahanger, M.A., Mir, R.A., Alyemeni, M.N., Ahmad, P., “Combined effects of
brassinosteroid and kinetin mitigates salinity stress in tomato through the modulation
of antioxidant and osmolyte metabolism”, Plant Physiol. Biochem. 2020, 147, 31-42.

Ahmad, M.S.A., Ashraf, M., Ali, Q., “Soil salinity as a selection pressure is a key
determinant for the evolution of salt tolerance in Blue Panicgrass (Panicum antidotale
Retz.)”, Flora-Morphol. Distrib. Funct. Ecol. Plants 2010, 205, 37-45.

Ahmad, P., Ahanger, M.A., Alam, P., Alyemeni, M.N., Wijaya, L., Ali, S., Ashraf, M.
“Silicon (Si) supplementation alleviates NaCl toxicity in mung bean [Vigna radiata
(L.) Wilczek] through the modifications of physio-biochemical attributes and key
antioxidant enzymes”, J. Plant Growth Regul. 2019, 38, 70-82.

Ahmed, Z.F., Alnuaimi, A K., Askri, A., Tzortzakis, N., “Evaluation of Lettuce
(Lactuca sativa L.) production under hydroponic system: Nutrient solution derived
from fish waste vs. Inorganic nutrient solution”, Horticulturae 2021, 7, 292.

Aires, A., “Hydroponic production systems: Impact on nutritional status and bioactive
compounds of fresh vegetables. Vegetables: Importance of quality vegetables to
human health 2018, 55.

Ak, ., Tiirker, G., “Antioxidant properties and phytochemicals of three brown macro
algae from the Dardanelles (Canakkale) Strait”, Agric. Sci. Technol. 2018, 10: 354—
357.

Ak, 1., Cankiriligil, E. C., Tiirker, G., Sever, O., Abomohra, A., “Enhancement of
antioxidant properties of Gongolaria barbata (Phaeophyceae) by optimization of
combined light intensity and salinity stress”, Phycologia, 2022 61, 584-594.

Akhter, N., Noreen, A., Saifullah, S., Noman, A., Shahnaz, M. M., Letuma, P. M.,
Ageel, M., “Salt ion mediated changes in biochemical and anatomical characteristics
of Brassica napus can be countered with Moringa Leaf extract”, S. Afr. J. Bot. 2023,
156, 352-364.

Akram, N.A., Shafiq, F., Ashraf, M., “Ascorbic acid-a potential oxidant scavenger and
its role in plant development and abiotic stress tolerance”, Front. Plant Sci. 2017, 8§,
613.

Alché, J.D., “A concise appraisal of lipid oxidation and lipoxidation in higher plants”,
Redox Biol. 2019, 23, 101136.

Alfosea-Simoén, M., Zavala-Gonzalez, E. A., Camara-Zapata, J. M., Martinez-Nicolas,
J. J., Simon, 1., Simon-Grao, S., Garcia-Sanchez, F., “Effect of foliar application of
amino acids on the salinity tolerance of tomato plants cultivated under hydroponic
system”, Sci. Hortic. 2020, 272, 109509.

Alhasan, A. S., Aldahab, E. A., Al-Ameri, D. T., “Influence of different rates of
seaweed extract on chlorophyll content, vegetative growth and flowering traits of

159



gerbera (gerbera jamesonii 1.) grown under the shade net house conditions”, In IOP
Conference Series: Earth and Environmental Science 2021, 923, 012019.

Ali, N., Farrell, A., Ramsubhag, A., Jayaraman, J., “The effect of Ascophyllum
nodosum extract on the growth, yield and fruit quality of tomato grown under tropical
conditions”, J. Appl. Phycol. 2016, 28, 1353-1362.

Ali, O., Ramsubhag, A., Jayaraman, J., “Biostimulatory activities of Ascophyllum
nodosum extract in tomato and sweet pepper crops in a tropical environment”, PLoS
One 2019, 14, ¢0216710.

Ali, O., Ramsubhag, A., Jayaraman, J., “Biostimulant properties of seaweed extracts
in plants: Implications towards sustainable crop production”, Plants 2021, 10, 531.

Ali, O., Ramsubhag, A., Farrell, A. D., Jayaraman, J. “Foliar application of seaweed
extracts influences the phytomicrobiome dynamics in tomato and sweet pepper plants”
J. Appl. Phycol. 2022, 34, 3219-3235.

Aloni, B., Karni, L., Deventurero, G., Turhan, E., Aktas, H., “Changes in ascorbic acid
concentration, ascorbate oxidase activity, and apoplastic pH in relation to fruit
development in pepper (Capsicum annuum L.) and the occurrence of blossom-end
rot”, J. Hortic. Sci. Biotechnol. 2008, 83, 100-105.

AlShrouf, A., “Hydroponics, Aeroponic and Aquaponic as Compared with
Conventional Farming”, Int. Sch. Res. Netw. Agron. (ISRN) 2017, 27, 247-255.

Al-Temimi, A. A., Al-Mossawi, A. E. B., Al-Hilifi, S. A., Korma, S. A., Esatbeyoglu,
T., Rocha, J. M., Agarwal, V. “Glutathione for food and health applications with
emphasis on extraction, identification, and quantification methods: a
review”. Metabolites, 2023,13, 465.

Alva, A K., Mattos Jr., D., Paramasivam, S., Patil, B., Dou, H., Sajwan, K.S.,
“Potassium management for optimizing citrus production and quality”, Int. J. Fruit Sci.
2006, 6, 3-43.

Alvarez, 1. Z., Ahmed, M., McSorley, G., Dunlop, M., Lucas, I., Hu, Y., “An overview
of biostimulant activity and plant responses under abiotic and biotic stress
conditions”, Systems Microbiology and Biomanufacturing, 2024, 4, 39-55.

Al-Whaibi, M. H., Siddiqui, M.H., Basalah, M.O., “Salicylic acid and calcium-
induced protection of wheat against salinity”, Protoplasma 2012 249, 769-778.

Annunziata, M. G., Ciarmiello, L. F., Woodrow, P., Maximova, E., Fuggi, A., Carillo,
P., “Durum wheat roots adapt to salinity remodeling the cellular content of nitrogen
metabolites and sucrose”, Front. Plant Sci. 2017, 7, 2035.

Annunziata, M. G., Ciarmiello, L. F., Woodrow, P., Dell’Aversana, E., Carillo, P.,

“Spatial and temporal profile of glycine betaine accumulation in plants under abiotic
stresses”, Front. Plant Sci. 2019, 10, 230.

160



Arif, M. R, Islam, M. T., Robin, A. H. K., “Salinity stress alters root morphology and
root hair traits in Brassica napus”, Plants 2019, 8, 192.

Arikan-Algul, Y., Mutlu-Durak, H., Kutman, U. B., Yildiz Kutman, B., “Biostimulant
Extracts Obtained from the Brown Seaweed Cystoseira barbata Enhance the Growth,

Yield, Quality, and Nutraceutical Value of Soil-Grown Tomato”, Agronomy 2025, 15,
1138.

Arioli, T., Mattner, S.W., Winberg, P.C., “Applications of Seaweed Extracts in
Australian Agriculture: Past, Present and Future”, J. Appl. Phycol. 2015, 27, 2007—
2015.

Arnao, M.B., Hernandez-Ruiz, J., Cano, A., Reiter, R.J., “Melatonin and carbohydrate
metabolism in plant cells”, Plants 2021, 10,1917.

Arthur, G. D, Stirk, W. A., Van Staden, J., Scott, P., “Effect of a seaweed concentrate
on the growth and yield of three varieties of Capsicum annuum”, S. Afr. J. Bot. 2003,
69, 207-211.

Arthur, J. D., Li, T., Bi, G., “Plant growth, yield, and quality of containerized heirloom
chile pepper cultivars affected by three types of biostimulants”, Horticulturae 2022, 9,
12.

Asadi, M., Rasouli, F., Amini, T., Hassanpouraghdam, M. B., Souri, S., Skrovankova,
S., Ercisli, S., “Improvement of photosynthetic pigment characteristics, mineral
content, and antioxidant activity of lettuce (Lactuca sativa L.) by arbuscular
mycorrhizal fungus and seaweed extract foliar application”, Agronomy 2022, 12,
1943.

Asao, T., “Hydroponics: A Standard Methodology for Plant Biological Researches:
BoD-Books on Demand”, 2012.

Ashour, M., Hassan, S. M., Elshobary, M. E., Ammar, G. A., Gaber, A., Alsanie, W.
F., El-Shenody, R., “Impact of commercial seaweed liquid extract (TAM®)
biostimulant and its bioactive molecules on growth and antioxidant activities of hot
pepper (Capsicum annuum)”, Plants 2021, 10, 1045.

Ashraf, M. A., Ashraf, M., “Growth stage-based modulation in physiological and
biochemical attributes of two genetically diverse wheat (Triticum aestivum L.)
cultivars grown in salinized hydroponic culture”, Environ. Sci. Pollut. Res. 2016, 23,
6227-6243.

Aslani, L., Mobli, M., Keramat, J., “Comparison of anti-oxidant activities and fruit
quality attributes in four sweet bell pepper (Capsicum annuum L.) cultivars grown in

two soilless media”, J. Hortic. Sci. Biotechnol. 2016, 91, 497-505.

Assouline, S., Russo, D., Silber, A., Or, D., “Balancing water scarcity and quality for
sustainable irrigated agriculture”, Water Resour. Res. 2015, 51, 3419-3436.

161



Atero-Calvo, S., Izquierdo-Ramos, M. J., Garcia-Huertas, C., Rodriguez-Alcantara,
M., Navarro-Morillo, 1., Navarro-Ledn, E., “An evaluation of the effectivity of the
green leaves biostimulant on lettuce growth, nutritional quality, and mineral element
efficiencies under optimal growth conditions”, Plants 2024, 13, 917.

Atta, K., Mondal, S., Gorai, S., Singh, A. P., Kumari, A., Ghosh, T., Jespersen, D.,
“Impacts of salinity stress on crop plants: Improving salt tolerance through genetic and
molecular dissection”, Front. Plant Sci. 2023, 14, 1241736.

Audibert, L., Fauchon, M., Blanc, N., Hauchard, D., Ar Gall, E., “Phenolic compounds
in the brown seaweed Ascophyllum nodosum: Distribution and radical-scavenging
activities”, Phytochem. Anal. 2010, 21, 399-405.

Aydm-Onen, S., Oztiirk, M., “Investigation of heavy metal pollution in eastern Aegean
Sea coastal waters by using Cystoseira barbata, Patella caerulea, and Liza aurata as
biological indicators”, Environ. Sci. Pollut. Res. 2017, 24, 7310-7334.

Azeem, M., Pirjan, K., Qasim, M., Mahmood, A., Javed, T., Muhammad, H., Rahimi,
M., “Salinity stress improves antioxidant potential by modulating physio-biochemical
responses in Moringa oleifera Lam”, Sci. Rep. 2023, 13, 2895.

Aziz, A., Poinssot, B., Daire, X., Adrian, M., Bézier, A., Lambert, B., Pugin, A.,
“Laminarin elicits defense responses in grapevine and induces protection against
Botrytis cinerea and Plasmopara viticola”, Mol. Plant-Microbe Interact. 2003, 16,
1118-1128.

Bacha, H., Tekaya, M., Drine, S., Guasmi, F., Touil, L., Enneb, H., Triki, T., Cheour,
F., Ferchichi, A., “Impact of salt stress on morphophysiological and biochemical

parameters of Solanum lycopersicum cv. Microtom leaves”, South. Aftr. J. Bot. 2017,
108, 364.

Bahmani, J. M., Pilehvari, B., Modaresi, M., Mohammadi, M., “Seaweed liquid extract
as an alternative biostimulant for the amelioration of salt-stress effects in Calotropis
procera (Aiton) W.T.”, J Plant Growth Regul. 2022:1-16

Balasubramaniam, T., Shen, G., Esmaeili, N., Zhang, H., “Plants’ response
mechanisms to salinity stress”, Plants 2023, 12, 2253.

Ballatori, N., Krance, S. M., Notenboom, S., Shi, S., Tieu, K., Hammond, C. L.
“Glutathione dysregulation and the etiology and progression of human diseases”,
20009.

Barickman, T.C., Kopsell, D.A., “Nitrogen form and ratio impact Swiss chard (Beta
vulgaris subsp. cicla) shoot tissue carotenoids and chlorophyll concentrations”, Sci.

Hortic. 2016, 204, 99-105.

Barker, A.V. Science and Technology of Organic Farming, 2nd ed., CRC Press: Boca
Raton, FL, USA, 2021.

162



Barrett, G. E., Alexander, P. D., Robinson, J. S., Bragg, N. C., “Achieving
environmentally sustainable growing media for soilless plant cultivation systems—A
review”, Sci. Hortic. 2016, 212, 220-234.

Basaran, C., Engindeniz, S., “An analysis of input use efficiency in hot pepper
production: The case of izmir”, J. Agric. Econ. Res. 2015 21, 77-84.

Basavaraja, P. K., Yogendra, N. D., Zodape, S. T., Prakash, R., Ghosh, A., “Effect of
seaweed sap as foliar spray on growth and yield of hybrid maize”, J. Plant Nutr. 2018,
41, 1851-1861.

Bates, L. S., Waldren, R. P. A, Teare, 1. D., “Rapid determination of free proline for
water-stress studies”, Plant Soil 1973, 39, 205-207.

Battacharyya, D., Babgohari, M. Z., Rathor, P., Prithiviraj, B., “Seaweed extracts as
biostimulants in horticulture”, Sci. Hortic. 2015, 196, 39-48.

Begum, R., Howlader, S., Mamun-Or-Rashid, A.N.M., Rafiquzzaman, S.M., Ashraf,
G.M., Albadrani, G.M., Sayed, A.A., Peluso, 1., Abdel-Daim, M.M., Uddin, M.S.
“Antioxidant and Signal-Modulating Effects of Brown Seaweed-Derived Compounds
against Oxidative Stress-Associated Pathology”, Oxidative Med. Cell. Longev. 2021,
9974890.

Bensidhoum, L., Nabti, E. H., “Role of Cystoseira mediterranea extracts (Sauv.) in
the Alleviation of salt stress adverse effect and enhancement of some Hordeum vulgare
L.(barley) growth parameters”, SN Appl. Sci. 2021, 3, 116.

Benzie, 1. F., Strain, J. J., “The ferric reducing ability of plasma (FRAP) as a measure
of “antioxidant power”: the FRAP assay”, Analytical biochemistry 1996, 239, 70-76.

Bhattacharya, D., Qiu, H., Price, D.C., Yoon, H.S. “Why we need more algal
genomes”, J Phycol. 2015, 51, 1-5.

Blanfuné, A., Boudouresque, C.F., Verlaque, M., “Thibaut, T. Severe decline of
Gongolaria Barbata (Fucales) along most of the French Mediterranean coast”, Sci.
Rep. 2025, 15, 5701.

Bohn, T., “Carotenoids and markers of oxidative stress inhuman observational studies
and intervention trials: Implications for chronic diseases”, Antioxidants 2019, 8, 179.

Borsai, O., Hassan, M. A., Negrusier, C., Raigon, M. D., Boscaiu, M., Sestras, R. E.,
Vicente, O., “Responses to salt stress in Portulaca: Insight into its tolerance
mechanisms”, Plants 2020, 9, 1660.

Bouis, H. E., Welch, R. M., “Biofortification—a sustainable agricultural strategy for
reducing micronutrient malnutrition in the global south”, Crop Sci. 2010, 50, S-20.

Bouis, H. E., Saltzman, A., “Improving nutrition through biofortification: a review of
evidence from HarvestPlus, 2003 through 2016, Global food security 2017, 12, 49-
58.

163



Bouissil, S., El Alaoui-Talibi, Z., Pierre, G., Michaud, P., El Modafar, C., Delattre, C,
“Use of alginate extracted from Moroccan brown algae to stimulate natural defense in
date palm roots”, Molecules 2020, 25, 720.

Bourioug, M., Ezzaza, K., Bouabid, R., Alaoui-Mhamdi, M., Bungau, S., Bourgeade,
P., Alaoui-Sossé, L., Alaoui-Sossé, B., Aleya, L., “Influence of hydro- and osmo-
priming on sunflower seeds to break dormancy and improve crop performance under
water stress”, Environ. Sci. Pollut. Res. 2020, 1-12.

Bradacova, K., Weber, N.F., Morad-Talab, N., Asim, M., Imran, M., Weinmann, M.,
“Micronutrients (Zn/Mn), seaweed extracts, and plant growth-promoting bacteria as
cold-stress protectants in maize”, Chem. Biol. Technol. Agric. 2016, 3, 19.

Buchanan, D. N., Omaye, S. T., “Comparative study of ascorbic acid and tocopherol
concentrations in hydroponic-and soil-grown lettuces. Food Nutr. Sci.”, 2013, 4, 1047-
1053.

Buggeln, R. G., Craigie, J. S., “Evaluation of evidence for the presence of indole-3-
acetic acid in marine algae”, Planta 1971, 97, 173-178.

Bulgari, R., Cocetta, G., Trivellini, A., Vernieri, P. A. O. L. O., Ferrante, A.,
“Biostimulants and crop responses: a review”’, Biol. Agric. Hortic. 2015, 31, 1-17.

Bulgari, R., Franzoni, G., Ferrante, A., “Biostimulants application in horticultural
crops under abiotic stress conditions”, Agronomy 2019, 9, 306.

Cabo, S., Morais, M.C., Aires, A., Carvalho, R., Pascual-Seva, N., Silva, A.P.,
Gongalves, B., “Kaolin and seaweed-based extracts can be used as a middle and long-
term strategy to mitigate negative effects of climate change in physiological
performance of hazelnut tree”, J. Agron. Crop Sci. 2019, 206, 28-42.

Cadar, E., Sirbu, R., Ibram, A., lonescu, A.M. Evaluation of total phenolic content in
relation to antioxidant activity of brown algae Cystoseira barbata from Black Sea.
Rev. Chimie 2019, 70, 2684—-2689.

Cakmak, 1., Kutman, U. A, “Agronomic biofortification of cereals with zinc: a
review”, Eur. J. Soil Sci. 2018, 69, 172-180.

Calvo, P., Nelson, L., Kloepper, J. W., “Agricultural wuses of plant
biostimulants™, Plant Soil 2014, 383, 3-41.

Cammarisano, L., Donnison, I. S., Robson, P. R., “Producing enhanced yield and
nutritional pigmentation in lollo rosso through manipulating the irradiance, duration,
and periodicity of LEDs in the visible region of light”, Front. Plant Sci. 2020, 11,
598082.

Campobenedetto, C., Agliassa, C., Mannino, G., Vigliante, 1., Contartese, V., Secchi,
F., Bertea, C. M., “A biostimulant based on seaweed (4Ascophyllum nodosum and

164



Laminaria digitata) and yeast extracts mitigates water stress effects on tomato
(Solanum lycopersicum L.)”, Agriculture 2021, 11, 557.

Carillo, P., Mastrolonardo, G., Nacca, F., Parisi, D., Verlotta, A., Fuggi, A., “Nitrogen
metabolism in durum wheat under salinity: accumulation of proline and glycine
betaine”, Funct. Plant Biol. 2008, 35, 412-426.

Carillo, P., Parisi, D., Woodrow, P., Pontecorvo, G., Massaro, G., Annunziata, M. G.,
Sulpice, R., “Salt-induced accumulation of glycine betaine is inhibited by high light in
durum wheat”, Funct. Plant Biol. 2011 38, 139-150.

Carillo, P., Colla, G., El-Nakhel, C., Bonini, P., D’Amelia, L., Dell’Aversana, E.,
Rouphael, Y., “Biostimulant application with a tropical plant extract enhances
Corchorus olitorius adaptation to sub-optimal nutrient regimens by improving
physiological parameters”, Agronomy 2019, 9, 249.

Carillo, P., Ciarmiello, L. F., Woodrow, P., Corrado, G., Chiaiese, P., Rouphael, Y.,
“Enhancing sustainability by improving plant salt tolerance through macro-and micro-
algal biostimulants”, Biology 2020a, 9, 253.

Carillo, P., Giordano, M., Raimondi, G., Napolitano, F., Di Stasio, E., Kyriacou, M.
C., Rouphael, Y., “Physiological and nutraceutical quality of green and red pigmented

lettuce in response to NaCl concentration in two successive harvests”, Agronomy
2020b, 10, 1358.

Carillo, P., De Micco, V., Ciriello, M., Formisano, L., El-Nakhel, C., Giordano, M.,
Rouphael, Y., “Morpho-anatomical, physiological, and mineral composition responses
induced by a vegetal-based biostimulant at three rates of foliar application in
greenhouse lettuce”, Plants 2022, 11, 2030.

Carmody, N., Goiii, O., Langowski, £.., O’Connell, S., “Ascophyllum nodosum extract
biostimulant processing and its impact on enhancing heat stress tolerance during
tomato fruit set”, Front. Plant Sci. 2020, 11, 807.

Carnat, A., Fraisse, D., Lamaison, J.L., Rock, E., Michel, H., Amouroux, P., Remesy,
C. “Characterisation and variation of antioxidant micronutrients in lettuce (Lactuca
sativa follum)”, J. Sci. Food Agric. 2004, 84, 2061-2069.

Carranca, C., Brunetto, G., Tagliavini, M., 2018. Nitrogen nutrition of fruit trees to
reconcile productivity and environmental concerns. Plants 7, 4.

Carrasco-Gil, S., Hernandez-Apaolaza, L., Lucena, J. J., “Effect of several commercial
seaweed extracts in the mitigation of iron chlorosis of tomato plants (Solanum
lycopersicum L.)”, Plant Growth Regul. 2018, 86, 401-411.

Carreira-Casais, A., Otero, P., Garcia-Perez, P., Garcia-Oliveira, P., Pereira, A.G.,
Carpena, M., Soria-Lopez, A., Simal-Gandara, J., Prieto, M.A., “Benefits and
Drawbacks of Ultrasound-Assisted Extraction for the Recovery of Bioactive
Compounds from Marine Algae”, Int. J. Environ. Res. Public Health 2021, 18, 9153.

165



Carvalho, M. E. A., de Camargo, P. R., Gaziola, S. A., Azevedo, R. A., “Is seaweed
extract an elicitor compound? Changing proline content in drought-stressed bean
plants”, Comun. Sci. 2018, 9, 292-297.

Castellanos-Barriga, L. G., Santacruz-Ruvalcaba, F., Hernandez-Carmona, G.,
Ramirez-Briones, E., Hernandez-Herrera, R. M., “Effect of seaweed liquid extracts
from Ulva lactuca on seedling growth of mung bean (Vigna radiata)”,J. Appl. Phycol.
2017, 29, 2479-2488.

Castillo, A., Celeiro, M., Lores, M., Grgi¢, K., Banozi¢, M., Jerkovi¢, 1., Joki¢, S.,
Bioprospecting of targeted phenolic compounds of Dictyota dichotoma, Gongolaria
barbata, Ericaria amentacea, Sargassum hornschuchii and Ellisolandia elongata
from the Adriatic Sea extracted by two green methods. Mar. drugs 2023, 21, 97.

Caverzan, A., Casassola, A., and Brammer, S. P., “Antioxidant responses of wheat
plants under stress”, Genet. Mol. Biol. 2016, 39, 1-6.

Chan, P.T., Matanjun, P., “Chemical Composition and Physicochemical Properties of
Tropical Red Seaweed, Gracilaria changii”, Food Chem. 2017, 221, 302-310.

Chanthini, K.M., Stanley-Raja, V., Thanigaivel, A., Karthi, S., Palanikani, R.,
ShyamSundar, N., Sivanesh, H., Soranam, R., Senthil-Nathan, S. Sustainable
agronomic strategies for enhancing the yield and nutritional quality of wild tomato,
Solanum Lycopersicum (1) var Cerasiforme Mill. Agronomy 2019, 9, 311.

Chatzisymeon, E., Foteinis, S., Borthwick, A. G., “Life cycle assessment of the
environmental performance of conventional and organic methods of open field pepper
cultivation system”, Int. J. Life Cycle Assess. 2017, 22, 896-908.

Cheng, H, Feng, S, Jia, X., Li, Q., Zhou, Y, Ding, C., “Structural characterization and
antioxidant activities of polysaccharides extracted from Epimedium acuminatum”,
Carbohydr. Polym. 2013 92,63—68.

Cheng, Y.-W., Kong, X.-W., Wang, N., Wang, T.-T., Chen, J., Shi, Z.Q. Thymol
confers tolerance to salt stress by activating anti-oxidative defense and modulating
Na+ homeostasis in rice root. Ecotoxicol. Environ. Saf. 2020, 188, 109894.

Chew, Y.L., Lim, Y.Y., Omar, M., Khoo, K.S., “Antioxidant Activity of Three Edible
Seaweeds from Two Areas in South East Asia”, LWT Food Sci. Technol. 2008, 41,
1067-1072.

Chiarore, A, Bertocci, 1., Fioretti, S., Meccariello, A., Saccone, G., Crocetta, F., Patti,
F.P., “Syntopic Cystoseira taxa support different molluscan assemblages in the Gulf

of Naples (southern Tyrrhenian Sea)”, Mar. Freshw. Res. 2019, 70, 1561-1575.

Chinnusamy, V., Jagendorf, A., Zhu, J. K., “Understanding and improving salt
tolerance in plants”, Crop Sci. 2005, 45, 437-448.

166



Chrysargyris, A., Xylia, P., Anastasiou, M., Pantelides, 1., Tzortzakis, N., “Effects of
Ascophyllum nodosum seaweed extracts on lettuce growth, physiology and fresh-cut
salad storage under potassium deficiency”, J. Sci. Food Agric. 2018, 98, 5861-5872.

Chun S.C., Paramasivan M., Chandrasekaran M. Proline Accumulation Influenced by
Osmotic Stress in Arbuscular Mycorrhizal Symbiotic Plants. Front. Microbiol. 2018,
9, 2525.

Ciko$, A. M., Jokié, S., Subari¢, D., Jerkovi¢, L., “Overview on the application of
modern methods for the extraction of bioactive compounds from marine
macroalgae”, Mar. Drugs 2018, 16, 348.

Circuncisdo, A. R., Catarino, M. D., Cardoso, S. M., and Silva, A. M. S., “Minerals
from macroalgae origin: Health benefits and risks for consumers”, Mar. Drugs 2018,
16, 400—430.

Cmikova, N., Kowalczewski, P. L., Kmiecik, D., Tomczak, A., Drozdzynska, A.,
Slachcinski, M., Kacaniova, M., “Seaweed Nutritional Value and Bioactive Properties:
Insights from Ascophyllum nodosum, Palmaria palmata, and Chondrus crispus”, Life

2024, 14, 1522.

Colla, G., Rouphael, Y., Canaguier, R., Svecova, E., Cardarelli, M., “Biostimulant
action of a plant-derived protein hydrolysate produced through enzymatic
hydrolysis”, Front. Plant Sci. 2014, 5, 448.

Colla, G., Nardi, S., Cardarelli, M., Ertani, A., Lucini, L., Canaguier, R., “Protein
hydrolysates as biostimulants in horticulture”, Scientia Hortic. 2015, 196, 28-38.

Colla, G., Cardarelli, M., Bonini, P., Rouphael, Y., “Foliar Application of Protein
Hydrolysate, Plant and Seaweed Extracts Increase Yield but Differentially Modulate
Fruit Quality of Greenhouse Tomato”, Hortic. Sci. 2017, 52, 1214-1220.

Cometti, N.N., Bremenkamp, D.M., Galon, K., Hell, L.R., “Zanotelli, M.F. Cooling
and concentration of nutrient solution in hydroponic lettuce crop”, Hortic. Bras. 2013,
31, 287-292.

Conde, E., Moure, A., Dominguez, H., “Supercritical CO> extraction of fatty acids,
phenolics and fucoxanthin from freeze-dried Sargassum muticum”, J. Appl. Phycol.

2015, 27, 957-964.

Conde, E., Balboa, E.M., Parada, M., Falqué¢, E. 4 - Algal proteins, peptides and amino
acids. In Functional Ingredients from Algae for Foods and Nutraceuticals, Dominguez,
H., Ed., Woodhead Publishing: Cambridge, UK, 2013, 135-180.

Craigie J. S., “Seaweed extract stimuli in plant science and agriculture” J. Appl.
Phycol. 2011, 23, 371-93.

Crampon, C., Boutin, O., Badens, E., “Supercritical carbon dioxide extraction of
molecules of interest from microalgae and seaweeds”, Ind. Eng. Chem. Res. 2011, 50,
8941-8953.

167



Cravo, A., Bebianno, M. J., Foster, P., “Partitioning of trace metals between soft
tissues and shells of Patella aspera”, Environ. Int. 2004, 30, 87-98.

Crouch, I. J., Van Staden, J., “Evidence for the presence of plant growth regulators in
commercial seaweed products”, Plant Growth Regul. 1993, 13, 21-29.

Cuchca, Ramos, S., Garcia, L., Barboza, J. 1., Bustamante, D. E., Calderon, M. S.,
“Effects of seaweed-based biostimulants on the morphophysiological profile of lettuce
(Lactuca sativa L.)”, Cogent Food Agric. 2025, 11, 2448594.

Cui, J. Q., Hua, Y. P., Zhou, T., Liu, Y., Huang, J. Y., Yue, C. P., “Global landscapes
of the Na+/H+ antiporter (NHX) family members uncover their potential roles in
regulating the rapeseed resistance to salt stress”, Int. J. Mol. Sci. 2020, 21, 3429.

Cuin, T. A., Betts, S. A., Chalmandrier, R., and Shabala, S., “A root’s ability to retain
K+ correlates with salt tolerance in wheat”, J. Exp. Bot. 2008, 59, 2697-2706.

Dasgan, H.Y., Yilmaz, D., Zikaria, K., Ikiz, B., Gruda, N.S., “Enhancing the yield,
quality and antioxidant content of lettuce through innovative and eco-friendly
biofertilizer practices in hydroponics”, Horticulturae 2023, 9, 1274.

de Carvalho, R. P., Pasqual, M., de Oliveira Silveira, H. R., de Melo, P. C., Bispo, D.
F. A., Laredo, R. R., de Aguiar Saldanha Lima, L., “Nidgara Rosada” table grape
cultivated with seaweed extracts: physiological, nutritional, and yielding behavior. J.
Appl. Phycol. 2019, 31, 2053-2064.

de Freitas, S.T., Mitcham, E.J., “Factors involved in fruit calcium deficiency
disorders”, Hortic. Rev. 2012, 40, 107-143.

de Morais, M.G., Vaz, B.d.S., de Morais, E. G., Costa, J.A.V. Biologically Active
Metabolites Synthesized by Microalgae. Biomed. Res. Int. 2015, 2015, 835761.

De Santis, M. A., Soccio, M., Laus, M. N., Flagella, Z., “Influence of drought and salt
stress on durum wheat grain quality and composition: A review”, Plants 2021, 10,
2599.

Deepagoda, T. C., Lopez, J. C. C., Mgldrup, P., de Jonge, L. W., Tuller, M., “Integral
parameters for characterizing water, energy, and aeration properties of soilless plant
growth media”, J. Hydrol. 2013, 502, 120-127.

Del Rio, D., Rodriguez-Mateos, A., Spencer, J.P., Tognolini, M., Borges, G., Crozier,
A., “Dietary (poly) phenolics in human health: Structures, bioavailability, and
evidence of protective effects against chronic diseases”, Antioxid. Redox Signal. 2013,
18, 1818-1892.

Dell’ Aversana, E., Cirillo, V., Van Oosten, M. J., Di Stasio, E., Saiano, K., Woodrow,

P., Carillo, P., “Ascophyllum nodosum based extracts counteract salinity stress in
tomato by remodeling leaf nitrogen metabolism”, Plants 2021, 10, 1044.

168



Demir, N., Dural, B., Yildinm, K., “Effect of seaweed suspensions on seed
germination of tomato, pepper and aubergine”, J. Biol. Sci. 2006, 6, 1130-1133.

Deolu-Ajayi, A. O., van der Meer, I. M., Van der Werf, A., Karlova, R., “The power
of seaweeds as plant biostimulants to boost crop production under abiotic stress”, Plant
Cell Environ. 2022, 45, 2537-2553.

Derafshi, M., Hassani, A., Amanifar, S., Babaakbari, M., Hematimatin, N., Asgari
Lajayer, B., Price, G. W. “Optimization of Sargassum bovianum extraction techniques

for germination of wheat, canola, and corn under different salinity stress”, Agronomy
2024, 14, 2646.

Di Gaudio, F., Vasto, S., Sabatino, L., Ferrantelli, V., Macaluso, A., Caldarella, R.,
Baldassano, S., “Consumption of lettuce with seaweed extract biostimulant application

improved iron homeostasis in a randomized interventional trial of healthy
individuals”, Sci. Rep. 2025, 15, 7799.

Di Mola, 1., Cozzolino, E., Ottaiano, L., Giordano, M., Rouphael, Y., Colla, G., Mori,
M., “Effect of vegetal-and seaweed extract-based biostimulants on agronomical and
leaf quality traits of plastic tunnel-grown baby lettuce under four regimes of nitrogen
fertilization”, Agronomy 2019, 9, 571.

Di Stasio, E. Van Oosten, M.J. Silletti, S. Raimondi, G. dell’Aversana, E., Carillo, P.
Maggio, A. Ascophyllum nodosum-based algal extracts act as enhancers of growth,
fruit quality, and adaptation to stress in salinized tomato plants. J. Appl. Phycol. 2018,
30, 2675-2686.

Di Stasio, E., Cirillo, V., Raimondi, G., Giordano, M., Esposito, M., Maggio, A.,
“Osmo-priming with seaweed extracts enhances yield of salt-stressed tomato
plants”, Agronomy 2020, 10, 1559.

Di Vittori, L., Mazzoni, L., Battino, M., Mezzetti, B., “Pre-Harvest Factors Influencing
the Quality of Berries”, Sci. Hortic. 2018, 233, 310-322.

do Rosario Rosa V, Farias dos Santos AL, Alves da Silva A., “Increased soybean
tolerance to water deficiency through biostimulant based on fulvic acids and
Ascophyllum nodosum (L.) seaweed extract”, Plant Physiol. Biochem. 2021, 158, 228—
243.

Dobrinéié, A., Dobroslavié, E., Pedisié, S., Balbino, S., Garofuli¢, I. E., Coz-Rakovac,
R., Dragovi¢-Uzelac, V., “The effectiveness of the Fucus virsoides and Cystoseira

barbata fucoidan isolation as a function of applied pre-treatment and extraction
conditions”, Algal Res. 2021, 56, 102286.

Dogan, M., Alkan, M., “Some physicochemical properties of perlite as an adsorbent”,
2004, 251-257.

Dominguez, H., “Algae as a source of biologically active ingredients for the
formulation of functional foods and nutraceuticals”, In Functional Ingredients from

169



Algae for Foods and Nutraceuticals, Dominguez, H., Ed., Woodhead Publishing:
Cambridge, UK, 2013, 1-19.

dos Santos, T.B., Ribas, A.F., de Souza, S.G.H., Budzinski, I.G.F., Domingues, D.S.
Physiological responses to drought, salinity, and heat stress in plants: A review.
Stresses 2022, 2, 113—135.

Drira, M., Mohamed, J.B., Hlima, H.B., Hentati, F., Michaud, P., Abdelkafi, S.,
Fendri, I. Improvement of Arabidopsis thaliana salt tolerance using a polysaccharidic
extract from the brown algae Padina pavonica. Algal Res. 2021, 56, 102324.

du Jardin, P. Plant biostimulants: Definition, concept, main categories and regulation.
Sci. Hortic. 2015, 196, 3—14.

du Jardin, P., Xu, L., Geelen, D. Agricultural functions and action mechanisms of plant
biostimulants (PBs): An introduction. In The Chemical Biology of Plant
Biostimulants, Geelen, D., Xu, L., Eds., Wiley: Hoboken, NJ, USA, 2020, 14-16.

Duan, X.-J., Zhang -W.-W., Li X.-M., Wang, B.-G., “Evaluation of antioxidant
property of extract and fractions obtained from a red alga, Polysiphonia urceolata”,
Food Chem. 2006, 95, 37-43.

Duhamel, M., Vandenkoornhuyse, P., “Sustainable agriculture: Possible trajectories
from mutualistic symbiosis and plant neo-domestication”, Trends Plant Sci. 2013, 18,
597-600.

Dulanlebit, Y. H., Hernani, H., “Overview of extraction methods for extracting
seaweed and its applications”, Journal Penelit. Pendidik. IPA 2023, 9, 817-824.

Eef, B., Marlies, D., van Swam, K., Veen, A., Burger, L. Identification of the Seaweed
Biostimulant Market (Phase 1), The North Sea Farm Foundation: AD Den Haag, The
Netherlands, 2018.

Ehsanpour, A. A., Fatahian, N., “Effects of salt and proline on Medicago sativa callus”,
Plant Cell Tissue Organ Cult. 2003, 73, 53-6.

El Boukhari, M. E. M., Barakate, M., Bouhia, Y., Lyamlouli, K., “Trends in seaweed
extract based biostimulants: Manufacturing process and beneficial effect on soil-plant
systems”, Plants 2020, 9, 359.

El Sabagh, A., Islam, M. S., Skalicky, M., Ali Raza, M., Singh, K., Anwar Hossain,
M.,Arshad, A., “Salinity stress in wheat (Triticum aestivum L.) in the changing
climate: Adaptation and management strategies”, Front. Agron. 2021, 3, 661932.

El Sayed, H. E. A., “Influence of naCl and Na>SO4 treatments on growth development
of broad bean (Vicia faba L.) plant”, J. Life Sci. 2011, 5, 513-523.

Elansary, H.O., Skalicka-Wozniak, K., King, . W., “Enhancing stress growth traits as
well as phytochemical and antioxidant contents of Spiraea and Pittosporum under
seaweed extract treatments”, Plant Physiol. Biochem. 2016, 105, 310-20.

170



Elansary, H. O., Yessoufou, K., Abdel-Hamid, A. M., El-Esawi, M. A., Ali, H. M.,
and Elshikh, M. S., “Seaweed extracts enhance salam turfgrass performance during
prolonged irrigation intervals and saline shock”, Front. Plant Sci. 2017, 8.

El-Metwally, 1. M., Sadak, M. S., and Saudy, H. S., “Stimulation effects of glutamic
and 5-aminolevulinic acids on photosynthetic pigments, physio-biochemical
constituents, antioxidant activity, and yield of peanut”, Gesunde Pflanz. 2022 74, 915—
924.

El-Rafie, HM., Hammam, H.H., Ahmed, E.A.-E., “Nutritional Values, Antioxidant,
and Cytotoxic Activities of Selected Edible Marine Macroalgae: A Comparative
Study”, Food Meas. 2024, 18, 5350-5363.

Endo, H., Miyazaki, K., Ose, K., Imahori, Y., “Hot water treatment to alleviate chilling
injury and enhance ascorbate-glutathione cycle in sweet pepper fruit during
postharvest cold storage”, Sci. Hortic. 2019, 257, 108715.

Engel, S., Puglisi, M. P., Jensen, P. R., Fenical, W., “Antimicrobial activities of
extracts from tropical Atlantic marine plants against marine pathogens and
saprophytes”, Mar. Biol. 2006, 149, 991-1002.

Eris, A., Sivritepe, H. O., Sivritepe, N., “The effect of seaweed (Ascophyllum
nodosum) extract on yield and quality criteria in peppers”, In I International
Symposium on Solanacea for Fresh Market 1995, 412, 185-19.

Ertani, A., Pizzeghello, D., Francioso, O., Sambo, P., Sanchez-Cortes, S., Nardi, S.
“Capsicum chinensis L. growth and nutraceutical properties are enhanced by
biostimulants in a long-term period: Chemical and metabolomic approaches”, Front.
Plant Sci. 2014, 5, 375.

Ertani, A., Francioso, O., Tinti, A., Schiavon, M., Pizzeghello, D., Nardi, S.,
“Evaluation of seaweed extracts from Laminaria and Ascophyllum nodosum spp. as
biostimulants in Zea mays L. using a combination of chemical, biochemical and
morphological approaches”, Front. Plant Sci. 2018, 9, 428.

Ertani, A., Nardi, S., Francioso, O., Sanchez-Cortes, S., Foggia, M. D., Schiavon, M.,
“Effects of two protein hydrolysates obtained from chickpea (Cicer arietinum L.) and
Spirulina platensis on Zea mays (L.) plants”, Front. Plant Sci. 2019, 10, 460220.

Fan, D., Hodges, D. M., Zhang, J., Kirby, C. W., Ji, X., Locke, S. J., “Commercial
extract of the brown seaweed Ascophyllum nodosum enhances phenolic antioxidant
content of spinach (Spinacia oleracea 1.) which protects Caenorhabditis elegans
against oxidative and thermal stress”, Food Chem. 2011, 124, 195-202.

Fan, D., Kandasamy, S., Hodges, D. M., Critchley, A. T., Prithiviraj, B., “Pre-harvest

treatment of spinach with Ascophyllum nodosum extract improves post-harvest storage
and quality”, Sci. Hortic. 2014, 170, 70-74.

171



Fardus, J., Hossain, M. S., Fujita, M., “Modulation of the antioxidant defense system
by exogenous L-glutamic acid application enhances salt tolerance in lentil (Lens
culinaris Medik.)”, Biomolecules 2021, 11, 587.

Farooq, M., Hussain, M., Wakeel, A., Siddique, K. H. M., “Salt stress in maize effects
resistance mechanisms and management: A review”, Agron. Sustain. Dev., 2015, 35,
461-48.

Fellahi, Z. E. A., Boubellouta, T., Bentouati, 1., Safsaf, H., Hannachi, A., Utkina, A.
O., Rebouh, N. Y., “Hydroponic screening at early seedling stage identified sources of
salinity tolerance in wheat (7riticum aestivum L.) crop”, Agronomy 2024, 14, 984.

Fenech, M., Amaya, 1., Valpuesta, V., Botella, M.A. Vitamin C Content in Fruits:
Biosynthesis and Regulation. Front. Plant Sci. 2019, 9, 413553.

Fernandez, V., Brown, P. H., “From plant surface to plant metabolism: the uncertain
fate of foliar-applied nutrients”, Front. Plant Sci. 2013, 4, 289.

Fiori, L., Manfrini, M., Castello D., “Supercritical CO; fractionation of omega-3 lipids
from fish byproducts: plant and process design, modeling, economic feasibility”, Food
Bioprod. Process. 2014, 92:120-32.

Fleming, T.R., Fleming, C.C., Levy, C.C.B., Repiso, C., Hennequart, F., Nolasco, J.B.,
Liu, F. Biostimulants enhance growth and drought tolerance in Arabidopsis thaliana
and exhibit chemical priming action. Ann. Appl. Biol. 2019, 174, 153-165.

Flieger, J., Flieger, W., Baj, J., Maciejewski, R., “Antioxidants: Classification, natural
sources, activity/capacity measurements, and usefulness for the synthesis of
nanoparticles”, Materials 2021, 14, 4135.

Fornes, F., Sanchez-Perales, M., Guardiola, J.L. Effect of a Seaweed Extract on the

Productivity of “de Nules” Clementine Mandarin and Navelina Orange. Bot. Mar.
2002, 43, 345-354.

Fotopoulos, V., Tanou, G., Ziogas, V., Molassiotis, A., “Involvement of AsA/DHA
and GSH/GSSG ratios in gene and protein expression and in the activation of defense
mechanisms under abiotic stress conditions”, In Ascorbate-Glutathione Pathway and
Stress Tolerance in Plants, Anjum, N.A., Chan, M.T., Umar, S., Eds., Springer:
Dordrecht, the Netherlands, 2010, 265-302.

Foyer, C. H., Halliwell, B. “The presence of glutathione and glutathione reductase in
chloroplasts: a proposed role in ascorbic acid metabolism”, Planta 1976, 133, 21-25.

Foyer, C.H., Noctor, G., “Ascorbate and glutathione: The heart of the redox hub”,
Plant Physiol. 2011, 155, 2—18.

Francesca, S., Arena, C., Hay Mele, B., Schettini, C., Ambrosino, P., Barone, A.,
Rigano, M.M., “The use of a plant-based biostimulant improves plant performances
and fruit quality in tomato plants grown at elevated temperatures”, Agronomy 2020,
10, 363.

172



Franzoni, G., Cocetta, G., Prinsi, B., Ferrante, A., Espen, L., “Biostimulants on crops:
Their impact under abiotic stress conditions”, Horticulturae 2022, 8, 189.

Fratianni, F., d’Acierno, A., Cozzolino, A., Spigno, P., Riccardi, R., Raimo, F.,
Nazzaro, F., “Biochemical characterization of traditional varieties of sweet pepper
(Capsicum annuum L.) of the Campania region, Southern Italy”, Antioxidants 2020, 9,
556.

Freile-Pelegrin, Y., Robledo, D., “Bioactive phenolic compounds from
algae”, Bioactive compounds from marine foods: plant and animal sources 2013, 113-
129.

Frioni, T., Sabbatini, P., Tombesi, S., Norrie, J., Poni, S., Gatti, M., “Effects of a
biostimulant derived from the brown seaweed Ascophyllum nodosum on ripening
dynamics and fruit quality of grapevines”, Scientia Hortic. 2018 232, 97-106.

Fussy, A., Papenbrock, J., “An overview of soil and soilless cultivation techniques
chances, challenges and the neglected question of sustainability”, Plants, 2022 11,
1153.

Gadallah, M.A.A. Effects of Indole-3-Acetic Acid and Zinc on the Growth, Osmotic
Potential and Soluble Carbon and Nitrogen Components of Soybean Plants Growing
under Water Deficit. J. Arid Environ. 2000, 44, 451-467.

Garcia-Caparrds, P., Hasanuzzaman, M., Lao, M.T., “Oxidative stress and antioxidant
defense in plants under salinity”, In Reactive Oxygen, Nitrogen and Sulfur Species in
Plants: Production, Metabolism, Signaling and Defense Mechanisms, 291-309.

Garcia-Jiménez, A., Trejo-Téllez, L. L., Guillén-Sanchez, D., Gémez-Merino, F. C.,
“Vanadium stimulates pepper plant growth and flowering, increases concentrations of
amino acids, sugars and chlorophylls, and modifies nutrient concentrations”, Plos one
2018, 13, €0201908.

Garde-Cerdan, T., Mancini, V., Carrasco-Quiroz, M., Servili, A., Gutiérrez- Gamboa,
G., Foglia, R., “Chitosan and laminarin as alternatives to copper for Plasmopara
viticola control: effect on grape amino acid”, J. Agric. Food Chem. 2017, 65, 7379—
7386.

Garzon, J., Montes, L., Garzén, J., Lampropoulos, G., “Systematic review of
technology in aeroponics: Introducing the technology adoption and integration in
sustainable agriculture model”, Agronomy 2023, 13, 2517.

Gericke, W.F., “Hydroponics crop production in liquid culture media”, Science 1937,
85, 177-178.

Gest, N., Garchery, C., Gautier, H., Jiménez, A., and Stevens, R., “Light-dependent

regulation of ascorbate in tomato by a monodehydroascorbate reductase localized in
peroxisomes and the cytosol”, Plant Biotechnol. J. 2012,11, 344-354.

173



Ghehsareh, A. M., Borji, H., Jafarpour, M., “Effect of some culture substrates (date-
palm peat, cocopeat and perlite) on some growing indices and nutrient elements uptake
in greenhouse tomato”, Afr. J. Microbiol. Res., 2011 5, 1437-1442.

Ghosh, U. K., Islam, M. N., Siddiqui, M. N., Khan, M. A. R., “Understanding the roles
of osmolytes for acclimatizing plants to changing environment: a review of potential
mechanism”, Plant Signal. Behav. 2021, 1, 1913306.

Giannopolitis, C. N., Ries, S. K., “Superoxide dismutases: 1. Occurrence in higher
plants”, Plant Physiol. 1977, 59, 309-314.

Gill, S.S., Anjum, N.A., Hasanuzzaman, M., Gill, R., Trivedi, D.K., Ahmad, 1.,
Pereira, E., Tuteja, N. Glutathione and glutathione reductase: A boon in disguise for
plant abiotic stress defense operations. Plant Physiol. Biochem. 2013, 70, 204-212.

Giordano, M., Petropoulos, S.A., Rouphael, Y., “Response and defence mechanisms
of vegetable crops against drought, heat and salinity stress”, Agriculture 2021, 11, 463.

Giordano, M., El-Nakhel, C., Carillo, P., Colla, G., Graziani, G., Di Mola, 1., Sabatino,
L., “Plant-derived biostimulants differentially modulate primary and secondary
metabolites and improve the yield potential of red and green lettuce cultivars”,
Agronomy 2022, 12, 1361.

Giri, J., “Glycinebetaine and abiotic stress tolerance in plants”, Plant Signal. Behav.
2011, 6, 1746-1751.

Godlewska, K., Michalak, 1., Tuhy, L., Chojnacka, K., “Plant growth biostimulants
based on different methods of seaweed extraction with water”, Biomed. Res. Int. 2016,
5973760.

Godlewska, K., Michalak, 1., Tuhy, L., Chojnacka, K., “The influence of pH of
extracting water on the composition of seaweed extracts and their beneficial properties
on Lepidium sativum”, Biomed Res. Int. 2017, 7248634.

Godswill, A. C., “Sugar alcohols: chemistry, production, health concerns and
nutritional importance of mannitol, sorbitol, xylitol, and erythritol”, Int. J. Adv. Acad.
Res. 2017, 3,2.

Gomes, E. N., Vieira, L. M., Tomasi, J. D. C., Tomazzoli, M. M., Grunennvaldt, R.
L., Fagundes, C. D. M., Machado, R. C. B., “Brown seaweed extract enhances rooting
and roots growth on Passiflora actinia Hook stem cuttings”, Ornam. Hortic. 2018, 24,
269-276.

Gong, B, Sun, S., Yan, Y., Jing, X., Shi, Q. Glutathione metabolism and its function
in higher plants adapting to stress. In Antioxidant Enzymes in Higher Plants, Gupta,
D., Palma, J., Corpas, F., Eds. Springer: Cham, Switzerland, 2018, 181-205.

Goiii, O., Fort, A., Quille, P., McKeown, P.C., Spillane, C. O’Connell, S.,
“Comparative transcriptome analysis of two Ascophyllum nodosum extract

174



biostimulants: same seaweed but different”, J. Agric. Food Chem. 2016, 64, 2980—
2989.

Goi, O., Quille, P., O' Connell, S., “Ascophyllum nodosum extract biostimulants and
their role in enhancing tolerance to drought stress in tomato plants”, Plant Physiol.
Biochem. 2018, 126, 63-73.

Gonzalez, A., Castro, J., Vera, J., Moenne, A., “Seaweed oligosaccharides stimulate
plant growth by enhancing carbon and nitrogen assimilation, basal metabolism, and
cell division”, J. Plant Growth Regul. 2013, 32, 443-448.

Gorka, B., Wieczorek P.P., “Simultaneous determination of nine phytohormones in
seaweed and algae extracts by HPLC-PDA. J Chromatogr. B. 2017, 1057, 32—-39.

Govedarica-Lucié, A., Perkovi¢, G., Rahimi¢, A., Boskovic, 1., Pasi¢, S., “Influence
of fertilization on growth and quality of lettuce”, Agric. For. 2020.

Grieve, C. M., Grattan, S. R., “Rapid assay for determination of water-soluble
quaternary ammonium compounds”, Plant Soil 1983, 70, 303-307.

Grundy, J., Stoker, C., Carré, [.A., “Circadian Regulation of Abiotic Stress Tolerance
in Plants”, Front. Plant Sci. 2015.

Guijarro-Real, C., Adalid-Martinez, A. M., Pires, C. K., Ribes-Moya, A. M., Fita, A.,
Rodriguez-Burruezo, A., “The effect of the varietal type, ripening stage, and growing
conditions on the content and profile of sugars and capsaicinoids in Capsicum
peppers”, Plants 2023, 12, 231.

Guilayn, F., Benbrahim, M., Rouez, M., Crest, M., Patureau, D., Jimenez, J. Humic-
like substances extracted from different digestates: First trials of lettuce biostimulation
in hydroponic culture. Waste Manag. 2020, 104, 239-245.

Guo, Q., Liu, L., Barkla, B. J., “Membrane lipid remodeling in response to
salinity”, International journal of molecular sciences 2019, 20, 4264.

Guo, R, Yang, Z., Li, F,, Yan, C., Zhong, X., “Comparative metabolic responses and
adaptive strategies of wheat (Triticum aestivum L.) to salt and alkali stress”, BMC
Plant Biol. 2015, 15, 170.

Gupta, S., Abu-Ghannam, N., “Recent developments in the application of seaweeds or
seaweed extracts as a means for enhancing the safety and quality attributes of foods”,
Innov. Food Sci. Emerg. Technol. 2011, 12, 600-609.

Gupta, S., Stirk, W. A., Plackova, L., Kulkarni, M. G., Dolezal, K., Van Staden, J.,
“Interactive effects of plant growth-promoting rhizobacteria and a seaweed extract on
the growth and physiology of Allium cepa L.(onion)”, J. Plant Physiol. 2021, 262,
153437.

175



Giirsoy, M., “Alone or combined effect of seaweed and humic acid applications on
rapeseed (Brassica napus L.) under salinity stress”, J. Soil Sci. Plant Nutr. 2024, 24,
3364-3376.

Hahn, T., Lang, S., Ulber, R., Muffler, K., “Novel procedures for the extraction of
fucoidan from brown algae”, Process biochem. 2012, 47, 1691-1698.

Hakeem, A., Liu, Y., Zhang, L., Si, T., Jiang, D. Induction of osmotic stress resistance
by seed osmo-priming in winter wheat (7riticum aestivum L.) during post-germinative
stages. Seed Sci. Technol. 2017, 45, 485-498.

Halpern, M. Bar-Tal, A., Ofek, M., Minz, D., Muller, T., Yermiyahu, U., “The Use of
Biostimulants for Enhancing Nutrient Uptake”, Adv. Agron. 2015, 130, 141-174.

Hamdy, O., Karim, A., Farouk, Gheda, S., Ismail, G.A., Abo-Shady, A.M., “Assistant
of Phycology, T., “Phytochemical Screening and Antioxidant Activity of Chlorella
Vulgaris”, Delta J. Sci. 2020, 41, 81-91.

Hamed, S. M., Abd El-Rhman, A. A., Abdel-Raouf, N., Ibraheem, 1. B., “Role of
marine macroalgae in plant protection and improvement for sustainable agriculture
technology”, Beni-Suef Univ. J. Basic Appl. Sci. 2018, 7, 104-110.

Hamouda, M. M., K. M. Saad-Allah, and D. Gad., “Potential of seaweed extract on
growth, physiological, cyto-logical and biochemical parameters of wheat (Triticum
aestivum 1.) seedlings”, J. Soil Sci. Plant Nutr. 2022, 22,1818-31.

Hénsch, R., Mendel, R. R., “Physiological functions of mineral micronutrients (cu, Zn,
Mn, Fe, Ni, Mo, B, cl)”, Curr. Opin. Plant Biol. 2009, 12, 259-266.

Hao, J., Tan, J., Zhang, Y., Gu, X., Zhu, G., Wang, S., Li, J., “Sewage sludge-derived
nutrients and biostimulants stimulate rice leaf photosynthesis and root metabolism to

enhance carbohydrate, nitrogen and antioxidants accumulation”, Chemosphere 2024,
352, 141335.

Harb, T.B., Pereira, M.S., Cavalcanti, M.I.L.G., Fujii, M.T., Chow, F., “Antioxidant
Activity and Related Chemical Composition of Extracts from Brazilian Beach-Cast

Marine Algae: Opportunities of Turning a Waste into a Resource”,]. Appl.
Phycol. 2021, 33, 3383-3395.

Hariharan, G., Vathshalyan, N., Galahitigama, H., Wimalasiri, U., Kumara, G. D. K.,
“Potential of Foliar Application of Seaweed Extracts as a Biostimulant for Abiotic
Stress Alleviation on Crop Production”, Rev. Agric. Sci. 2024, 12, 295-312.

Hasanuzzaman, M., Alam, M. M., Rahman, A., Hasanuzzaman, M., Nahar, K., and
Fujita, M., “Exogenous proline and glycine betaine mediated upregulation of
antioxidant defense and glyoxalase systems provides better protection against salt-
induced oxidative stress in two rice (Oryza sativa L.) varieties”, Biomed. Res. Int.
2014, 757219.

176



Hasanuzzaman, M., Nahar, K., Rahman, A., Anee, T. L., Alam, M. U., Bhuiyan, T. F.,
Fujita, M., “Approaches to enhance salt stress tolerance in wheat”, Wheat Imp. Manag.
util., 2017, 151-187.

Hasanuzzaman, M., Fotopoulos, V., Nahar, K., Fujita, M. (Eds.)., “Reactive oxygen,
nitrogen and sulfur species in plants: production, metabolism, signaling and defense
mechanisms”, John Wiley and Sons, 2019a.

Hasanuzzaman, M., Bhuyan, M., Anee, T.L., Parvin, K., Nahar, K., Mahmud, J.A.,
Fujita, M. Regulation of ascorbate-glutathione pathway in mitigating oxidative
damage in plants under abiotic stress. Antioxidants 2019b, 8, 384.

Hasanuzzaman, M., Bhuyan, M. B., Zulfiqar, F., Raza, A., Mohsin, S. M., Mahmud,
J. A., Fotopoulos, V., “Reactive oxygen species and antioxidant defense in plants

under abiotic stress: Revisiting the crucial role of a universal defense regulator”,
Antioxidants 2020, 9, 681.

Hasanuzzaman, M., Raihan, M. R. H., Masud, A. A. C., Rahman, K., Nowroz, F.,
Rahman, M., Fujita, M., “Regulation of reactive oxygen species and antioxidant
defense in plants under salinity”, Int. J. Mol. Sci. 2021, 22, 9326.

Hasegawa, P. M., Bressan, R. A., Zhu, J. K., Bohnert, H. J., “Plant cellular and
molecular responses to high salinity”, Annu. Rev. Plant Biol. 2000, 51, 463-499.

Hashem, H.A., Hassanein, R.A., “Plant metabolites expression”, In Mathematical
Advances towards Sustainable Environmental Systems, Furze, J.N., Swing, K., Gupta,
A K., McClatchey, R., Reynolds, D., Eds., Springer International Publishing: Berlin,
Germany, 2017,151-180.

Hashem, H.A., Mansour, H.A., El-Khawas, S.A. Hassanein, R.A., “The potentiality of
marine macro-algae as bio-fertilizers to improve the productivity and salt stress
tolerance of canola (Brassica napus L.) plants”, Agronomy 2019, 9, 146.

Hassan, M. U., Islam, M. M., Wang, R., Guo, J., Luo, H., Chen, F., Li, X., “Glutamine
application promotes nitrogen and biomass accumulation in the shoot of seedlings of
the maize hybrid ZD958”, Planta 2020, 251, 1-15.

Hassan, M. N., S. A. Mekkawy, M. Mahdy, K. F. Salem, and E. Tawfik., “Recent
molecular and breeding strategies in lettuce (Lactuca spp.)”, Genet. Resour. Crop Evol.
2021, 68, 3055-79.

Hayat, S., Hayat, Q., Alyemeni, M. N., Wani, A. S., Pichtel, J., “Role of proline under
changing environments: A review”, Plant Signal. Behav. 2012, 7, 1456—1466.

Heath, R. L., Packer, L., “Photoperoxidation in isolated chloroplasts: I. Kinetics and

stoichiometry of fatty acid peroxidation”, Arch. Biochem. Biophys. 1968, 125, 189-
198.

177



Hegazi, A. M., El-Shraiy, A. M., Ghoname, A. A., “Alleviation of salt stress adverse
effect and enhancing phenolic anti-oxidant content of eggplant by seaweed
extract”, Gesunde Pflanz. 2015, 67, 21-31.

Hernandez-Herrera, R. M., Santacruz-Ruvalcaba, F., Zafiudo-Hernandez, J.,
Hernandez-Carmona, G., “Activity of seaweed extracts and polysaccharide-enriched
extracts from Ulva lactuca and Padina gymnospora as growth promoters of tomato
and mung bean plants™, J. Appl. Phycol. 2016, 28, 2549-2560.

Hernandez-Herrera, R. M., Sanchez-Hernandez, C. V., Palmeros-Suarez, P. A.,
Ocampo-Alvarez, H., Santacruz-Ruvalcaba, F., Meza-Canales, 1. D., Becerril-
Espinosa, A., “Seaweed extract improves growth and productivity of tomato plants
under salinity stress”, Agronomy 2022, 12, 2495.

Hernéndez-Pérez, O.1., Valdez-Aguilar, L.A., Alia-Tejacal, 1., Cartmill, A.D.,
Cartmill, D.L. Tomato fruit yield, quality, and nutrient status in response to potassium:

Calcium balance and electrical conductivity in the nutrient solution. J. Soil Sci. Plant
Nutr. 2020, 20, 484-492.

Hervert-Hernandez D, Sayago-Ayerdi SG, Goiii I. Bioactive compounds of four hot
pepper varieties (Capsicum annuum L.), antioxidant capacity, and intestinal
bioaccessibility. J. Agric. Food Chem. 2010, 58,3399-3406.

Hnilickova, H., Kraus, K., Vachova, P., Hnilicka, F., “Salinity stress affects
photosynthesis, malondialdehyde formation, and proline content in Portulaca
oleracea L, Plants 2021, 10, 845.

Hoagland, D.R., Armon, D.I., “Growing Plants Without Soil by the Water-Culture
Method”, In: Circular. Calif. Agric. Exp. Stn. 1938, 39.

Hoagland, D.R., Armon, D.I., “The Water-Culture Method for Growing Plants Without
Soil”, In: Circular. Calif. Agric. Exp. Stn. 1950, 347, 32.

Hodges, D. M., DeLong, J. M., Forney, C. F., Prange, R. K., “Improving the
thiobarbituric acid-reactive-substances assay for estimating lipid peroxidation in plant

tissues containing anthocyanin and other interfering compounds”, Planta 1999, 207,
604-611.

Holdt, S. L., Kraan, S., “Bioactive compounds in seaweed: functional food
applications and legislation”, J. Appl. Phycol. 2011, 23, 543-597.

Hong Z, Lakkineni K, Zhang Z, Verma DP., “Removal of feedback inhibition of delta
(1)-pyrroline-5-carboxylate synthetase results in increased proline accumulation and
protection of plants from osmotic stress”, Plant Physiol. 2000, 122, 1129-36.

Hong, J., F. Xu, G. Chen, X. Huang, S. Wang, L. Du, and G. Ding., “Evaluation of the

effects of nitrogen, phosphorus, and potassium applications on the growth, yield, and
quality of lettuce (Lactuca sativa L.)”, Agronomy 2022, 12, 2477.

178



Honsel, A., Kojima, M., Haas, R., Frank, W., Sakakibara, H., Herschbach, C.,
Rennenberg, H., “Sulphur limitation and early sulphur deficiency responses in poplar:
significance of gene expression, metabolites, and plant hormones”, Journal Exp. Bot.
2012, 63, 1873—-1893.

Hosseini, S. V., Dastgerdi, H. E., Tahergorabi, R., “Marine Mannitol: Extraction,
Structures, Properties, and Applications”, Processes 2024, 1, 1613.

Howard, L. R., Wildman, R. E., “Antioxidant vitamin and phytochemical content of
fresh and processed pepper fruit (Capsicum annuum)”, Handb. Nutraceuticals Funct.
Foods, 2007, 165-191.

Hu, L., Li, H., Pang, H., Fu, J., “Responses of antioxidant gene, protein and enzymes
to salinity stress in two genotypes of perennial ryegrass (Lolium perenne) differing in
salt tolerance”, J. Plant Physiol. 2012, 169, 146-156.

Hu, Y., Schmidhalter, U., “Drought and salinity: a comparison of their effects on
mineral nutrition of plants”, J. Plant Nutr. Soil Sci. 2005, 168, 541-549.

Huang, B., Hu, G., Wang, K., Frasse, P., Maza, E., Djari, A., Bouzayen, M., Interaction
of two MADS-box genes leads to growth phenotype divergence of all-flesh type of
tomatoes. Nat. Commun. 2021, 12, 6892.

Huang, H., Ullah, F., Zhou, D.-X., Yi, M., Zhao, Y., “Mechanisms of ROS Regulation
of Plant Development and Stress Responses”, Front. Plant Sci. 2019, 10, 800.

Huchette, O., Arnault, L., Auger, J., Bellamy, C., Trueman, L., Thomas, B., “Genotype,
nitrogen fertility and sulphur availability interact to affect flavour in garlic (4/lium
sativum L.)”, J. Hortic. Sci. Biotechnol. 2007, 82, 79-88.

Hunter, M.C., Smith, R.G., Schipanski, M.E., Atwood, L.W., and Mortensen, D.A.,
“Agriculture in 2050: recalibrating targets for sustainable intensification”, Bioscience
2017, 67, 386-391.

Hussain, A., Igbal, K., Aziem, S., Mahato, P., Negi, A. K., “A review on the science
of growing crops without soil (soilless culture)-a novel alternative for growing
crops”, Int. J. Agric. Crop Sci. 2014, 7, 833.

Hussain, S., Rao, M.J., Anjum, M.A., Ejaz, S., Zakir, 1., Ali, M.A., Ahmad, N.,
Ahmad, S., “Oxidative stress and antioxidant defense in plants under drought
conditions”, In Plant Abiotic Stress Tolerance, Hasanuzzaman, M., Rehman, K.,
Hakeem, N.K., Alharby, H.F., Eds., Springer: Cham, Switzerland, 2019, 207-219.

Ibaiez, E., Herrero, M., Mendiola, J. A., Castro-Puyana, M., “Extraction and
characterization of bioactive compounds with health benefits from marine resources:
macro and micro algae, cyanobacteria, and invertebrates”, In Marine bioactive
compounds: sources, characterization and applications 2011, 55-98, Boston, MA:
Springer US.

179



Ibrahim, E.A., “Seed priming to alleviate salinity stress in germinating seeds”, J Plant
Physiol. 2016,192, 38—46.

Ibrahimova, U., Kumari, P., Yadav, S., Rastogi, A., Antala, M., Suleymanova, Z.,
Zivcak, M., Tahjib-Ul-Arif, M., Hussain, S., Abdelhamid, M., Hajihashemi, S., Yang,
X., Brestic, M., “Progress in understanding salt stress response in plants using
biotechnological tools”, J. Biotechnol. 2021, 329, 180-191.

Ighodaro, O. M., Akinloye, O. A., “First line defence antioxidants-superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX): Their
fundamental role in the entire antioxidant defence grid”, Alex. J. Med. 2018, 54, 287-
293.

Ikeda, H., Koohakan, P., Jaenaksorn, T., “Problems and counter measures in the re-
use of the nutrient solution in soilless production”, Acta Hortic. 2002, 213-219.

Ikiz, B., Dasgan, H. Y., Balik, S., Kusvuran, S., Gruda, N. S., “The use of biostimulants
as a key to sustainable hydroponic lettuce farming under saline water stress”, BMC
Plant Biol. 2024, 24, 808.

[lahy, R., Hdider, C., Lenucci, M.S., Tlili, 1., Dalessandro, G., “Phytochemical
composition and antioxidant activity of high-lycopene tomato (Solanum lycopersicum
L.) cultivars grown in Southern Italy”, Sci. Hortic. 2011, 127, 255-261.

Irato, P., Santovito, G., “Enzymatic and non-enzymatic molecules with antioxidant
function”, Antioxidants 2021, 10, 579.

Isayenkov, S. V., Maathuis, F. J., “Plant salinity stress: many unanswered questions
remain”, Front. Plant Sci. 2019, 10, 80.

Islam, M. T., Arioli, T., Cahill, D. M., “Seaweed extract-stimulated priming in
Arabidopsis thaliana and Solanum lycopersicum”, Plants 2021, 10, 2476.

Jacobo-Velazquez, D.A., Cisneros-Zevallos, L., “Correlations of antioxidant activity
against phenolic content revisited: A new approach in data analysis for food and
medicinal plants”, J. Food Sci. 2009, 74, R107-R113.

Jacobsen, C., Sgrensen, A. D. M., Holdt, S. L., Akoh, C. C., Hermund, D. B., “Source,
extraction, characterization, and applications of novel antioxidants from seaweed”,
Annu. Rev. Food Sci. Technol. 2019, 10, 541-568.

Jaime, L., Mendiola, J. A., Herrero, M., Soler, C., “Separation and characterization of
antioxidants from Spirulina platensis microalga combining pressurized liquid
extraction, TLC and HPLC-DAD?”, J. Sep. Sci. 2005, 28, 2111-2119.

Jayaraj, J., “Induced Resistance-a Sustainable Biotechnological Approach of Plant
Disease Management”, In Microbial Antagonists: Their Role in Biological Control of
Plant Diseases, Today and Tomorrow’s Printers and Publishers: New Delhi, India,
2018, 770-777.

180



Jayaraman, J., Ali, N., “Use of Seaweed Extracts for Disease Management of
Vegetable Crops”, In Sustainable Crop Disease Management Using Natural Products,
CABI: Wallingford, UK, 2015, 160-173.

Jégou, C., Connan, S., Bihannic, 1., Cérantola, S., Guérard, F., Stiger-Pouvreau, V.,
“Phlorotannin and pigment content of native canopy-forming sargassaceae species
living in intertidal rockpools in Brittany (France): Any relationship with their vertical
distribution and phenology?”, Mar. Drugs 2021, 19, 504-524.

Jiao, G., Yu, G., Zhang, J., Ewart, H.S., “Chemical structures and bioactivities of
sulfated polysaccharides from marine algae”, Mar. Drugs 2011, 9, 196-223.

Joshi, D, Nainabasti, A, Bhandari, R., “A review on soilless cultivation: the hope of
urban agriculture”, Arch. Agric. Environ. Sci. 2022, 7, 473—481.

Jung, H. Y., Kim, J. K., “Complete reutilisation of mixed mackerel and brown seaweed
wastewater as a high-quality biofertiliser in open-flow lettuce hydroponics”, J. Clean.
Prod. 2020, 247, 119081.

Junge, W., Klees, H., “Arylesterase”, Methods of enzymatic analysis 1984, 4, 8—14.

Kacar, Y., Ulukapi, K., “Biostimulators in sustainable agriculture: the example of red
lettuce”, J. Plant Nutr. 2025, 1-15.

Kadam, S. U., Tiwari, B. K., O’Donnell, C. P., “Application of novel extraction
technologies for bioactives from marine algae”, J. Agric. Food Chem. 2013, 61, 4667-
4675.

Kadam, S. U., Tiwari, B. K., O'Donnell, C. P., “Extraction, structure and biofunctional
activities of laminarin from brown algae”, Int. J. Food Sci. Technol. 2015, 50, 24-31.

Kalaivani, K., Jawaharlal, M., “Study on physical characterization of coco peat with
different proportions of organic amendments for soilless cultivation”, J. Pharmacogn.
Phytochem. 2019, 8, 2283-2286.

Kaloterakis, N., van Delden, S. H., Hartley, S., De Deyn, G. B., “Silicon application
and plant growth promoting rhizobacteria consisting of six pure Bacillus species

alleviate salinity stress in cucumber (Cucumis sativus L)”, Sci. Hortic. 2021, 288,
110383.

Kampfenkel, K., Vanmontagu, M., Inzé, D., “Extraction and determination of
ascorbate and dehydroascorbate from plant tissue”, Anal. Biochem. 1995, 225, 165—
167.

Kang, H.M., Saltveit, M.E., “Antioxidant capacity of lettuce leaf tissue increases after
wounding”, J. Agric. Food Chem. 2002, 50,7536-7541.

Kapur, B., Saridas, M. A., Celiktopuz, E., Kafkas, E., Kargi, S. P., “Health and taste-
related compounds in strawberries under various irrigation regimes and bio-stimulant
application”, Food Chem. 2018, 263, 67-73.

181



Karatas, A., Turan B. D., “Evaluation of the Fruit Characteristics of Pepper (Capsicum
annuum L.) Genotypes Collected from the Eastern Black Sea Region of Tiirkiye from
the Eastern Black Sea Region of Tiirkiye”, J. Anatol. Environ. Anim. Sci. 2024, 9.

Karthikeyan, K., Shanmugam, M., “Bio-stimulant of seaweed source as an organic
alimentative to Bellary onion: Bulb yield and pyruvic acid levels”, Amer Ag Res. 2016
1,1-9.

Katsoulas, N., Voogt, W., “Recent trends in salinity control for soilless growing
systems management”, Acta Horticulturae. ISHS, Leuven, Belgium 2014, 433-442.

Kawatra, M., Kaur, K., Kaur, G., “Effect of osmo priming on sucrose metabolism in
spring maize, during the period of grain filling, under limited irrigation conditions”,
Physiol. Mol. Biol. Plants 2019, 25, 1367-1376.

Kerchev, P.I., Van Breusegem, F., “Improving oxidative stress resilience in plants”,
Plant J. 2022, 109, 359-37.

Kerchev, P., van der Meer, T., Sujeeth, N., Verlee, A., Stevens, C.V., van Breusegem,
F., Gechev, T., “Molecular Priming as an Approach to Induce Tolerance against
Abiotic and Oxidative Stresses in Crop Plants”, Biotechnol. Adv. 2020, 40, 107503.

Kergosien, N., Stiger-Pouvreau, V., Connan, S., Hennequart, F., Brébion, J., “Mini-
Review: Brown macroalgae as a promising raw material to produce biostimulants for
the agriculture sector”, Front. Agron. 2023, 5, 1109989.

Kesarwani, P., Murali, A. K., Al-Khami, A. A., Mehrotra, S., “Redox regulation of T-
cell function: from molecular mechanisms to significance in human health and
disease” Antioxid. Redox Signal. 2013, 18, 1497-1534.

Khairy, H. M., El-Shafay, S. M., “Seasonal variations in the biochemical composition
of some common seaweed species from the coast of Abu Qir Bay, Alexandria, Egypt”,
Oceanologia 2013, 55, 435-452.

Khalid, A., Hameed, A.,Tahir, M. F., “Wheat quality: A review on chemical
composition, nutritional attributes, grain anatomy, types, classification, and function
of seed storage proteins in bread making quality”, Front. Nutr. 2023, 10, 1053196.

Khalil, H. P. S. A., Tye, Y. Y., Saurabh, C. K., Leh, C. P, Lai, T. K., Chong, E. W.
N., Syakir, M. L., “Biodegradable polymer films from seaweed polysaccharides: A
review on cellulose as a reinforcement material”, Express Polym. Lett. 2017, 11, 244-
265.

Khan W, Rayirath U, Subramanian S, Jithesh M, Rayorath P, Hodges DM, Critchley
A, raigie J, Norrie J, Prithiviraj B., “Seaweed extracts as biostimulants of plant growth

and development”, J. Plant Growth Regul. 2009, 28, 386—399.

Khan, A. S., Ahmad, B., Jaskani, M. J., Ahmad, R., Malik, A. U., “Foliar application
of mixture of amino acids and seaweed (Ascophylum nodosum) extract improve

182



growth and physicochemical properties of grapes”, Int. J. Agric. Biol. 2012 14, 383-
388.

Khan, M. A., “An ecological overview of halophytes from Pakistan. In Cash Crop
Halophytes: Recent Studies”, Tasks for Vegetation Science Vol. 38 (eds Lieth, H.,
Mochtchenko, M.) 167-187 (Springer, Dordrecht, 2003).

Khan, M. M., Rahman, M. M., Hasan, M. M., Amin, M. F., Matin, M. Q. 1., Faruq, G.,
Hossain, A., “Assessment of the salt tolerance of diverse bread wheat (7Triticum
aestivum L.) genotypes during the early growth stage under hydroponic culture
conditions”, Heliyon 2024, 10.

Khan, R. I., Hafiz, 1. A., Shafique, M., Ahmad, T., Ahmed, 1., Qureshi, A. A., “Effect
of pre-harvest foliar application of amino acids and seaweed (4scophylum nodosum)
extract on growth, yield, and storage life of different bell pepper (Capsicum annuum
L.) cultivars grown under hydroponic conditions”, J. Plant Nutr. 2018, 41, 2309-2319.

Khan, W., Rayirath, U. P., Subramanian, S., Jithesh, M. N., Rayorath, P., Hodges, D.
M., Critchley, A. T., Craigie, J. S., Norrie, J., Prithiviraj, B., “Seaweed extracts as
biostimulants of plant growth and development”, J. Plant Growth Regul. 2009, 45,
112-134.

Khan, W, Hiltz, D., Critchley, A. T., Prithiviraj, B., “Bioassay to detect Ascophyllum
nodosum extract-induced cytokinin-like activity in Arabidopsis thaliana”, J. Appl.
Phycol. 2011, 23, 409-414.

Khan, Z., Gul, H., Rauf, M., Arif, M., Hamayun, M., Ud-Din, A., Lee, L. J,,
“Sargassum wightii aqueous extract improved salt stress tolerance in Abelmoschus

esculentus by mediating metabolic and ionic rebalance”, Front. Mar. Sci. 2022, 9,
853272.

Khedr, A. H. A., Abbas, M. A., Wahid, A. A. A., Quick, W. P., Abogadallah, G.,
“Proline induces the expression of salt-stress-responsive proteins and may improve the
adaptation of Pancratium maritimum L. to salt-stress”, J. Exp. Bot. 2003, 54, 2553-
2562.

Kili¢, H. (2010). The effect of planting methods on yield and yield components of
irrigated spring durum wheat varieties. Sci. Res. Essays, 5, 3063-3069.

Kim, K. T., “Seasonal variation of seaweed components and novel biological function
of fucoidan extracted from brown algae in Quebec”, Doctoral dissertation 2012,
Université Laval.

Kim, M.J., Moon, Y., Tou, J.C., Mou, B., Waterland, N.L. Nutritional value, bioactive
compounds and health benefits of lettuce (Lactuca sativa L.). J. Food Compost. 2016
Anal. 49, 19-34.

Kim, D. E., Shang, X., Assefa, A. D., Keum, Y. S., Saini, R. K., “Metabolite profiling
of green, green/red, and red lettuce cultivars: Variation in health beneficial compounds
and antioxidant potential”, Food Res. Int. 2018, 105, 361-370.

183



Kishor, P. K., Sangam, S., Amrutha, R. N., Laxmi, P. S., Naidu, K. R., Rao, K. S,,
Sreenivasulu, N., “Regulation of proline biosynthesis, degradation, uptake and
transport in higher plants: its implications in plant growth and abiotic stress
tolerance”, Curr. Sci. 2005, 424-438.

Kisvarga, S., Farkas, D., Boronkay, G., Neményi, A., Orloci, L., “Effects of
biostimulants in  horticulture, with  emphasis on ornamental plant
production. Agronomy 2022, 12, 1043.

Klarzynski, O., Descamps, V., Plesse, B., Yvin, J.C., Kloareg, B., Fritig, B., “Sulfated
fucan oligosaccharides elicit defense responses in tobacco and local and systemic

resistance against tobacco mosaic virus”, Mol. Plant-Microbe Interact. 2003, 16, 115—
122.

Kocira, S., “Effect of amino acid biostimulant on the yield and nutraceutical potential
of soybean”, Chil. J. Agric. Res. 2019, 79, 17-25.

Kosani¢, M., Rankovi¢, B., Stanojkovi¢, T., “Biological Activities of Two Macroalgae
from Adriatic Coast of Montenegro”, Saudi J. Biol. Sci. 2015, 22, 390-397.

Krauss, S., Schnitzler, W.H., Grassmann, J., Woitke, M., “The influence of different
electrical conductivity values in a simplified recirculating soilless system on inner and
outer fruit quality characteristics of tomato”, J. Agric. Food Chem. 2006, 54, 441-448.

Krid, A., Ennoury, A., Kchikich, A., Oumassi, F., Oualid, J.A., Roussi, Z., Hassani
Zerrouk, M., “Cystoseira tamariscifolia Aqueous Extract Mitigates Salinity Stress in
Tomato Plants by Mediating Their Physiology and Biochemistry”, IJER 2024, 18, 58.

Kulbat, K., “The role of phenolic compounds in plant resistance”, Biotechnol. Food
Sci. 2016, 80, 97-108.

Kulkarni, M. G., Rengasamy, K. R., Pendota, S. C., Gruz, J., Plackova, L., Novak, O.,
Van Staden, J., “Bioactive molecules derived from smoke and seaweed Ecklonia

maxima showing phytohormone-like activity in Spinacia oleracea L7, New
Biotechnol. 2019, 48, 83-89.

Kumar, S., Li, G., Yang, J., Huang, X., Ji, Q., Liu, Z., Ke, W., Hou, H., “Effect of Salt
Stress on Growth, Physiological Parameters, and Ionic Concentration of Water
Dropwort (Oenanthe javanica) Cultivars”, Front. Plant Sci. 2021, 12, 660409.

Kumari, R., Kaur, I., Bhatnagar, A. K., “Effect of aqueous extract of Sargassum
Jjohnstonii Setchell, Gardner on growth, yield and quality of Lycopersicon esculentum
Mill”, J. Appl. Phycol. 2011, 23, 623-633.

Kurepin, L., Haslam, T., Lopez-Villalobos, A., Oinam, G. Yeung, E., “Adventitious
root formation in ornamental plants: II”, The role of plant growth regulators, 2011,
161-171.

184



Kutman, B. Y., Kutman, U. B., Cakmak, 1., “Nickel-enriched seed and externally
supplied nickel improve growth and alleviate foliar urea damage in soybean”, Plant
Soil. 2013, 363, 61-75.

Kutman, U. B., “Mineral nutrition and crop quality. In Marschner's Mineral Nutrition
of Plants”, 2023, 419-444.

La Bella, S., Consentino, B. B., Rouphael, Y., Ntatsi, G., De Pasquale, C., lapichino,
G., Sabatino, L., “Impact of Ecklonia maxima seaweed extract and Mo foliar
treatments on biofortification, spinach yield, quality and NUE”, Plants 2021, 10, 1139.

Lakhiar, 1. A., Gao, J., Syed, T. N., Chandio, F. A., Buttar, N. A., “Modern plant
cultivation technologies in agriculture under controlled environment: A review on
aeroponics”, J. Plant Interac. 2018, 13, 338-352.

Lanka, S. K., Senthil-Nathan, S., Blouin, D. J. Stout, M. J., “Impact of thiamethoxam
seed treatment on growth and yield of rice, Oryza sativa”, J. Econ. Entomol. 2017,
110, 479-486.

Latique, S., Chernane, H., Mansori, M., El Kaoua, M., “Seaweed liquid fertilizer effect
on physiological and biochemical parameters of bean plant (Phaesolus vulgaris variety
Paulista) under hydroponic system”, Eur. Sci. J. 2013, 9.

Latique, S., Mohamed Aymen, E., Halima, C., Chérif, H., Mimoun, E. K., “Alleviation
of salt stress in durum wheat (7riticum durum L.) seedlings through the application of

liquid seaweed extracts of Fucus spiralis”, Commun. Soil Sci. Plant Anal. 2017, 48,
2582-2593.

Laurie, S., Feeney, K. A., Maathuis, F. J. M., Heard, P. J., Brown, S. J., and Leigh, R.
A., “A role for HKT1 in sodium uptake by wheat roots”, Plant J. 2002 32, 139-149.

Layek J., Das A., Idapuganti R. G., Sarkar D., Ghosh A., Zodape S. T., Meena R. S.,
“Seaweed extract as organic bio-stimulant improves productivity and quality of rice in
eastern Himalayas”, J. Appl. Phycol. 2018, 30, 547-55.

Leandro, A., Pacheco, D., Cotas, J., Marques, J. C., Pereira, L., Gongalves, A. M.,
“Seaweed’s bioactive candidate compounds to food industry and global food
security”, Life 2020, 10, 140.

Lee, D., Nishizawa, M., Shimizu, Y., Saeki, H., “Anti-inflammatory effects of dulse
(Palmaria palmata) resulting from the simultaneous water-extraction of
phycobiliproteins and chlorophyll a”, Food Res. Int. 2017, 100, 514-521.

Lee, J. S., Chandra, D., Son, J., “Growth, physicochemical, nutritional, and postharvest
qualities of leaf lettuce (Lactuca sativa L.) as affected by cultivar and amount of

applied nutrient solutions”, Horticulturae 2022, 8, 436.

Lee, S. K., Kader, A. A., “Preharvest and postharvest factors influencing vitamin C
content of horticultural crops”, Postharvest Biol. Technol. 2000, 20, 207-220.

185



Lemmens, E., Deleu, L.J., De Brier, N., De Man, W.L., De Proft, M., Prinsen, E.,
Delcour, J.A., “The Impact of Hydro-Priming and Osmo-Priming on Seedling
Characteristics, Plant Hormone Concentrations, Activity of Selected Hydrolytic
Enzymes, and Cell Wall and Phytate Hydrolysis in Sprouted Wheat (7riticum aestivum
L.)”, ACS Omega 2019, 4, 22089-22100.

Lester, G.E., Jifon, J.L., Makus, D.J., “Supplemental foliar potassium applications
with or without a surfactant can enhance netted muskmelon quality”, Hort. Sci. 2006
41, 741-744.

Lester, G. E., Jifon, J. L., Makus, D. J., “Impact of potassium nutrition on postharvest
fruit quality: Melon (Cucumis melo L) case study”, Plant Soil 2010, 335, 117-131.

Li, J.,, Van Gerrewey, T., Geelen, D., “A meta-analysis of biostimulant yield
effectiveness in field trials”, Front. Plant Sci. 2022a, 13, 836702.

Li, Q., Gao, Y., Yang, A., “Sulfur homeostasis in plants”, Int. J. Mol. Sci. 2020, 21,
8926.

Li, Z., Zhong, F., Guo, J., Chen, Z., Song, J., Zhang, Y., “Improving wheat salt
tolerance for saline agriculture”, J. Agric. Food Chem. 2022b, 70, 14989-15006.

Liang, W., Ma, X., Wan, P., Liu, L. Plant salt-tolerance mechanism: A review.
Biochem. Biophys. Res. Commun. 2018, 495, 286-291.

Liava, V., Chaski, C., Anibarro-Ortega, M., Pereira, A., Pinela, J., Barros, L.,
Petropoulos, S. A., “The effect of biostimulants on fruit quality of processing tomato
grown under deficit irrigation”, Horticulturae 2023, 9, 1184.

Lin, W., Lin, M., Zhou, H., “The effects of chemical and organic fertilizer usage on
rhizosphere soil in tea orchards”. PLoS ONE 2019, 14, e0217018.

Liu, H., Zhang, Y. H., Yin, H., Wang, W. X, Zhao, X. M., Du, Y. G., “Alginate
oligosaccharides enhanced Triticum aestivum L. tolerance to drought stress”, Plant
Physiol. Biochem. 2013, 62, 33-40.

Locato, V., Cimini, S., Gara, L. D., “Strategies to increase vitamin C in plants: from
plant defense perspective to food biofortification”, Front. Plant Sci. 2013, 4, 152.

Lojkova, L., Vranova, V., Formanek, P., Drépelova, 1., Brtnicky, M., Datta, R.,
“Enantiomers of carbohydrates and their role in ecosystem interactions: A review”,
Symmetry 2020, 12, 470.

Lola-Luz, T., Hennequart, F., Gaffney, M., “Effect on yield, total phenolic, total
flavonoid and total isothiocyanate content of two broccoli cultivars (Brassica

oleraceae var italica) following the application of a commercial brown seaweed
extract (Ascophyllum nodosum)”, Agric. Food Sci. 2014, 23, 28-37.

Lushchak, V. 1., “Glutathione homeostasis and functions: potential targets for medical
interventions”, J. Amino acids, 2012, 736837.

186



Ma, L., Liu, X., Lv, W., Yang, Y., “Molecular mechanisms of plant responses to salt
stress”, Front. Plant Sci. 2022, 13, 934877.

MacKinnon, S. L., Craft, C., “Analysis of betaines from marine algae using LC-MS-
MS”, Natural Products from Marine Algae: Methods and Protocols 2015, 267-275.

MacKinnon, S. L., Hiltz, D., Ugarte, R., Craft, C. A., “Improved methods of analysis
for betaines in Ascophyllum nodosum and its commercial seaweed extracts”, J. Appl.
Phycol. 2010, 22, 489-494.

Mahawar, L., Barboricova, M., Kova r, M., Fila¢ ek, A., Ferencova, J., Bresti¢, M.,
“Effect of copper oxide and zinc oxide nanoparticles on photosynthesis and physiology
of Raphanus sativus L. Under salinity stress”, Plant Physiol. Biochem. 2024, 206,
108281.

Mahmoud, S. H., Salama, D. M., El-Tanahy, A. M., Abd El-Samad, E. H., “Utilization
of seaweed (Sargassum vulgare) extract to enhance growth, yield and nutritional
quality of red radish plants”, Ann. Agric. Sci. 2019, 64, 167-175.

Majid, M., Khan, J. N., Shah, Q. M. A., Masoodi, K. Z., Afroza, B., Parvaze, S.,
“Evaluation of hydroponic systems for the cultivation of Lettuce (Lactuca sativa L.,

var. Longifolia) and comparison with protected soil-based cultivation”, Agric. Water
Manag. 2021, 245, 106572.

Malaguti, D., Rombola, A.D., Gerin, M., Simoni, G., Tagliavini, M., Marangoni, B.,
“Effect of Seaweed Extracts-Based Leaf Sprays on the Mineral Status, Yield and Fruit
Quality of Apple”, Acta Hortic. 2002.

Malik, A., Mor, V. S., Tokas, J., Punia, H., Malik, S., Malik, K., Karwasra, A.,
“Biostimulant-treated seedlings under sustainable agriculture: A global perspective
facing climate change”, Agronomy 2020, 11, 14.

Malo, C., Wilson, J. X., “Glucose modulates vitamin C transport in adult human small
intestinal brush border membrane vesicles”, J. Nutr. 2000, 130, 63-69.

Mamede, M., Cotas, J., Bahcevandziev, K., Pereira, L., “Seaweed polysaccharides in
agriculture: A next step towards sustainability”, Appl. Sci. 2023, 13, 6594.

Mancuso, S., Azzarello, E., Mugnai, S. Briand, X., “Marine bioactive substances (IPA
extract) improve foliar ion uptake and water stress tolerance in potted Vitis vinifera
plants”, Adv. Hortic. Sci. 2006, 20, 156—161.

Mandal, S., Anand, U., Lopez-Bucio, J., Kumar, M., Lal, M. K., Tiwari, R. K., Dey,
A., “Biostimulants and environmental stress mitigation in crops: A novel and emerging

approach for agricultural sustainability under climate change”, Environ. Res. 2023,
233, 116357.

Maneyv, Z. K., Petkova, N. T., “Component composition and antioxidant potential of
Cystoseira barbata from the Black Sea”, Bulletin of the Transilvania University of
Brasov. Series II: Forestry,Wood Industry, Agric. Food Eng. 2021, 163-172.

187



Mannino, G., Campobenedetto, C., Vigliante, 1., Contartese, V., Gentile, C., Bertea,
C.M., “The application of a plant biostimulant based on seaweed and yeast extract
improved tomato fruit development and quality”, Biomolecules 2020, 10, 1662.

Maoka, T., “Carotenoids as natural functional pigments”, J. Nat. Med. 2020, 74, 1-16.

Mariani, L., Ferrante, A., “Agronomic management for enhancing plant tolerance to
abiotic stresses—Drought, salinity, hypoxia, and lodging”, Horticulturae 2017, 3, 52.

Marin, A., Ferreres, F., Tomas-Barberan, F. A., Gil, M. 1., “Characterization and
quantitation of antioxidant constituents of sweet pepper (Capsicum annuum L.)”, J.
Agric. Food Chem. 2004, 52, 3861-3869.

Marles, R. J., “Mineral nutrient composition of vegetables, fruits and grains: The
context of reports of apparent historical declines”, J. Food Compos. Anal. 2017, 56,
93-103.

Marletta, G., Lombardo, A., “Assessment of grazing impact on deep canopy forming
species in the western lonian Sea, Central Mediterranean”, Int. J. Aquat. Biol. 2020 §,
365-376.

Marschner, H., “Marschner's mineral nutrition of higher plants”, 2012. Academic
press.

Martinez-Medina, A., Flors, V., Heil, M., Mauch-Mani, B., Pieterse, C., Pozo, M.,
Ton, J., Dam, N., Conrath, U., “Recognizing plant defense priming”, Trends Plant Sci.
2016, 21, 818-822.

Matysik, J., Alia, Bhalu, B., Mohanty, P., “Molecular mechanisms of quenching of
reactive oxygen species by proline under stress in plants”, Curr. Sci. 2002, 525-532.

Medina-Lozano, 1., Bertolin, J. R., Diaz, A., “Nutritional value of commercial and
traditional lettuce (Lactuca sativa L.) and wild relatives: Vitamin C and anthocyanin
content”, Food Chem. 2021, 359, 129864.

Meenakshi, S., Gnanambigai, D. M., Mozhi, S. T., Arumugam, M. Balasubramanian,
T., “Total flavanoid and in vitro antioxidant activity of two seaweeds of Rameshwaram
coast”, Global Journal of Pharmacology 2009, 3, 59-62.

Meillisa, A., Siahaan, E. A., Park, J.-N., Woo, H.-C., “Effect of subcritical water
hydrolysate in the brown seaweed Saccharina japonica as a potential antibacterial
agent on foodborne pathogens”, J. Appl. Phycol. 2013, 25, 763-769.

Mekawy, A. M., Assaha, D. V., Yahagi, H., Tada, Y., Ueda, A., and Saneoka, H.,
“Growth, physiological adaptation, and gene expression analysis of two Egyptian rice
cultivars under salt stress”, Plant Physiol. Biochem. 2015, 87, 17-25.

Melo, P., Abreu, C., Bahcevandziev, K., Araujo, G., Pereira, L., “Biostimulant effect
of marine macroalgae bioextract on pepper grown in greenhouse”, Appl. Sci. 2020,
10, 4052.

188



Mena-Garcia, A. Ruiz-Matute, A.l. Soria, A.C. Sanz, M.L., “Green techniques for
extraction of bioactive carbohydrates”, TrAC Trends Anal. Chem. 2019, 119, 115612.

Mengutay, M., Ceylan, Y., Kutman, U. B., Cakmak, I., “Adequate magnesium
nutrition mitigates adverse effects of heat stress on maize and wheat”, Plant Soil
2013, 368, 57-72.

Miceli, A., Vetrano, F., Moncada, A., “Influence of Ecklonia maxima extracts on
growth, yield, and postharvest quality of hydroponic leaf lettuce”, Horticulturae 2021,
7, 440.

Michalak, 1., Chojnacka, K., “Algal extracts: Technology and advances”, Eng. Life
Sci. 2014, 14, 581-591.

Michalak, 1., Tuhy, L., Chojnacka, K., “Seaweed extract by microwave-assisted
extraction as  plant  growth  biostimulant”, Open = Chem. 2015, 13,
000010151520150132.

Miller, N. J., Rice-Evans, C. A., “Factors influencing the antioxidant activity
determined by the ABTSe+ radical cation assay”, Free Radic. Res. 1997, 26, 195-199.

Minich, D.M., Brown, B.I., “A review of dietary (phyto) nutrients for glutathione
support”, Nutrients 2019, 11, 2073.

Mir, Y. H., Mir, S., Ganie, M. A., Shah, A. M., Majeed, U., Chesti, M. H., Wani, F.
J.,“Soilless farming: An innovative sustainable approach in agriculture”, Pharma
Innovation Journal 2022, 11, 2663-2675.

Miransari, M., Smith, D., “Sustainable wheat (Triticum aestivum L.) production in
saline fields: a review”, Crit. Rev. Biotechnol. 2019, 39, 999-1014.

Mittler, R., Vanderauwera, S., Gollery, M., Van Breusegem, F., “Reactive oxygen
gene network of plants”, Trends Plant Sci. 2004, 9, 490—498.

Mohamed, M. H., Sami, R., Al-Mushhin, A. A., Ali, M. M. E., El-Desouky, H. S.,
Ismail, K. A., Zewail, R. M., “Impacts of effective microorganisms, compost tea,
fulvic acid, yeast extract, and foliar spray with seaweed extract on sweet pepper plants
under greenhouse conditions”, Plants 2021, 10, 1927.

Mohd Fauziee, N. A., Chang, L. S., Wan Mustapha, W. A., Md Nor, A. R., and Lim,
S. J. Functional polysaccharides of fucoidan, laminaran and alginate from Malaysian
brown seaweeds (Sargassum polycystum, Turbinaria ornata and Padina boryana). Int.

J. Biol. Macromol. 2021 167, 1135-1145.

Molazem, D., Azimi, J. Morpho-Physiological Characterization in Eight Varieties of
Maize (Zea mays L.) under Soil Salinity. Pol. J. Environ. Stud. 2015, 24, 2537-2542.

Moncada, A., Miceli, A., Vetrano, F., “Use of plant growth-promoting rhizobacteria
(PGPR) and organic fertilization for soilless cultivation of basil”, Sci. Hortic. 2021,
275, 109733.

189



Monsen, E. R., “Dietary reference intakes for the antioxidant nutrients: vitamin C,
vitamin E, selenium, and carotenoids”, J. Acad. Nutr. Diet. 2000, 100, 637.

Morales, M., Munné-Bosch, S., “Malondialdehyde: facts and artifacts”, Plant Physiol.
2019, 180, 1246-1250.

Morgan, K.T., Rouse, R.E., Roka, F.M., Futch, S.H., Zekri, M., “Leaf and fruit mineral
content and peel thickness of ‘Hamlin’ orange”, Proc. Fla. State Hort. Soc. 2005 118,
19-21.

Mou, B., “Nutritional quality of lettuce”, Curr. Nutr. Food Sci. 2012, 8, 177-187.

Mughunth, R. J., Velmurugan, S., Mohanalakshmi, M., Vanitha, K., “A review of
seaweed extract's potential as a biostimulant to enhance growth and mitigate stress in
horticulture crops”, Sci. Hortic. 2024, 334, 113312.

Mugnai, S., Azzarello, E., Pandolfi, C., Salamagne, S., Briand, X. Mancuso, S.,
“Enhancement of ammonium and potassium root influxes by the application of marine
bioactive substances positively affects Vitis vinifera plant growth”, J. Appl. Phycol.
2008, 20, 177-182.

Muhammad, N., Manghwar, H., Quraishi, U., Chaudhary, H., Munis, M. TAA (Indole-
3-Acetic Acid) Induces Biochemical and Physiological Changes in Wheat under
Drought Stress. Philipp. Agric. Sci. 2015, 99.

Mujeeb-Kazi, A., Munns, R., Rasheed, A., Ogbonnaya, F. C., Ali, N., Hollington, P.,
Rajaram, S., “Breeding strategies for structuring salinity tolerance in wheat”, Adv.
Agron. 2019, 155, 121-187.

Mukherjee, A., Patel, J.S., “Seaweed extract: biostimulator of plant defense and plant
productivity”, Int. J. Environ. Sci. Technol. 2020, 17, 553-558.

Munns, R., “Comparative physiology of salt and water stress”, Plant Cell Environ.
2002, 25, 239-250.

Munns, R., Tester, M., “Mechanisms of salinity tolerance”, Annu. Rev. Plant Biol.
2008, 59, 651-681.

Muthu-Pandian, Chanthini, K., Senthil-Nathan, S., Stanley-Raja, V., Thanigaivel, A.,
Karthi, S., Sivanesh, H., Sundar, N.S., Palanikani, R., Soranam, R., “Chaetomorpha
antennina (Bory) Kiitzing derived seaweed liquid fertilizers as prospective bio-
stimulant for Lycopersicon esculentum (Mill)”, Biocatal. Agric. Biotechnol. 2019, 20,
101190.

Mutlu-Durak, H., Arikan, Y., Kutman, B. Y., “Willow (Salix babylonica) extracts can
act as biostimulants for enhancing salinity tolerance of maize grown in soilless
culture”, Plants 2023, 12, 856.

Mutlu-Durak, H., Arikan-Algul, Y., Bayram, E., Haznedaroglu, B.Z., Kutman, U.B.,
Kutman, B.Y., “Various extracts of the brown seaweed Cystoseira barbata with

190



different compositions exert biostimulant effects on seedling growth of wheat”,
Physiol. Plant. 2024, 176, 4 e14503.

Mwebi, N.O., Ogendi, B.M.O., “Effect of boiling, steaming, stir-frying and microwave
cooking on the antioxidant potential of peppers of varying pungency”, Cogent Food
Agric. 2020, 6, 1834661.

Mzibra, A., Aasfar, A., El Arroussi, H., Khouloud, M., Dhiba, D., Kadmiri, I. M.,
Bamouh, A., “Polysaccharides extracted from Moroccan seaweed: A promising source
of tomato plant growth promoters”, J. Appl. Phycol. 2018, 30, 2953-2962.

Nabti, E., Leila, B., Nassira, T., “Effect of the marine algae Cystoseira Mediterranea
on growth of Hordeum vulgare and its chlorophyll content”, Trends Hortic. 2018, 1.

Nahar, K., Hasanuzzaman, M., Rahman, A., Alam, M. M., Mahmud, J. A., Suzuki, T.,
Fujita, M., “Polyamines confer salt tolerance in mung bean (Vigna radiata L.) by
reducing sodium uptake, improving nutrient homeostasis, antioxidant defense, and
methylglyoxal detoxification systems”, Front. Plant Sci. 2016 7, 1104.

Nair P, Kandasamy S, Zhang J, Ji X, Kirby C, Benkel B, et al. Transcriptional and
metabolomic analysis of Ascophyllum nodosum mediated freezing tolerance in
Arabidopsis thaliana. BMC Genom. 2012, 13, 643.

Nakano, Y., Asada, K., “Hydrogen peroxide is scavenged by ascorbate-specific
peroxidase in spinach chloroplasts”, Plant Cell Physiol. 1981, 22, 867-880.

Navarro-Leon, E., Lopez-Moreno, F. J., Borda, E., Marin, C., Sierras, N., Blasco, B.,
Ruiz, J. M., “Effect of l-amino acid-based biostimulants on nitrogen use efficiency
(NUE) in lettuce plants”, J. Sci. Food Agric. 2022, 102, 7098-7106.

Naveed, M., Sajid, H., Mustafa, A., Niamat, B., Ahmad, Z., Yaseen, M., Kamran, M.,
Rafque, M., Ahmar, S., Chen, J.T., “Alleviation of salinity-induced oxidative stress,
improvement in growth, physiology and mineral nutrition of canola (Brassica napus
L.) through calcium-fortifed composted animal manure”, Sustainability 2020, 12, 846.

Nedumaran, T., Arulbalachandran, D., “Seaweeds: A Promising Source for
Sustainable Development”, In Environmental Sustainability: Role of Green
Technologies, Thangavel, P., Sridevi, G., Eds., Springer: New Delhi, India, 2015, 65—
88.

Nephali, L., Piater, L. A., Dubery, I. A., Patterson, V., Huyser, J., Burgess, K.,
Tugizimana, F., “Biostimulants for plant growth and mitigation of abiotic stresses: A
metabolomics perspective”, Metabolites 2020, 10, 505.

Nguyen-Quoc, B., Foyer, C. H., “A role for ‘futile cycles’ involving invertase and

sucrose synthase in sucrose metabolism of tomato fruit”, J. Exp. Bot. 2001, 52, 881-
889.

191



Nicolle, C., Carnat, A., Fraisse, D., Lamaison, J. L., Rock, E., Michel, H., Remesy, C.
“Characterisation and variation of antioxidant micronutrients in lettuce (Lactuca sativa
folium)”, J. Sci. Food Agric. 2004, 84, 2061-2069.

Niu, G., Sun, Y., Masabni, J.G., “Impact of low and moderate salinity water on plant
performance of leafy vegetables in a recirculating NFT system”, Horticulturae 2018,
4, 6.

Niu, J., Liu, C., Huang, M., Liu, K., Yan, D., “Effects of foliar fertilization: a review
of current status and future perspectives”, J. Soil Science Plant Nutr. 2021, 21, 104-
118.

Nivetha, N. Shukla, P.S., Nori, S.S., Kumar, S., Suryanarayan, S., “A red seaweed
Kappaphycus alvarezii-based biostimulant (AgroGain®) improves the growth of Zea
mays and impacts agricultural sustainability by beneficially priming rhizosphere soil
microbial community”, Front. Microbiol. 2024, 15, 1330237.

Noctor, G., Queval, G., Mhamdi, A., Chaouch, S., Foyer, C.H., “Glutathione”, The
Arabidopsis Book/American Society of Plant Biologists 2011, 9, e0142.

Nookaraju, A., Upadhyaya, C. P., Pandey, S. K., Young, K. E., Hong, S. J., Park, S.
K., Park, S. W., “Molecular approaches for enhancing sweetness in fruits and
vegetables”, Sci. Hortic. 2010, 127, 1-15.

Noroozlo, Y. A., Souri, M. K., Delshad, M., “Stimulation effects of foliar applied
glycine and glutamine amino acids on lettuce growth”, Open Agriculture 2019, 4, 164-
172.

Nursyahid, A., Setyawan, T. A., Sa’diyah, K., Wardihani, E. D., Helmy, H., Hasan,
A., “Analysis of Deep-Water Culture (DWC) hydroponic nutrient solution level

control systems”, In IOP conference series: Materials science and engineering, 1108,
1, p. 012032.

O’Sullivan, A.M., O’Callaghan, Y.C., O’Grady, M.N., Queguineur, B., Hanniffy, D.,
Troy, D.J., Kerry, J.P., O’Brien, N.M., “In Vitro and Cellular Antioxidant Activities
of Seaweed Extracts Prepared from Five Brown Seaweeds Harvested in Spring from
the West Coast of Ireland”, Food Chem. 2011, 126, 1064—1070.

Omirou, M.D., Papadopoulou, K.K., Papastylianou, I., Constantinou, M., Karpouzas,
D.G., Asimakopoulos, I., “Impact of nitrogen and sulfur fertilization on the
composition of glucosinolates in relation to sulfur assimilation in different plant organs
of broccoli. J. Agric. Food Chem. 2009, 57, 9408-9417.

Onez, L. J. P., Catubis, K. M. L., Cabillo, R. A., Pascual, P. R. L., “Improved
morphological and yield responses of green lettuce (Lactuca sativa L.) grown with
seaweed extract as a hydroponic nutrient solution”, J. Plant Nutr. 2025, 48, 658-669.

Orlando—Bonaca M., Pitacco V., Slavinec P., Sisko M., Makovec T., Falace, A. “First
Restoration Experiment for Gongolaria barbata in Slovenian Coastal Waters. What
Can Go Wrong?”, Plants 2021, 10, 239.

192



Ottaiano, L., Di Mola, 1., Cozzolino, E., El-Nakhel, C., Rouphael, Y., Mori, M.,
“Biostimulant application under different nitrogen fertilization levels: Assessment of
yield, leaf quality, and nitrogen metabolism of tunnel-grown lettuce”, Agronomy 2021
11, 1613.

Ozbay, N., Demirkiran, A.R., “Enhancement of growth in ornamental pepper
(4sapsicum annuum L.) Plants with application of a commercial seaweed product,
stimplex”, Appl. Ecol. Environ. Res. 2019, 17, 4361-4375.

Oztaskent C., Ak 1. 2021., “Effect of LED light sources on the growth and chemical
composition of brown seaweed Treptacantha barbata”, Aquac. Int. 29, 193-205.

Oziilkii, G., “Investigation of the possibilities of using durum wheat flour in bread
production”, E. J. S. T. 2022, 130-136.

Paciolla, C., Fortunato, S., Dipierro, N., Paradiso, A., De Leonardis, S., Mastropasqua,
L., De Pinto,b M. C., “Vitamin C in plants: from functions to
biofortification”, Antioxidants 2019, 8, 519.

Pan, J. L., Wang, H. M., Chen, C. Y., Chang, J. S., “Extraction of astaxanthin from
Haematococcus pluvialis by supercritical carbon dioxide fluid with ethanol
modifier”, Eng. Life Sci. 2012, 12, 638-647.

Panayotova, V., Stancheva, M., “Mineral Composition of Marine Macroalgae from the
Bulgarian Black Sea Coast”, Scr. Sci. Medica 2013, 45, 42-45.

Pandey, P., Singh, J., Achary, V., Reddy, M.K., “Redox homeostasis via gene families
of ascorbate-glutathione pathway”, Front. Environ. Sci. 2015, 3, 25.

Pandit, K., Kaur, S., Kumar, M., Bhardwaj, R., Kaur, S., “Salinity stress: Impact on
plant growth”, 2024.

Panfili, 1., Bartucca, M. L., Marrollo, G., Povero, G., Del Buono, D., “Application of
a plant biostimulant to improve maize (Zea mays) tolerance to metolachlor”, J. A. F.
C. 2019, 67, 12164-12171.

Pangestuti, R., Kim, S., “Chapter 6 - seaweed proteins, peptides, and amino acids,” in
Seaweed sustainability (Cambridge, Massachusetts: Elsevier Inc), 2015, 125— 140.

Paradikovi¢, N., Vinkovié, T., Vinkovi¢ Vréek, 1., Zuntar, L., Boji¢, M., Medi¢-Sarié,
M., “Effect of natural biostimulants on yield and nutritional quality: an example of

sweet yellow pepper (Capsicum annuum L.) plants”, J. Sci. Food Agric. 2011, 91,
2146-2152.

Paradisone, V., Barrameda-Medina, Y., Montesinos-Pereira, D., Romero, L., Esposito,
S., Ruiz, J. M., “Roles of some nitrogenous compounds protectors in the resistance to
zinc toxicity in Lactuca sativa cv. Phillipus and Brassica oleracea cv. Bronco. Acta”,
Physiol. Plant. 2015, 37, 1-8.

193



Parihar, P., Singh, S., Singh, R., Vijay Pratap Singh, V.P., Prasad, S.M., “Effect of
salinity stress on plants and its tolerance strategies: A review”, Environ. Sci. Pollut.
Res. 2015, 22, 4056—4075.

Park, N.-Y., Kim, L-S., Jeong, Y.-J., “Effects of extraction conditions on the
componential extraction of brown seaweed (Undaria pinnatifida)”, Prev. Nutr. Food
Sci. 2008, 13, 321-326.

Parvin, K., Hasanuzzaman, M., Bhuyan, M.H.M.B., Nahar, K., Mohsin, S.M., Fujita,
M. “Comparative physiological and biochemical changes in tomato (Solanum
lycopersicum L.) under salt stress and recovery: Role of antioxidant defense and
glyoxalase systems”, Antioxidants 2019, 8, 350.

Pasternak, T., Rudas, V., Potters, G., Jansen, M.A K., “Morphogenic effectsof abiotic
stress: reorientation of growth in Arabidopsis thalianaseedlings”, Environ. Exp. Bot.
2005, 53:299-314.

Patel, J. S., Selvaraj, V., More, P., Bahmani, R., Borza, T., Prithiviraj, B., “A Plant
Biostimulant from Ascophyllum nodosum Potentiates Plant Growth Promotion and
Stress Protection Activity of Pseudomonas protegens CHAO0”, Plants, 2023, 12, 120.

Patel, K., Agarwal, P., Agarwal, P.K. Kappaphycus alvarezii sap mitigates abiotic-
induced stress in Triticum durum by modulating metabolic coordination and improves
growth and yield. J. Appl. Phycol. 2018, 30, 2659-2673.

Patel, Z., Bhalerao, P. P., Gaikwad, S. S., Sachin, A. J., “Effect of foliar application of
chemicals on growth and yield of garlic (4//ium sativum L.) var. GG-4”, Int. J. Chem.
Stud. 2017, 5, 1035-1037.

Penella, C., Calatayud, A., “Pepper crop under climate change: grafting as an
environmentally friendly strategy”, Climate resilient agriculture: strategies and
perspectives. IntechOpen 2018, London, 129-155.

Pereira L. 2017., “Therapeutic and nutritional uses of algae”, ed. 1. CRC Press, Boca
Raton, Florida, USA.

Pereira, D. D. F., Silva, T. P. D., Freire, W., Souza, E. G., Cruz, E. A. D., Feitosa, R.
M., “Agronomic characteristics and quality of lettuce cultivars in different crop
seasons in western Alagoas, Brazil”, Revista Caatinga 2023, 36, 106-114.

Pereira, L., Cotas, J.,, “Seaweed: A sustainable solution for greening drug
manufacturing in the pursuit of sustainable healthcare”, Explor. Drug Sci. 2024, 2, 50-
84.

Perez-Vazquez, A., Carpena, M., Barciela, P., Cassani, L., Simal-Gandara, J., Prieto,
M. A., “Pressurized liquid extraction for the recovery of bioactive compounds from
seaweeds for food industry application: a review”, Antioxidants 2023, 12, 612.

Phang, T.H., Shao, G., Lam, H.M., “Salt tolerance in soybean”, J. Integr. Plant Biol.
2008, 50, 1196—1212.

194



Pienaar, B. C., Majeke, B. M., Wittenberg, M. F., Adetunji, A. E., Nephali, L.,
Tugizimana, F., Rafudeen, M. S., “Mitigating Salt Stress in Maize using Ecklonia
maxima Seaweed Extracts”, Plant Stress 2025, 100828.

Poulter, R., 2014., “Quantifying differences between treated and untreated coir
substrate”, Acta Hortic. 1018, 557-564.

Putra, P. A., Yuliando, H., “Soilless culture system to support water use efficiency and
product quality: A review”, Agric. Agric. Sci. Proc. 2015, 3, 283-288.

Qadir, M., Quillérou, E., Nangia, V., Murtaza, G., Singh, M., Thomas, R.J., Drechsel,
P., Noble, A.D., “Economics of salt-induced land degradation and restoration”, Nat.
Resour. Forum 2014, 38, 282-295.

Rahman, A., Nahar, K., Hasanuzzaman, M., Fuyjita, M., “Calcium supplementation
improves Na'/K" ratio, antioxidant defense and glyoxalase systems in salt-stressed rice
seedlings”, Front. Plant Sci. 2016, 7, 609.

Rahman, S. M. E., Mele, M. A., Lee, Y. T., Islam, M. Z., “Consumer preference,
quality, and safety of organic and conventional fresh fruits, vegetables, and
cereals”, Foods, 2021, 10, 105.

Rahneshan, Z., Nasibi, F., Moghadam, A.A., “Effects of salinity stress on some
growth, physiological, biochemical parameters and nutrients in two pistachio (Pistacia
vera L.) rootstocks”, J. Plant Interact. 2018, 13, 73-82.

Rai, N., Rai, S.P., Sarma, B.K., “Prospects for abiotic stress tolerance in crops utilizing
phyto- and bio-stimulants”, Front. Sustain. Food. Syst. 2021, 5, 754853.

Rajendran, S., Domalachenpa, T., Arora, H., Li, P., Sharma, A., Rajauria, G.,
“Hydroponics: Exploring innovative sustainable technologies and applications across
crop production, with Emphasis on potato mini-tuber cultivation”, Heliyon 2024.

Rashmi, H. B., Negi, P. S., “Phenolic acids from vegetables: A review on processing
stability and health benefits”, Food Res. Int. 2020, 136, 109298.

Rashmi, I., Roy, T., Kartika, K. S., Pal, R., Coumar, V., Kala, S., Shinoji, K. C.,
“Organic and inorganic fertilizer contaminants in agriculture: Impact on soil and water

resources”, Contaminants in Agriculture: Sources, Impacts and Management 2020, 3-
41.

Rasouli, F., Amini, T., Asadi, M., Hassanpouraghdam, M. B., Aazami, M. A., Ercisli,
S., Mlcek, J., “Growth and antioxidant responses of lettuce (Lactuca sativa L.) to

arbuscular mycorrhiza inoculation and seaweed extract foliar application”, Agronomy
2022, 12, 401.

Rasul, F., Gupta, S., Olas, J.J., Gechev, T., Sujeeth, N., Mueller-Roeber, B., “Priming

with a Seaweed Extract Strongly Improves Drought Tolerance in Arabidopsis”, Int. J.
Mol. Sci. 2021, 22, 1469.

195



Raviv M. 2013., “Composts in growing media: What’s new and what’s next?”, Acta
Hortic., 982, 39-52.

Raviv, M., Lieth, J. H., Bar-Tal, A. (Eds.). (2019). Soilless culture: Theory and
practice: Theory and practice., Chapter 9, Irrigation in Soilless Production, Elsevier,
388.

Rayorath, P., Jithesh, M. N., Farid, A., Khan, W., Palanisamy, R., Hankins, S. D.
Prithiviraj, B., “Rapid bioassays to evaluate the plant growth promoting activity of
Ascophyllum nodosum (L.) Le Jol. using a model plant, Arabidopsis thaliana (L.)
Heynh. J. Appl. Phycol. 2008, 20, 423-429.

Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., Rice-Evans, C.,
“Antioxidant activity applying an improved ABTS radical cation decolorization
assay”, Free Radic. Biol. Med. 1999, 26, 1231-1237.

Regulation, E.U., 2019, 2019/1009. Regulation of the european parliament and of the
council laying down rules on the making available on the market of EU fertilising
products and amending regulations (EC) no 1069/2009 and (EC) no 1107/2009 and
repealing regulation (EC) no 2003/2003. Off. J. Eur. Union 2019, 114.

Rerkasem, B., Jamjod, S., Pusadee, T., “Productivity limiting impacts of boron
deficiency, a review”, Plant Soil 2020, 455, 23-40.

Rizwan, M., Ali, S., Zaheer Akbar, M., Shakoor, M. B., Mahmood, A., Ishaque, W.,
“Foliar application of aspartic acid lowers cadmium uptake and cd-induced oxidative
stress in rice under cd stress”, Environ. Sci. Pollut. Res. 2017, 24, 21938-21947.

Robin, A. H. K., Matthew, C., Uddin, M. J., Bayazid, K. N., “Salinity-induced
reduction in root surface area and changes in major root and shoot traits at the
phytomer level in wheat”, J. Exp. Bot. 2016, 67, 3719-3729.

Rosa, M., Prado, C., Podazza, G., Interdonato, R., Gonza'lez, J.A., Hilal, M., Prado,
F.E., “Soluble Sugars-Metabolism, sensing and abiotic stress”, Plant Signal Behav.
2009,4, 388-393.

Rosa-Martinez, E., Garcia-Martinez, M. D., Adalid-Martinez, A. M., Pereira-Dias, L.,
Casanova, C., Soler, E., Prohens, J., “Fruit composition profile of pepper, tomato and
eggplant varieties grown under uniform conditions”, Food Res. Int. 2021,147, 110531.

Ross, P., Ronald, J., Paramanandham, P., Thenmozhi, K.S., Abbiramy, Muthulingam,
M., “Determination of physico-chemical properties of coir pith in relation to particle
size suitable for potting medium”, Int. J. Res. Environ. Sci. Technol. 2012, 2, 45-47.

Rouphael, Y., De Micco, V., Arena, C., Raimondi, G., Colla, G., De Pascale, S.,
“Effect of Ecklonia maxima seaweed extract on yield, mineral composition, gas

exchange, and leaf anatomy of zucchini squash grown under saline conditions”, J.
Appl. Phycol. 2017, 29, 459-470.

196



Rouphael, Y., Colla, G., “Synergistic biostimulatory action: Designing the next
generation of plant biostimulants for sustainable agriculture”, Front. Plant Sci. 2018 9,
1655.

Rouphael Y., Raimondi G., Lucini L., Carillo P., Kyriacou M. C., Colla G., De Pascale,
S., “Physiological and metabolic responses triggered by omeprazole improve tomato
plant tolerance to NaCl stress”, Front. Plant Sci. 2018a, 9, 249.

Rouphael, Y., Giordano, M., Cardarelli, M, Cozzolino, E., Mori, M., Kyriacou, M.C.,
Bonini, P., Colla, G., “Plant- and Seaweed-Based Extracts Increase Yield but
Differentially Modulate Nutritional Quality of Greenhouse Spinach through
Biostimulant Action”, Agronomy 2018b, 8, 126.

Rouphael, Y., Colla, G., “Biostimulants in agriculture”, Front. Plant Sci. 2020, 11, 40.

Rouphael, Y., Corrado, G., Colla, G., De Pascale, S., Dell’Aversana, E., D’ Amelia, L.
L., Carillo, P., “Biostimulation as a means for optimizing fruit phytochemical content
and functional quality of tomato landraces of the San Marzano area”, Foods, 2021, 10,
926.

Rouphael, Y., Carillo, P., Garcia-Perez, P., Cardarelli, M., Senizza, B., Miras-Moreno,
B., Lucini, L., “Plant biostimulants from seaweeds or vegetal proteins enhance the
salinity tolerance in greenhouse lettuce by modulating plant metabolism in a
distinctive manner”, Sci. Hortic. 2022, 305, 111368.

Roy, P. R., Tahjib-Ul-Arif, M., Akter, T., Ray, S. R., Sayed, M. A., “Exogenous
ascorbic acid and hydrogen peroxide alleviates salt-induced oxidative stress in rice

(Oryza sativa L.) by enhancing antioxidant enzyme activities and proline
content”, Adv. Environ. Biol. 2016, 10, 148-155.

Roy, S., Chowdhury, N., “Salt stress in plants and amelioration strategies: A critical
review”, IntechOpen, 2020.

Ryu, H., Cho, Y.G., “Plant hormones in salt stress tolerance”, J. Plant Biol. 2015, 58,
147-155.

Sadavisam, S., Manickam, A., “Biochemical Methods, new age international limited”,
2008, New Delhi, 2, 4-10.

Saddig, M. S., Igbal, S., Hafeez, M. B., Ibrahim, A. M., Raza, A., Fatima, E. M.,
Ciarmiello, L. F., “Effect of salinity stress on physiological changes in winter and
spring wheat”, Agronomy 2021, 11, 1193.

Saini, R. K., Shang, X. M., Ko, E. Y., Choi, J. H. Keum, Y. S., “Stability of carotenoids
and tocopherols in ready-to-eat baby-leaf lettuce and salad rocket during low-
temperature storage”, Int. J. Food Sci. Nutr. 2016, 67, 489-495.

Sairam, R. K., Srivastava, G. C., Agarwal, S., Meena, R. C., “Differences in
antioxidant activity in response to salinity stress in tolerant and susceptible wheat
genotypes”, Biol. Plant. 2005 49, 85-91.

197



Salehzadeh, H., Shishvan, M.1., Ghiyasi, M., “Effect of seed priming on germination
and seedling growth of wheat (7riticum aestivum L.). Res. J. Biol. Sci. 2009, 4, 629—
631.

Salih, S., Abdulrraziq, A., “The individual and combined effects of cystoseira
compressa extracts and inoculation of arbuscular mycorrhizal on growth and yield of
wheat under salinity conditions”, YYU J. Agric. Sci. 2024, 34, 286-298.

Sambo, P., Nicoletto, C., Giro, A., Pii, Y., Valentinuzzi, F., Mimmo, T., Lugli, P.,
Orzes, G., Mazzetto, F., Astolfi, S., Terzano, R., Cesco, S., “Hydroponic solutions for
soilless production systems: issues and opportunities in a smart agriculture
perspective”, Front. Plant Sci. 2019, 10, 923.

Sandepogu, M., Shukla, P. S., Asiedu, S., Yurgel, S., Prithiviraj, B., “Combination of
Ascophyllum nodosum extract and humic acid improve early growth and reduces post-
harvest loss of lettuce and spinach”, Agriculture 2019, 9, 240.

Sander, K. B., Murthy, G. S., “Enzymatic degradation of microalgal cell walls”,
American Society of Agricultural and Biological Engineers, 2009,1.

Sangha, J. S., Kelloway, S., Critchley, A. T., Prithiviraj, B., “Seaweeds (macroalgae)
and their extracts as contributors of plant productivity and quality: the current status
of our understanding”, Adv. Bot. Res. 2014, 71, 189-219.

Sapkota, S., Sapkota, S., Liu, Z., “Effects of nutrient composition and lettuce cultivar
on crop production in hydroponic culture”, Horticulturae, 2019, 5, 72.

Sarifana-Aldaco, O., Benavides-Mendoza, A., Robledo-Olivo, A., Gonzalez-Morales,
S., “The biostimulant effect of hydroalcoholic extracts of Sargassum spp. in tomato
seedlings under salt stress”, Plants, 2022, 11, 3180.

Sarmento-Soares, L.M., Martins-Pinheiro, R.F., “A fauna de peixes nas bacias do norte
do Espirito Santo, Brasil. Sitientibus Sér. Ciénc. Biol. 2012, 12, 27-52.

Savonitto, G., De La Fuente, G., Tordoni, E., Ciriaco, S., Srijemsi, M., Bacaro, G.,
Falace, A., “Addressing reproductive stochasticity and grazing impacts in the
restoration of a canopy-forming brown alga by implementing mitigation solutions”,
Aquat. Conserv. Mar. Freshw. Ecosyst. 2021, 31, 1611-1623.

Savvas, D., “Nutrient solution recycling”, In Hydroponic Production of Vegetables
and Ornamentals, Embryo Publications: Athens, Greece, 2002, 299-343.

Savvas, D., Prosdocimi Gianquinto, G., Tuzel, Y., Gruda, N., “Soilless Culture.
In Good Agricultural Practices for Greenhouse Vegetable Crops Principles for

Mediterranean Climate Areas”, FAO-UN, 2013, 303-354.

Savvas, D., Gruda, N., “Application of soilless culture technologies in the modern
greenhouse industry—A review”, Eur. J. Hortic. Sci. 2018, 83, 280-293.

198



Schellenberg, D.L., Bratsch, A.D., Shen, Z., “Large single-head broccoli yields as
affected by plant density, nitrogen, and cultivar in a plasticulture system”,
HortTechnology 2009, 19, 792-795.

Schmidt, R. E., Ervin, E. H., Zhang, X., “Questions and answers about biostimulants”,
Golf Course Manage 2003, 71, 91-94.

Seleiman, M. F., Aslam, M. T., Alhammad, B. A., Hassan, M. U., Magbool, R.,
Chattha, M. U., Battaglia, M. L., “Salinity stress in wheat: effects, mechanisms and
management strategies”, Phyton 2022, 91.

Sellami, M. H., Di Mola, 1., Mori, M., “Evaluating wheat response to biostimulants: a
25-year review of field-based research (2000-2024)”, Front. Sustain. Food Systs.
2025, 9, 154398]1.

Sellimi, S., Kadri, N., Barragan-Montero, V., Laouer, H., Hajji, M., Nasri, M., “Fucans
from a Tunisian brown seaweed Cystoseira barbata: Structural characteristics and
antioxidant activity”, Int. J. Biol. Macromol. 2014, 66, 281-288.

Sellimi, S., Benslima, A., Barragan-Montero, V., Hajji, M., Nasri, M., “Polyphenolic-
protein-polysaccharide ternary conjugates from Cystoseira barbata Tunisian seaweed
as potential biopreservatives: Chemical, antioxidant and antimicrobial properties”, Int.
J. Biol. Macromol. 2017, 105, 1375-1383.

Selma, M. V., Luna, C., Martinez-Sanchez, A., Tudela, J. A., Beltran, D., Baixauli, C.,
Gil, M. 1., “Sensory quality, bioactive constituents and microbiological quality of
green and red fresh-cut lettuces (Lactuca sativa L.) are influenced by soil and soilless
agri-cultural production systems”, Postharvest Biol. Technol. 2012, 63, 16-24.

Shabala, S., Munns, R., “Salinity stress: physiological constraints and adaptive
mechanisms”, In Shabala S (ed). Plant stress physiology 2012, 59-93. Oxford,
London, UK.

Shabana, A., Shafeek, M.R., Ahmed, H.I., Abdel-Al, F.S., “Improving growth, fruit
setting, total yield and fruit quality of sweet pepper plants (Capsicum annum L.) by
using antioxidant and seaweed extracts”, Middle East J. Agric. Res. 2015, 4, 154-161.

Shafi, M., Zhang, G., Bakht, J., Khan, M. A., Islam, U. E., Khan, M. D., “Effect of
cadmium and salinity stresses on root morphology of wheat. Pakistan J. Bot. 2010, 42,
2747-2754.

Shahbaz, M., Mushtaq, Z., Andaz, F., Masood, A., “Does proline application
ameliorate adverse effects of salt stress on growth, ions and photosynthetic ability of
eggplant (Solanum melongena L.)”, Sci. Hortic. 2013, 164, 507-511.

Shahein, M.M., Afifi, M.M., Algharib, A.M., “Assessing the effect of humic

substances extracted from compost and biogas manure on yield and quality of lettuce
(Lactuca sativa L.)”, J. Mater. Environ. Sci. 2014, 14, 996—1009.

199



Shalata, A., Neumann, P.M., “Exogenous ascorbic acid (vitamin C) increases
resistance to salinity stress and reduces lipid peroxidation”, J. Exp. Bot. 2001, 52,
2207-2211.

Sharma H. S., Fleming C., Selby C., Rao J. R., Martin T., “Plant biostimulants: a
review on the processing of macroalgae and use of extracts for crop management to
reduce abiotic and biotic stresses.”, J. Appl. Phycol. 2014, 26, 465-490.

Sharma, A., Shahzad, B., Kumar, V., Kohli, S. K., Sidhu, G. P. S., Bali, A. S., Zheng,
B.,“Phytohormones regulate accumulation of osmolytes under abiotic stress”,
Biomolecules 2019, 9, 285.

Sharma, H.S.S., Selby, C., Carmichael, E., McRoberts, C., Rao, J.R., Ambrosino, P.,
Chiurazzi, M., Pucci, M., Martin, T., “Physicochemical analyses of plant biostimulant
formulations and characterisation of commercial products by instrumental
techniques”, Chem. Biol. Technol. Agric. 2016, 3, 13.

Sharma, N., Acharya, S., Kumar, K., Singh, N., Chaurasia, O. P., “Hydroponics as an
advanced technique for vegetable production: An overview”, J. Soil Water Conserv.
2018, 17, 364-371.

Shewry, P. R., Hey, S. J., “The contribution of wheat to human diet and health”, Food
Energy Secur. 2015, 4, 178-202.

Shi, M., Gu, J., Wu, H., Rauf, A., Emran, T. B., Khan, Z., Suleria, H. A.,
“Phytochemicals, nutrition, metabolism, bioavailability, and health benefits in lettuce,
A comprehensive review”, Antioxidants, 2022, 11, 1158.

Shi, Y., Pu, D., Zhou, X., Zhang, Y., “Recent progress in the study of taste
characteristics and the nutrition and health properties of organic acids in
foods”, Foods, 2022, 11, 3408.

Shukla, P., Mantin, E., Adil, M., Bajpai, S., Critchley, A. Prithiviraj, B., “Ascophyllum
nodosum-based biostimulants: sustainable applications in agriculture for the

stimulation of plant growth, stress tolerance, and disease management”, Front. Plant
Sci. 2019, 10, 655.

Shukla, P.S., Borza, T., Critchley, A.T., Prithiviraj, B., “Carrageenans from red
seaweeds as promoters of growth and elicitors of defense response in plants”, Front.
Mar. Sci. 2016, 3, 81.

Shukla, P.S., Borza, T., Critchley, A.T., Prithiviraj, B., “Seaweed-based compounds
and products for sustainable protection against plant pathogens”, Mar. Drugs 2021, 19,
59.

Shukla, P. S., Michalak, I., Burlot, A. S., Bourgougnon, N., Daridon, B., Ronga, D.,

Critchley, A. T., “Phycobiostimulants: Next-Generation Sustainable Agricultural
Inputs”, ACS Agric. Sci. Technol. 2025, 5, 424-453.

200



Siddique, A., Kandpal, G., Kumar, P., “Proline accumulation and its defensive role
under diverse stress condition in plants: An overview”, J. Pure Appl. Microbiol. 2018,
12, 1655-1659.

Singh, I.P., Sidana, J., “Phlorotannins. In Functional Ingredients from Algae for Foods
and Nutraceuticals”, Dominguez, H., Ed., Woodhead Publishing: Cambridge, UK,
2013, 181-204.

Singleton, V. L., Rossi, J. A., “Colorimetry of total phenolics with phosphomolybdic-
phosphotungstic acid reagents”, Am. J. Enol. Vitic. 1965, 16, 144-158.

Singleton, V. L., Orthofer, R., Lamuela-Raventds, R. M., “Analysis of total phenols
and other oxidation substrates and antioxidants by means of folin-ciocalteu reagent”,
In Methods in enzymology 1999, 299, 152-178.

Sivasankari, S., Venkatesalu, V., Anantharaj, M., Chandrasekaran, M., Effect of
seaweed extracts on the growth and biochemical constituents of Vigna sinensis.
Bioresour. Technol. 2006, 97, 1745-1751.

Sofo, A., Lundegardh, B., Méartensson, A., Manfra, M., Pepe, G., Sommella, E., Scopa,
A., “Different agronomic and fertilization systems affect polyphenolic profile,
antioxidant capacity and mineral composition of lettuce”, Sci. Hort. 2016, 204, 106—
115.

Solhjoo, S., Gharaghani, A., Fallahi, E., “Calcium and potassium foliar sprays affect
fruit skin color, quality attributes, and mineral nutrient concentrations of ‘Red
Delicious’ apples”, Int. J. Fruit Sci. 2017, 17, 358-373.

Song, M. Y., Ku, S. K., Han, J. S., “Genotoxicity testing of low molecular weight
fucoidan from brown seaweeds”, Food Chem. Toxicol. 2012, 50, 790-796.

Sonneveld, C., “Effects of Salinity on Substrate Grown Vegetables and Ornamentals
in Greenhouse Horticulture”, Ph.D. Thesis, University of Wageningen, Wageningen,
The Netherlands, 2000.

Soppelsa, S., Kelderer, M. Casera, C. Bassi, M. Robatscher, P. Andreotti, C., “Use of
Biostimulants for Organic Apple Production: Effects on Tree Growth, Yield, and Fruit
Quality at Harvest and during Storage”, Front. Plant Sci. 2018.

Souza, R. S. D., Rezende, R., Freitas, P. S. D., Gongalves, A. C., Rezende, G. S., “Dry
matter production and macronutrient leaf composition in lettuce under fertigation with
nitrogen, potassium and silicon”, Revista Brasileira de Engenharia Agricola e
Ambiental, 2015, 19, 1166-1171.

Stanley-Raja, V., Senthil-Nathan, S., Chanthini, K.M.P., Sivanesh, H.,
Ramasubramanian, R., Karthi, S., Shyam-Sundar, N., Vasantha-Srinivasan, P.,
Kalaivani, K., “Biological activity of chitosan inducing resistance efficiency of rice
(Oryza sativa L.) after treatment with fungal based chitosan”, Sci. Rep. 2021, 11,
20488.

201



Stiger-Pouvreau, V., Bourgougnon, N., and Deslandes, E., “Chapter 8 - carbohydrates
from seaweeds,” in Seaweed in health and disease prevention. Eds. J. Fleurence and 1.
Levine (London: Academic Press), 2016, 223-274.

Stirk, W.A. Van Staden, J., “Plant growth regulators in seaweeds: occurrence,
regulation and functions. In: Bourgougnon, N. (Ed.) Advances in botanical research:
sea plants”, 2014, London, UK: Elsevier.

Stojanovié¢, M., Petrovi¢, 1., Zuzza, M., Jovanovi¢, Z., Moravcevié, D., Cvijanovic, G.,
Savi¢, S., “Productivity and quality of Lactuca sativa affected by microbiological
fertilizers and seasonal conditions”, Zemdirbyste-Agriculture 2020, 107, 345-352.

Sublett, W. L., Barickman, T. C., Sams, C. E., “Effects of elevated temperature and
potassium on biomass and quality of dark red ‘Lollo Rosso’lettuce”, Horticulturae,
2018, 4, 11.

Subramaniyan, L., Veerasamy, R., Prabhakaran, J., Selvaraj, A., Algarswamy, S.,
Karuppasami, K. M., Nalliappan, S., “Biostimulation effects of seaweed extract
(4scophyllum nodosum) on phytomorpho-physiological, yield, and quality traits of
tomato (Solanum lycopersicum L.). Horticulturae, 2023 9, 348.

Sujeeth, N., Petrov, V., Guinan, K. J., Rasul, F., O’Sullivan, J. T., Gechev, T. S.,
“Current insights into the molecular mode of action of seaweed-based biostimulants
and the sustainability of seaweeds as raw material resources”, Int. J. Mol. Sci. 2022,
23, 7654.

Sun, T., Rao, S., Zhou, X., Li, L., “Plant carotenoids: recent advances and future
perspectives”, Mol. Hortic. 2022, 2, 3.

Sustr, M., Soukup, A., Tylova, E., “Potassium in root growth and development”,
Plants, 2019, 8, 435.

Synytsya, A., Kim, W. J., Kim, S. M., Pohl, R., Synytsya, A., Kvasnicka, F., Park, Y.
I., “Structure and antitumour activity of fucoidan isolated from sporophyll of Korean
brown seaweed Undaria pinnatifida”, Carbohydr. Polym. 2010, 81, 41-48.

Szabados, L., Savouré, A., “Proline: A multifunctional amino acid”, Trends in Plant
Sci. 2010, 15, 89-97.

Talaat, N.B., Shawky B.T., 24-Epibrassinolide alleviates salt induced inhibition of
productivity by increasing nutrients and compatible solutes accumulation and
enhancing antioxidant system in wheat (7riticum aestivum L.). Acta Physiol. Plant

2013, 35, 729-740.

Talaat, N. B., Todorova, D., “Antioxidant machinery and glyoxalase system regulation
confers salt stress tolerance to wheat (Triticum aestivum L.) plants treated with

melatonin and salicylic acid”, J. Soil Sci. Plant Nutr. 2022, 22, 3527-3540.

Tan S., Evans R., Singh B., “Herbicidal inhibitors of amino acid biosynthesis and
herbicide-tolerant crops”, Amino acid. 2006, 30, 195-204.

202



Tedone, L., Ali, S. A., De Mastro, G., “Optimization of nitrogen in durum wheat in
the Mediterranean climate: The agronomical aspect and greenhouse gas (GHG)
emissions”, In Nitrogen in agriculture-updates. IntechOpen, 2017.

Tehranifar, A., Poostchi, M., Arooei, H., Nematti, H., “Effects of seven substrates on
qualitative and quantitative characteristics of three strawberry cultivars under soilless
culture”, In XXVII International Horticultural Congress-IHC 2006: International
Symposium on Advances in Environmental Control, Automation 761, 485-488.

Tepe, H.D., Aydemir, T., “Protective effects of Ca** against NaCl induced salt stress
in two lentil (Lens culinaris) cultivars”, Afr. J. Agric. Res. 2015, 10, 2389-2398.

Tester, M., Davenport, R., “Na’ tolerance and Na" transport in higher plants”, Ann.
Bot. 2003, 91, 503-527.

Thibaut T, Bottin L, Aurelle D, Boudouresque CF, Blanfuné A, Verlaque M, Pairaud
I, Millet B., “Connectivity of populations of the seaweed Cystoseira amentacea within
the bay of Marseille (Mediterranean Sea): genetic structure and hydrodynamic
connections”, Cryptogamie, Algologie 2016, 37, 233-255.

Thiviya, P., Gamage, A., Gama-Arachchige, N. S., Merah, O., Madhyjith, T.,
“Seaweeds as a source of functional proteins”, Phycology, 2022, 2, 216-243.

Trejo-Tellez, L.I., Gomez-Merino, F.C., “Nutrient Solutions for Hydroponic
Systems”, In Hydroponics—A Standard Methodology for Plant Biological
Researches, Asao, T., Ed., BoD-Books on Demand: Nordstedt, Germany, 2012, ISBN
978-953-51-0386-8.

Tsormpatsidis, E., Henbest, R.G.C., Davis, F.J., Battey, N.H., Hadley, P., Wagstaffe,
A., “UV irradiance as a major influence on growth, development and secondary
products of commercial importance in Lollo Rosso lettuce “Revolution” grown under

polyethylene films”, Environ. Exp. Bot. 2008, 63, 232-239.

Tudela, J. A., Espin, J. C., Gil, M. I, “Vitamin C retention in fresh-cut
potatoes”, Postharvest Biol. Technol. 2002, 26, 75-84.

Tullberg, R. M., Nguyen, H. P., Wang, C. M., “Review of the status and developments
in seaweed farming infrastructure”, J. Mar. Sci. Eng. 2022, 10, 1447.

Tuxun, A., Xiang, Y., Shao, Y., Son, J. E., Yamada, M., Yamada, S., Yang, Q.,
“Soilless Cultivation: Precise Nutrient Provision and Growth Environment Regulation
Under Different Substrates”, Plants, 2025, 14, 2203.

Unliikara, A., Cemek, B., Karaman, S., Ersahin, S., “Response of lettuce (Lactuca
sativa var. Crispa) to salinity of irrigation water”, N. Z. J. Crop Hortic. Sci. 2008, 36,
265-273.

Usov, A. L., Bilan, M. L., Ustyuzhanina, N. E., Nifantiev, N. E., “Fucoidans of brown
algae: Comparison of sulfated polysaccharides from Fucus vesiculosus and
Ascophyllum nodosum. Mar. Drugs, 2022, 20, 638.

203



Vaghela, P., Trivedi, K., Anand, K. V., Brahmbhatt, H., Nayak, J., Khandhediya, K.,
Ghosh, A., “Scientific basis for the use of minimally processed homogenates of
Kappaphycus alvarezii (red) and Sargassum wightii (brown) seaweeds as crop
biostimulants”, Algal Res. 2023, 70, 102969.

Valencia, R. T., Acosta, L. S., Hernandez, M. F., Rangel, P. P., Robles, M.A.G., Cruz,
R., “Effect of seaweed aqueous extracts and compost on vegetative growth, yield, and

nutraceutical quality of cucumber (Cucumis sativus 1.) fruit”, Agronomy 2018, 8, 264—
277.

Valoppi, F., Agustin, M., Abik, F., Morais de Carvalho, D., Sithole, J., Bhattarai, M.,
Mikkonen, K. S., “Insight on current advances in food science and technology for
feeding the world population”, Front. Sustain. Food Syst. 2021, 5, 626227.

Van Oosten, M. J., Pepe, O., De Pascale, S., Silletti, S., Maggio, A., “The role of
biostimulants and bioeffectors as alleviators of abiotic stress in crop plants”, Chem.
Biol. Technol. Agric. 2017, 4, 1-12.

Venkatesana, J., Keekana, K.K., Anilb, S., Bhatnagarc, I, Kim, S.-K,
‘Phlorotannins”, Encycl. Food Chem. 2020, 3, 515-527.

Vera, J., Castro, J., Gonzalez, A., Moenne, A., “Seaweed polysaccharides and derived
oligosaccharides stimulate defense responses and protection against pathogens in
plants”, Mar. Drugs 2011, 9, 2514-2525.

Vernieri, P., Borghesi, E., Ferrante, A., Magnani, G., “Application of biostimulants in
floating system for improving rocket quality”, Int. J. Environ. Sci. Technol. 2005, 3,
86—88.

Vetrano, F., Moncada, A., Miceli, A., “Use of gibberellic acid to increase the salt
tolerance of leaf lettuce and rocket grown in a floating system”, Agronomy, 2020, 10,
505.

Vieira, H., Leal, M.C., Calado, R. Fifty Shades of Blue: How Blue Biotechnology is
Shaping the Bioeconomy. Trends Biotechnol. 2020, 38, 940-943.

Wahyuni, Y., Ballester, A. R., Sudarmonowati, E., Bino, R. J., Bovy, A. G.,
“Secondary metabolites of Capsicum species and their importance in the human
diet”, J. Nat. Prod. 2013, 76, 783-793.

Waiba, M.K., Sharma, P., Sharma, A., Chadha, S., Kaur, M., “Soilless vegetable
cultivation: A review”, J. Pharmacogn. Phytochem. 2019, 9, 631-636.

Wakeel, A., Farooq, M., Qadir, M., Schubert, S., “Potassium substitution by sodium
in plants”, Crit. Rev. Plant Sci. 2011, 30, 401-413.

Wally, O. S., Critchley, A. T., Hiltz, D., Craigie, J. S., Han, X., Zaharia, L. 1,
Prithiviraj, B., “Regulation of phytohormone biosynthesis and accumulation in
Arabidopsis following treatment with commercial extract from the marine macroalga
Ascophyllum nodosum”, J. Plant Growth Regul. 2013, 32, 324-339.

204



Wang, C., Garcia-Caparros, P., Li, Z., Chen, F., “A comprehensive review on plant
ascorbic acid”, Tropical Plants, 2024, 3.

Wang, D., Bosland, P. W., “The genes of Capsicum”, HortScience, 2006, 41, 1169-
1187.

Wang, L. I, Shan, T., Xie, B., Ling, C., Shao, S., Jin, P., Zheng, Y., “Glycine betaine
reduces chilling injury in peach fruit by enhancing phenolic and sugar
metabolisms”, Food Chem. 2019, 272, 530-538.

Wang, S., Wang, Z. H., Li, S. S., Diao, C. P., Liu, L., Hui, X. L., Malhi, S. S,
“Identification of high-yield and high-Zn wheat cultivars for overcoming “yield
dilution” in dryland cultivation”, Eur. J. Agron. 2018, 101, 57-62.

Wang, Z., Yang, R., Liang, Y., Zhang, S., Zhang, Z., Sun, C., Yang, Q., “Comparing
efficacy of different biostimulants for hydroponically grown lettuce (Lactuca sativa
L.)”, Agronomy, 2022, 12, 786.

Web 1, (2024), https://www.un.org/en/global-issues/population, (Accessed Date:
29/04/2024).

Web 2, (2023), https://www.fao.org/faostat/en/#data/QV, (Accessed Date:
18/04/2025).

Web 3, (2023), https://www.fao.org/faostat/en/#rankings/countries_by_commodity,
(Accessed Date: 5/05/2025).

Wei, N., Quarterman, J., Jin, Y. S., “Marine macroalgae: an untapped resource for
producing fuels and chemicals”, Trends in Biotechnol. 2013, 31, 70-77.

Wellburn, A. R., “The spectral determination of chlorophylls a and b, as well as total
carotenoids, using various solvents with spectrophotometers of different resolution”, J.
Plant Physiol. 1994, 144, 307-313.

Widyastuti, S., Geraldine, B. A., Sunarwidhi, A. L., Ariyana, M. D., Prasedya, E. S.,
Sunarpi, H., “The use of brown algae extracts to extend shelf life and improve post-
harvest quality of tomato fruit”, In AIP Conference Proceedings, 2019, 2199, 1. AIP
Publishing.

Wijesinghe, W. A. J. P., Jeon, Y. J., “Enzyme-assistant extraction (EAE) of bioactive
components: a useful approach for recovery of industrially important metabolites from
seaweeds: a review”, Fitoterapia, 2012, 83, 6-12.

Wozniak, E., Blaszczak, A., Wiatrak, P., Canady, M., “Biostimulant mode of action:
impact of biostimulant on whole-plant level”, The chemical biology of plant
biostimulants, 2020, 205-227.

Wu, X., He, J.,, Chen, J., Yang, S., Zha, D., “Alleviation of Exogenous 6-

Benzyladenine on Two Genotypes of Eggplant (Solanum Melongena Mill.) Growth
under Salt Stress”, Protoplasma 2014, 251, 169—176

205



Wu, Y., Gao, H., Wang, Y., Peng, Z., Guo, Z., Ma, Y., Zhang, R., Zhang, M., Wu, Q.,
Xiao, J., Zhong, Q., “Effects of different extraction methods on contents, profiles, and

antioxidant abilities of free and bound phenolics of Sargassum polycystum from the
South China Sea”, Journal of Food Science, 2022, 87, 968-981.

Xiao, X. H., Yuan, Z. Q., Li, G. K., “Preparation of phytosterols and phytol from edible
marine algae by microwave-assisted extraction and high-speed counter-current
chromatography”, Separation and Purification Technology, 2013, 104, 284-289.

Xie, K., Cakmak, 1., Wang, S., Zhang, F., Guo, S., “Synergistic and antagonistic
interactions between potassium and magnesium in higher plants”, The Crop Journal,
2021, 9, 249-256.

Xu, C., Leskovar, D.I., “Effects of 4. nodosum seaweed extracts on spinach growth,
physiology and nutrition value under drought stress”, Sci. Hort. 2015, 183,39-47.

Yakhin, O. L., Lubyanov, A. A., Yakhin, I. A., Brown, P. H., “Biostimulants in plant
science: a global perspective”, Frontiers in plant science, 2017, 7, 2049.

Yang, X., Gil, M. 1., Yang, Q., Tomas-Barberan, F. A., “Bioactive compounds in
lettuce: Highlighting the benefits to human health and impacts of preharvest and
postharvest practices”, Comprehensive reviews in food science and food safety,
2022, 21, 4-45.

Yao, D., Wu, J., Luo, Q., Zhang, D., Zhuang, W., Xiao, G., Bai, B., “Effects of salinity
stress at reproductive growth stage on rice (Oryza sativa L.) composition, starch
structure, and physicochemical properties”, Frontiers in Nutrition, 2022, 9, 926217.

Yaseen, A. A., Takacs-Hajos, M., “The effect of plant biostimulants on the
macronutrient content and ion ratio of several lettuce (Lactuca sativa L.) cultivars
grown in a plastic house”, South African Journal of Botany, 2022, 147, 223-230.

Yasmeen, A., Basra, S. M. A., Farooq, M., Rehman, H. U., Hussain, N., Athar, H. U.
R., “Exogenous application of moringa leaf extract modulates the antioxidant enzyme
system to improve wheat performance under saline conditions”, Plant Growth
Regulation, 2013, 69, 225-233.

Yayman, O., Sermenli, T., Arpaci, B. B., “Evaluation of Yield and Quality
Characteristics of Some Dry Red Pepper Lines under Antakya Conditions”, 2014.

Yemm, E.W., Willis, A., “The estimation of carbohydrates in plant extracts by
anthrone”, Biochem. J. 1954, 57, 508.

Yener, H., Altuntas, O., “Effects of potassium fertilization on leaf nutrient content and
quality attributes of sweet cherry fruits (Prunus avium L.)”, J. Plant Nutr. 2020, 44,
946-957.

Yildirim, A., Sénmezoglu, 0. A., Sayaslan, A., Koyuncu, M., Giileg, T., Kandemir,
N., “Marker-assisted breeding of a durum wheat cultivar for y-gliadin and LMW-

206



glutenin proteins affecting pasta quality”, Turkish Journal of Agriculture and Forestry,
2013, 37, 527-533.

Yildiz, M., Kocak, M., Nadeem, M. A., Cavagnaro, P., Barboza, K., Baloch, F. S.,
Keles, D., “Genetic diversity analysis in the Turkish pepper germplasm using iPBS
retrotransposon-based markers”, Turkish Journal of Agriculture and Forestry, 2020,
44, 1-14.

Ying, Z., Han, X., Li, J., “Ultrasound-assisted extraction of polysaccharides from
mulberry leaves”, Food Chem. 2011, 127, 1273-1279.

Young, A. J., Lowe, G.L., “Carotenoids—Antioxidant properties”, Antioxidants,
2018, 7, 28.

Yusuf, R., Kristianse, P., Warwick, N., “Effect of Two Seaweed Products and
Equivalent Mineral Treatments on Lettuce (Lactuca sativa L.) Growth”, J. Agron.
2019.

Zakaria, S. M., Kamal, S. M. M., “Subcritical water extraction of bioactive compounds
from plants and algae: applications in pharmaceutical and food ingredients”, Food
Engineering Reviews, 2016, 8, 23-34.

Zhang, X., Ervin, E., “Cytokinin-containing seaweed and humic acid extracts
associated with creeping bentgrass leaf cytokinins and drought resistance”, Crop Sci.
2004, 44, 1737-1745.

Zhang, X., Ervin, E.H., “Impact of seaweed extract-based cytokinins and zeatin
riboside on creeping bentgrass heat tolerance”, Crop Sci. 2008, 48, 364—70.

Zhang, Y., Yin, H., Zhao, X., Wang, W., Du, Y., He, A., Sun, K., “The promoting
effects of alginate oligosaccharides on root development in Oryza sativa L. mediated
by auxin signaling”, Carbohydrate Polymers, 2014, 113, 446-454.

Zhang, L., Liao, W., Huang, Y., Wen, Y., Chu, Y., Zhao, C. Global seaweed farming
and processing in the past 20 years. Food Production, Processing and Nutrition, 2022,
4, 23.

Zhang, H., Wang, Y., Yu, S., Zhou, C., Li, F., Chen, X., Wang, Y., “Plant
photosynthesis and dry matter accumulation response of sweet pepper to Water—
Nitrogen coupling in cold and arid environment”, Water, 2023a, 15, 2134.

Zhang, J., Wang, C., Wang, J., Yang, Y., Han, K., Bakpa, E. P., Xie, J,
“Comprehensive fruit quality assessment and identification of aroma-active
compounds in green pepper (Capsicum annuum L.)”, Frontiers in Nutrition, 2023b, 9,
1027605.

Zhao, H.J. Zou, Q., “Protective effects of exogenous antioxidants and phenolic
compounds on photosynthesis of wheat leaves under irradiance and oxidative stress”,
Photosynthetica, 2002, 40, 523-527.

207



Zhou, W., Zheng, W., Wang, W., Lv, H., Liang, B., Li, J., “Exogenous pig blood-
derived protein hydrolysates as a promising method for alleviation of salt stress in
tomato (Solanum lycopersicum L.)”, Sci. Hortic. 2022, 294, 110779.

Zhu, J K., “Plant salt tolerance”, Trends Plant Sci. 2001, 6, 66—71.

Zluhan-Martinez, E., Lopez-Ruiz, B. A., Garcia-Gémez, M. L., Garcia-Ponce, B., de
la Paz Sanchez, M., Alvarez-Buylla, E. R., Garay-Arroyo, A., “Integrative roles of
phytohormones on cell proliferation, elongation and differentiation in the Arabidopsis
thaliana primary root”, Frontiers in Plant Science, 2021, 12, 659155.

Zodape, S.T., “Seaweeds As a Biofertilizer”, J. Sci. Ind. Res. (India) 2001, 60, 378—
382.

Zor, T., Selinger, Z., “Linearization of the Bradford protein assay increases its
sensitivity: theoretical and experimental studies. Analytical biochemistry, 1996, 236,
302-308.

Zou, P., L1, K., Liu, S., He, X., Zhang, X., “Effect of sulfated chitooligosaccharides on
wheat seedlings (T7iticum aestivum L.) under salt stress”, Journal of Agriculture and
Food Chemistry, 2016, 64, 2815-2821.

Zou, P., Lu, X, Jing, C., Yuan, Y., Lu, Y., Zhang, C., Meng, L., Zhao, H., Li, Y.,
“Low-molecular-weightt polysaccharides from Pyropia yezoensis enhance tolerance
of wheat seedlings (7riticum aestivum L.) to salt stress”, Front. Plant Sci. 2018, 9, 427.

Zou, P., Lu, X., Zhao, H., Yuan, Y., Meng, L., Zhang, C., Li, Y., “Polysaccharides
derived from the brown algae lessonia nigrescens enhance salt stress tolerance to wheat
seedlings by enhancing the antioxidant system and modulating intracellular ion
concentration”, Front. Plant Sci. 2019, 10, 48.

Zou, P., Yang, X., Yuan, Y., Jing, C., Cao, J.,, Wang, Y., Li, Y., “Purification and
characterization of a fucoidan from the brown algae Macrocystis pyrifera and the

activity of enhancing salt-stress tolerance of wheat seedlings”, International Journal of
Biological Macromolecules, 2021, 180, 547-558.

Zuzunaga-Rosas, J., Silva-Valdiviezo, D., Calone, R., Luput, ., Ibafiez-Asensio, S.,

Boscaiu, M., Vicente, O., “Biochemical responses to salt stress and biostimulant action
in tomato plants grown in two different soil types”, Horticulturae, 2023, 9, 1209.

208



BIOGRAPHY

She achieved her bachelor’s degree from Department of Bioengineering, Yildiz
Technical University in 2016. She started her master's degree program at Yildiz
Technical University, Department of Bioengineering and continued her education
between 2016-2018. After, she continued her master’s degree program as a research
assistant at the Biotechnology Institute, Gebze Technical University. She completed
her master's thesis titled “Willow Tree Extracts as a Novel Plant-Based Biostimulant”.
The articles titled “Seed treatment with biostimulants extracted from weeping willow
(Salix babylonica) enhances early maize growth” and “Willow (Salix babylonica)
extracts can act as biostimulants for enhancing salinity tolerance of maize grown in
soilless culture” from this thesis have been published.

She registered for the PhD program at the Gebze Technical University, Biotechnology
Institute on 22/07/2019. Within the scope of the TUBITAK 2244 Industry PhD
Program, she served as a partial scholarship holder between 07/01/2021 and
21/02/2023 in the project titled "Development of National and Sustainable
Agricultural Biotechnological Fertilizers and Biostimulants” with the project code
119C030. She conducted her thesis studies within the scope of the TUBITAK 3501
(Project number: 1217215) project titled "Investigation of the Biostimulant Potential
of Extracts Obtained from Cystoseira barbata Seaweeds on Wheat" and served as a
scholarship holder in the project between 01/07/2023 and 15/10/2024. She is working
as a researcher in the project coded 2024-A-113-16 titled “Development of a local
growth capsule prototype from natural raw materials for different soilless agriculture
systems and seedling cultivation”. As of March 3, 2025, she is working as a
scholarship holder in the project titled “Development of a Probe for Real-Time
Monitoring of Nitrate Concentrations in Soils,” project number 22AG045.

209



PUBLICATIONS AND PRESENTATIONS FROM THE THESIS

Mutlu-Durak H., Arikan-Algul Y., Bayram E., Haznedaroglu B. Z., Kutman U. B.,
Kutman B. Y., (2024), “Various extracts of the brown seaweed Cystoseira barbata

with different compositions exert biostimulant effects on seedling growth of
wheat”, Physiologia Plantarum, 176(4), e14503.

Mutlu-Durak H., Arikan Y., Kutman B.Y., (2022), “The Biostimulant Effect of
Cystoseira barbata Extracts on Wheat Germination”, IV. Balkan Agricultural
Congress, Oral Online Presentation.

Mutlu-Durak H., Arikan Y., Kutman B.Y., (2022), “Seaweed Liquid Extracts
(Cystoseira barbata) as a Biostimulant Agents for Wheat Plant”, 1% International
Congress on Biotech Studies, Oral Online Presentation.

Kutman U. B., Mutlu-Durak H., Arikan-Algul Y., Haznedaroglu B. Z., Kutman B. Y,
(2022), “Effects of Cystoseira barbata extracts as a novel seaweed-based biostimulant
agent on various crops’, The International Society for Nutraceuticals and Functional
Foods (ISNFF), Oral Online Presentation.

Mutlu-Durak H., Arikan-Algul Y., Kutman U. B., Kutman B. Y., (2023), “Seaweed
Extracts (Cystoseira barbata) Improve Seedling Performance of Wheat”, V.
International Conference on Agricultural, Biological and Life Science (AGBIOL
2023), Oral Presentation.

Mutlu-Durak H., Arikan-Algul Y., Kutman U. B., Kutman B. Y., (2023), “The
Potential Effect of Seaweed Extract (Cystoseira barbata) on Improving Early Growth
of Wheat”, International Biotechnology Congress (BioTurkey), Oral Presentation.

Mutlu-Durak H., Arikan-Algul Y., Kutman U. B., Kutman B. Y., (2023), “Pre-sowing
treatment with seaweed extracts improve early growth of wheat”, 6™ International
Eurasian Conference on Biological and Chemical Sciences (EURASIANBIOCHEM
2023), Oral Online Presentation.

Mutlu-Durak H., Arikan-Algul Y., Bayram E., Haznedaroglu B. Z., Kutman U. B.,
Kutman B. Y., (2024), “Presowing Treatment with Various Extracts From the Brown
Seaweed (Cystoseira Barbata) Influences Wheat Seedlings Growth”, International
Congress on Biotech Solutions for Sustainability, Gebze Technical University. Oral
Poster Presentation.

Mutlu-Durak H., Arikan-Algul Y., Kutman U. B., Kutman B. Y., (2025), “Seaweed
Extracts Mitigate The Negative Effects of Salinity Stress on Hydroponically Grown
Wheat”, 6™ International Bosphorus Scientific Researches Congress (Oral Online
Presentation).

210



