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Abstract: Biotic and abiotic stresses severely compromise economically important food crops' nutritional quality,
growth, and yield. Conversely, the conventional reliance on chemical fertilisers and pesticides has generated substantial
environmental and health risks, necessitating the development of sustainable alternatives. Seaweeds are rich sources of
bioactive primary and secondary metabolites, and also promising natural biostimulants for enhancing plant resilience
and productivity. Specific seaweed-derived metabolites function as molecular elicitors, mimicking pathogen-associated
molecular patterns (PAMPs) and activating multi-layered plant defence mechanisms. This review aims to capture recent
literature on the biological efficacy of seaweed extracts and their constituent metabolites, such as polysaccharides, phe-
nolic compounds, and fatty acids, against diverse biotic stressors (e.g., bacteria, viruses, oomycetes, fungi (ascomycetes
and basidiomycetes), nematodes, and herbivorous insect pests) and abiotic stressors (such as salinity, drought, extreme
temperatures, and heavy metals). The biochemical, physiological, and molecular mechanisms by which seaweed-de-
rived bioactive compounds modulate plant defence responses and stress tolerance pathways are also discussed in detail.
In conclusion, seaweed extracts and derived metabolites show promising stress-type-specific effects against biotic and
abiotic stresses through diverse mechanisms. However, field validation, dosage optimisation, and the discovery of novel
bioactives are essential to harnessing their potential fully in sustainable agriculture.
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The rapid climate changes negatively impact
agricultural productivity by increasing soil salin-
ity levels, elevating temperatures, and intensifying
drought conditions (Deolu-Ajayi et al. 2022). These
abiotic stress factors have affected plant growth
by disrupting biochemical, physiological, and mo-
lecular processes (Asif et al. 2023; Oyebamiji et al.
2024). For example, in rice, the accumulation of Na*
due to long-term salinity exposure causes a Na*/K*

imbalance and impairs photosynthetic efficiency,
including nutrient uptake (Chen et al. 2022). Ac-
tivating compensatory ion transport systems miti-
gates salinity-induced ion toxicity and inadvertent-
ly enhances the uptake and translocation of heavy
metals, such as cadmium (Nosek et al. 2020). Be-
sides salinity stress, extremely high and low tem-
peratures affect agricultural productivity and food
security. High temperatures can cause a 10-17%
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decline in yields at various growth stages, while
extremely low temperatures may lead to a 60-70%
decline in total yields of legumes such as chick-
peas and soybeans (Oyebamiji et al. 2024). Under
abiotic stress conditions, plants overproduce reac-
tive oxygen species (ROS), including superoxide an-
ion (O3), hydrogen peroxide (H,0O,), hydroxyl radi-
cal (-OH), and singlet oxygen (*O,) (Sachdev et al.
2021). The predominant ROS types and their cellu-
lar localization vary depending on the specific orga-
nelle involved (such as chloroplasts, mitochondria,
or peroxisomes) and the abiotic stress encountered
(Sachdev et al. 2021). To counteract this oxidative
damage, plants utilise enzymatic and non-enzymat-
ic antioxidants that can scavenge ROS to prevent
cellular damage (Oyebamiji et al. 2024). Simultane-
ously, this ROS-mediated stress response triggers
the transcriptional upregulation of protective genes
and metabolic pathways. For instance, wheat seed-
lings under water shortage conditions were observed
with upregulated gene expression levels of antioxi-
dant enzymes, catalase (CAT), the stress-signalling
kinase Mitogen-Activated Protein Kinases (MAPK),
and osmoprotectant proline biosynthesis-related
enzymes (P5CS and P5CR) (Dudziak et al. 2019).
Similarly, tomato plants under salt stress show en-
hanced expression of sodium/hydrogen antiporter
genes (NHX1), while maize plants under heat stress
upregulate heat shock protein (HSP) and dehydrin
(DHN) genes (Qi et al. 2022; Cavusoglu et al. 2023).
This oxidative stress causes direct cellular damage
and increases plant susceptibility to biotic attacks
by compromising the pathogen defence mechanism
(Dixit et al. 2024).

Likewise, biotic stress, caused by diverse patho-
gens, including viroids, viruses, bacteria, oomycet-
es, fungi (ascomycetes, basidiomycetes), nematodes,
and herbivorous insects, results in substantial crop
losses worldwide. Particularly, fungi-like and fungi
are reported to cause roughly 80% of crop diseas-
es, such as late blight (Phytophthora infestans) and
downy mildews (Plasmopara, Peronospora spp.),
and they are responsible for billions in annual loss-
es globally (El Hussein 2014; Dudziak et al. 2019).
Plants respond to pathogen invasion through so-
phisticated pattern recognition systems that detect
pathogen-associated molecular patterns (PAMPs)
or damage-associated molecular patterns (DAMPs),
subsequently triggering complex defence signalling
cascades involving salicylic acid (SA) and jasmonic
acid (JA) pathways (Hou et al. 2019). This pathogen
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recognition triggers comprehensive transcriptional
reprogramming characterised by coordinated up-
regulation of pathogenesis-related proteins (PRs),
antioxidant enzyme systems [peroxidase (POD),
superoxide dismutase (SOD), glutathione peroxi-
dase (GPX)], secondary metabolite biosynthetic
enzymes [such as phenylalanine ammonia-lyase
(PAL), chalcone synthase (CHS), flavonol synthase
(FLS)], and structural fortification genes governing
callose deposition and cell wall reinforcement (Ali
et al. 2018; Sachdev et al. 2021; Wang et al. 2023a).
Importantly, certain metabolites can act as elici-
tors through functioning as PAMP-like molecules
and activating both induced systemic resistance
(ISR) and systemic acquired resistance (SAR) path-
ways (Shukla et al. 2019). This metabolite-mediated
activation primes plants for enhanced defence re-
sponses even before pathogen encounter (Rasul et
al. 2021; Velho et al. 2022).

The world population is predicted to reach
9.7 bil. by 2050 (UNDESA 2019), and global food
demand is projected to increase by up to 56% be-
tween 2010 and 2050 according to a meta-analysis
(Van Dijk et al. 2021). Accordingly, continuous
growth in crop production is required to ensure
food security (Alexandratos & Bruinsma 2012).
Considering the increasing demand, unavailabil-
ity of land, and climate change, there is an urgent
need to reduce crop losses due to biotic and abiotic
stresses (Schneider et al. 2022; Palmgren & Sha-
bala 2024). Despite the beneficial roles of pesti-
cides and chemical fertilisers in enhancing crop
production, their excessive and long-term usage
has raised serious concerns regarding health risk
and environmental sustainability (Lin et al. 2019).
For example, humans are exposed to pesticides
through direct agricultural activities and indirect
contact via contaminated air, water, soil, and food.
This continuous exposure may contribute to both
acute toxicity and the development of chronic dis-
eases (Tudi et al. 2022). Therefore, there is a need
to explore alternative ways to decrease or even-
tually avoid using these chemicals in agriculture.
One approach to improve agricultural productiv-
ity under unfavourable environmental conditions
would be cultivating crops capable of combating
biotic and abiotic stresses. This has been tradition-
ally achieved through breeding programs; however,
these techniques are laborious and time-consum-
ing (Deolu-Ajayi et al. 2022; Oyebamiji et al. 2024).
Recently, plant biostimulants have gained immense
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attention for improving plant growth by improv-
ing stress resilience, plant growth, and develop-
ment. These non-fertiliser substances derived from
natural sources, such as microorganisms, plant or
animal by-products, or seaweed extracts, stimulate
plant growth and increase defence against various
environmental stresses (Deolu-Ajayi et al. 2022).
Among different sources of biostimulants, seaweed
extracts have gained growing attention as promis-
ing natural substances based on their unique ad-
vantages (Ali et al. 2021).

While numerous reports have demonstrated
the bioactive efficacy of seaweed extracts through
in vitro antimicrobial assays, a comprehensive
understanding of their molecular mechanisms
and effectiveness in vivo (in planta) remains lim-
ited (Agarwal et al. 2021; Ali et al. 2021; El Khat-
tabi et al. 2023; Raja & Vidya 2023). Furthermore,
studies utilising isolated compounds from diverse
chemical classes of seaweeds to elucidate their im-
pact on specific molecular and biochemical path-
ways in plants, irrespective of plant stress status,
are even more scarce, which represents a significant
knowledge gap in the field (Rengasamy et al. 2016;
de Borba et al. 2021; Lopes et al. 2021; Emad et al.
2022). Therefore, this article aims to review recent
literature, mainly from 2012-2024, on crude ex-
tracts, well-characterised and purified compounds
from seaweed, and their interactive efficacy against
various biotic and abiotic stressors in plants. This
comprehensive analysis links specific metabolites
to their molecular targets and signalling pathways,
which can contribute to the development of target-
ed applications and optimal formulations for spe-
cific stress conditions. We particularly emphasise:
(i) plant and seaweed metabolite interactions un-
der specific stress conditions with their context-
dependent responses, (ii)) molecular mechanisms
of action underlying stress mitigation, and (iii) in-
tegrative cross-tolerance mechanisms by which
seaweed metabolites may confer broad-spectrum
stress resilience.

SEAWEEDS: PROMISING
BIOSTIMULANTS

Rhodophyta (red), Phaeophyta (brown), and
Chlorophyta (green) are the three main classes
of seaweed, which are marine macroalgae (Belghit
et al. 2017). They are valuable sources of a wide
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spectrum of primary and secondary metabolites,
including polysaccharides (e.g., agar, carrageenan,
alginate, fucoidan, laminarin, and ulvan), polyphe-
nols, terpenoids, alkaloids, phytohormones (such
as, cytokinin, gibberellin, auxin, abscisic acid, eth-
ylene, and jasmonic acid), lipids, amino acids, and
proteinaceous substances such as peptides and gly-
coproteins (Belghit et al. 2017; Uribe et al. 2019;
Cotas et al. 2020; Park et al. 2023; Olaetxea et al.
2024; Xie et al. 2024). Regardless of their structural
similarity to endogenous plant metabolites, previ-
ous studies demonstrate the remarkable capacity
of these seaweed-derived compounds to modulate
diverse biochemical pathways within plant systems,
thereby enhancing growth performance and stress
tolerance mechanisms (Shukla et al. 2016; Ahmed
et al. 2022; Aina et al. 2022). These diverse biologi-
cal activities have consequently driven increasing
research interest in agriculture. In agricultural
applications, various types of methods, including
seed priming, foliar spraying, soil drenching, ferti-
gation, biochar, and biopellets, have been adopted
to improve soil and delivery efficiency of bioactive
compounds derived from seaweed extracts (Ren-
gasamy et al. 2016; Abd El-Basir et al. 2020; Rasul
et al. 2021; Ahmed et al. 2022; Nanda et al. 2022).
Furthermore, seaweed extracts positively improve
plant performance under challenging environ-
mental conditions. For example, watermelon seeds
were primed in the aqueous seaweed extracts (ASE)
of Ulva lactuca, resulting in enhanced seed germi-
nation and crop growth with increased tolerance
to salt stress (Radwan et al. 2023). Another study
has shown that aqueous extracts of Ascophyllum
nodosum promoted early seedling performance
of pea plants while also reducing root rot disease
severity after inoculation with Rhizoctonia solani
(Esserti et al. 2016; Rashad et al. 2022).

TYPES OF SEAWEED METABOLITES

Various studies have investigated the biocon-
trol efficacy of diverse seaweed extract fractions,
including alkaline, aqueous, methanol, ethanol,
and water extracts, against plant pathogens and
demonstrated their effectiveness (Esserti et al.
2016; Ramkissoon et al. 2017; Rashwan & Ham-
mad 2020). Additionally, the effects of isolated sea-
weed metabolites, primarily polysaccharides, phe-
nolic compounds, and fatty acid derivatives, have



Review

Plant Protection Science, 62, 2026 (2): 93—-145

been examined through both in vitro and in vivo
(in planta) applications (Rengasamy et al. 2016;
Velho et al. 2022; Chanthini et al. 2024).
Polysaccharides and their derivatives. Pre-
vious studies have reported several bioactivi-
ties of seaweed-derived polysaccharides, includ-
ing their potential in improving plant resilience
against diverse types of biotic stresses (Wu et al.
2016; Mani et al. 2021; Mamede et al. 2023). Green
seaweeds (Chlorophyta), particularly Ulva species
(sea lettuce), produce ulvan as their major water-
soluble sulfated polysaccharide, which is charac-
terised by rhamnose-3-sulfate containing disac-
charide units and contributes to the structural
and functional properties of these algae (Li et al.
2023). Ulvan, isolated from U. lactuca, has been
reported to exert antiviral and antibacterial prop-
erties against various pathogen types, including
Staphylococcus aureus, under in vitro conditions
(de Borba et al. 2019; de Borba et al. 2021; Velho
et al. 2022; Maray et al. 2023). Similarly, brown
seaweed (Phaeophyceae) synthesises structurally
unique polysaccharides, such as fucoidan, lamina-
rin, and alginate (Li et al. 2021). Fucoidan is a sul-
fated polysaccharide composed of a-L-fucose with
variable sulfate content (Zayed et al. 2020). Lami-
narin is a beta-glucan with a primarily B-(1->3)-
glucopyranose backbone and occasional B-(1-> 6)
branches (Cheong et al. 2025). Alginate consists
of linear chains of -(1,4)-D-mannuronic acid and
a-(1,4)-L-guluronic acid (Uysal et al. 2023). These
sulfated and unsulfated polysaccharides also pos-
sess antimicrobial activities against oomycete
(Paris et al. 2019). Notably, the biocontrol efficacy
of fucoidan and alginate was found to be primar-
ily associated with their oligosaccharide or hydro-
lysate forms, rather than the native high-molec-
ular-weight polysaccharides (Zhang et al. 2019;
Wang et al. 2023b). Red seaweeds (Rhodophyta)
are particularly abundant in sulfated galactans.
They are structurally distinct from those present
in brown and green algae. Among these, carra-
geenans are classified into three principal types:
K-, 1, and A-carrageenan based on the number
and position of sulfate groups present on each
disaccharide unit (Rupert et al. 2022; Hossain et
al. 2024). This variation in sulfation underlies their
distinct gelling behaviours and functional proper-
ties (Rupert et al. 2022). Similarly, polysaccharides,
including carrageenans, from red seaweeds have
also been reported to exhibit antiviral, antibacteri-
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al, and antifungal activities (Vera et al. 2012; Mani
& Nagarathnam 2018; Mani et al. 2021).

Phenolic compounds. In seaweed, polysaccha-
rides constitute the primary structural components
of their cell walls. At the same time, phenolic com-
pounds represent one of the most complex and
abundant components that act as potent antioxi-
dants and defence-related metabolites in seaweed
extracts. It has been reported that brown seaweeds
are especially rich in phlorotannins, whereas red
and green seaweeds are more enriched in bromo-
phenols and flavonoids (Cotas et al. 2020). In ad-
dition to these predominant phlorotannins, brown
seaweeds contain other phenolic compounds, such
as flavonoids, bromophenols, and phenolic ter-
penoids (Cotas et al. 2020). In the case of red sea-
weed, the Gracilaria genus is characterised by its
abundance of bromophenols (2-bromophenol and
4-bromophenol) along with phenolic acids (benzoic
and protocatechuic acid). Similarly, green seaweeds,
including Ulva, Capsosiphon, and Chaetomorpha
species, are known for their bromophenols and fla-
vonoids (Cotas et al. 2020). These seaweed-derived
phenolic compounds demonstrate broad-spectrum
bioactive properties, including antiviral, antibacte-
rial, antifungal, and insecticidal activities, as exten-
sively documented across multiple research inves-
tigations (Vimaladevi et al. 2012; Scania & Chasani
2021; Emad et al. 2022; Maheswari & Babu 2022).
Eckol, a phlorotannin from Ecklonia maxima,
has demonstrated efficacy in improving both growth
and aphid resistance in cabbage (Brassica olera-
cea L.) (Rengasamy et al. 2016). Despite the wide
variety of phenolic compounds present in seaweeds
and their efficacy in vitro tests against plant patho-
gens, including experimental evidence for their role
in enhancing plant biotic stress tolerance through
in planta mechanisms, they remain limited.

Fatty acids and lipids. Seaweed lipids and fatty
acids are another crucial class of bioactive me-
tabolites, alongside polysaccharides, and phenolic
compounds. Algal lipids in seaweed range from
0.12% to 6.73% of dry weight, primarily including
phospholipids, glycolipids, and neutral lipids such
as triacylglycerols (Perez et al. 2016). Seaweed con-
tains primarily even-numbered carboxylic acids
with aliphatic chains, which can be unsaturated or
saturated. These fatty acids include monounsatu-
rated (MUFA) and polyunsaturated (PUFA) types,
categorised as n-3 or n-6 based on the position
of the first double bond. Common PUFAs found
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in seaweed are omega-3 (n-3) and omega-6 (n-6)
fatty acids, such as linoleic acid (LNA), doco-
sahexaenoic acid (DHA), a-linolenic acid (ALA),
arachidonic acid (ARA), and eicosapentaenoic
acid (EPA) (Xie et al. 2024). Despite the potential
biological activities of seaweed lipids, most earlier
studies have focused on profiling crude fractions
rather than investigating their biological proper-
ties, including individual purified lipid compounds
(Lopes et al. 2021). Fatty acids in seaweed extracts
have been shown to exhibit antibacterial and an-
tifungal activities against phytopathogenic bac-
teria. For example, the chloroform extracts from
Hormophysa cuneiformis exerted antifungal activ-
ity against eight pathogenic fungi likely through
membrane disruption mechanisms, and oleic and
arachidonic acids were identified as the main peaks
among 45 compounds via GC-MS analysis (El-Fal-
lal et al. 2019). While in vitro studies have demon-
strated the antimicrobial efficacy of seaweed fatty
acids, translating these findings to in planta ap-
plications requires further investigation. However,
unlike the well-characterised biocontrol mecha-
nisms of seaweed polysaccharides and phenolic
compounds, fatty acid-mediated plant protection
remains largely limited to in vitro antimicrobial as-
says, representing a critical knowledge gap, espe-
cially regarding systematic in planta experiments
and rigorous compound purification studies.
The following sections describe the major types
of seaweed-derived metabolites and their roles
in plant defence mechanisms against pathogens
and pests.

INTERACTION OF SEAWEED
METABOLITES WITH PLANTS UNDER
BIOTIC STRESS CONDITIONS

Types of biotic stressors and agricultural impact

Plants encounter numerous biotic stressors
in their environment, including attacks from vari-
ous pathogens [viroids, viruses, bacteria, fungi-like
and fungal pathogens (oomycetes, ascomycetes,
basidiomycetes), nematodes] and insect pests, re-
sulting in 10-40% annual yield reductions in major
food crops, such as wheat, rice, maize, potato, and
soybean, worldwide (Savary et al. 2019). Notably,
the diversity of these disease-causing agents repre-
sents one of agriculture's most persistent challeng-
es, and their distinct evolutionary lineages with
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unique infection mechanisms make management
strategies more complicated.

First, viroids are unique RNA pathogens consist-
ing of small, circular, single-stranded RNA mole-
cules lacking protein coats, causing diseases such
as potato spindle tuber viroid and citrus exocortis
viroid (Nicaise 2014). Furthermore, Potyviridae
(mosaic virus), Closteroviridae (tristeza virus),
Geminiviridae (leaf curl virus), and Luteoviridae
(yellowing virus) represent the major economically
important viral families (Nicaise 2014). It has been
reported that plant viral diseases cause approxi-
mately 30 bil. USD in annual global losses (Jones
2021). In addition, these pathogens cannot be con-
trolled chemically and require integrated manage-
ment approaches, including certified pathogen-free
materials, vector control, resistant cultivars, and
strict quarantine measures due to their obligate in-
tracellular nature (Kumar et al. 2021).

Second, plant bacterial pathogens also represent
a major threat to global agricultural productivity
by major genera, causing severe diseases, includ-
ing Ralstonia (wilt), Erwinia (fire blight), Xan-
thomonas (blight and canker), Pseudomonas (speck
and spot), and Xylella (leaf scorch), and these are
considered mainly responsible for economic losses
exceeding 1 bil. USD annually worldwide (Mans-
field et al. 2012; Savary et al. 2019). Particularly, fire
blight caused by Erwinia amylovora on apple and
pear, and bacterial wilt caused by Ralstonia sola-
nacearum on over 200 plant species are ranked
as the most destructive bacterial diseases globally
(Mansfield et al. 2012; Rupert et al. 2022). Despite
the severity of damage across various crop types,
controlling bacterial pathogens remains challeng-
ing due to the limited effectiveness of copper-based
bactericides and concerns about antibiotic resist-
ance development (Mansfield et al. 2012).

Next, oomycete pathogens present unique chal-
lenges in plant disease management based on their
distinct phylogenetic position as fungal-like eukar-
yotic microorganisms (Judelson & Ah-Fong 2019).
The main pathogenic genera include Pythium,
Plasmopara, and Peronospora, encompassing over
120 species that collectively threaten a vast array
of agriculturally crucial crops and cause devastating
diseases, such as late blight (Phytophthora), downy
mildews (Plasmopara, Peronospora, Pseudoperono-
spora), and root rot complexes (Phytophthora, Py-
thium) (Derevnina et al. 2016; Dudziak et al. 2019).
Notably, these pathogens have demonstrated their
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remarkable host versatility. For example, P, infestans
alone is responsible for annual losses surpassing
10 bil. USD in potato and tomato production global-
ly (Rhouma et al. 2024). Crops susceptible to downy
mildews represent a substantial economic sector
worth at least 7.5 bil. USD within the United States
(Crandall et al. 2018). However, managing oomy-
cete pathogens has been challenged because their
symptoms often resemble those caused by other
pathogens or abiotic factors, making accurate de-
tection and diagnosis difficult (Wang et al. 2020).

Moreover, fungal pathogens dominate the plant
disease landscape, accounting for approximately
80% of all documented cases and representing
the most economically significant group (El Hus-
sein 2014; Khedia et al. 2020). These plant pathogen
species primarily belong to the phyla ascomycetes
and basidiomycetes, demonstrating distinct bio-
logical characteristics and disease mechanisms. As-
comycetes are known as the largest fungal phylum.
The major pathogenic genera include Magnaporthe,
Zymoseptoria, Blumeria, Venturia, and Fusarium,
which collectively threaten critical food crops
through diseases, such as rice blast, wheat sep-
toria tritici blotch, powdery mildews, apple scab,
and various wilt diseases (Dean et al. 2012; Fones
& Gurr 2015). Remarkably, powdery mildews are
reported to affect approximately 10 000 species
of angiosperms across 200 countries and 6 conti-
nents (Bradshaw et al. 2024). Basidiomycetes are
estimated to include about 30 000 species and con-
tain two of the most destructive groups of plant
pathogens: rusts (Pucciniomycetes) (7 000 species)
and smuts (Ustilaginomycotina) (14 000 species),
serious threats to global cereal production (Morrow
& Fraser 2009; Lorrain et al. 2019). The obligate bio-
trophic nature and complex heteroecious, macro-
cyclic life cycles of these pathogens require multiple
host species, challenging both fundamental study
and practical control efforts (Singh et al. 2015).

In addition, plant-parasitic nematodes are con-
sidered a devastating constraint on global agricul-
ture. Several critical genera, including Meloido-
gyne (root-knot), Heterodera and Globodera (cyst),
Pratylenchus (lesion), and Radopholus (burrow-
ing), are reported to infect numerous types of cul-
tivated crops (Pires et al. 2022; Kantor et al. 2024).
These soil-dwelling nematodes cause approximately
173 bil. USD in crop damage annually worldwide,
while developing countries experience worse losses
due to inadequate control options (Phani et al. 2021).
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Nematode management remains challenging due
to their microscopic size, symptom similarity to abi-
otic stress factors, and remarkable survival capacity
under adverse conditions (Dutta & Phani 2023).

Lastly, the primary economically important in-
sect pest families include Lepidoptera (armyworms,
stemborers, and cutworms), Coleoptera (Colorado
potato beetle, weevils), Diptera (fruit flies), Hemip-
tera (aphids, whiteflies), and Orthoptera (locusts,
grasshoppers) collectively attack most crops, and
cause characteristic symptoms including defo-
liation, stunting, wilting, and direct consumption
of plant tissues (Deutsch et al. 2018). The fall ar-
myworm (Spodoptera frugiperda) represents one
of the most destructive invasive pest species glob-
ally, causing annual losses exceeding 13 bil. USD
worldwide (Overton et al. 2021). The management
of insect pests presents significant challenges due
to their high reproductive rates, mobility, ability
to develop resistance to control measures, and ca-
pacity to rapidly adapt to new host plants and en-
vironmental conditions under climate change sce-
narios (Deutsch et al. 2018).

Traditional reliance on chemical pesticides fac-
es increasing limitations as pathogen populations
develop resistance and environmental concerns
mount. Therefore, intensifying research efforts to-
ward sustainable alternatives, including seaweed-
derived biostimulants and elicitors as environmen-
tally friendly disease management tools, would be
essential for developing resilient agricultural sys-
tems (Ramkissoon et al. 2017; Khedia et al. 2020).
Tables 1-4 summarise studies examining the ef-
fects of seaweed-derived compounds (well-char-
acterised and purified), crude extracts, and com-
mercial products on various biotic stress factors
affecting plants.

Seaweed metabolite efficacy against plant biotic
stressor types

Viroids and viruses. Several purified seaweed
polysaccharides have demonstrated potent anti-
viral activities against plant viroids and viruses
in greenhouse and controlled plant growth condi-
tions (Table 1). For instance, A-carrageenan from
Chondrus crispus showed remarkable efficacy
against tomato chlorotic dwarf viroid (TCDVd)
when applied as a foliar spray (1 g/L) to tomato
plants (Sangha et al. 2015). The symptoms were
dramatically reduced by 66% in treated plants.
Similarly, oligo-sulfated-galactan (Poly-Ga) from
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Ahnfeltiopsis durvillaei proved highly effective
against tobacco mosaic virus (TMV) at a sprayed
concentration of 0.5 mg/L. Weekly foliar applica-
tions reduced TMV lesion numbers by up to 80%
while suppressing systemic viral spread (Vera et al.
2011). Interestingly, Vera and coworkers evaluated
the protective efficacy of oligo-carrageenans (k, A,
and 1) against broad-range pathogens, including vi-
ruses, bacteria, and fungi, in tobacco plants (Vera
et al. 2012). In the case of the virus test, the A form
of oligo-carrageenans provided the most dura-
ble TMV suppression over 45 days when applied
weekly at 1 mg/mL. At the same time, oligo-carra-
geenans (k and 1) were detected to offer only partial
protection (Vera et al. 2012). Furthermore, Nagors-
kaya and colleagues tested «/p-carrageenan from
Tichocarpus crinitus in both in vitro and in planta
conditions. The study confirmed direct antiviral
activity. Additionally, when co-applied with TMV
via leaf rub-inoculation, it led to an 87% reduction
in necrotic lesions compared to virus-only controls
(Nagorskaya et al. 2008).

Bacterial pathogens. Studies exploring sea-
weed-derived compounds and their effects on vari-
ous biotic stress factors were summarised in Ta-
ble 2. A variety of diverse chemical compounds
derived from seaweed, such as peptides, polysac-
charides, alkaloids, diterpenes, polyketides, phlo-
rotannins, sterols, lipids, and quinones, have been
shown to possess antibacterial properties (Perez et
al. 2016; Zouaoui & Ghalem 2018; Ali et al. 2023).
However, in some cases, the specific compounds
responsible for these antibacterial effects have not
been identified fully, and the bioactivity was at-
tributed generally to crude extracts. Moreover,
the antimicrobial activity of seaweed compounds
against bacterial phytopathogens has been less
studied than the extensive research on antibacte-
rial activity against human pathogens (Asimakis et
al. 2022; Vicente et al. 2022). Despite this research
gap, recent investigations have revealed that spe-
cific compounds derived from seaweed and their
extracts possess significant antibacterial properties
against phytopathogenic bacteria. Seaweed-de-
rived polysaccharides and their derivatives, includ-
ing fucoidan enzymatic hydrolysate (FEH), alginate
oligosaccharide (AOS), and oligo-carrageenan
(k, A, and 1), demonstrate significant antibacterial
efficacy through induced resistance mechanisms
against bacterial pathogens (Vera et al. 2012; Zhang
et al. 2019; Wang et al. 2023b). For example, FEH
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and AOS both enhanced resistance against Pseu-
domonas syringae pv. tomato DC3000 in Arabidop-
sis (Zhang et al. 2019; Wang et al. 2023b). Leaf infil-
tration with 400 pg/mL FEH achieved logarithmic
reductions in bacterial populations. At the same
time, 25 mg/L AOS foliar sprays applied three days
pre-inoculation reduced disease severity by 35.6%
and bacterial colony-forming unit (CFU) counts
by approximately 79% (Zhang et al. 2019; Wang et
al. 2023b). Vera and coworkers assessed the biocon-
trol effect of oligo-carrageenans (K, A, and t) against
the bacterial pathogen, Pectobacterium carotovo-
rum (soft rot), in tobacco plants (Vera et al. 2012).
Notably, the impact of these oligo-carrageenans
was found to vary slightly depending on their
structural difference. Weekly foliar applications
of the 1-type oligo-carrageenans at 1 mg/mL pro-
vided excellent efficacy, followed by A- and i-types,
resulting in lesion diameter reductions ranging
from 74—-83% and bacterial population suppression
in the range of 87% to 99% (Vera et al. 2012).

Fungi-like and fungal pathogens. Oomycetes.
Research on seaweed extracts' oomyceticidal and
fungicidal activities is compiled in Table 3. Paris
and associates evaluated that laminarin from Lami-
naria digitata had a moderate effect on reducing
disease caused by Plasmopara viticola in grape-
vine (Vitis vinifera cv. Marselan). This outcome
was achieved by applying a 1 g/L foliar spray to up-
per and lower leaf surfaces 48 h before pathogen
inoculation (Paris et al. 2019). However, limited
research has been conducted on the biocontrol ef-
ficacy test of seaweed extracts, particularly isolated
compounds, against oomycete pathogens. Other
studies have investigated crude and commercial
seaweed extracts from both Phaeophyceae and
Rhodophyta, demonstrating their protective ef-
fect through plant defence elicitation mechanisms
against oomycete pathogens (Abkhoo & Sabbagh
2016; Khompatara et al. 2019; Pettongkhao et al.
2019; Islam et al. 2020).

Ascomycetes. Investigations on seaweed metabo-
lites against ascomycota plant pathogens have been
focused primarily on three major polysaccharide
classes: carrageenan, laminarin, and ulvan. Each
compound exhibits distinct biocontrol mechanisms
and efficacy profiles (Table 3). Oligo-carrageenans
(k, A, and 1) exhibited differential disease suppression
against Botrytis cinerea in tobacco (Vera et al. 2012).
While oligo-carrageenan (k) only partially suppressed
gray mold infection, both A- and (-types achieved
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complete suppression when applied as weekly fo-
liar sprays at 1 mg/mL (Vera et al. 2012). This find-
ing was consistent with earlier research showing
that oligo-carrageenan's effectiveness against viruses
and bacteria varied based on its structure. In addition
to stimulating plant defences, kappa-carrageenan
sourced from Kappaphycus alvarezii proved highly
effective against Colletotrichum gloeosporioides. It
directly inhibited fungal mycelial growth by disrupt-
ing the plasma membrane, and limited disease se-
verity to 24% (versus 91.3% in untreated controls)
at 10 days post-inoculation in greenhouse settings
(Mani & Nagarathnam 2018). Interestingly, lamina-
rin exhibited remarkable efficacy against Fusicladium
oleagineum, achieving up to 100% disease control
of olive leaf spot when applied as dual foliar sprays
(Tziros et al. 2021). A previous study evaluated ul-
van's potential for seedling emergence and its effects
on inhibiting bean seedlings infected with Fusari-
um oxysporum f. sp. phaseoli, which is responsible
for fusarium wilt disease. As a result, ulvan greatly
improved the seedling growth of beans by 55%,
30%, and 44% on fusarium-infested, non-infested,
and sterilised substrates, respectively, at 10 mg/mL
(de Borba et al. 2019). This study also revealed that ul-
van, a sulfated polysaccharide derived from U. fas-
ciata, depended on delivery method (de Borba et al.
2019). In particular, ulvan showed the most effective-
ness when foliar spray was applied against E oxyspo-
rum by achieving a 38% reduction in disease severity
and a 70% decrease in fungal colonisation in epicot-
yls. However, its protective effect was transient and
lasted only until 20 days post-application.

Velho and coworkers demonstrated that treating
ulvan reduced disease incidence in wheat against
powdery mildew (Blumeria graminis) by 42% after
foliar spray, while showing no direct inhibitory ef-
fect on conidial germination, it increased multiple
germ tubes (Velho et al. 2022). In another study,
ulvan showed no direct antifungal activity against
Zymoseptoria tritici but acquired a 45% reduc-
tion in disease severity through induced resist-
ance mechanisms when applied as a foliar spray
to wheat plants (de Borba et al. 2021). Further in-
vestigations on seaweed extracts against various
ascomycetous pathogens, including their mecha-
nisms of action and efficacy parameters, are de-
tailed in Table 3.

Basidiomycetes. As previously described, there is
a significant paucity of in planta studies specifically
examining the efficacy of seaweed-derived com-
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pounds against basidiomycota pathogens. How-
ever, several studies have assessed the biocontrol
potential of seaweed extracts through both in vitro
and in planta evaluations by offering promising in-
sights into their practical applicability for disease
management (Table 3). The biocontrol effect of sea-
weed extracts on R. solani, a soilborne plant patho-
gen for root and crown rot, has been examined to-
mato, pea, and sugar beet. In tomato systems, seed
priming with aqueous extracts of both E. maxima
and Jania adhaerens reduced disease index through
induction of plant defence responses, including en-
hanced chitinase activity and lignin accumulation.
Moreover, the treatments promoted plant growth
by improving emergence rate and seedling weight
(Righini et al. 2021). Similarly, aqueous A. nodo-
sum treatment in pea via the seed soaking method
elevates the overall growth parameters by enhanc-
ing shoot, root, weight, and leaf area values, reduc-
ing disease severity indices (Rashad et al. 2022).
The most pronounced effects were observed with
Sargassum vulgare in sugar beet, with seed coating
treatments producing substantial improvements
in root development metrics and a 70.82% reduc-
tion in R. solani severity (Abdelwahab et al. 2023).
In addition to the R. solani data, another study
examined Sclerotium rolfsii, a soilborne pathogen
causing root rot disease. S. vulgare (Phaeophyceae)
extracts also exhibited dual functionality after seed
coating treatment in sugar beet by maintaining
protective efficacy with a 52% reduction in disease
severity and a 36.92% decrease in disease incidence
against S. rolfsii. Simultaneously, the treatment
enhanced crop quality by increasing sucrose and
total soluble solids in sugar beet plants (Abdelwa-
hab et al. 2023). These findings suggest that water-
extractable compounds from brown and red algae
applied at the seed level may have dual capacity
for growth promotion and pathogen resistance ac-
tivation within a single biostimulant treatment.
Nematodes. Research on the nematicidal prop-
erties of seaweed compounds remains limited
compared to studies targeting fungal and bacterial
pathogens. The available literature on the genus
Meloidogyne with the controlling mechanism is
tabulated in Table 4. Ghareeb and coworkers inves-
tigated the direct nematicidal activity of ethanolic
extracts from U. fasciata, Corallina officinalis, and
Corallina mediterranea. They conducted tests on
the impact of these extracts on egg hatching and
J2 mortality of Meloidogyne incognita. The U. fas-
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ciata extract demonstrated superior direct nemati-
cidal efficacy compared to the others. At 1 mg/mL
concentrations, it suppressed M. incognita egg
hatching by 81.4-87% and caused 85% juvenile
mortality within 12 h, whereas the remaining ex-
tracts showed moderate direct effects (Ghareeb et
al. 2019). For the greenhouse pot test, 4-week-old
tomato seedlings received dual soil drench appli-
cations (150 mL/pot) at a 1 mg/mL concentration
2 days after transplanting. A second application
was given immediately after nematode inoculation
with 5 000 eggs and freshly hatched J2 on day 10.
Substantial treatment effects were observed after
60 days of incubation. Notably, U. fasciata signifi-
cantly reduced gall formation by 77.5%, egg masses
by 74%, and reproduction factors by 75.7% com-
pared to the other treatments. Similarly, commer-
cial formulations from A. nodosum (OSMQ®) and
E. maxima (Kelpak) showed variable nematicidal
effects with primary impacts on nematode behav-
iour and plant tolerance rather than direct popula-
tion suppression (Ngala et al. 2015) (Table 4).
Insect. While systematic in vivo studies on the in-
secticidal activity of seaweed-derived metabolites
remain relatively limited, Rengasamy and cowork-
ers conducted a detailed investigation on examin-
ing a purified metabolite, eckol from E. maxima,
evaluating its efficacy against the cabbage aphid
(Brevicoryne brassicae) (Table 4) (Rengasamy et al.
2016). Direct in vitro bioassays based on the leaf
disc method resulted in 80-90% mortality within
24 h, thereby confirming the dose-dependent (10™*
to 1077 M) insecticidal properties of eckol. In addi-
tion, foliar spray applications at 10° M completely
prevented aphid colonisation on cabbage plants,
while untreated controls suffered from severe in-
festations (Rengasamy et al. 2016). Similarly, other
studies have applied seaweed extracts against Asian
citrus psyllid (Diaphorina citri) and tobacco cut-
worms (Spodoptera litura) through various in vivo
methodologies (Gonzélez-Castro et al. 2019; Chan-
thini et al. 2024). Gonzdalez-Castro and cowork-
ers reported that the ethanolic extract of Lauren-
cia johnstonii exhibited potent inhibitory activity
against D. citri with LDg, = 284 pg/mL. To under-
stand the main components of that extract, GC-MS
analysis was performed, and three major sesquit-
erpenes (debromolaurinterol, isolaurinterol, and
laurinterol) were identified, which may be respon-
sible for the observed repellent and insecticidal ac-
tivities (Gonzdalez-Castro et al. 2019). Meanwhile,
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Chaetomorpha antennina fatty acid fractions ex-
hibited dual-mode efficacy against S. litura, achiev-
ing 97.7% direct mortality through contact bioas-
says, and 88% population suppression via stem
injection-induced plant resistance (Chanthini et
al. 2024). These diverse experimental approaches,
such as repellent assays, mortality bioassays, and
plant-mediated resistance protocols, revealed
species-specific active compounds and multi-
target mechanisms, positioning seaweed extracts
as promising sustainable alternatives for integrated
pest management strategies. Extending beyond di-
rect insecticidal approaches, recent investigations
have demonstrated the efficacy of marine-derived
elicitors in activating plant-mediated defence re-
sponses against piercing herbivores. A compre-
hensive study examined laminarin against the tea
green leathopper (TLH) (Empoasca onukii Mat-
suda) in tea plants (Xin et al. 2019). Foliar appli-
cations at 200 mg/L triggered systemic resistance
through dual mechanisms encompassing direct
anti-herbivore effects by decreasing TLH prefer-
ence, reducing oviposition, and lowering nymph
survival. Notably, laminarin enhanced volatile
emissions, enriching terpenes and green leaf vola-
tiles, which may attract the specialist egg parasi-
toid Stethynium empoascae (Xin et al. 2019). These
comprehensive findings demonstrate the signifi-
cant potential of seaweed-derived compounds and
extracts involving both direct pathogen inhibition
and enhanced host defence responses in response
to a wide range of biotic stresses. This broad-spec-
trum activity, characterised by concentration-, ap-
plication-, and timing-dependent efficacy, under-
scores the value of incorporating seaweed-based
products in sustainable agriculture to improve crop
resilience and productivity.

Mechanism of action of seaweed metabolites
against plant pathogens

Seaweed metabolites confer plant protection
against biotic stresses through multiple intercon-
nected mechanisms, including immune priming
and pattern recognition receptor activation with
upregulation of 651 immune-related genes (NHL10,
OXI1, WRKY30) (Tziros et al. 2021; Wang et al.
2023b), modulation of salicylic acid signaling path-
ways (involving PR1, NPR1, PR5 gene expression)
(Mani & Nagarathnam 2018; Zhang et al. 2019) and
jasmonic acid pathways (through LOX, AOS en-
zyme activation and PDF1.2 expression) (Sangha
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et al. 2015; Mani & Nagarathnam 2018), enhance-
ment of phenylpropanoid metabolism (via PAL
enzyme with 5-fold activity increases, and CHS,
COMT, ANS, FLS gene expression) (Vera et al.
2012; Velho et al. 2022), ROS generation and an-
tioxidant enzyme activation (POD, SOD with 60%
activity increases, GPX) (Mani et al. 2021; Velho
et al. 2022), MAPK cascade signaling (MAPK3/6
activation) (Wang et al. 2023b), and direct antimi-
crobial effects through membrane disruption and
viral interference (Nagorskaya et al. 2008; Mani &
Nagarathnam 2018) (Figure 1).

Immune priming and pattern recognition.
Plant innate immune systems initiate primary de-
fence mechanisms by detecting PAMPs by special-
ised pattern-recognition receptors (PRRs), which
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trigger microbial recognition and subsequent de-
fensive responses (Zipfel 2009). Beyond micro-
bial sources, certain seaweed-derived metabolites
also function as biological elicitors and trigger
plant immune responses via PRRs priming mech-
anisms (Tziros et al. 2021). In a previous study,
K-carrageenan was observed to enhance the im-
mune responsiveness of tobacco plants. However,
actinomycin D treatment, a transcriptional in-
hibitor, significantly decreased this elevated im-
mune response. This result indicates that plant
immune priming by seaweed polysaccharides re-
quires transcription-dependent activation of the
host genome (Nagorskaya et al. 2008). Similarly,
several studies show that the priming effect of sea-
weed metabolites operates through comprehensive

Figure 1. Schematic illustration of the plausible mechanism for seaweed elicitor-induced plant defence responses

Bioactive compounds derived from seaweed extracts are recognised by transmembrane pattern recognition receptors
(PRRs), initiating signaling cascades similar to those activated during pathogen-associated molecular pattern (PAMP)
recognition. This triggers the activation of various signaling molecules, including salicylic acid (SA) and jasmonic acid
(JA), which coordinate the downstream induction of pathogenesis-related (PR) proteins, reactive oxygen species (ROS)-
scavenging enzymes, and a variety of secondary metabolites involved in plant defense, ultimately leading to enhanced
resistance against a broad spectrum of pathogens and insect pests. Note: SE — seaweed extract; PRRs — pattern recognition
receptors; RONS — reactive oxygen and nitrogen species; MAPKs — mitogen-activated protein kinases; CuAO — copper
amine oxidase; Mpol — monomeric polyphenol oxidase; Bglu — beta-glucosidase; PAL — phenylalanine ammonia-lyase; CHS
— chalcone synthase; COMT - caffeic acid O-methyltransferase; ANS — anthocyanidin synthase; FLS — flavonol synthase;
NPR1 - non-expressor of pathogenesis-related protein 1; PR — pathogenesis-related proteins; PDF1.2 — plant defensin 1.2;
AQOS - allene oxide synthase; LOX — lipoxygenase; POD — peroxidase; SOD — superoxide dismutase; GPX — glutathione

peroxidase; GLVs — green leaf volatiles
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transcriptional reprogramming. For instance, FEH
treatment triggered upregulation of 651 immune-
related genes, including key regulatory elements
NHL10, OXI1, and WRKY30 in Arabidopsis plants
(Wang et al. 2023b). In another study, the temporal
dynamics of defence gene activation in laminarin-
treated Olea europaea reveal the stimulating ex-
pression of core defence-related genes, including
Lox, copper amine oxidase (Cuao), polyphenol
methyltransferase (MPol), 3-glucanase (Bglu), and
phenylalanine lyase (Phely) (Tziros et al. 2021).
Likewise, tomato plants treated with A-carrageenan
(foliar spray) showed broad proteomic changes and
altered expression profiles of 17 defence-associ-
ated proteins (Sangha et al. 2015). These seaweed
compound-triggered alterations establish priming
mechanisms that enable rapid defence mobilisation
upon pathogen attack while maintaining metabolic
efficiency through selective activation rather than
constitutive defence expression (Zipfel 2009).
Signal transduction pathways. Activating plant
defence responses by seaweed metabolites involves
complex signal transduction networks that co-
ordinate multiple hormonal pathways. Based on
the experimental evidence reviewed here, these
networks are initiated through MAPK upstream
signalling pathways, which activate downstream
hormonal responses. Among these downstream
mechanisms, SA-mediated signalling represents
the most frequently observed response pathway
in characterised crop-elicitor combinations. JA
pathways and integrated SA-JA crosstalk serve
as additional key mechanisms. In the plant im-
mune system, MAPK upstream signalling is the in-
itial signal transduction mechanism that amplifies
elicitor recognition events and coordinates down-
stream hormonal pathway activation (Zhang et al.
2018). For example, FEH treatment in Arabidop-
sis plants demonstrates this critical upstream role
through rapid MAPK3/6 phosphorylation, which
functions as a crucial signal amplification step
that precedes downstream hormonal responses
(Wang et al. 2023b). Similarly, rapidly initiated
defence-related signalling through CsMAPK cas-
cade and CsWRKY3 transcription factor activation
within 1-2 h was observed after laminarin treat-
ment in tea plant (Xin et al. 2019). Based on these
findings, MAPK cascade activation functions as an
early-response mechanism for plant recognition
of seaweed-derived elicitor signals. SA-mediated
defence responses represent a primary mechanism
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through which seaweed-derived elicitors enhance
plant immunity against pathogens. Several stud-
ies show that specific marine polysaccharides se-
lectively trigger SA pathway components without
concurrent activation of JA signalling networks.
For instance, alginate oligosaccharides applied via
foliar spray treatments exemplify this selective SA
pathway activation in Arabidopsis plants, charac-
terised by enhanced PR1 gene expression and sub-
stantial endogenous SA accumulation (Zhang et
al. 2019). Similarly, laminarin applications in tea
plants (Camellia sinensis) resulted in elevated SA
and abscisic acid (ABA) levels following pathogen
challenge, while JA concentrations remained un-
changed relative to control treatments (Xin et al.
2019). The specificity of SA pathway engagement is
further demonstrated by oligo-sulphated-galactan
treatments in tobacco plants, where sustained PAL
enzyme activation drives phenylpropanoid com-
pound biosynthesis and SA accumulation without
affecting lipoxygenase (LOX) activity (Vera et al.
2011). These findings suggest that certain seaweed-
derived compounds operate a protective system
through SA-dependent signalling cascades that ac-
tivate independently of JA pathway. It has been
reported that JA signalling represents a crucial
defence mechanism and is particularly effective
against necrotrophic pathogens and herbivorous
insects (Zhang et al. 2017). Sangha and colleagues
reported that A-carrageenan treatment exempli-
fied selective JA pathway engagement, enabling
tomato plants to acquire JA-dependent resistance
against TCDVd through coordinated upregulation
of allene oxide synthase (AOS) and LOX genes dur-
ing infection (Sangha et al. 2015). Interestingly,
the concurrent activation of both SA and JA sig-
nalling pathways was also reported by polysac-
charides, k-carrageenan and ulvan (Mani & Na-
garathnam 2018; de Borba et al. 2021; Velho et al.
2022). In the case of k-carrageenan-treated chilli,
simultaneous stimulation of both SA-inducible
(NPR1, PR1, and PR5) and JA-mediated (PDF1.2)
gene expression was confirmed after foliar spray
application (Mani & Nagarathnam 2018). Similarly,
ulvan treatment in wheat plants demonstrates inte-
grated responses, concurrently activating JA path-
way components through enhanced LOX gene ex-
pression while upregulating SA pathway markers,
including PR genes (PR1, PR9, and PR15) (Velho
et al. 2022). This pattern is consistent with another
wheat-ulvan study demonstrating broad-spectrum
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activation based on the upregulated SA-associated
(PR2 and PR3) and JA-related (LOX and AOS) gene
expression (de Borba et al. 2021). From the studies,
structurally similar compounds (e.g., with different
numbers of sulfate groups) were observed to trig-
ger distinct pathways (Sangha et al. 2015; Mani &
Nagarathnam 2018). For example, A-carrageenan-
treated tomato elicits the JA pathway, while chilli
treated with k-carrageenan activates both SA and
JA pathways. Conversely, identical elicitors can
show consistent patterns within species. In the case
of ulvan, the integrated SA/JA pathways were trig-
gered in wheat (de Borba et al. 2021; Velho et al.
2022). However, an earlier study reported that ul-
van-treated dicot plants, such as Medicago and
Arabidopsis, activate an immune response via only
the JA pathway (Jaulneau et al. 2010). Therefore,
developing effective seaweed-based crop protec-
tion strategies requires chemical characterisation
of elicitors and crop-specific validation of induced
signalling pathways to ensure optimal defence acti-
vation against target pathogens.

Biochemical defence responses. The phenylpro-
panoid pathway is one of the predominant defensive
responses involved in the biosynthesis of diverse sec-
ondary metabolites, such as lignin, phenolics, and
flavonoids, in plant species to pathogen challenges
(Yadav et al. 2020). Notably, upregulation of genes,
enzymes, and metabolites involved in the phenyl-
propanoid pathway has been identified as a ma-
jor mechanism through which seaweed-derived
polysaccharide compounds activate plant defence
systems. For example, oligo-carrageenan applica-
tions in tobacco induced five-fold increases in PAL
activity alongside 3.5-fold phenylpropanoid accu-
mulation (Vera et al. 2012), while ulvan foliar treat-
ments in wheat resulted in 2.5-fold PAL enhance-
ment accompanied by simultaneous upregulation
of downstream biosynthetic genes, including CHS,
caffeic acid O-methyltransferase (COMT), anthocy-
anidin synthase (ANS), and FLS (Velho et al. 2022).
The functional significance of phenylpropanoid en-
hancement was demonstrated in ulvan-treated bean
plants (Phaseolus vulgaris), as evidenced by stimu-
lated lignin biosynthesis and increased phenolic
compound accumulation (de Borba et al. 2019).
In contrast, the bioactive efficacy of eckol, a phe-
nolic compound from brown seaweed, in promot-
ing cabbage growth and conferring aphid resistance
derives from enhanced myrosinase activity and glu-
cosinolate pathway activation rather than phenyl-
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propanoid accumulation, as evidenced by concur-
rent decreases in phenolic, flavonoid, and tannin
contents (Rengasamy et al. 2016). These findings in-
dicate metabolite-specific targeting of distinct sec-
ondary metabolic networks, revealing that pathway
activation may depend on compound structure and
species-specific metabolic capabilities. In addition
to phenylpropanoid-related enhancement, the oxi-
dative defence involves ROS burst coupled with an-
tioxidant enzyme activation to maintain cellular re-
dox homeostasis during defence responses (He et al.
2017). For instance, ulvan treatment of wheat plants
resulted in 90% increases in H,O, accumulation
and 60% enhancement in POD activity (Velho et al.
2022). Similarly, tea plants treated with laminarin in-
duce a rapid H,O, burst, which is coordinated with
the sustained activation of defence enzymes, includ-
ing polyphenol oxidase (PPO), PAL, and chitinase,
over 2-7 days (Xin et al. 2019). The ROS response
extends to multiple oxidative species. For instance,
K-carrageenan treatment in tomato plants induced
both H,0, and superoxide anion (O3) bursts and
also significantly increased antioxidant enzymes,
such as POD and SOD activities, which led to a com-
prehensive oxidative defence environment (Mani et
al. 2021). This oxidative response is complemented
by enhanced nitric oxide (NO) production, as dem-
onstrated by FEH and AOS treatments generating
ROS/NO bursts that contribute to pathogen sup-
pression and defence signal amplification (Zhang et
al. 2019; Wang et al. 2023b). Furthermore, enhanced
new peroxidase isoforms and GPX activity were ob-
served from the x-carrageenan-treated chilli plants
(Mani & Nagarathnam 2018). Beyond the biochemi-
cal responses, plants establish structural reinforce-
ment mechanisms, such as callose deposition, sto-
matal closure, calcium oxalate crystals, and papillae
formation, that provide physical barriers against
pathogen invasion and spread (Mani et al. 2021; Vel-
ho et al. 2022; Wang et al. 2023b). For example, FEH
treatment in Arabidopsis also stimulated callose
deposition and stomatal closure, contributing to ap-
oplastic barrier formation and pathogen entry point
reduction (Wang et al. 2023b). Similarly, laminarin-
treated tea plants demonstrated comparable struc-
tural defence enhancement through callose deposi-
tion peaking 2 days post-treatment (Xin et al. 2019).
The formation of calcium oxalate crystals following
K-carrageenan treatment in tomato plants was ob-
served to establish an additional structural de-
fence mechanism that may interfere with pathogen
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feeding and movement (Mani et al. 2021). Among
specialised structural responses, ulvan treatment
in wheat induces papillae formation that provides
localised cell wall reinforcement at potential patho-
gen penetration sites (Velho et al. 2022).

While these mechanisms have been discussed
as distinct categories, a comprehensive analysis
of single studies presents that seaweed metabolite
treatments can simultaneously trigger multiple de-
fence layers. For instance, FEH treatment in Arabi-
dopsis concurrently activated immune priming (651
genes including NHL10, OXI1, WRKY30), MAPK
cascades (MAPK3/6 phosphorylation), oxidative
bursts (ROS/NO generation), and structural bar-
riers (callose deposition, stomatal closure) (Wang
et al. 2023b), while ulvan applications in wheat si-
multaneously enhanced phenylpropanoid pathways
(PAL, CHS, COMT, ANS, FLS), hormonal signal-
ing (SA/JA pathways, PR1, PR9Y, PR15, LOX), ROS
responses (H,O,, POD), and cell wall reinforce-
ment (papillae formation) (Velho et al. 2022). These
findings collectively support seaweed-derived me-
tabolites as potent multi-target elicitors capable
of modulating integrated defense networks, render-
ing them promising candidates for sustainable crop
protection strategies that can address the complex
challenges caused by diverse biotic stressors.

INTERACTION OF SEAWEED
METABOLITES WITH PLANTS UNDER
ABIOTIC STRESS

Beyond the challenges caused by pests and dis-
eases, various environmental stresses, such as sa-
linity, drought, temperature extremes, and heavy
metal toxicity, can also affect crop productivity.
Recent evidence indicates that seaweed extracts
can improve plant resilience against these abiotic
stresses (Deolu-Ajayi et al. 2022). As summarised
in Table 5, several studies have investigated sea-
weed-derived extracts for mitigating various abi-
otic stresses in plants through intricate modulation
of metabolic pathways.

Seaweed polysaccharides and their derivatives
involved in abiotic stress tolerance.

Seaweed polysaccharides involved in biotic stress
responses typically function through direct antimi-
crobial activities and pathogen recognition mecha-
nisms. However, some polysaccharides, such as fu-
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coidan, laminarin, and alginate, or their derivatives,
demonstrate distinct mechanisms when applied
for abiotic stress tolerance. The reviewed polysac-
charides demonstrate diverse molecular weight
characteristics ranging from 3.2 kDa (DPP1 from
Pyropia yezoensis) to 40.2 kDa (LNP-2 from Lesso-
nia nigrescens), which exhibit distinct efficacy pro-
files under different experimental conditions (Sa-
lachna et al. 2018; Zou et al. 2018; Zou et al. 2019;
Zou et al. 2021; Zuo et al. 2021). In addition to mo-
lecular weight, recent studies have revealed distinct
structure-activity relationships, where processing
methods such as enzymatic hydrolysis, oligomeri-
sation, and chemical modification can substantially
alter the biological properties and stress-mitigating
capacities of native seaweed polysaccharides. Mul-
tiple factors influence the final bioactivity of these
compounds, including extraction conditions, sulfate
content ranging from 18.97% (U. prolifera polysac-
charides) to 40.5% (L. nigrescens polysaccharides)
(Zou et al. 2019; Zuo et al. 2021), and application
methods such as foliar spraying (Liu et al. 2013; Zou
et al. 2021), root application (Wu et al. 2016), bulb
coating (Salachna et al. 2018), and nutrient solution
supplementation (Zou et al. 2018; Zou et al. 2019),
each optimized for specific stress conditions and
plant developmental stages.

Given that the structural characteristics of these
compounds have been previously described in the
biotic stress section, this section focuses on their
modulation mechanisms when mitigating abiotic
environmental stressors (Table 5 and Figure 2).

Seaweed metabolite efficacy against abiotic
stress types

Salt stress. Salt stress is considered one of the
most comprehensively studied abiotic stressors,
and according to recent FAO projections (2021),
continued soil salinisation trends may render
50% of cultivable land unusable by 2050 (Atta et
al. 2023). Utilising seaweed extracts derived from
diverse marine algae phyla has been considered
a potential strategy for mitigating such stress con-
ditions through multiple physiological and bio-
chemical adaptations (Table 5). Purified polysac-
charides have demonstrated comprehensive salt
stress mitigation through coordinated enhance-
ment of growth, photosynthetic capacity, and cel-
lular protection mechanisms. Zou and coworkers
demonstrated that fucoidan (MW 11.1 kDa, sulfate
content 28.6%) extracted from Macrocystis pyrif-
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Figure 2. Schematic illustration highlighting the interaction of seaweed extract (SE) or -derived compounds with plants
under abiotic stress

Hsps — heat shock proteins; Hsfs — heat shock factors; LEA — late embryogenesis abundant proteins; DHN — dehydrins;
DREB - dehydration-responsive element-binding proteins; HKT2;1 — high-affinity K* transporter 2;1; NHX2 — Na*/H*
exchanger 2; SOS1 - salt overly sensitive 1; PsbA — photosystem I D1 protein; H*-ATPase — proton AT Pase; Ca**-ATPase
— calcium ATPase; CCO — cytochrome c oxidase; SDH — succinate dehydrogenase; IRT1 — iron-regulated transporter
1; ZIP8 - zinc-iron permease 8; SnRK2 — SNF1-related protein kinase 2; P5CS — A'-pyrroline-5-carboxylate synthetase;
ABI5 — abscisic acid insensitive 5; RD22 — responsive to dehydration 22; DEFL202 — defensin-like protein 202; ACS
— l-aminocyclopropane-1-carboxylate synthase; ERF — ethylene response factor; CAT — catalase; SOD — superoxide
dismutase; POD — peroxidase; APX — ascorbate peroxidase; MDHAR — monodehydroascorbate reductase; DHAR —dehy-

droascorbate reductase; GR — glutathione reductase

era enhanced wheat seedling tolerance under 120
mM NaCl stress when applied as foliar treatment
at 0.5-1 mg/mL concentrations (Zou et al. 2021).
This intervention resulted in substantial growth
improvements, including 46.1% increases in fresh
weight and 12.5% enhancement in shoot length,
while simultaneously reducing oxidative damage
through 43.4% malondialdehyde (MDA) reduc-
tion and enhancing osmotic adjustment via 77.1%
proline accumulation. Moreover, fucoidan treat-
ment effectively maintained ion homeostasis by re-
ducing sodium accumulation by 55.6%. Similarly,
polysaccharides from L. nigrescens (LNP-2, MW
40.2 kDa, sulfate content 40.5%) exhibited compre-
hensive stress alleviation in wheat under more se-
vere 150 mM NaCl conditions through 10-day nu-

124

trient solution supplementation (Zou et al. 2019).
This treatment enhanced photosynthetic capacity
through dramatic chlorophyll increases (chloro-
phyll a by 75.9%, chlorophyll b by 141.1%). It also
facilitated substantial sodium exclusion, reducing
sodium levels by 25.6% in roots and 59.1% in leaves,
while promoting a significant rise in proline accu-
mulation (87.1%) to support osmotic balance. Simi-
larly, oligo-alginate (MW 32 000 g/mol) applied
as bulb coating treatment to Eucomis autumnalis
resulted in comprehensive morphological improve-
ments, including plant height increasing by 30.8%,
leaf length by 33.2%, and fresh weight gains
of 46.5% in above-ground biomass under 100 mM
NaCl stress (Salachna et al. 2018). Enhanced pho-
tosynthetic function was also observed by 13.8%
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increases in chlorophyll content and 39.6% im-
provement in stomatal conductance, alongside
reduced Na* and Cl~ accumulation (Salachna et
al. 2018). In another study, low molecular weight
polysaccharides from P. yezoensis (DPP1, 3.2 kDa)
exhibited enhanced salt tolerance in wheat follow-
ing 0.01% (w/v) applications under 100 mM NaCl
stress (Zou et al. 2018). This treatment resulted
in substantial physiological improvements, includ-
ing fresh weight gains (40.6%) and reduced oxida-
tive damage as evidenced by decreased MDA levels
(47.6%). Additionally, these protective effects were
accompanied by enhanced photosynthetic capacity
through 48.3% chlorophyll increase, strengthened
antioxidant defence via SOD (62.9%) and POD
(45.3%) activation, and improved osmotic adjust-
ment through 61.9% proline accumulation. Further
investigations examining the efficacy of crude sea-
weed extracts in mitigating abiotic stresses, includ-
ing salt stress, across diverse plant species and ex-
perimental conditions are detailed in Table 5.
Drought and osmotic stress. Drought is a signifi-
cant global challenge that can reduce crop growth
and vyield by 30% to 90%, depending on the crop
species, developmental stage, and severity of stress
(Hussain et al. 2019). Under this stress condition,
ROS-induced oxidative damage leads to lipid per-
oxidation and increased MDA content, indicating
cellular membrane damage (Hasanuzzaman et al.
2020). In addition, the ABA-dependent signalling
pathway activates genes encoding osmotic protec-
tion proteins, including late embryogenesis abun-
dant (LEA) proteins and regulatory kinases, which
facilitate cellular osmoregulation and drought toler-
ance in plants (Hasanuzzaman et al. 2020). Liu and
coworkers reported that AOS derived from com-
mercial alginate sources exhibited substantial ame-
liorative effects against PEG-6000-induced osmotic
stress when administered as foliar applications
at 1 000 mg/L concentrations to wheat seedlings (Liu
et al. 2013). Additionally, this treatment resulted
in comprehensive physiological improvements, such
as fresh weight gains of 43%, elevated relative water
content (33%), and doubled chlorophyll accumula-
tion. Likewise, low molecular weight polysaccharide
(MW 14.2 kDa and sulfate content of 18.97%) from
U. prolifera (LPU) was found to exhibit comprehen-
sive osmotic tolerance enhancement when applied
at 0.05% concentrations during 120 h PEG-6000
treatments (Zuo et al. 2021). This LPU treatment led
to soluble protein content increases up to 2.13 fold
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and biomass gains in roots and shoots by 17.80%
and 14.47%, respectively. Notably, reduced oxidative
damage was evidenced by the decreased MDA levels
(by 23.13%) and enhanced antioxidant enzyme ac-
tivities, particularly CAT (increased by 23.13%).

Temperature stress. Temperature stress is con-
sidered one of the critical threats to maintaining
crop productivity, and frost damage is a signifi-
cant factor leading to substantial economic losses
in global crop yields (Hua et al. 2025). Beyond cold
stress, the yield losses in staple grains, such as wheat,
rice, and maize, are expected to increase by 10-25%
for every one-degree rise in global surface tempera-
ture (Deutsch et al. 2018). Lin and coworkers dem-
onstrated that fucoidan showed remarkable efficacy
in mitigating chilling injury when applied as a fruit
coating treatment to cucumber under prolonged
cold storage conditions (4 °C, 90% RH, 12 days)
(Lin et al. 2022). The optimal 15 g/L concentration
significantly reduced the chilling injury index and
minimised weight loss, while substantially elevat-
ing antioxidant enzyme activities, including mono-
dehydroascorbate reductase (MDHAR) activ-
ity (63% increase on day 6) and ascorbate content
(12% increase on day 12). Conversely, laminarin
was found to exert a protective effect on Arabidop-
sis seedlings from heat stress (42 °C for 3 h) when
administered at 25 mg/L concentrations through
root application (Wu et al. 2016). This treatment
also significantly increased survival rates under
heat stress and improved the green cotyledon ra-
tio when plants were exposed to combined salt and
heat stress conditions. Heat stress applications pri-
marily target photosynthetic efficiency and cellular
redox homeostasis, while chilling stress treatments
focus on membrane fluidity maintenance and anti-
oxidant enzyme activation.

Heavy metal stress. Heavy metal contamination
affects 14—17% of global cropland and gives rise
to significant public health issues and ecological
risks (Hou et al. 2025). In this context, research on
the role of seaweed-derived metabolites in enhanc-
ing plant tolerance to heavy metal stress remains
remarkably limited. El Khattabi and coworkers
screened the efficacy of aqueous extracts from three
different types of seaweeds, Cystoseira ericoides,
Fucus spiralis, and U. lactuca, on tomato plants
against heavy metal stress (Pb, 100 pmol) via a hy-
droponic system (El Khattabi et al. 2023). Initially,
C. ericoides demonstrated significant protective ef-
fects in tomato plants, which resulted in substantial
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growth improvements with aboveground biomass
increasing by 73.3% and root biomass by 53.0%
compared to Pb-stressed controls, alongside a re-
markable reduction in oxidative stress markers,
evidenced by an 85% decrease in anthocyanin
content. The protective mechanism involved en-
hanced root Pb sequestration with 81% reduction
in root Pb accumulation compared to untreated
Pb-stressed plants, while maintaining shoot Pb lev-
els unchanged, suggesting effective compartmen-
talisation strategies for metal tolerance. In the case
of E spiralis treatment, unique phytoextraction ca-
pabilities were observed under identical experimen-
tal conditions, enhancing aboveground biomass
by 59.9% and root biomass by 56.7% while dem-
onstrating the most pronounced reduction in an-
thocyanin content (90% decrease) among tested
species. Notably, E spiralis treatment significantly
altered Pb translocation patterns by increasing Pb
accumulation in shoots up to 37% while dramati-
cally reducing root Pb content by 285% compared
to Pb-stressed controls. This unique translocation
enhancement suggests utility for phytoextraction
applications where metal removal from contami-
nated soils is the primary objective. In contrast,
U. lactuca extract did not significantly affect bio-
mass parameters or anthocyanin content, though
it achieved a 104% reduction in root Pb accumu-
lation under Pb stress conditions. These findings
demonstrate that systemic approaches are essential
for elucidating the complex interactions among
compound structure, processing conditions, and
application protocols that govern the efficacy
of seaweed-based agricultural interventions.

Mechanisms of seaweed metabolites in plant
abiotic stress tolerance

Seaweed metabolites confer plant abiotic stress
tolerance through multiple interconnected mech-
anisms, including induction of stress-responsive
genes and signaling pathways (ABA-dependent
SnRK2, LEA1, P5CS activation, and LEA/Cor genes
Wdhn13, Wrab17, Wrab18, Wrab19 upregulation,
plus ethylene signaling via ACS4 and ERF genes)
(Wu et al. 2016; Zuo et al. 2021), comprehensive
modulation of antioxidant defense systems (SOD
enhancement by 60.7%, POD and CAT increases
of 130%, plus APX, MDHAR, DHAR, GR activa-
tion) (Liu et al. 2013; Zou et al. 2018; Zou et al. 2019;
Zou et al. 2021; Lin et al. 2022), and physiological
homeostasis maintenance through ion transport
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regulation (TaHKT2;1 downregulation, TaNHX2
and TaSOS1 upregulation), energy metabolism en-
hancement (H*-ATPase, Ca*>*-ATPase, CCO, SDH
activation), photosynthetic protection (psbA and
PsbA-D1 upregulation), and metal transport opti-
mization (IRT1, ZIP8, MIR408 enhancement) (Liu
etal. 2013; Wu et al. 2016; Zou et al. 2018; Zou et al.
2019; Lin et al. 2022) (Figure 2).

Induction of stress-responsive genes and signal-
ling pathways

The molecular basis for seaweed metabolite-in-
duced abiotic stress tolerance relies on the activa-
tion of sophisticated stress-responsive gene net-
works and hormonal signalling cascades, primarily
involving ABA-dependent signalling pathways, late
embryogenesis abundant (LEA) and cold-respon-
sive (Cor) activation, heat shock responses, and
ethylene signalling crosstalk. The comprehensive
transcriptomic reprogramming observed across
multiple seaweed metabolites demonstrates their
capacity to function as complex signal molecules
capable of triggering systemic stress preparation
responses (Figure 2). ABA-dependent signalling
is the central mechanism by which seaweed-de-
rived polysaccharides mediate plant adaptation
to abiotic stress. For instance, a foliar application
of AOS in wheat plants resulted in a temporally
specific modulation of key ABA signalling compo-
nents under drought stress. Notably, SnRK2 kinase
activity peaked at 3 h, while the expression levels
of LEA1 and P5CS reached their maximum at 24 h
post-treatment. The temporal dynamics of these
responses indicate that plants modulate immedi-
ate and prolonged mechanisms to cope with stress.
Similarly, the treatment of low molecular weight
polysaccharides from U. prolifera in wheat plants
enhanced ABA-dependent signalling through sub-
stantial upregulation of P5CS, SnRK2, Wabi5, and
Wdreb2 genes under osmotic stress conditions
(Zuo et al. 2021). Furthermore, this application led
to the coordinated upregulation of key ABA path-
way downstream targets, such as several LEA/Cor
genes (Wdhnl3, Wrab17, Wrab18, Wrab19). This
proves that seaweed-derived metabolites induce
a comprehensive activation of dehydration stress
response networks. Root application of laminarin
to Arabidopsis induced extensive transcriptomic
reprogramming, evidenced by over 2-fold expres-
sion changes in 112 genes under heat stress (Wu
et al. 2016). This was accompanied by the concur-
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rent activation of the ethylene signalling pathway
by upregulating ACS4 and ERF genes. Further-
more, enhanced ABA-responsive gene expression,
particularly of RD22 and DEFL202 (known to ac-
tivate downstream antioxidant enzymes), suggests
the integration of multiple stress-sensing and re-
sponse mechanisms.

Modulation of antioxidant defence systems and
cellular protection

Seaweed-derived metabolites also confer abiotic
stress tolerance through comprehensive modulation
of antioxidant enzyme systems, ROS scavenging
mechanisms, membrane stabilisation, and cellular
antioxidant networks. The antioxidant enzyme de-
fence system represents the primary cellular protec-
tion mechanism activated by seaweed metabolites
across diverse stress conditions, providing multi-
layered protection against oxidative damage in-
duced by environmental stressors. Fucoidan-treated
wheat under salt stress conditions (120 mM NaCl)
demonstrated comprehensive antioxidant enzyme
activation, including SOD activity enhancement
by 60.7%, the most dramatic POD and CAT increas-
es of 130% activation (Zou et al. 2021). In another
study, wheat treated with polysaccharides from
L. nigrescens exhibited significantly increased SOD
(96.0%) and POD (43.9%) activation, alongside mod-
erately enhanced CAT activity, in response to salt
stress (150 mM NaCl). Additionally, this treat-
ment promoted the accumulation of soluble sugars
(35.3%), contributing to both osmotic adjustment
and antioxidant capacity through complementary
protective mechanisms (Zou et al. 2019). Consist-
ent with these findings, polysaccharides and their
derivatives enhanced the activity of antioxidant en-
zymes under the tested stress conditions. Specifi-
cally, low molecular weight DPP1 from P. yezoensis
enhanced SOD and POD under salt stress, AOS
promoted SOD and POD activation under drought
stress, fucoidan stimulated SOD, CAT, POD, APX,
MDHAR, dehydroascorbate reductase (DHAR), and
glutathione reductase (GR) under chilling stress,
and laminarin led to increased SOD and APX activ-
ity under heat stress conditions (Liu et al. 2013; Wu
et al. 2016; Zou et al. 2018; Lin et al. 2022).

Physiological homeostasis and metabolic adap-
tation

Seaweed-derived metabolites maintain cellular
function under abiotic stress through sophisticated
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regulation of osmotic adjustment, ion homeosta-
sis, energy metabolism, photosynthetic protec-
tion, secondary metabolism, and metal transport
systems. Proline accumulation emerged as a uni-
versal osmotic adjustment strategy across multiple
seaweed metabolites and stress types, represent-
ing a fundamental mechanism for maintaining
cellular water balance and turgor pressure under
stress conditions (Alvarez et al. 2022). Polysaccha-
rides (MW 40.2 kDa) from L. nigrescens achieved
the most remarkable proline elevation of 87.1%,
while low molecular weight polysaccharides (DPP1:
3.2 kDa) from P. yezoensis enhanced proline content
by 61.9% (Zou et al. 2018; Zou et al. 2019). Fucoidan
treatment induced substantial proline increases un-
der salt stress conditions (Zou et al. 2021), with ad-
ditional proline accumulation documented for AOS
and U. prolifera polysaccharides under drought
and osmotic stress conditions (Liu et al. 2013; Zuo
et al. 2021). Ion homeostasis regulation represents
a critical adaptation mechanism for maintaining
cellular ionic balance under salt stress conditions
through multiple coordinated strategies (Amin et
al. 2021). At the physiological level, fucoidan treat-
ment from Macrocystis pyrifera achieved effective
Na*/K* ratio regulation, establishing a lower and
more favorable ionic environment essential for cel-
lular function under saline conditions (Zou et al.
2021). Oligo-alginate treatment provided additional
ionic protection through reduced Na* and Cl™ up-
take under salt stress, demonstrating direct ion ex-
clusion mechanisms (Salachna et al. 2018). At the
molecular level, both L. nigrescens and P. yezoensis
polysaccharides modulated key ion transport genes,
including downregulation of TaHKT2;1 and upreg-
ulation of TaNHX2 and TaSOS1 (Zou et al. 2018;
Zou et al. 2019), collectively enhancing sodium
exclusion and compartmentalisation mechanisms.
Energy metabolism maintenance proved essential
for sustaining cellular processes under stress con-
ditions. Fucoidan treatment under chilling stress
enhanced multiple energy-related enzymes, includ-
ing H"-ATPase, Ca**-ATPase, cytochrome ¢ oxi-
dase (CCO), and succinate dehydrogenase (SDH),
collectively maintaining cellular energy homeosta-
sis during low-temperature stress (Lin et al. 2022).
This comprehensive energy system enhancement
ensures continued ATP production and cellular en-
ergy charge maintenance under adverse conditions
(Lin et al. 2022). Photosynthetic protection mecha-
nisms demonstrated both immediate and long-term
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adaptive responses to stress conditions. Alginate
oligosaccharides provided acute photosystem pro-
tection through psbA upregulation 6 hours post-
treatment (Liu et al. 2013), indicating rapid photo-
system II repair mechanisms. Laminarin treatment
enhanced photosystem stability through PsbA-D1
upregulation under heat stress (Wu et al. 2016), en-
suring continued photosynthetic function under el-
evated temperatures. Oligo-alginate treatment en-
hanced photosynthetic pigment content, including
chlorophyll and total chlorophyll levels (Salachna
et al. 2018), supporting sustained light-harvesting
capacity and photosynthetic efficiency under stress
conditions. Metabolite accumulation contributed
to stress adaptation through enhanced biosyn-
thetic capacity for protective compounds. Oligo-
alginate treatment stimulated phenolic biosynthe-
sis, increasing polyphenol content (Salachna et al.
2018). Laminarin treatment specifically enhanced
terpenoid synthesis under heat stress (Wu et al.
2016). Ascorbic acid content increased significantly
following oligo-alginate treatment, contributing
to enhanced antioxidant capacity (Salachna et al.
2018). Soluble sugar accumulation reached a 35.3%
increase with L. nigrescens polysaccharides (Zou et
al. 2019), with additional sugar elevation observed
for P. yezoensis polysaccharides (Zou et al. 2018).
Soluble protein content was dramatically enhanced
1.86-2.13 fold with U. prolifera polysaccharides, in-
dicating comprehensive metabolic reprogramming
for osmotic protection (Zuo et al. 2021). These find-
ings suggest that accumulation of metabolites and
osmoprotectants provides additional cellular pro-
tection through stress-protective properties. Metal
transport regulation showed particular importance
under combined stress conditions, with laminarin
treatment enhancing multiple metal transporters,
including IRT1 (showing the highest upregulation),
ZIP8, and copper transporters, alongside MIR408
upregulation, suggesting improved metal homeo-
stasis and micronutrient availability (Wu et al.
2016). These transport systems will likely contrib-
ute to maintaining essential metal cofactor avail-
ability for stress-responsive enzymes.

Integrative cross-tolerance mechanisms: Lami-
narin as an elicitor bridging biotic and abiotic stress

As comprehensively detailed in the preceding
analysis, laminarin was found to be a potent uni-
versal elicitor through its remarkable capacity
to simultaneously activate plant defence responses
against both biotic (E oleagineum and E. onukii)
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and abiotic stressors (heat and salt stresses) (Wu et
al. 2016; Xin et al. 2019; Tziros et al. 2021). An ear-
lier structure-activity study also demonstrated
that the structural basis for laminarin’s efficacy lies
in its specific linear -1,3-glucan linkages, which
uniquely distinguish it from fungal cell wall glu-
cans (Klarzynski et al. 2000). Unlike conventional
elicitors that typically target specific stress catego-
ries (Rani et al. 2023), laminarin may contribute
to priming a multi-layered defense system through
PRR-mediated pattern recognition (Tziros et al.
2021), MAPK-WRKY signaling cascade activation
(Xin et al. 2019), and comprehensive transcriptome
reprogramming, involving over 112 genes (Wu et
al. 2016). This coordinated response subsequently
triggers extensive defence enzyme activation, in-
cluding phenylpropanoid pathway enzymes (PAL),
antimicrobial proteins (chitinase, -glucanase), and
copper-dependent oxidases (CuAQ) that provide
both structural reinforcement and direct pathogen
suppression (Xin et al. 2019; Tziros et al. 2021).
Moreover, laminarin treatment strengthens cellu-
lar protection mechanisms through enhanced anti-
oxidant systems comprising enzymatic antioxidants
(SOD and APX) and non-enzymatic antioxidants
(phenolics) for ROS detoxification. This synergis-
tic antioxidant response creates a comprehensive
oxidative stress management system that protects
against biotic and abiotic challenges (Wu et al.
2016; Xin et al. 2019). In addition, laminarin shows
context-dependent hormonal selectivity, activat-
ing SA pathways for biotic stress defence and ABA
pathways for abiotic stress tolerance while main-
taining JA-independent signalling patterns (Xin et
al. 2019). This strategic approach enables laminarin
to circumvent the typical growth-defence trade-off,
providing comprehensive stress protection without
compromising plant development and productiv-
ity. Notably, laminarin has gained attention as an
eco-friendly copper alternative to chemical fun-
gicides to avoid accumulating heavy metals in the
soil. For example, the endogenous copper oxidase
(CuAO) was activated within plants to achieve
equivalent antimicrobial efficacy through dual
mechanisms, including generating H,O, via poly-
amine oxidation and synthesising phenolic anti-
microbial compounds (Tziros et al. 2021). Wu and
coworkers demonstrated that this molecule also
confers heat stress tolerance indirectly by upregu-
lating copper transporter gene expression, thus
ensuring adequate copper cofactor supply to chlo-
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roplast antioxidant enzymes (Wu et al. 2016). This
approach provides dual benefits by enhancing biot-
ic and abiotic stress tolerance, representing a sus-
tainable agricultural strategy that maintains crop
protection without compromising soil health or
long-term productivity.

Beyond laminarin’s versatile properties, other
marine polysaccharides, including fucoidan and
alginate derivatives, demonstrate protective effects
against both biotic and abiotic stressors (Liu et al.
2013; Salachna et al. 2018; Zhang et al. 2019; Zou et
al. 2021; Lin et al. 2022; Wang et al. 2023b). Previ-
ous studies indicate that low molecular weight pol-
ysaccharides show enhanced bioactivity compared
to their high molecular weight counterparts (Jiao et
al. 2011; Zuo et al. 2021). To optimise these benefi-
cial properties, extensive experimental investiga-
tion is necessary to understand structure-activity
relationships, particularly how molecular size, sul-
fation patterns, and glycosidic linkages influence
polysaccharide bioactivity.

CONCLUSION

Interest in utilising seaweed extracts and their
bioactive metabolites has increased to enhance
crop yield and resilience against biotic and abiotic
stressors. Several studies have highlighted the po-
tential of seaweed extracts and isolated compounds
to enhance plant growth and tolerance to various
stress factors. This review has presented the po-
tential applications of seaweed extracts and their
metabolites, including polysaccharides, phenolic
acids, and fatty acids, along with their underlying
mechanism of action for mitigating diverse types
of stressors. Seaweed extracts or their derived
bioactive compounds act as elicitors, recognised
by plant transmembrane PRRs, triggering defence
signalling pathways akin to PAMP recognition.
This leads to the activation of key signalling mol-
ecules like SA and JA. These pathways produce PR
proteins, ROS-scavenging enzymes, and defensive
secondary metabolites. Ultimately, this enhances
plant resistance against various pathogens and in-
sect pests such as bacteria, viruses, oomycetes, fun-
gi (ascomycetes and basidiomycetes), nematodes,
and herbivorous insect pests. Similarly, under
abiotic stresses (such as salinity, drought, extreme
temperatures, and heavy metals), seaweed extracts
or metabolites mitigated abiotic stresses through
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the induction of stress-responsive genes and sig-
nalling pathways, modulating plant hormones,
and activities of antioxidant enzymes, including
inducing the accumulation of osmoprotectants.
However, current research on seaweed-derived
metabolites remains predominantly limited to con-
trolled environments (laboratory, growth chamber,
greenhouse), and further field validation studies
are warranted. Moreover, various crops' dosage,
application method, and treatment duration must
be optimised to achieve long-term benefits. In ad-
dition, identifying and characterising novel bioac-
tive metabolites in different chemical classes from
various seaweed species that enhance plant stress
resilience should be prioritised to unlock the full
potential of marine-derived agricultural solutions.
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