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Abstract: 

The increasing demand for safe food necessitates effective strategies to 

protect plants from diseases and pests, as traditional methods often fail to ensure 

both efficacy and safety. Thus, the use of bioproducts for pest control is seen as 

reasonable solution being environmentally friendly and less hazardous for human 

health. Among them, macroalgae (seaweeds), microalgae and cyanobacteria (blue-

green algae) gain interest every year in the scientific community. In agriculture, 

seaweeds are used in the production of plant bioactive compounds to control some 

plant pathogenic fungi and bacteria while microalgae remain unexploited. 

Microalgae, cyanobacteria and seaweeds are widely described as renewable sources 

of biologically active compounds, such as polyunsaturated fatty acids (PUFAs), 

carotenoids, phycobiliproteins, sterols, vitamins and polysaccharides, which attract 

considerable interest in both scientific and agricultural communities. They affect 

agricultural crops for enhancement of plant growth, seedling growth and for 

biocontrol of bacterial, fungal, nematode diseases and insect invasions. They can 

also increase resistance properties of plant against various pests and diseases. The 

present review highlights the potential use of algae and cyanobacteria in agronomy, 

with a specific focus on their biological activities and their possible application in 

modern agricultural technology as a potentially sustainable alternative for enhanced 

crop performance, and resilience to plant diseases.  
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 الخلاصة 

من   النباتات  لحماية  فعّالة  استراتيجيات  يستلزم  الآمن  الغذاء  على  المتزايد  الطلب  إن 

الأمراض والآفات، حيث تفشل الطرق التقليدية غالبًا في ضمان الفعالية والسلامة. وبالتالي، يُنظر  

على إلى استخدام المنتجات الحيوية لمكافحة الآفات على أنه حل معقول صديق للبيئة وأقل ضررًا  

الدقيقة   البحرية( والطحالب  )الأعشاب  الكبيرة  الطحالب  تكتسب  بينها،  الإنسان. ومن  و  صحة 

 )الطحالب الخضراء المزرقة( اهتمامًا كل عام في المجتمع العلمي. السيانوبكتريا

للنباتات    النشطة  الحيوية  المركبات  إنتاج  في  البحرية  الأعشاب  ستخدم 
ُ
ت الزراعة،  في 

للسيطرة على بعض الفطريات والبكتيريا المسببة للأمراض النباتية بينما تظل الطحالب الدقيقة  

والأعشاب البحرية على نطاق واسع بأنها السيانوبكتريا  غير مستغلة. توصف الطحالب الدقيقة و 

المشبعة غير  المتعددة  الدهنية  الأحماض  مثل  النشطة،  الحيوية  للمركبات  متجددة   مصادر 

(PUFAs)  ،والكاروتينات، والبروتينات النباتية، والستيرولات، والفيتامينات، والسكريات المتعددة ،

  لسيانوبكتريا و ا والتي تجذب اهتمامًا كبيرًا في كل من المجتمعات العلمية والزراعية. تؤثر الطحالب 

للأمراض  البيولوجية  وللمكافحة  الشتلات  ونمو  النباتات  نمو  لتعزيز  الزراعية  المحاصيل  على 

البكتيرية والفطرية والنيماتودا وغزوات الحشرات. كما يمكنها أيضًا زيادة خصائص مقاومة النبات  

و  ب ضد الآفات والأمراض المختلفة. تسلط هذه المراجعة الضوء على الاستخدام المحتمل للطحال

في علم الزراعة، مع التركيز بشكل خاص على أنشطتها البيولوجية وتطبيقها المحتمل   السيانوبكتريا

في  والمرونة  المحاصيل  أداء  لتحسين  محتمل  مستدام  كبديل  الحديثة  الزراعية  التكنولوجيا  في 

 النبات  أمراض مواجهة
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1. Introduction 

Food security is increasingly threatened by phytopathogens, including 

bacteria, fungi, viruses, and nematodes, which can lead to significant crop yield 

losses and jeopardize the livelihoods of farmers, especially small-scale producers 

(Rizzo et al., 2021). 

Today's sustainable agricultural farming is heavily dependent on chemical 

pesticides, excessive fertilizer and irrigation, and intensive use of tillages. This has 

resulted in several environmental and health problems. Where, the reliance on 

chemical pesticides and fungicides presents significant challenges, including 

environmental toxicity, adverse effects on non-target organisms, and the potential 

for pest resistance (Nikkanen et al., 2021). 

In fact, sustainable agricultural practices can help in meeting the demands of 

a healthy environment and production of food crops. This technology use natural 

methods for plant pest management to conserve resources, such as soil and water, 

while preserving crop productivity, fostering resilience and self-regulating 

agricultural ecosystem (Koller et al. 2012).  

In the endosphere, rhizosphere, and phyllosphere, a highly diverse group of 

distinct microorganisms have been observed associated with various plant 

species. These plant-associated microbes that produce metabolites may affect 

agricultural productivity in a neutral, positive, or negative way (Mendes et al. 2013). 

Since then, these microorganisms generated from plants have been used as 

biopesticides for crop protection strategy (Gwinn, 2018).  

The use of biological control methods (including cyanobacteria and algae) 

offers several advantages; these organisms can enhance plant health by suppressing 

pathogens, improving nutrient uptake, and promoting overall plant growth without 

the harmful side effects associated with chemical treatments (Singh and Strong, 

2016; Nikkanen et al., 2021).  
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Of all the options, cyanobacteria; prokaryotic microorganisms known also as 

“blue-green algae” and algae are unique bioactive organisms. These organisms are 

widely found in both terrestrial and aquatic habitats that scientists around the world 

are exploring very seriously. In the broadest sense, they are excellent 

phytopathogenic biocontrol agents.  This long-standing current approach constrains 

the use of chemical pesticides has produced remarkable research material due to 

relatively cheap buying prices and environmental concerns. The European Directive 

2009/128/EC also promotes the use of alternative materials for synthetic ones in the 

management of plant diseases. 

The potential use of cyanobacteria, microalgae and seaweeds as biofertilizers, 

sources of bioactive substances like phycobiliproteins, and inducers of plant 

systemic resistance have been highlighted by recent studies on their application in 

agriculture (Hamed et al., 2018). In this context, cyanobacteria and algae have 

emerged as promising biostimulants and biocontrol agents. These microorganisms 

produce bioactive compounds that enhance plant growth and activate defense 

mechanisms against pests and diseases (Sharma et al., 2014; Manjunath et al., 2016; 

Sithole et al. 2023).  

Furthermore, cyanobacteria and algae contribute to soil health by fixing 

nitrogen and improving nutrient availability, thereby promoting sustainable 

agricultural practices (Battacharyya et al., 2015; Sithole et al. 2023). Their diverse 

range of bioactive compounds offers multiple avenues for developing 

environmentally friendly pest management strategies (Berthon et al., 2021; 

Asimakis et al., 2022).  

The eukaryotic microalgae and macroalgae (seaweeds), are the most varied, 

largest, and widely distributed group of organisms, varying in shape and size from 

unicellular to several meters’ organisms. They are found specifically in fresh and 

marine water and "could have been the world's largest biomass. Research has shown 

that certain macroalgae, such as Ulva fasciata, exhibit effective nematicidal 
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properties against plant-parasitic nematodes like Meloidogyne incognita, reducing 

egg hatching and juvenile mortality rates (Ghareeb et al., 2019). 

Looking ahead, the integration of cyanobacteria and algae into agricultural 

practices presents promising opportunities for sustainable plant protection. 

However, challenges remain, including the need for further research to optimize their 

application, understand their ecological interactions, and develop effective methods 

for mass production and application (Nikkanen et al., 2021). 

They also promote plant growth through the production of phytohormones, 

such as cytokinins and salicylic acid, which enhance root development and overall 

plant vigor (Toribio et al. 2021). Their application is environmentally friendly, as it 

minimizes soil and water pollution associated with conventional chemical treatments 

(Kumar and Verma 2013; Raymaekers et al. 2020).  

Furthermore, algae and cyanobacteria can activate plant defense mechanisms, 

boosting resistance to various pathogens (Köhl et al. 2019). Additionally, they 

improve soil fertility by enhancing nutrient availability and promoting beneficial 

microbial communities (Renuka et al. 2018). Overall, integrating these biocontrol 

agents into agricultural practices represents a promising approach to sustainable 

disease management. 

The current review provides a broad overview of recent findings regarding the 

application of cyanobacteria, microalgae and seaweeds for their plant bio-stimulant 

qualities as well as their bioprotective effect against bacterial and fungal 

phytopathogens. To properly and sustainably manage agricultural crops, we 

emphasize the importance of considering a number of elements, from the ways in 

which cyanobacteria improve plant growth to reducing plant diseases and modifying 

plant resistance. 
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2. Cyanobacteria  

2.1. Description  

Cyanobacteria, commonly known as "blue-green algae," are ancient 

photosynthetic prokaryotes that have existed for about 3.5 billion years (Schopf, 

1993; Shestakov and Karbysheva, 2017). These microorganisms thrive in diverse 

environments, including freshwater, marine, and terrestrial habitats, and can endure 

extreme conditions such as high salinity and temperature (Whitton, 1992; Lang-

Yona, 2018). They exhibit various forms, from unicellular to filamentous structures 

(Vidal et al. 2021; Dvořák et al. 2017; Uyeda et al. 2016)  and play a vital role in 

photosynthesis by converting carbon dioxide into oxygen, utilizing chlorophyll-a 

and accessory pigments like phycobilins (Angermayr et al. 2009; Shestakov and 

Karbysheva, 2017; Humbert and Fastner, 2016; Barsanti and Gualtieri, 2014; Zakar 

et al. 2016).  

Additionally, cyanobacteria produce a range of secondary metabolites, some 

of which have ecological significance and potential pharmaceutical applications 

(Chauvat and Cassier-Chauvat, 2021; Filatova et al. 2021). Their ability to fix 

nitrogen and contribute to primary production makes them crucial to Earth's 

ecosystems, although their blooms can lead to harmful algal blooms (HABs) that 

negatively impact water quality and aquatic life (Paerl and Huisman, 2009; 

Hallegraeff, 1993; Anderson et al. 2012) Furthermore, cyanobacteria are considered 

prospective biocontrol agents for various plants, though they have not received much 

attention (Pisciotta et al. 2010).  

They are responsible for the oxygenic atmosphere we have today and have 

been identified in approximately 150 taxa. The characteristics of cyanobacteria are 

evident in some of the earliest fossils, dating back to 3.5 billion years (Hoekman et 

al. 2012). A theoretical framework illustrates their potential environmental and 

sustainable agricultural roles (Righini et al. 2022). 
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Fig.1. Different forms of cyanobacteria: (A) spherical and ovoid unicellular, (B) 

colonial, (C) filamentous, (D) spiral, (E) unsheathed trichome, (F) sheathed 

trichome, (G) false branching, (H) true branching, (I) different cell types in 

filamentous cyanobacteria. Most parts of this image were created with BioRender 

(Mehdizadeh and Peerhossaini 2022). 

 

2.2. Distribution 

Cyanobacteria are widely distributed in both aquatic and terrestrial 

environments. They thrive in freshwater systems, such as lakes, rivers, and ponds, 

as well as in marine environments, including coastal waters and open oceans 

(Pastrana et al. 2016). Additionally, they can be found in brackish waters like 

estuaries and salt marshes. On land, cyanobacteria inhabit moist soils, especially in 

arid and semi-arid regions, and are often integral components of lichen symbioses, 
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enabling them to survive in harsh conditions (Romero et al. 2007; Jarvis et al. 2002; 

Shah et al.2021). Their ecological roles are significant, as they contribute to nitrogen 

fixation, enhancing soil fertility, and serve as primary producers in aquatic 

ecosystems, forming the foundation of the food web (Husaini and Neri 2016). 

Furthermore, cyanobacteria are recognized for their economic importance, being 

utilized as biofertilizers to improve soil quality and as potential sources for biofuel 

production. 

 

2.3. Morphology  

Cyanobacteria exhibit a diverse morphology that plays a vital role in their 

ecological adaptability and function. These prokaryotic organisms can vary in shape 

from spherical (cocci) and rod-shaped (bacilli) to filamentous forms, which may be 

unbranched or branched (Righini et al., 2022). Typically ranging from 0.5 to 10 

micrometers in diameter, cyanobacteria often form colonies or long chains of cells 

(trichomes). They contain chlorophyll a, which gives them a green color, along with 

accessory pigments such as phycobiliproteins that can impart blue or red hues 

(Righini et al., 2022). Notably, some species develop specialized structures such as 

heterocysts for nitrogen fixation and akinetes for survival during adverse conditions. 

Additionally, cyanobacteria possess gas vesicles that facilitate buoyancy, allowing 

them to optimize their position in aquatic environments. Their mucilaginous sheath 

offers protection and aids in attachment to surfaces, further enhancing their 

resilience and ecological success (Righini et al., 2022). 
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Fig. 2. Diversity of Cyanobacteria and examples from each of the five divisions. Left 

column: heterocystous cyanobacteria. The top three belong to Division 

4: Anabaena sp. with heterocysts (lighter cells) and akinetes (very large 

cells), Calothrix sp. with terminal heterocysts, and Nodularia sp. with intercalary 

heterocysts. Bottom: Fischerella sp. with true branching (Division 5). Middle 

column: non-heterocystous filamentous cyanobacteria (Division 3). From top to 

bottom: Lyngbya sp., Phormidium sp., Spirulina sp., and Trichodesmium sp. Right 

column: unicellular cyanobacteria. Top three belong to Division 1: Gloeocapsa sp., 

the colony-forming Microcystis sp., and the 

tiny Crocosphaera sp. Bottom: Dermocarpa sp. with baeocytes (Division 2) (Stal, 

2023). 
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2.4. Types 

Cyanobacteria are diverse groups of photosynthetic microorganisms classified into 

several orders based on their morphology and ecological functions.  

1. Oscillatoriales 

   - Characteristics: Filamentous structure with no true branching. 

   - Examples: Oscillatoria and Phormidium (Hoekman et al. 2012). 

2. Chroococcales 

  - Characteristics: Typically, unicellular or colonial; can form gelatinous colonies. 

   - Examples: Chroococcus and Microcystis (Mendes et al. 2013). 

3. Nostocales 

   - Characteristics: Known for heterocyst formation, important for nitrogen fixation. 

   - Examples: Nostoc and Anabaena (El Sohaimy 2012). 

4. Stigonematales 

   - Characteristics: Typically, filamentous and can be branched. 

   - Examples: Stigonema and Fischerella (Schirrmeister et al. 2011). 

5. Gloeobacterales 

   - Characteristics: Primitive group; lacks thylakoid membranes. 

   - Example:  Gloeobacter (Gupta et al. 2011).  

 

2.5. Natural products  

Cyanobacteria, particularly the genus Leptolyngbya, are rich sources of diverse 

natural products. Among these are grassypeptolides D and E (Haque et al. 2017; 

Vijayakumar and Menakha 2015), which exhibit cytotoxic activity against HeLa 

cells, and loggerpeptins A–C (Engene et al. 2013; Bertin et al. 2016; Castenholz 

1988), known for their serine protease inhibition. The compound molassamide 

(Moss et al., 2018) shows promise by inhibiting porcine pancreatic elastase. 

Additionally, 2-hydroxyethyl-11-hydroxyhexadec-9-enoate (Leao et al. 2013) 

possesses antibacterial properties, while honaucins A–C (Yao et al. 2015; Yao et al. 
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2018; Medina et al. 2008) demonstrate anti-inflammatory effects and quorum-

sensing inhibition. 

In the macrolide category, Leptolyngbya produces leptolyngbyolides A–D 

(Thornburg et al. 2011; Harrigan et al. 1998; Pettit et al. 1989; Bates et al. 1997), 

which have moderate cytotoxicity and actin-depolymerizing activity, alongside 

palmyrolide A (Al‐Awadhi et al. 2018), which inhibits calcium oscillations and 

blocks sodium channels. Another notable compound, phormidolide (Maneechote et 

al. 2017), is toxic to brine shrimp and has a complex stereochemistry. 

The pyrones from this genus include kalkipyrone A (Sapkota et al. 2015) and 

kalkipyrone B (Cui et al. 2017), both of which are toxic to brine shrimp and exhibit 

cytotoxicity against human lung cancer cells. The yoshinones (Pereira et al. 2010; 

Williamson et al. 2002; Bertin et al. 2016) inhibits adipogenic differentiation, with 

yoshinone A showing significant activity. Additionally, crossbyanols A–D (Graber 

and Gerwick 1998; Inuzuka et al. 2014; Choi et al. 2010; Bhandari Neupane et al. 

2019) are brominated polyphenolics with neurotoxic and antibiotic properties. 

Leptolyngbya also produces leptazolines A–D (Hau et al. 2013; Snyder et al. 2016; 

Pettit et al. 1981; Adams et al. 2008), which modestly inhibit cancer cell growth, 

while toxins such as saxitoxin (Thornburg 2013) and microcystins (Williams et al. 

2003; Li et al. 2020) present hepatotoxic and neurotoxic risks. Non-toxic metabolites 

like mycosporine amino acids (MAAs) and scytonemin (Gerwick et al. 2001; Li et 

al. 2020) provide UV protection and exhibit anti-inflammatory properties. 

Furthermore, various phenolic compounds, including gallic acid (Kwan et al. 2008; 

Li et al. 2020) and hydroxytyrosol (Gogineni and Hamann 2018), serve as natural 

antioxidants. Odorous metabolites such as geosmin (Wang et al. 2015) and 2-

methylisoborneol (Schipper et al. 2020) contribute to off-flavors in water, while 

phycocyanin is a valuable light-harvesting pigment with potential biotechnological 

applications. Overall, the natural products from Leptolyngbya highlight the 

significant chemical diversity and biological activity of cyanobacteria. 
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2.6. Role of Cyanobacteria in Crop Protection  

2.6.1. Biocontrol Agents:   

   Cyanobacteria can act as biocontrol agents by suppressing plant pathogens. They 

produce various antimicrobial substances that inhibit the growth of harmful fungi 

and bacteria (Górka et al., 2018). 

2.6.2. Enhancement of Plant Defense Mechanisms.   

   Inoculation with cyanobacteria enhances the production of defense proteins and 

enzymes in plants, boosting their immune responses against pathogens (Prasanna et 

al., 2015). 

2.6.3. Stress Alleviation:    

   Cyanobacteria help mitigate abiotic stresses such as drought and salinity, 

improving plant resilience by enhancing soil quality and nutrient availability (Singh 

et al., 2014). 

2.6.4. Nutrient Supply:   

 They are capable of fixing atmospheric nitrogen, which enriches the soil and 

reduces the dependency on chemical fertilizers, contributing to healthier plant 

growth (H Osman et al., 2020). 

2.6.5. Production of Bioactive Compounds:   

Cyanobacteria produce bioactive metabolites, including phytohormones and 

antioxidants, which promote plant growth and stress resistance (Han et al., 2018). 

3. Microalgae  

3. 1. Description 

Microalgae are diverse, photosynthetic microorganisms found in various 

aquatic environments, playing a crucial role in carbon fixation and significantly 

contributing to global oxygen production. Key types include green algae, and 
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diatoms, each varying in size and function; for instance, diatoms have unique silica 

cell walls (Singh and Strong, 2016).  

Beyond their ecological significance, microalgae are recognized for their 

applications in biofuels, nutraceuticals, and wastewater treatment, highlighting their 

potential in sustainable agriculture (Benson et al., 2014; Shah et al., 2021). They 

serve various agricultural purposes, including insecticides, herbicides, fungicides, 

biofertilizers, growth promoters, and resistance elicitors, often overlapping in 

function to provide multiple benefits. By stimulating soil microbial activity and 

enhancing nutrient availability, microalgae improve soil fertility, leading to healthier 

plants, increased crop yields, and better fruit quality (Renuka et al., 2018). This 

versatility positions microalgae as a vital component of sustainable agricultural 

practices. 

 

Table 1. Description of all microalgae patents related to agriculture granted by EPO 

and WIPO (Barsanti et al. 2021). 

Microalgae species Product type References 

Microcystis aeruginosa Insecticide Astakhov et al. (2005) 

Oscillatoria sp. Herbicide Lee (2016) 

Amphidium carterae, Prymnesium parvum, 

Phaeodactylum tricornutum 

Fungicide Thiebeauld de la Crouee, 

O. and Thomas (2016) 

Chlorella, Aurantiochytrium acetophilum, 

Galdieria, Scenedesmus, Haematococcus, 

Isochrysis, Spirulina 

Post-harvest Carney and Michael 

(2017) 

Chlorella spp. Growth promoter Cheng et al. (2017) 

Chlororella sp., Paeodactylium sp. Lawn protector Baek (2017) 

Clorella sp. Resistance elicitor Moo and Min (2019) 

Chlorella, Aurantiochytrium acetophilum, 

Galdieria, Scenedesmus, Haematococcus, 

Isochrysis, Spirulina 

Fungicide Carney et al. (2019) 

Chlorella, Aurantiochytrium acetophilum, 

Galdieria, Scenedesmus, Haematococcus, 

Isochrysis, Spirulina 

Post-harvest Carney et al. (2018) 

Arthrospira sp. (Spirulina sp.) Biofertilizer Mógor et al. (2019) 

 

https://link.springer.com/article/10.1186/s13568-021-01315-4#ref-CR2
https://link.springer.com/article/10.1186/s13568-021-01315-4#ref-CR26
https://link.springer.com/article/10.1186/s13568-021-01315-4#ref-CR55
https://link.springer.com/article/10.1186/s13568-021-01315-4#ref-CR6
https://link.springer.com/article/10.1186/s13568-021-01315-4#ref-CR10
https://link.springer.com/article/10.1186/s13568-021-01315-4#ref-CR3
https://link.springer.com/article/10.1186/s13568-021-01315-4#ref-CR33
https://link.springer.com/article/10.1186/s13568-021-01315-4#ref-CR7
https://link.springer.com/article/10.1186/s13568-021-01315-4#ref-CR7
https://link.springer.com/article/10.1186/s13568-021-01315-4#ref-CR31


15 
 

3.2. Distribution 

Microalgae distribution in polar marine environments is influenced by several 

key environmental factors. Light availability is crucial for photosynthesis, 

significantly affecting their presence in habitats like seawater, sea ice, and snow-

covered surfaces (Hopes et al. 2017). Additionally, variations in salinity and 

temperature impact growth; while some species tolerate high salinity, others are 

more sensitive, shaping their distribution patterns (Palmisano et al. 1987; Lauritano 

et al. 2020).  

Nutrient levels, especially micronutrients like iron, are critical, as seen in the 

Southern Ocean, which supports phytoplankton blooms under optimal conditions 

despite being classified as high-nutrient, low-chlorophyll (Duprat et al. 2020). 

Antarctica exhibits greater species endemism compared to the Arctic, highlighting 

unique ecological dynamics (Mock and Thomas 2008; Lauritano et al. 2020). 

 Furthermore, ecological interactions between microalgae and heterotrophic 

bacteria influence community dynamics (Landa et al. 2016). Beyond marine 

environments, microalgae thrive in freshwater habitats such as rivers, lakes, and 

ponds, and they can adapt to extreme conditions, including saline and alkaline soils 

and wastewater. This adaptability enhances their ecological significance, allowing 

them to contribute significantly to carbon fixation and primary production across 

diverse ecosystems (Singh et al., 2020; Zada et al., 2021). 
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3.3. Morphology 

 

Fig.3. Main morphological forms of microalgae. Unicellular non-motile (a) 

Chlorella and (b) Selenastrum; Unicellular motile (c) Chlamydomonas; Small 

colonies (d) Scenedesmus; Large irregular shape colonies (e) Microcystis; Globular 

shape colonies (f) Volvox; Unbranched ilaments (g) Anabaena and branched 

ilaments (h) Stigonema. Images Source: (Baker et al., 2012). 
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The morphology of microalgae is essential for understanding their 

characteristics and potential applications. Chlorella vulgaris exhibits a weakly 

ellipsoidal shape, measuring between 1.5 to 2.0 µm and is characterized by its green 

or dark green color, along with cup-shaped chloroplasts; notably, it lacks flagella 

(Fig. 4).  

Fig. 4. The results of studying the morphological features of the microalgae 

Chlorella vulgaris and their suspensions: (a) Cells under a microscope; (b) The 

suspension’s appearance (Dolganyuk et al. 2020). 

 

In contrast, Arthrospira platensis presents poorly coiled trichomes, with cell lengths 

ranging from 8.0 to 10.0 µm and widths between 2.0 to 4.5 µm, maintaining a similar 

green hue (Fig. 5) 
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Fig. 5. The results of studying the morphological features of the microalgae 

Arthrospira platensis and their suspensions: (a) Cells under a microscope; (b) The 

suspension’s appearance (Dolganyuk et al. 2020). 

Fig. 6. Morphological features of the microalgae Dunaliella salina and their 

suspensions: (a) Cells under a microscope; (b) The suspension’s appearance 

(Dolganyuk et al. 2020). 

 

Lastly, Dunaliella salina features a wide-oval shape, with sizes varying from 7.5 to 

10.5 µm, displaying a green color and possessing flagella (Fig. 6). These  
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morphological traits play a vital role in assessing biomass accumulation and the 

cultivation potential of each microalgal species. 

 

3. 4. Types 

1. Green Algae (Chlorophyceae) 

- Characteristics: High lipid content, fast growth rates, often found in freshwater 

environments. 

- Examples:  

- Chlorella vulgaris: Known for its high lipid and protein content, widely used in 

biodiesel production. (Al-lwayzy et al. 2014; Cho et al. 2016; Gui et al. 2021; 

Nascimento et al. 2013; Wu and Miao 2014; Xu et al. 2013; Hegel et al. 2017; Ma 

et al. 2014). 

- Scenedesmus: Noted for high biomass yield and lipid productivity (Wu and Miao 

2014; Yu et al. 2019). 

- Botryococcus braunii: Produces large amounts of hydrocarbons (Wu and Miao 

2014; Blifernez-Klassen et al. 2018; Fang et al. 2018). 

- Usage: Commonly used for biodiesel production due to high lipid accumulation 

(Wu and Miao 2014; Yu et al. 2019). 

2. Euglenophyta (Euglenoids) 

- Characteristics: Mixotrophic; can photosynthesize or absorb nutrients from the 

environment. 

- Examples:  

- Euglena gracilis: Known for high lipid content and adaptability. 

- Usage: Recognized for its potential in biodiesel production due to significant lipid 

accumulation (Chong et al. 2022).  

 

3.5. Natural products their role in crop protection 
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Natural products derived from microalgae play a crucial role in crop 

protection by providing various bioactive compounds that enhance plant resilience 

against pathogens and environmental stresses. These compounds, including phenolic 

acids, terpenoids, and polysaccharides, exhibit antimicrobial properties, effectively 

inhibiting the growth of harmful microorganisms such as bacteria and fungi (Singh 

et al. 2017; Pan et al. 2019; Esquivel-Hernández et al. 2017; Foo et al. 2017; Goiris 

et al.2012; Khoddami et al. 2013; Michalak et al. 2017; Oksana et al. 2012). 

 In addition to acting as natural biopesticides, these metabolites can stimulate 

the plant's own defense mechanisms, enhancing its resistance to diseases [Singh et 

al. 2017; Pan et al. 2019; Pavela and Benelli 2016). Microalgae also contribute to 

soil health by improving fertility and aiding in the bioremediation of contaminated 

soils, which supports overall plant vigor (Chiaiese et al. 2018; Dmytryk and 

Chojnacka 2018; Górka et al 2018) [Fig. 7].  

Fig. 7. Categorization of the main activities attributed to algal/cyanobacterial 

biomass and extracts in crops’ production. (Gonçalves, 2021). 

Moreover, the phytohormones produced by microalgae can regulate 

physiological processes in plants, promoting growth and increasing stress tolerance 

[Singh et al. 2017, Ronga et al. 2019; Han et al. 2018; Lu and Xu 2015). [Table 2]. 
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This multifaceted approach highlights the potential of microalgae as sustainable 

solutions in agricultural practices, reducing reliance on synthetic chemicals while 

fostering healthier crop production. 
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Table 2. Microalgal and cyanobacterial metabolites with potential interest for agriculture (Gonçalves, 2021). 

Metabolites Examples Microalgal/Cyanobacterial Sources Biological 

Activity 

Role in 

Agriculture 

Refs. 

Phenolic 

compounds 

Polyphenols; 

phenolic 

acids; 

flavonoids; 

phenylpropan

oids 

Botryococcus braunii; Chaetoceros 

calcitrans; Chlorella 

vulgaris; Isochrysis 

galbana; Isochrysis sp.; Neochloris 

oleoabundans; Odontella 

sinensis; Phaeodactylum 

tricornutum; Saccharina 

japonica; Skeletonema 

costatum; Tetraselmis suecica 

Antibacterial; 

antioxidant; 

antifungal 

Crops’ protection against 

pathogens or other biotic and 

abiotic stress conditions 

(Singh et al. 2017; Pan et 

al. 2019; Esquivel-

Hernández et al. 2017; Foo 

et al. 2017; Goiris et 

al.2012; Khoddami et al. 

2013; Michalak et al. 

2017; Oksana et al. 2012)  

Terpenoids Hemiterpenes

; 

monoterpenes

; 

sesquiterpene

s; diterpenes; 

triterpenes; 

polyterpenes 

Chondrococcus hornemanni; Hypnea 

pannosa; Oscillatoria 

perornata; Planktothricoids 

raciborskii; Plocamium 

cornutum; Plocamium 

leptophyllum; Portieria 

hornemann; Pseudanabaena 

articulate; Pseudanabaena sp.; Sphae

rococcus 

coronopifolius; Synechocystis sp.; Th

ermosynechococcus elongatus 

Antibacterial; 

anticarcinogeni

c; antioxidant 

Crops’ protection against bacteria, 

insects and other organisms 

Stimulation of preliminary growth 

and development of plants 

Attraction of pollinators 

(Singh et al. 2017; Pan et 

al. 2019; Betterle and 

Melis 2019; Awasthi et al. 

2018; Gershenzon and 

Dudareva 2007; Pattanaik 

and Lindberg 2015; Pavela 

and Benelli 2016; 

Rodriguez-Garcia et al. 

2017; Wei et al. 2019)  

Free fatty 

acids 

Saturated and 

unsaturated 

fatty acids 

Anabaena; Chlorella; Dunaliella; Na

nnochloropsis; Porphyridium; Scened

esmus; Spirulina 

Antibiotic; 

anticarcinogeni

c; antifungal; 

antioxidant; 

antiviral 

Crops’ protection against 

pathogens or other biotic and 

abiotic stress conditions 

(Singh et al. 2017; Pan et 

al. 2019; Demirbas, 

and Demirbas 2011; 

Desbois and Smith 2010; 

El-Baz et al. 2013; Feller 

et al. 2018; Lam and Lee 

2012)  
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Polysacchari

des 

Extracellular 

polysaccharid

es; structural 

polysaccharid

es; energy-

storage 

polysaccharid

es 

Aphanothece; Arthrospira; Chlamydo

monas; Chlorella; Cylindrotheca; Du

naliella; Navicula; 

Nostoc; Phaeodactylum; Porphyridiu

m; Rhodella; Scytonema 

Antibacterial; 

anticancer; 

anticoagulant; 

anti-

inflammatory; 

antioxidant 

Improvement of soil quality 

Plant growth stimulation 

Crops’ protection against biotic 

and abiotic stress conditions 

(Singh et al. 2017; Pan et 

al. 2019; El Arroussi et al. 

2018; Campos et al. 2015; 

Chanda et al. 2019; 

Delattre et al. 2016; Dvir t 

al. 2009; Elarroussia et al. 

2016; Farid et al. 2019; 

González et al. 2013; 

Guilherme et al. 2015; 

Guzmán et al. 2003; 

Rechter et al. 2006; 

Usman et al. 2017; Vera et 

al. 2011)  

Carotenoids Alpha-

carotene; 

beta-carotene; 

lutein; 

lycopene; 

astaxanthin; 

zeaxanthin 

Chlorella protothecoides; Chlorella 

pyrenoidosa; Chlorella 

zofingiensis; Dunaliella 

salina; Haematococcus 

pluvialis; Muriellopsis sp.; Phaeodact

ylum tricornutum; Spirulina sp. 

Anticancer; 

anti-

inflammatory; 

antioxidant 

Soil bioremediation and 

fertilisation 

Crops’ protection against bacteria, 

insects and other biotic and 

abiotic stress conditions 

Crops’ fortification 

(Pan et al. 2019; Cezare-

Gomes et al. 2019; 

Galasso et al. 2017; 

Guedes et al. 2011; Han et 

al. 2016; Rajesh et al. 

2017; Raposo et al. 2015; 

Sakamoto et al. 2017)  

Phytohormo

nes 

Auxins; 

abscisic acid; 

cytokinins; 

ethylene; 

gibberellins 

Arthrospira; Chlamydomonas; Chlore

lla; Phormidium; Protococcus; Scene

desmus 

Chemical 

messengers 

Plant growth stimulation 

Regulation of cellular activities in 

crops 

Crops’ response to stress 

conditions 

(Singh et al. 2017; Ronga 

et al. 2019; Pan et al. 

2019; Han et al. 2018; Lu 

and Xu 2015; Ördög et al. 

2004) 
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3. Macroalgae (Seaweeds) 

3.1. Description 

Macroalgae, commonly known as seaweeds, are large marine algae that serve 

as a nutritious and sustainable alternative to animal-based proteins. They are 

categorized into three primary groups: green algae, brown algae, and red algae, each 

distinguished by their pigmentation and environmental preferences (Cherry et al., 

2019). Seaweeds are rich in essential nutrients, including vitamins, minerals, and 

dietary fibers, and can have protein content as high as 47% by dry weight (Fleurence 

et al., 2012; Embling et al. 2022). They are low in calories and fats, making them a 

healthy dietary option (Mahadevan, 2015). Additionally, seaweed cultivation is 

environmentally sustainable, requiring no fertilizers or freshwater, which 

contributes to their appeal as a food source (Rust et al., 2020). Despite their 

numerous benefits, the consumption of seaweed remains low in many Western 

countries, indicating a need for further research to enhance consumer acceptance and 

integration into modern diets (Birch et al., 2019). 

 

3.2. Distribution  

Marine macroalgae, commonly known as seaweeds, are a diverse group of 

photosynthetic organisms found in various marine environments, spanning from 

polar regions to the tropics. They occupy approximately 25% of the world's 

coastlines, particularly in temperate seas where kelp and fucoid species dominate 

(Wernberg et al., 2019). The distribution of seaweed is influenced by several factors, 

including temperature, ocean currents, and light availability (van den Hoek, 1984; 

Aguirre et al., 2000; Hanley et al. 2024). Red algae tend to thrive in deeper waters 

due to their tolerance of low light, while green algae are highly adaptable and can be 

found in a variety of habitats, including intertidal zones (Pessarrodona et al., 2022). 

Brown algae, especially kelps, are prevalent in temperate and polar waters, where 

they play critical roles as primary producers, providing 
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 essential habitats and food for numerous marine organisms (Dayton, 1985; 

Krumhansl et al., 2016). Overall, the distribution of macroalgae is shaped by a 

combination of ecological interactions and environmental conditions, making them 

vital components of marine ecosystems. 

 

Fig.8. A montage illustrates the global taxonomic and morphological diversity of marine 

macroalgae. (A) Hormosira banksia – Fucales (Phaeophyta) – Hobart, Tasmania; 

(B) Nereocystis luetkeana – Laminariales (Phaeophyta) – Bandon Bay, Oregon, USA; 

(C) Corallina officinalis – Corallinales (Rhodophyta) – Sennen Cove, UK; (D) Chondrus 

crispus – Gigartinales (Rhodophyta) – Sennen Cove, UK; (E) Ecklonia maxima – 

Laminariales (Phaeophyta) – Cape Town, South Africa; (F) Ascophyllum nodosum – 

Fucales (Phaeophyta) – Wembury, UK (algae growing on concrete defence blocks); 

(G) Halimeda spp. – Bryopsidales (Chlorophyta) – East Kalimantan, Indonesia (algae 

growing on mangrove roots); (H) Ulva latuca – Ulvales (Chlorophyta) Plymouth 

Breakwater, UK. All photos by the authors. (Hanley et al. 2024) 
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3.3. Morphology 

Macroalgae, or seaweeds, possess diverse morphological characteristics 

essential for identification and classification. Their structure is defined by the 

thallus, which is not differentiated into true stems, leaves, or roots. Thalli can be 

erect or prostrate, exhibiting forms such as filamentous, massive, hollow tubes, 

sheets, and vesicular types. The consistency of macroalgae varies significantly, 

ranging from cartilaginous and leathery to mucilaginous and calcareous, which 

reflects their adaptation to different marine environments. Growth patterns include 

apical, diffuse, and marginal growth, and the morphology of thalli is influenced by 

external factors such as wave exposure and light availability, leading to variations 

among individuals of the same species (Pereira, 2021). 

The external environmental conditions in which they develop can intensify these 

differences, and they can be particularly noticeable in populations of the same 

species, such as Chondrus crispus and C. crispus var. filiformis (Fig. 9), which are 

prevalent along North Atlantic European shores in coastal regions with high wave 

exposure. 
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Fig. 9. Macroalgae collected from the Antarctic Peninsula, with information on their 

distributions given in parenthesis. (a) Acrosiphonia arcta (Dillwyn) Gain 

(cosmopolitan); (b) Adenocystis sp. (most likely endemic); (c) Adenocystis 

utricularis (Bory de Saint-Vicent) Skottsberg (Australia, New Zealand and 

Antarctica); (d) Monostroma hariotii Gain (Antarctic and Subantartic islands); 

(e) Palmaria decipiens RW Ricker (Antarctic and Subantarctic islands); (f) Ulva 

intestinalis Linnaeus (cosmopolitan); (g) Phaeurus antarcticus Skottsberg 

(Antarctic and the Subantarctic islands); (h) Desmarestia menziesii J Agardh 

(Antarctic and the Subantarctic islands). Bars represent 1 cm (Godinho et al. 2013). 
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3. 4. Types  

Macroalgae, commonly known as seaweeds, are classified into three main groups 

based on their pigmentation and other biological characteristics: 

1. Green Macroalgae (Chlorophyta): 

   - Characteristics: Contain chlorophyll, giving them a green color. They are 

primarily found in shallow waters and have a diverse range of forms, from 

filamentous to leafy (Leal et al. 2013; Moreira et al. 2022). 

   - Examples: Ulva (sea lettuce), Monostroma, and Caulerpa. 

2. Red Macroalgae (Rhodophyta): 

   - Characteristics: Contain phycoerythrin, which gives them a red color. They are 

often found in deeper waters and can be involved in the formation of coral reefs 

(Leal et al. 2013; Moreira et al. 2022). 

   - Examples: Porphyra (nori), Gracilaria, and Chondrus crispus (Irish moss). 

3. Brown Macroalgae (Ochrophyta): 

   - Characteristics: Contain fucoxanthin, resulting in a brown or olive color. They 

are typically larger and include some of the largest seaweeds, often forming 

underwater forests (Leal et al. 2013; Moreira et al. 2022). 

   - Examples: Laminaria (kelp), Sargassum, and Fucus. 

These groups differ in their ecological roles, life cycles, and uses in various 

industries, including food, pharmaceuticals, and biofuels. 

 

3. 5. Natural products their role in crop protection 

 Natural products derived from macroalgae (seaweed) play a crucial role in 

crop protection by enhancing plant immunity and providing resistance against a 

variety of pathogens. These seaweed-derived compounds, known as phyco-elicitors, 

include polysaccharides such as alginates, carrageenans, and laminarins. They 

function by activating plant defence mechanisms through the recognition of 

pathogen-associated molecular patterns (PAMPs), which triggers systemic acquired 
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resistance (SAR) and induced systemic resistance (ISR) pathways. This recognition 

leads to the expression of defense-related genes and the production of enzymes 

involved in fortifying plants against infections, thereby reducing disease incidence 

and severity (Shukla et al.2021). 

 For instance, studies have shown that alginates can elicit resistance in plants 

by regulating the expression of defense-responsive genes and enhancing the activity 

of antioxidative enzymes (Dey et al., 2019). Similarly, carrageenans have been 

demonstrated to modulate different defence pathways, including salicylic acid (SA) 

and jasmonic acid (JA) signaling, which play pivotal roles in plant immunity 

(Sangha et al., 2015). The effectiveness of various seaweed extracts against specific 

pathogens is summarized in Table 3
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.Table 3. Seaweed-derived elicitors (phyco-elicitors) and their roles in the defence mechanism of plants (Shukla et al., 2021). 

Elicitors Source Mode of 

Application 

Mode of Action Reference 

Sodium alginate  Commercial  Foliar spray Elicited resistance in tomato against Alternaria solani by regulating 

expression of defense responsive genes and antioxidative enzymes 

(Dey et al.2019). 

Alginate Fucus spiralis, 

Bifurcaria bifurcata 

Root soaking Stimulation of natural defense of the roots of date palm Bouissil et al. 2020) 

Alginate-derived 

oligosaccharides 

Kelp  Cotyledon 

assay 

Stimulated the accumulation of phytoalexin and phenylalanine ammonia 

lyase (PAL) in soybean cotyledon 

(An et al 2009) 

Alginate 

oligosaccharides 

Source unknown Root drench Elicited disease resistance against Pseudomonas syringae by inducing 

salicylic acid (SA)-defense pathway 

(Zhang et al. 2019)  

Laminarin Laminaria digitata Foliar spray Primed grapevine against Plasmopara viticola by inducing SA and 

ROS-dependent pathways 

(Gauthier et al. 

2014) 

Laminarin L. digitata Foliar spray Reduced Botrytis cinerea, Sphaerotheca macularis and Mycosphaerella 

fragariae infection in strawberry 

(Meszka and 

Bielenin 2011) 

Laminarin L. digitata Foliar spray Increased protection of grapevine against B. cinerea and P. viticola by 

inducing expression of defense-related gene, accumulation of 

phytoalexins, chitinase, and β-1,3-glucanase activities 

(Aziz et al. 2003) 

Laminarin L. digitata Leaf 

infiltration 

Strong reduction in soft rot disease caused by Erwinia carotovora in 

tobacco 

(Klarzynski et al. 

2000) 

Laminarin L. digitata Leaf 

infiltration 

Induced SA dependent defense signalling pathway in Arabidopsis and 

tobacco 

(Meénard et al. 

2004) 

Laminarin L. digitata Leaf 

infiltration 

Elicited defense response against tobacco mosaic virus (TMV) in 

tobacco by regulating the expression of genes involved in 

phenylpropanoid pathway 

(Ménard et al. 

2005) 

Laminarin L. digitata Foliar spray Reduced infection of powdery mildew in grapes  (Pugliese et al. 

2018) 

Laminarin L. digitata Foliar spray Induced defense response in Vitis vinifera against P. viticola by 

regulating hypersensitive response and expression of defense-

responsive genes 

(Trouvelot et al. 

2008) 

Laminarin L. digitata Foliar spray Elicited defense responses in tea against the piercing 

herbivore Empoasca (Matsumurasca) onukii 

(Xin et al.2019) 
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Laminarin L. digitata Foliar spray Increased elicitation of defense response against downy mildew in 

grapevine 

(Paris et al. 2016) 

Laminarin L. digitata Leaf disc assay Elicited defense responses in leaves of grapevine against P. viticola (Adrian et al. 2017) 

Iodus 40 

(Laminarin) 

L. digitata Foliar spray Improved defense response in wheat against powdery mildew infection (Renard-Merlier et 

al. 2007) 

λ-carrageenan Commercial † Foliar spray Suppressed Tomato Chlorotic Dwarf Viroid replication by inducing the 

expression of the jasmonic acid (JA)-responsive gene 

(Sangha et al. 2015) 

Ɩ-carrageenan Commercial † Foliar spray Induced defense response against Trichoplusia ni by modulating 

glucosinolate metabolism and expression of defense-responsive gene 

(Sangha et al. 2011) 

λ-carrageenan Commercial † Foliar spray Elicited defense response in Arabidopsis against Sclerotinia 

scleortiorum by SA-independent defense signalling pathway 

(Sangha et al. 2010) 

λ-carrageenan Acanthophora 

spicifera 

Foliar spray Elicited Hevea brasiliensisdefense against Phytophthora palmivora by 

inducing the SA-dependent defense signalling pathway 

(Pettongkhao et al. 

2019) 

λ-carrageenan Gigartina acicularis, 

Gigartina pistillata 

Leaf 

infiltration 

Induced resistance in Nicotiana tabacum against Phytophthora 

parasitica by regulating the expression of defense-related genes 

(Mercier et al. 

2001) 

λ-carrageenan Commercial † Foliar spray Elicited SA- and JA- dependent signalling pathways in wheat against 

Septoria tritici blotch caused by Zymoseptoria tritici 

(Le Mire et al. 

2019) 

κ-carrageenan Kappaphycus 

alvarezii 

Foliar spray Reduced anthracnose disease caused by Colletotrichum 

gloeosporioides in Capsicum annuum by inducing the defense-related 

antioxidant enzyme peroxidase 

(Mani and 

Nagarathnam 2018) 

κ-carrageenan Hypnea musciformis Leaf 

infiltration 

Activated SA- and jasmonic acid/ethylene (JA/ET)- defense signalling 

pathways and confers resistance against TMV 

(Ghannam et al. 

2013) 

Oligo-carrageenan TMV, B. cinerea 

Pectobacterium 

carotovorum 

Foliar spray Reduced progression of pathogen in tobacco plants by inducing 

synthesis of secondary metabolites 

(Vera et al. 2012) 

Alginate, 

carrageenan, 

laminarin 

Ulvan 

Commercial † 

Ulva Lactuca 

In vitro assay Ulvan and alginates reduced verticillium wilt of Olea europaea caused 

by Verticillium dahliae by stimulating phenolic metabolism 

(Ben Salah et al. 

2018) 

Ulvan U. Lactuca Foliar spray Elicited defense response against Alternaria 

brassicicola and Colletotrichum higginsianum 

(de Freitas et al. 

2015) 
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Ulvan U. Lactuca Foliar spray Controlled Fusarium wilt in Phaseolus vulgaris caused by Fusarium 

oxysporum 

(de Borba et al. 

2019) 

Ulvan Ulva fasciata Foliar spray Elicited resistance against powdery mildew in wheat and barley (Paulert et al. 2010) 

Ulvan U. fasciata Foliar spray Induced resistance in P. vulgaris against anthracnose disease caused 

by Colletotrichum lindemuthianum 

(Paulert et al. 2009) 

Ulvan Ulva armoricana Leaf 

infiltration, 

Foliar spray 

Activated plant immunity through JA-signalling pathway (Jaulneau et al. 

2010) 

Ulvan Ulva sp. In vitro assay Reduced Anthracnose disease caused by C. gloeosporioides in papaya 

by inducing antioxidant defense enzyme activity 

(Chiquito-

Contreras et al. 

2019) 

Ulvan U. fasciata Foliar spray Elicited the defense in P. vulgaris against bean rust and angular leaf 

spot  

(Delgado et al. 

2013) 

Ulvan U. fasciata Foliar spray Increased defense responses in P. vulgarisagainst Anthracnose disease 

caused by C. lindemuthianum 

(de Freitas and 

Stadnik 2012) 

Ulvan U. fasciata Foliar spray Stimulated resistance in Arabidopsis against A. brassicicola by 

increasing the activity of defense related antioxidant enzymes 

(de Freitas and 

Stadnik 2015) 

Fucan Pelvetia 

canaliculata 

Leaf 

infiltration 

Stimulated defense responses in tobacco against tobacco mosaic virus (Klarzynski et al. 

2003) 

Oligoulvans, 

oligoglucuronans 

U. Lactuca Leaf 

infiltration 

Reduced occurrence of wilt caused by F. oxysporum in tomato by 

inducing SA-dependent systemic acquired resistance 

(El Modafar et al. 

2012) 

Glucuronan, 

oligoglucuronans 

U. Lactuca In vitro assay Reduced growth of Penicillium expansum and B. cinerea on apple fruit 

by modulating the generation of ROS and defense-related enzymes 

(Abouraïcha et al. 

2017) 

oligo-sulphated-

galactan 

Schyzimenia binderi Foliar spray Enhanced activity of defense-related enzymes in tobacco against TMV 

infection 

(Vera et al.2011) 

Eckol Ecklonia maxima Foliar spray Increased aphid resistance in cabbage (Rengasamy et al. 

2016) 

 

† The bioactive compounds used in these reports were purchased from commercial companies. The source of bioactive 

compounds was not mentioned
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. 

As concerns over the extensive use of synthetic pesticides grow, these natural 

alternatives provide an eco-friendly solution for sustainable agriculture, significantly 

reducing reliance on chemical inputs while promoting overall crop health and 

resilience. (Table 4) outlines the bioactive compounds found in various seaweed 

species and their respective effects on plant health 
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Table 4. Roles of different extracts from various seaweeds in inducing disease resistance in different plants (Shukla et al. 2021). 

Extract Source Type of 

Extract 

Mode of 

Application 

Crop Causal Organism Disease Function References 

Algamare® Ascophyllum 

nodosum 

Alkaline Foliar spray Prunus 

salicina 

Monilinia fructicola Brown rot Reduced the incidence 

and severity of brown 

rot 

(Viencz et al. 

2020) 

Dalgin 

Active® 

A. nodosum Aqueous Foliar spray Triticum 

aestivum, 

Triticum 

durum 

Zymoseptoria tritici Septoria 

triticiblotch 

Improved defense 

response by inducing 

expression of PR- 

proteins, antioxidant 

metabolism, and 

phenylpropanoid and 

octadecanoid pathways 

(Somai-

Jemmali et al. 

2020) 

Dalgin® A. nodosum Aqueous Root drench Solanum 

lycopersic

um 

Phytophthora 

capsici 

Damping-off Induced systemic 

defense response by 

eliciting the expression 

of defense-related 

genes or proteins 

(Panjehkeh 

and Abkhoo 

2016) 

Marmarine® A. nodosum Alkaline Foliar spray, 

root drench 

Cucumis 

sativus 

Phytophthora 

melonis 

Damping-off Control the 

progression of disease 

by inducing defense 

related enzymes 

(Abkhoo and 

Sabbagh 

2016) 

Maxicrop 

Original® 

A. nodosum Alkaline In vivo assay Arabidops

is 

Meloidogyne 

javanica 

Root-knot Diminished population 

of females of M. 

javanica on treated 

plants 

(Wu et al. 

1998) 

Maxicrop 

Triple® 

A. nodosum Alkaline Foliar spray Fragaria 

× 

ananassa 

Tetranychus urticae - Control growth of the 

pest on treated plants 

(Hankins and 

Hockey 

1990) 

Stimplex®(A

cadian 

Seaplants) 

A. nodosum Alkaline Foliar spray, 

root drench 

C. sativus Alternaria 

cucumerinum, 

Didymella 

Alternariabligh

t, Gummy stem 

blight, Fusariu

Protect the plants by 

inducing the activity 

different-related 

(Jayaraman et 

al. 2011) 
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applanata, Fusarium 

oxysporum, Botrytis 

cinerea 

mroot and stem 

rot, Botrytisblig

ht 

enzymes and higher 

accumulation of 

secondary metabolites 

Stimplex® A. nodosum Alkaline Foliar spray S. 

lycopersic

um, 

Capsicum 

annuum 

Xanthomonas 

campestris pv. Vesic

atoria, Alternaria 

solani 

bacterial spot, 

early blight 

Reduced disease 

susceptibility by 

inducing the 

expression of defense 

responsive genes 

(Ali et al. 

2019) 

Stella Maris® A. nodosum Alkaline In vivo assay Arabidops

is thaliana 

Pseudomonas 

syringae, P. 

aeruginosa, X. 

campestris 

- Stimulated plant innate 

immunity by induction 

of stress-responsive 

genes. 

(Cook et al. 

2018) 

Seasol® Durvillaea 

potatorum 

and A. 

nodosum 

Alkaline Root drench Broccoli Plasmodiophora 

brassicae 

Clubroot Reduced the number 

of plasmodia formed 

in the root hairs 

(Wite et al. 

2015) 

Seasol 

Commercial® 

D. 

potatorum, A. 

nodosum 

Alkaline Root drench A. 

thaliana 

Phytophthora 

cinnamomi 

- Suppressed pathogen 

growth by the 

induction antioxidative 

defense pathways 

(Islam et al. 

2020) 

Ascophyllum 

nodosumextr

act (Acadian 

Seaplants) 

A. nodosum Alkaline Foliar Spray Carrot Alternaria 

radicina and Botryti

s cinerea 

Black 

rot, Botrytisblig

ht 

Confer immunity 

against pathogens by 

eliciting the expression 

of defense related 

genes or proteins 

(Jayaraj et al. 

2008) 

A. 

nodosumextr

act (Acadian 

Seaplants) 

A. nodosum Alkaline Foliar spray, 

root drench 

S. 

lycopersic

um 

Alternaria solani, X. 

campestris pv 

vesicatoria 

Alternariabligh

t; Bacterial leaf 

spot 

Protect plants by 

eliciting JA/ethylene 

dependent signalling 

pathways 

(Ali et al. 

2016) 

A. 

nodosumextr

A. nodosum Alkaline 

and 

Root drench Arabidops

is 

P. 

syringae, Sclerotinia 

sclerotiorum 

Bacterial 

speck, Stem rot 

Controlled progression 

of diseases by in 

inducing the 

(Subramanian 

et al. 2011) 



36 
 

act (Acadian 

Seaplants) 

organic 

fractions 

expression of JA-

dependent signalling 

pathway 

AMPEP 

(Acadian 

Seaplants) 

A. nodosum Alkaline - K. 

alvarezii 

Polysiphonia 

subtilissima 

Ice-ice, goose 

bumps 

Controlled the 

epiphyte growth and 

showed reduce disease 

symptoms 

(Loureiro et 

al. 2021; 

Loureiro et 

al. 2012) 

AMPEP A. nodosum Alkaline - K. 

alvarezii 

Neosiphonia sp. Ice-ice Improved the growth 

and 

reduce Neosiphoniainf

estation 

(Borlongan et 

al. 2011) 

AMPEP A. nodosum Alkaline - K. 

alvarezii 

Neosiphonia 

apiculata 

Ice-ice Confer biotic stress 

tolerance against 

endophytes 

(Ali et al. 

2018) 

A. 

nodosumextr

act 

A. nodosum Alkaline Foliar spray Fragaria 

× 

ananassa 

Podosphaera 

aphanis 

Powdery 

mildew 

Reduced incidence and 

severity of powdery 

mildew by induction 

of defense related 

enzymes 

(Bajpai et al. 

2019) 

Liquid 

Seaweed 

Extract (LSE) 

A. nodosum Alkaline Foliar spray Triticum 

aestivum 

Fusarium 

graminearum 

Fusariumhead 

blight (FHB) 

Increased resistance 

against FHB by 

inducing expression of 

defense responsive 

genes and enzymes 

(Gunupuru et 

al. 2019) 

Kelpak® Ecklonia 

maxima 

Aqueous Root drench C. 

annuum 

Verticillium dahliae VerticilliumWil

t 

Reduced disease (Rekanović et 

al. 2010) 

Kelpak®- Ecklonia 

maxima 

Aqueous Foliar spray, 

soil drench 

S. 

lycopersic

um 

Meloidogyne 

incognita 

- Increased plant growth 

and lessened 

infestation 

(Crouch and 

Van Staden 

1993) 

Kelpak®, 

OSMO® 

A. 

nodosumand 

Aqueous, 

alkaline 

Soil drench S. 

lycopersic

um 

Meloidogyne 

chitwoodi and Meloi

dogyne hapla. 

Root-knot Reduced hatching, 

infectivity, and 

(Ngala et al. 

2016) 
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Ecklonia 

maxima 

sensory perception of 

nematodes 

K-sap Kappaphycus 

alvarezii 

Aqueous 

sap 

Foliar spray S. 

lycopersic

um 

Macrophomina 

phaseolina 

charcoal rot Reduced pathogen 

infestation by 

differentially 

regulating the 

expression of defense-

related genes and 

phytohormone levels 

(Agarwal et 

al. 2016) 

Ulva 

armoricana 

extract 

U. 

armoricana 

Aqueous Foliar spray P. 

vulgaris, 

Vitis 

Vinifera, 

Cucumis 

sativus 

Erysiphe polygoni, 

E. necator, 

Sphareotheca 

fuliginea 

Powdery 

mildew 

Protected plants 

against powdery 

mildew 

(Jaulneau et 

al. 2011) 

Algal powder Gracilaria 

confervoides 

Dry 

powdere

d 

Soil 

amendment 

C. sativus Rhizoctonia solani, 

Fusarium solani, 

Macrophomina 

phaseolina 

- Antifungal activity (Soliman et 

al. 2018) 

Seaweed 

extracts 

Ulva lactuca, 

Caulerpa 

Sertularioide

s, Padina 

gymnospora, 

Sargassum 

liebmannii 

Aqueous Soil drench, 

foliar spray 

S. 

lycopersic

um 

Alternaria solani Early blight Reduced necrotic 

lesion 

(Hernández-

Herrera et al. 

2014)] 

Seaweed 

extracts 

Ulva lactuca, 

Sargassum 

filipendula an

d Gelidium 

serrulatum 

Alkaline Foliar spray S. 

lycopersic

um 

Alternaria solani 

and Xanthomonas 

campestris pv 

vesicatoria 

Early blight, 

bacterial spot 

Reduced disease 

severity by inducing 

the activities of 

defense enzymes and 

expression of genes 

involved defense 

signalling pathways 

(Ramkissoon 

et al. 2017) 



38 
 

U. 

lactucaextrac

t 

U. Lactuca Aqueous In vitro assay Malus 

domestica 

Penicillium 

expansum and Botryt

is cinerea 

Blue and gray 

mould 

Reduced the lesion by 

activating antioxidant-

related enzyme and 

phenylpropanoid 

metabolism 

(Briand et al. 

2010) 

U. 

lactucaextrac

t 

U. Lactuca Aqueous, 

organic 

fractions 

In vitro assay Citrus 

sinesis 

Penicillium 

digitatum 

Citrus green 

mold 

Reduced spore 

germination 

(Salim et al. 

2020) 

Ulva extract Ulva spp. Aqueous Foliar spray Medicago 

truncatula 

Colletotrichum 

trifolii 

- Elicited the defense 

response by inducing 

the expression of 

defense-related gene 

(Cluzet et al. 

2004) 

Seaweed 

extracts 

Cystoseira 

myriophylloi

des, 

Laminaria 

digitata and 

Fucus 

spiralis 

Aqueous Foliar spray Nicotiana 

benthamia

na 

Pseudomonas 

syringae pv. tabaci 

wildfire Controlled the 

progression of wildfire 

disease by inducing 

antioxidant defenses 

(Esserti et al. 

2018) 

- S. 

tenerrimum, 

S. wightii, S. 

swartzii 

Dry 

powder 

Soil 

amendment 

Helianthu

s annuus 

Macrophomina 

phaseolina, F. 

solani, 

Root rot 

disease 

Controlled the 

progression of disease 

in plants 

(Ara et al. 

1996) 

S-extract S. 

tenerrimum 

Aqueous Foliar spray S. 

lycopersic

um 

Macrophomina 

phaseolina 

Charcoal rot Stimulated plant 

defenses by regulating 

antioxidative and 

phytohormone 

metabolism 

(Khedia et al. 

2020)  

S. 

vulgareextrac

ts 

S. vulgare Aqueous, 

organic 

fractions 

In vitro assay Solanum 

tuberosum 

Pythium 

aphanidermatum 

Pythiumleak Antifungal activity 

against pathogen 

(Ammar et al. 

2017) 
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S. 

vulgareextrac

ts 

S. vulgare Aqueous, 

organic 

fractions 

In vitro assay Solanum 

tuberosum 

Fusarium 

oxysporum f. sp. 

tuberosi 

FusariumDry 

Rot 

Controlled the 

progression of disease 

in tubers 

(Ammar et al. 

2017) 

Seaweed 

extract 

Sargassum 

polycystum 

Aqueous Foliar spray Hevea 

brasiliensi

s 

Phytophthora 

palmivora 

Leaf fall Foliar spray confers 

resistance by inducing 

systemic acquired 

resistance triggered 

enzymes and anti-

oxidative defense 

enzymes 

(Khompatara 

et al. 2019) 

Sea algal 

product 

Sargassum 

fusiforme 

Aqueous Foliar spray S. 

lycopersic

um 

P. infestans; B. 

cinerea; Odium sps. 

Late blight, 

grey mold, 

powdery 

mildew 

Foliar spray controlled 

the progression of late 

blight, grey mold and 

powdery mildew 

(Sbaihat et al. 

2015) 

- S. vulgare, 

Acanthophor

a spicifera 

Alkaline Foliar spray S. 

lycopersic

um, 

Capsicum 

annum 

A. solani and X. 

campestris 

Early blight, 

bacterial spot 

Induced defense by 

regulation of 

expression of genes 

involved in defense-

response and 

phytohormone 

biosynthesis 

(Ali et al. 

2021) 

- Turbinaria 

conoides 

Aqueous, 

alcoholic 

In vivo assay - Fusarium 

oxysporum 

Root rot Possess antifungal 

activity 

(Selvaraju 

and 

Vijayakumar 

2016) 

Seaweed 

extracts 

Cystoseira 

myriophylloi

des, Laminari

a digitata, 

and Fucus 

spiralis 

Aqueous Foliar spray S. 

lycopersic

um 

Verticillium dahliae, 

Agrobacterium 

tumefaciens 

Verticilliumwilt 

of tomato, 

Crown gall 

Induced plant defense 

by increased activity 

of defense-related 

enzymes 

(Esserti et al. 

2017) 
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Moreover, ongoing research focuses on isolating specific bioactive 

compounds from various seaweed species and optimizing their extraction methods. 

This continuous exploration aims to enhance their efficacy in crop protection, paving 

the way for the development of commercial biostimulants that leverage the 

beneficial properties of seaweed extracts (Shukla et al., 2021; Battacharyya et al. 

2015). Such advancements not only contribute to agricultural sustainability but also 

support biodiversity and ecosystem health in agricultural landscapes (Various 

studies) (Shukla et al. 2016; Kim, 2013). 

 

4. Biological Strategy of Phytopathogen: 

Plant growth is linked to complex communities of organisms, and their 

development is primarily influenced by management practices, soil nutrient 

availability, environmental conditions, and the equilibrium formed among these 

elements (Baker et al., 2020). In unbalanced ecosystems, pathogens, pests, and 

invasive plants can diminish agricultural yield or destroy crops. There is significant 

interest in creating effective and complementary solutions for the integrated 

management of phytopathogens and pests, including the use of formulations 

containing microorganisms with biological control properties (Hamed et al., 2023). 

 In Uruguay, various groups have been researching bacteria suitable for use as 

biological control agents, demonstrating a distinct interest in the application of 

biocontrol tactics. In this context, Uruguay has undertaken many initiatives to 

promote sustainable farming practices, including the establishment of a registration 

process for biopesticides and biofertilizers, as well as the development of the 

National Plan for Promoting Agroecological Production. (Bajsa    and Rivas., 2023). 

Also, Kingdom of Saudi Arabia has assumed many initiatives to study the 

agricultural activities and factors affecting agricultural sustainability to achieve an 

appropriate socio-economic planning (Asiry et al., 2013). For example, the 

molecular characterisation and antagonistic effect of twelve different 

Trichoderma/Hypocrea isolates harvested from the rhizosphere of healthy tomato 
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plants in Abha region, Saudi Arabia has been conducted.  Results indicated that 

Trichoderma harzianum is effective biological agent against several pathogenic 

fungi (Mazrou et al., 2020). 

The application of bacteriophages and Acibenzolar-S-methyl (ASM) to manage 

Asiatic citrus canker in Saudi Arabian field conditions showed the bacteriophages 

+ASM combination can be an effective tool in the integrated management programs 

of Asiatic citrus canker disease. (Ibrahim et al., 2017). 

 

Fig.10. Representative diagram showing the ability of using plant growth promoting 

microbes to control plant pathogenic pests (Elnahal, et al., 2022). 
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4.1. Biological Control of Phytopathogen by Cyanobacteria: 

Currently, there has been an increase in interest in utilizing bio-alternatives to 

pesticides to mitigate their adverse environmental effects on ecosystems. The 

objective of the present review is to highlight the role of cyanobacteria and 

microalgae as effective biocontrol agent that are environmentally safe and safe for 

human use as well. Previous studies indicated that, cyanobacteria may serve as an 

alternative to chemical control (Abdel-Monaim et al., 2016). Where, the efficacy of 

the cyanobacteria strains exhibited a positive correlation with the levels of Indole 

Acetic Acid (IAA), total phenolic and flavonoid chemicals, and the protease enzyme 

as secondary metabolites in the-nitrogen extracts (Ayaz et al., 2023). 

 

 

 

 

 

 

 

 

 

 

 

Fig.11. Phenotypic examination of a filamentous cyanobacteria species: A futuristic 

effective tool in sustainable agriculture (Elagamey et al., 2023). 
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4.1.1. Cyanobacteria as biocontrol agent of bacterial diseases: 

  Cyanobacteria have evolved a number of survival strategies to endure in a 

variety of harsh environments due to their widespread distribution and presence in 

all conceivable habitats. A considerable number of secondary metabolites that have 

antimicrobial properties can be produced by cyanobacteria (Yadav et al., 2022).  

For instance, the acetone extract of Oscillatoria agardhii and N. muscorum 

demonstrated superior efficacy in reducing infection by soil-borne pathogens in both 

greenhouse and field settings, while also enhancing growth and yield, compared to 

other cyanobacteria such as Nostoc muscorum, O. agardhii, S. platensis, and A. 

sphaerica (Abdel-Monaim et al., 2016; Geries and Elsadany, 2021). The findings of 

Pimentel et al., (2022), indicate that extracellular components from N. muscorum are 

effective in biocontrol of soybean seedling damping-off.  

 

 

 

 

Fig.12. Zone inhibition for (a) Staphylococcus aureus(b) Escherichia coli (c) P. 

aeruginosa (d) B. subtilis using extract of marine cyanobacterium (Oscillatoria sp.) 

isolated from coastal region of west Malaysia (Bhuyar et al., 2020). 

https://link.springer.com/article/10.1007/s42452-020-03698-8
https://link.springer.com/article/10.1007/s42452-020-03698-8
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4.1.2. Cyanobacteria as biocontrol agent of fungal diseases: 

This study examined the impact of foliar application of extracts and cultures 

of Botrytis cinerea, the fungal species responsible for this disease, is a primary 

contributor to the postharvest decay of commercially available tomatoes. It can also 

infect plant stems, leaves, and flowers, posing a significant issue in greenhouses. 

This pathogen is prevalent on crops and weeds, and its spores are readily 

disseminated by wind. Botrytis gray mold typically manifests in the presence of 

moisture on the plant, which may be from irrigation, fog, dew, or precipitation.  

The antifungal activity of water extract and phycobiliproteins of the cyanobacterium, 

Anabaena minutissima strain BEA 0300B against the fungal plant pathogen Botrytis 

cinerea on tomato fruits has been conducted by Righini et al., (2021). The water 

extract (5 mg/mL) and phycobiliproteins (ranged from 0.3 to 4.8 mg/mL) reduced 

disease incidence and disease severity on tomato fruits and mycelium growth and 

colony forming units in vitro. For mycelium growth, a linear phycobiliproteins dose-

response was found. Phycobiliproteins preserved cutin and pectin structures by 

pathogen challenge. In conclusion, A. minutissima can be considered a potential tool 

for future large-scale experiments for plant disease control (Righini et al., 2021).  

Also, Nostoc calcicola and Nostoc linckia on Fusarium oxysporum f. sp. lycopersici 

(FOL), which infects tomato plants (Solanum lycopersicum), both in vitro and in 

vivo. Cyanobacterial isolates were obtained from saline soils in (El-Hamoul and 

Seidy Salem in Kafr Elsheikh, Egypt) and identified as N. calcicola and N. linckia 

(El-Sheekh et al., 2022).  

The dry weight, carotene, chlorophyll content, and total phenolic components of the 

isolates were quantified. N. calcicola exhibits superior levels of chlorophyll a, 

carotenoids, and total phenolic compounds in dry weight relative to N. linckia. 

Following 100 days of tomato cultivation, the findings indicated that the application 

of N. calcicola and N. linckia resulted in the highest yield of tomato fruits when 

compared to untreated plants and those infected with Fusarium. This suggests that 
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N. calcicola and N. linckia may function as novel bio-agents for the biological 

control of the soil fungus Fusarium oxysporum f. sp. lycopersici (FOL) (El-Sheekh 

et al., 2022).  

  

Fig.13. Botrytis gray mold in tomato plant (George., 2020). 

 

4.2. Biological Control of Phytopathogen by Microalgae: 

Microalgae synthesize numerous biologically active secondary metabolites, 

including molecules with antifungal properties (Costa et al., 2019; Asimakis et al., 

2022).   These may serve as biofungicides. The selection criteria for prospective 

strains encompass effective antifungal activity against certain phytopathogenic fungi 

and elevated biomass productivity rates to guarantee adequate biomass generation. 

Water extracts were produced from 280 strains, including 33 Cyanophyceae strains 

(13 genera), 157 Chlorophyceae strains (29 genera), 80 Trebouxiophyceae strains 
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(19 genera), 5 Klebsormidiophyceae strains (1 genus), and 1 Zygnematophyceae 

strain. These were evaluated against nine phytopathogenic fungi. Forty-five percent 

of the species exhibited antifungal efficacy against at least one fungal infection 

(Guiry and Guiry, 2022). 

 

4.2.1. Microalgae as biocontrol agent of bacterial diseases: 

Microalgae microbiomes provide both Quorum Quenching (QQ) enzymes 

and a diverse array of Quorum Sensing (QS) compounds that have demonstrated the 

ability to disrupt infections (Ghanei-Motlagh et al., 2021). This study screened 19 

strains of microalgae and found that a microbial community of Chlorella 

saccharophila and Chlorella vulgaris, both degraded N-acyl Homoserine Lactones 

(AHLs), leading to the inhibition of violacein production in the reporter strain. The 

Chlorella saccharophila-associated microbiome dramatically inhibited bacterial 

quorum sensing and Acyl Homoserine Lactone (AHL) regulated bioluminescence in 

the pathogen Vibrio harveyi when utilizing an E. coli (JB523) strain sensitive to N-

(3-oxohexanoyl)-L-homoserine lactone.  

Toribio and coworkers, 2021 tested sonicated extracts of cyanobacteria with 

microalgae of the genera Leptolyngbya, Nostoc, Chlorella, and Scenedesmus for 

controlling bacterial canker caused by Clavibacter michiganensis subsp. 

michiganensis on tomato plants. The bioassays on tomato seedlings showed that root 

application of Scenedesmus-677 showed a marked inhibitory effect against C. 

michiganensis. while foliar and root application of Leptolyngbya-1267 seems to be 

more related to the strengthening of the plant through the salicylic acid route. These 

preliminary results could serve as the basis for a deeper characterization of the 

biopesticidal and biostimulant effect of both strains, as well as to reveal the benefits 

derived from the combination of both capacities (Toribio et al., 2021). 

The antimicrobial activity of the biopesticidal extracts of Chlorella 

thermophila cultivated in nutrient-rich dairy wastewater as a growth medium against 
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Xanthomonas oryzae and Pantoea agglomerans, the causative agent of bacterial rice 

blight, is assessed through in vitro studies. The biomass extract is able to inhibit the 

growth of X. oryzae and P. agglomerans. Mass spectroscopy analysis indicates the 

presence of Neophytadiene that has previously been reported for the inhibition of 

several pathogenic bacteria and fungi. Several other value-added products such as 

linoleic acid and nervonic acids have also been detected in the microalgal biomass 

which have extremely high nutraceutical and medicinal values (Mohanty et al 2023). 

In vitro examination of hexane extracts of Dunaliella salina, a green 

microalgal species demonstrated antibacterial activity against several bacterial plant 

pathogens. In vivo studies using hexane extracts of D. salina against Pseudomonas 

syringae pv. tomato and Pectobacterium carotovorum subsp. carotovorum on young 

tomato plants and fruits of tomato and zucchini, respectively. The treated young 

tomato plants exhibited a reduction of 65.7% incidence and 77.0% severity of 

bacterial speck spot disease. Similarly, a reduction of soft rot symptoms was 

observed in treated tomato and zucchini fruits with a disease incidence of 5.3% and 

12.6% with respect to 90.6% and 100%, respectively, for the positive control 

(Ambrico et al., 2020). 

4.2.2. Microalgae as biocontrol agent of fungal diseases: 

Fungal infections frequently occur in agriculture, resulting in diseases such as 

leaf blight, vascular wilt, root rot, and damping off (Asimakis et al., 2022). Intensive 

agricultural operations utilize pesticides in conjunction with synthetic fertilizers for 

crop protection and production enhancement. Nonetheless, their prolonged 

overutilization has resulted in environmental issues like soil salinization, 

eutrophication of aquatic systems, and ocean acidification (Wang et al., 2018; Costa 

et al., 2019). These compounds are harmful to the rhizosphere microbial community, 

which is crucial for plant health and disease resistance (Yuan et al., 2017).  

A transition is occurring towards more sustainable "green" agricultural 

methods, including the application of natural biostimulants and biopesticides to 
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enhance plant development and increase resilience to biotic and abiotic challenges 

(du Jardin, 2015; Costa et al., 2019). The advantages of natural biopesticides 

compared to synthetic pesticides encompass their superior biodegradability, 

resulting in reduced residual presence; their specificity, which enhances safety for 

non-target organisms like beneficial soil microorganisms; their varied mechanisms 

of action that diminish the likelihood of microbial resistance; and their diminished 

impact on environmental and human health (Costa et al., 2019; Asimakis et al., 

2022). 

Several microalgae were tested for their antimicrobial activity against the 

plant pathogen Phytophthora cactorum, a phytopathogen on strawberry leaves. 

Although most showed antimicrobial properties however, the extract of Chlorella 

sorokiniana showed the strongest growth inhibition showing a potential for 

biopesticide application on strawberry leaves infected with P. cactorum. This study 

reveals the potential of microalgae as natural biopesticide for organic or more 

sustainable regular agriculture (Jokel et al., 2023). 

In this context, after 90 days of the Chlorella fusca CHK0059 treatment, the 

incidence of Fusarium wilt in the C. fusca-treated plants had reduced by 9.8% on 

average compared to the untreated control. The population density of Fusarium 

oxysporum f. sp. fragariae was also reduced by approximately 86.8% in the C. fusca-

treated plants by comparison to the untreated control at 70 days after treatment. The 

results indicate that the microalga C. fusca is an efficient biological agent for 

improving strawberry plant growth and suppressing Fusarium wilt disease in organic 

strawberries (Kim et al., 2020). 

The in vitro trials on Chlorella vulgaris and Tetradesmus obliquus showed a 

similar inhibitory effect against the phytopathogenic fungus Fusarium oxysporum to 

that of the positive control of the chemical fungicide (Rovral, BASF® and 

Biocontrol T34, Biocontrol Technologies® S.L.). C. vulgaris aqueous suspensions 

at 3.0 g L−1 led to a reduction of 63% of fungal growth. While T. obliquus at 0.75 g 

L−1 inhibited fungus growth by 64%. Results of in vivo trial on spinach using the 
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same controls revealed a lower severity and disease incidence and a reduction in the 

disease area under the disease progress curve when spinach was treated with the 

microalgae suspensions. Overall, these findings highlight the potential of C. vulgaris 

and T. obliquus suspensions as promising biocontrol agents against F. oxysporum in 

spinach when applied through irrigation (Viana et al., 2024). 

Chlorella sp. extract was evaluated for their biostimulant effects and fungicide 

activity against the soil-borne pathogen Rhizoctonia solani on tomato. Chlorella sp. 

extract increased seedling dry weight at all concentrations, particularly at 2.5 mg/mL 

(19.2%). Furthermore, root rot disease caused by R. solani was reduced by Chlorella 

sp. extract at all tested concentrations (Righini et al., 2020). 

The antifungal effect of Chlorella vulgaris extract against potato pathogen, 

Rhizoctonia solani was evaluated in vitro and in the greenhouse. Methanolic extract 

of C. vulgaris had significant effects on the growth of the pathogenic fungi, either 

by inhibiting fungal mycelia growth in solid and liquid media or the formation of 

infection cushion, that was observed by light microscope. The inhibitory effect on 

fungal growth was a dose dependent. The application of C. vulgaris extract 

significantly reduced disease severity and improved the quality and quantity of 

potato tubers yield. The chemical composition of the methanolic crude extract of C. 

vulgaris was analyzed by GC-MS. Palmitic and oleic acids, glycine and phenol were 

among the major compounds found in the methanolic crude extract which exhibited 

variable efficiency against the pathogen in vitro (Al-Nazwani et al., 2021). 
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Fig. 14. Antifungal activity of b-carotene extracted from different microalgae 

species (Al-Taie et al., 2020).   
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4.3. Biological control of phytopathogen by seaweeds:  

The marine macroalgae (seaweeds) are including many phyla; red microalgae 

(Rhodophyta), green microalgae (Chlorophyta), and brown microalgae 

(Phaeophyta). Algal composition is influenced by harvest season, chemicals such as 

polysaccharides, geographic location (Schiener et al. 2015), important elements (Cu, 

Zn, Mn, Co, Mo, etc.). Moreover, seaweeds exhibit antiviral, antioxidant, 

antibacterial, and antifungal properties, which have numerous uses in cosmetics, 

bioactive compounds, medicines, and pigment production (Sharma and Sharma 

2017). Consequently, algal application significantly contributes to soil fertility and 

agricultural yield across many agronomic and horticultural crops (Arioli et al. 2015). 

The enhancement of postharvest longevity, disease management, and resilience to 

biotic and abiotic stimuli in fruits has been documented following the application of 

several algae extracts (Esserti et al. 2017). Seaweeds, as photosynthetic organisms, 

convert sunlight into chemical energy, which is subsequently stored in carbs. Under 

typical conditions, photosynthesis prevails, enabling seaweeds to accumulate their 

carbohydrate content. 

 

4.3.1. Seaweeds as biocontrol agent of bacterial diseases: 

Active metabolites, including alkaloids, sterols, peptides, and phlorotannins, 

generated by marine macroalgae exhibit extensive biocontrol activities against 

various ecosystem pathogens (Abdel-Raouf et al. 2015). These metabolites have 

garnered significant attention due to their antibacterial, antioxidant, and cytotoxic 

properties (Moubayed et al. 2017). For instance, the leaf spot disease of Gymnema 

sylvestre, induced by Pseudomonas syringae, can be mitigated by a methanolic 

extract derived from Sargassum wightii, although the ethyl acetate extract 

demonstrates minimal efficacy (Shah, et al., 2021). Numerous additional studies 

indicate that various taxa such as Turbinaria conoides, Ulva lactuca, G. verrucosa, 

Chaetomorpha antennina, and Halimeda tuna exhibit antibacterial efficacy against 
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P. syringae, although a notable effect was observed from the acetonic extract of 

Sargassum polyceratium (a brown macroalga) against Erwinia carotovora, 

Escherichia coli (Shah, et al., 2021). Esserti et al., (2017) documented a decrease in 

crown gall disease in tomatoes induced by Agrobacterium tumefaciens with the 

foliar application of an aqueous macroalgal solution derived from Fucus spiralis and 

Cystoseira myriophylloides.  

 

 4.3.2. Seaweeds as biocontrol agent of fungal diseases: 

As previously stated, seaweeds are rich source of bioactive and nutraceutical 

compounds such as Ulvans, Alginates, Fucans, Laminarin, and Carrageenans, can 

elicit defence responses in plants, thereby augmenting protection against pathogens. 

Numerous studies have demonstrated the significant role of infection resistance 

conferred by algal extracts exhibiting antifungal properties. The mycelial growth of 

Aspergillus spp., Penicillium spp., and Fusarium oxysporum was markedly inhibited 

by cyclohexanic and aqueous extracts from Sargassum sp. (Khallil et al. 2015). The 

cyclohexane and aqueous extracts from Sargassum sp, a brown alga reduce the 

mycelial growth of Aspergillus spp. by 37–54.5%. 

 

Padina gymnospora and Sargassum laftifolium, which contain methanolic extract, 

suppressed colonies of Rhizoctonia and Fusarium solani (Ibraheem et al. 2017). 

Extracts of Ascophyllum nodosum, Stypopodium zonale, Fucus spiralis, Pelvetia 

canaliculata, and Sargassum muticum contain terpenes and phenols that inhibit the 

growth of Colletotrichum lagenarium (De Corato et al. 2017) indicated that the 

mycelial growth and spore germination of Botrytis cinerea were entirely suppressed 

by Undaria pinnatifida and Laminaria digitata. Moreover, the methanolic extract of 

Gracilaria edulis markedly inhibits the mycelial growth of Macrophomina 

phaseolina (Ambika and Sujatha., 2015), while the aqueous extract derived from 

Gracilaria edulis reduces infections of Corallina sp. and Halopithys in zucchini 

(Roberti et al., 2016). 
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5. Types of Bioactive Compounds Produced by Cyanobacteria 

and Algae 

5.1. Exopolysaccharides 

Cyanobacteria and algae during their growth produce bioactive polymers made of 

sugar residues with a high molecular weight known as exopolysaccharides (EPSs). 

These molecules are essential for the microbes' survival and adaptation and have 

great promise in the fields of industry, agriculture, ecology, and medicine (Mota et 

al., 2022; Mouro et al., 2024). 

 

 Fig. 15. Chemical structures of the different kinds of exopolysaccharides (EPSs) 

produced by algae and cyanobacteria (Guerrero et al., 2024). 

 

To help cyanobacteria and algae to survive in harsh environments, EPS creates a 

protective matrix around them in nature. This matrix protects cells from drying out, 

harmful chemicals, and ultraviolet light while also providing structural support and 

aiding in moisture retention. Atmakuri et al. (2024) found that EPS helps microbes 
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to adhere to surfaces, which in turn forms biofilms. These biofilms may help in 

keeping aquatic ecosystems stable. 

EPSs have many different bioactive features, such as anti-inflammatory, antioxidant, 

antiviral, and antibacterial activities. Wound healing, drug delivery systems, and 

pharmaceutical bioactive agents are just a few of the biomedical uses of EPSs due 

to its desirable properties (Kumari et al., 2023). For example, researchers are 

investigating EPSs biocompatibility and hydrogel-forming capabilities for using 

them in tissue engineering and controlled-release medication or cell encapsulation 

(Abdel-Wahab et al., 2022). 

Cyanobacteria- and algae-derived EPSs have recently gained interest for their 

potential use as emulsifiers, thickeners, and stabilizers in a variety of industrial 

applications, including those involving food and personal care. Because of their non-

toxicity and biodegradability, they are frequently chosen over synthetic polymers. 

By binding and immobilizing contaminants and heavy metals, some EPS also 

demonstrate promise in bioremediation and wastewater treatment (Laroche, 2024). 

EPSs have gained great concern in the scientific community due to their multiple 

applications. Therefore, researchers are always trying to better understand their 

structure-function correlations and find ways to produce them (Mouro et al., 2024).  

Cyanobacteria such N. muscorum improve the soil stability of saline soil by 

excreting exopolysaccharides (Caire et al. 1997). Therefore, using alga and 

cyanobacteria as biofertilizers in uncultivated soil such as calcareous and sand and 

saline soil could be a good choice for reclaiming soil for agricultural use (Hedge et 

al. 1999). 

  

5.2. Phenolic compounds 

Algae and cyanobacteria are known to produce variable kinds of phenolic 

compounds. These molecules play an important role in their survival and have great 

promise for use in agriculture, food production, and industry. The presence of 

aromatic rings connected to these molecules with one or more hydroxyl groups is 
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what gives them their potent antioxidant and bioactive characteristics (Del Mondo 

et al., 2021). 

 

 

Fig. 16. Common phenolic compounds found in algae comprise an aromatic ring, 

bear one or more hydroxyl substituents and range from simple phenolic molecules 

to highly polymerized compounds (modified from Velderrain-Rodríguez et al., 

2014). 

 

 Phenolic compounds play role in shielding cells from harmful environmental factors 

as UV radiation, oxidative stress, and pathogenic assaults in cyanobacteria and algae 

(Cichoński, and hrzanowski, 2022). For example, substances such as tannins, 

flavonoids, and phenolic acids serve as antioxidants and sunscreens naturally, 

counteracting the negative effects of reactive oxygen species (ROS) that are 
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produced when stress is present (Michalak, 2022). This defense mechanism not only 

helps the creatures survive in harsh conditions, but it also shows how useful they 

may be in medicine and the beauty industry (Hajam et al., 2023). 

Polyphenolic compounds are produced as secondary metabolites during algae and 

cyanobacteria growth.  These biochemicals are a vast and varied class of chemical 

compounds with an aromatic hydrocarbon group immediately linked to a hydroxyl 

group (-OH) (Jimenez-Lopez et al., 2021). Substructures with one phenolic hydroxyl 

group are called "phenols." Benzenediols are a kind of catechol and resorcinol, have 

two hydroxyl groups. Benzene triols are types of pyrogallol and phloroglucinol, 

which have three hydroxyl groups. Tannins are phenolic compounds found in many 

terrestrial algae, cyanobacteria and higher plant. Their strong antioxidant activity 

has made them a popular topic of study in recent decades (Ravichandran et al., 

2024).  

  Phenolic acids consist of aromatic rings linked to the carboxyl and hydroxyl 

groups. Among the major subsets of phenolic acids, hydroxybenzoic acid, 

phenylacetic acid, hydrocinnamic acid, and phenylpropionic acid which originate in 

the shikimate pathway (Al Mamari, 2021). According to previous reports, the 

antioxidant defense mechanisms in photosynthetic organisms rely on phenolic acids 

which contribute to alleviating stress induced by hydroxyl radicals (OH) and reactive 

oxygen species (ROS) (Hajam et al.2023). Phlorotannin produced by Ecklonia cava 

has anti-UVB properties and lessens the photodamage caused by UVB rays (Shim  

et al., 2009). 

 

5.3. Fatty acids 

Many species of cyanobacteria and algae produce cyclic lipopeptides that 

have long chains of fatty acids (Dembitsky, 2022). Macrolactone and macrolactam 

rings are usually formed by cyclic lipopeptides that contain fatty acids with β-

hydroxy or β-amino residues. The frequently powerful antagonistic effects of these 

chemicals have garnered a lot of interest. According to Fewer et al. (2021), 
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cyanobacteria and algae produce fatty acids which play a role in their biology and 

may have variable applications in bioenergy, food, healthcare…. etc. 

Fatty acids give structural support and flexibility to the cell membranes of 

cyanobacteria and algae. The ability of cells to respond to changes in environmental 

factors, such as temperature and salinity mainly depends on them (Ali and Szabó 

2023). In addition, these microbes may thrive in conditions with low nutrients 

because fatty acids are building blocks for compounds that store energy such as 

triglycerides and wax esters (Alvarez et al., 2021). 

Fatty acids derived from algae and cyanobacteria have bioactive characteristics that 

make them useful for more than just fundamental cellular processes. For example, 

omega-3 fatty acids which are abundant in microalgae and are known to have 

positive effects on the heart and nervous system (Tyagi et al., 2024). The 

immunomodulatory and anti-inflammatory properties of these chemicals make them 

useful in the treatment and prevention of long-term health problems such diabetes, 

cardiovascular disease, and neurological illnesses (Elbandy, 2022).  

Fatty acids extracted from algae and cyanobacteria are much requested for their 

health advantages, but they also hold enormous promise as environmentally friendly 

biofuels. It is possible to produce biodiesel from the large quantities of lipids, such 

as fatty acids, that many species can store. These microbes are considered as 

potential solutions to energy problems and alternatives to fossil fuels (Maltsev and 

Maltseva, 2021).   According to Ahmed et al. (2024), more research and development 

should focus on utilizing these molecules as sustainable solutions because of their 

ecological relevance and promise in health, nutrition, and energy. The first identified 

microalgal fatty acid known as Chlorellin which was isolated from Chlorella sp. 

This fatty acid inhibited the development of both gram-positive and gram-negative 

bacteria (Pratt et al., 1944). 

 

5.4. Antibiotic 

Antibiotics are normally produced by a number of marine and freshwater algae and 

cyanobacteria that can suppress the growth of many epibionts, including bacteria, 
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viruses, fungus, and others. The antibiotic properties seem to be dependent on 

several variables, including the kind of algal species, the kind of microbes, the time 

of year, and the growing circumstances (Gan et al., 2024).  

The antimicrobial properties of some marine algae are attributed to several 

extractable chemicals, including halogenated compounds and cyclic polysulfides 

(Toma and Aziz, 2023). The bioactive antibiotics produced by algae and 

cyanobacteria are very important in biotechnology and ecology. In order to compete 

with other microbes in their habitats, such bacteria and fungus, these microbes 

naturally create antibiotics as secondary metabolites (Żymańczyk-Duda et al., 2022). 

Because of their unusual structures and action processes, the antibiotic compounds 

they generate are promising new therapeutic targets (Stirk and van Staden, 2022).  

Nostocyclopeptides, Scytonemin, and Microcystin derivatives are only a few of the 

many antibiotics that are produced by cyanobacteria. These substances frequently 

have strong antimicrobial, antifungal, and antiviral properties (Saeed et al., 2022). 

For example, S cytonemin had dual use as an antibacterial and a natural UV 

protector. Nostocyclopeptides have been investigated for their capacity to prevent 

bacterial growth. Because of their qualities, they may find use in the fields of 

agriculture, industry and medicine (Nawaz et al., 2023). 

Microalgae and other types of algal species are involved in the generation of 

antibiotics and other substances with bioactive and antibacterial properties. 

Examples of substances that have shown promise in combating infections, 

particularly bacteria resistant to antibiotics, include halogenated metabolites and 

fatty acid derivatives derived from algae. Antimicrobial resistance is a major 

problem all around the world, and these algae antibiotics are useful because of their 

broad-spectrum action (Stirk and Staden, 2022).  

Production of antibiotics and other bioactive chemicals from microalgae and 

cyanobacteria has been a hot topic in the past 10 years. Microalgae extracts have 

been found to yield a surplus of antibiotic compounds, some of which have quite 

unique structures (Saeed et al., 2022).  
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According to Bouyahya et al. (2024), microalgae extracts include several bioactive 

chemicals that might be used in agriculture, human or veterinary medicine, or both. 

Since microalgae can be cultured to create bioactive molecules, they are an 

appealing natural supply of these chemicals. Because of this, structurally 

complicated compounds that would be very challenging, if not impossible, to 

synthesize by chemical means may be manufactured by microalgae (Chen et al., 

2022).  

 

5.5. Enzymes  

As a result of their bioactive properties and the important roles they play in their 

metabolism, enzymes produced by algae and cyanobacteria have great promise for 

use in a wide range of commercial, ecological, and therapeutic contexts (Saeed et 

al., 2022). Their ability to catalyze metabolic processes is what allows these 

organisms to survive in such a wide variety of harsh conditions, including 

photosynthesis, nutritional absorption, and stress response systems are all 

interdependent on them (Mishra, 2024).  

Enzymes like RuBisCO and carbonic anhydrase play a critical role in 

photosynthesis, a process by which cyanobacteria and algae convert carbon dioxide 

into organic compounds essential for growth and energy storage (Ray et al., 2022). 

Nitrogenase and nitrate reductase are enzymes that help these organisms to use 

inorganic nitrogen sources found in their environment. In addition to being essential 

for the survival of algae and cyanobacteria, these metabolic enzymes show how to 

improve carbon sequestration and implement sustainable farming methods 

(Paśmionka et al., 2021).  Red seaweed extracts from Laurencia obtusa contain a 

variety of physiologically active substances that could have antibacterial, 

antioxidant, antiviral, anti-inflammatory, and anticancer properties. 

According to Jagtap et al. (2022), there is evidence that algal extracellular enzyme 

activity is attributed to exo-enzymes, such as chitinases, glucosidases, proteases, and 

alkaline phosphatases. These enzymes might impact the development of 

microorganisms, chemical signaling, and biogeochemical cycling within 
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ecosystems. The cyanobacteria Oscillatoria sp. and Scytonema sp. secrete an 

extracellular phycoerythrine-like protein, as demonstrated by Karseno et al. (2023). 

According to Prasanna et al. (2013), Anabaena laxa produces hydrolytic enzymes 

that prevent tomato wilt induced by Fusarium species. 

  There is a great possibility of finding new metabolites and making existing 

ones more cost-effective by investigating microalgae, which have so far been under-

explored. Microscopic algae in its broader definition. New plant protection and pest 

control preparations can be made possible by the high technical level of controlled 

culture of microalgae (Brisson et al., 2021).  

 

5.6. Pigments 

Pigments are bioactive compounds produced by cyanobacteria and algae. These 

compounds are essential for many biological processes and have many practical 

uses. Photosynthesis relies on these naturally occurring pigments, which allow these 

to efficiently absorb light energy. These pigments include chlorophylls (a and b), 

carotenoids, phycobiliproteins, and many more. The antioxidant activity, anti-

inflammatory, antibacterial, and anticancer actions displayed by these pigments 

extend beyond their function in energy generation (Patel et al., 2022). 

Pigments shield cyanobacteria and algae from damaging ultraviolet (UV) radiation 

and oxidative stress, allowing them to thrive in a wide range of habitats. According 

to Assunção et al. (2022), the photoprotective substances such as carotenoids and 

phycobiliproteins mitigate harm induced by excessive light or environmental stress.  

Because of their bioactive characteristics, pigments are useful for more than just the 

organisms themselves; they may find use in fields as diverse as biotechnology, 

medicine, cosmetics, and even food. 
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Fig. 17. Commercially available algae and cyanobacterial pigments and their high-

pigment strains. The pigments (left), the commercial strain (source, middle) and 

potential cyanobacterial strains with high pigment content. The micrographs of the 

commercial strains were obtained from the 'Microalgae Strain Catalogue' (Deepika 

et al., 2022)  
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Studies on these pigments have shown that they could be a safe and effective 

replacement for synthetic chemicals. The health benefits of some pigments, such as 

phycocyanin and astaxanthin, which include boosting the immune system and 

protecting cells from chronic illnesses, have attracted a lot of attention in recent 

years. Algae and cyanobacteria create pigments, which are important bioactive 

substances with significant ecological and biotechnological value (Aman et al., 

2022). According to Chaïb et al. (2021), this pigment, which belongs to the 

phycobiliprotein family, can hinder the growth of Chlorella fusca and 

Chlamydomonas sp., two types of green algae. This suggests that it may have 

promise as an algicide. Podosphaera xanthii-induced powdery mildew on zucchini 

cotyledons is controlled by the algae Spirulina platensis (Roberti et al. 2016). 

 

Phycocyanin  

 

 

 

 

Astaxanthin 

 

 

Fig18. Chemical structure of phycocyanin produced by Spirulina sp.( Wu et al., 

2016) and Chemical structure of Astaxanthin produced by Hematococcus pluvialis 

(Debnath et al., 2024) 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/haematococcus-pluvialis
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5.7. Proteins, peptides, and amino acids  

Proteins, peptides, and amino acids are bioactive substances produced by 

cyanobacteria and algae and are crucial to their physiology and have great promise 

for use in biotechnology and medicine (Hassan et al., 2022). Photosynthesis, 

nutrition, and enzymatic activity are just a few of the many cellular functions 

supported by the essential proteins found in these microbes. A few of these proteins 

have developed unique characteristics that make them useful in the medicinal, 

agricultural and industrial field (Qiao et al., 2024). 

Peptides aid organisms in developing competition with ambient microbes (Al-

Nedawe and Yusof, 2023). Microcystins and cyanopeptolins are powerful peptides 

produced by cyanobacteria which have specialized biological functions. Kordahi et 

al., (2024) noted that although microcystins and other similar compounds are 

hazardous and should be handled with extreme caution, other molecules show 

potential as pharmacological agents because of their specificity and effectiveness.  

According to Srivastava et al. (2022), bioactive substances with different uses in 

healthcare, agriculture, and environmental management may be found in abundance 

in proteins, peptides, and amino acids derived from cyanobacteria and algae. 

Because of their versatility, these microbes have great promise as biotechnological 

solutions to pressing global issues including the treatment of diseases and the 

creation of sustainable resources.  

 

5.8.  Sterols  

All eukaryotic organisms biosynthesize sterols, which are tetracyclic triterpenoids 

(Desmond and Gribaldo 2009; Volkman., 2016). Sterols are type of lipids are widely 

present in both macro and microalgae. Notable biological characteristics of sterols 

and their derivatives include antioxidant and anti-inflammatory effects. Brown algae 

are high in fucosterol, ergosterol, and chondrillasterol, but red algae are mainly 

composed of cholesterol (Lordan et al., 2011; Bouzidi et al., 2019; Pradhan et al., 

2020). These substances mediate signalling pathways that improve plants' ability to 
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withstand stress and are necessary for the creation of cellular membranes. According 

to recent research, the strong anti-inflammatory and antioxidant properties of brown 

algal is attributed to sterols, - particularily  fucosterol which -make them suitable for 

biotechnological uses in plant protection (Hannan et al., 2020; Pradhan et al., 2020). 

Fucosterol derived from brown algae, for example, has been found to improve 

wheat's resistance to salinity stress (Pradhan et al., 2021). According to Hannan et 

al. (2020), ergosterol has also been used to increase immunity against fungal diseases 

like Botrytis cinerea in tomatoes. 

 

5.9. Other bioactive compounds 

In addition to sterols, cyanobacteria and algae generate a wide range a wide 

variety of bioactive chemicals produced which are well acknowledged for their 

function in controlling plant diseases (Bharathi., 2021). These substances, which 

include fatty acids, polyphenols, and sulfated polysaccharides, have strong 

antibacterial properties against a variety of phytopathogens. Sulfated 

polysaccharides that are isolated from macroalgae, for example, have shown potent 

inhibitory effects on fungi like Phytophthora infestans and Fusarium oxysporum 

(Righini and Roberti, 2019). It has been demonstrated that sulfated polysaccharides 

derived from the algae Ulva lactuca can significantly slow the spread of Fusarium 

wilt in legumes by more than 50% (Righini and Roberti, 2019). Moreover, it has 

been demonstrated that cyclic peptides and phenazines generated from 

cyanobacteria inhibit bacterial and fungal pathogens by interfering with their cell 

walls and metabolic functions (Pandit et al., 2022). Apart from their direct 

antibacterial properties, these bioactive substances have the ability to strengthen 

plants' innate immune response by causing systemic resistance. For instance, it has 

been discovered that applying cyanobacterial extracts activates plant defence genes 

linked to immunity activated by pathogen-associated molecular patterns (PAMP) 

(Jose et al., 2024). These compounds are very promising for the development of 
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sustainable biocontrol techniques because of their dual activity, which includes both 

resistance induction and antibacterial action. 

The potential of volatile organic compounds (VOCs) generated by microalgae 

in biocontrol has also been emphasized by recent studies. It has been demonstrated 

that VOCs generated by algae, such as hexanal and dimethyl sulfide, limit the 

formation of bacterial biofilms and reduce spore germination in fungal pathogens 

(Ryu et al., 2003). Additionally, exopolysaccharides produced by cyanobacteria and 

algae serve as barriers to prevent pathogen invasion of plant roots in addition to 

enhancing soil structure (El-Sheekh and Dobara, 2022). 

Table 5: Bioactive compounds produced by algae and cyanobacteria 

Compound  Source  Properties  Agricultural 

benefits  

References  

Polyunsaturated 

fatty acids (PUFAs)  

Microalgae  

(Chlorella 

vulgaris) 

Antimicrobial  Enhances plant 

health by 

combating 

pathogens  

Kumaran et al., 2020   

Sulfated 

polysaccharides  

Brown Algae  Antifungal  Inhibits Fusarium 

oxysporum growth  

Gupta et al., 2013 

Phycobiliproteins 

(e.g, phycocyanin) 

Cyanobacteria  Antioxidant  Improved plant 

growth and stress 

tolerance 

Patel et al., 2006 

Polyphenols  Algae  Antioxidants  Protects plants 

from oxidative 

stress and enhances 

resistance to 

diseases  

 

 El-Chaghaby et al., 

2019  

 

6. Mechanism of interaction between pathogenic microbes 

and plant diseases biocontrol agent 

Different mechanisms of action are used by the microorganisms in plant pathogen 

biocontrol (Nega, 2014; Alizadeh et al., 2020; Mbachu et al., 2022). Several authors 

classified these mechanisms of action into three categories; mixed path antagonism, 

indirect antagonism, and direct antagonism (Mbachu et al., 2022). Under various 
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experimental conditions, a variety of interactions between organisms lead to biological 

control; numerous methods are used in the mechanism’s characterization. Pathogens 

have an antagonistic effect on other organisms' presence and activities under nearly all 

circumstances. Thus, this study has concentrated on the adaptation of several 

antagonistic mechanisms generated by the directional spectrum linked to the specificity 

of interactions and the interspecies contact quantity (Fig. 19) (Mohamed et al., 2021).  

 

Fig.19. Mechanism of interaction between pathogenic microbes and plant 

biocontrol agent  
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Table 6: Types of interspecies antagonisms leading to biological control of plant 

pathogens (Tripathi et al., 2023) 

 

6.1. Hyperparasites and Predation:  

Hyperparasitism known as the ability of microorganisms (biocontrol agent) to 

parasitize on other microorganisms (pathogens), using them as a source of food and 

energy (Mbachu et al., 2022). In hyperparasitism, the pathogen or its spores are 

directly killed by biological control agents (BCA). In general, there are four main 

groups of hyperparasites: facultative predators, obligate bacterial pathogens, 

hypoviruses, and parasites (Mohamed et al., 2021). One obligatory bacterial species 

known as Pasteuria penetrans is employed to control root-knot nematodes which 

attack numerous plants.  

Type  Mechanism  Example  

Direct Antagonists  Hyper parasitism 

/predation   

Lytic/some nonlytic mycoviruses 

Ampelomyces quisqualis Lysobacter 

enzymogenes Pasteuria penetrans 

Trichoderma virens 

Mixed-path 

antagonism 

Antibiotics 

 

 

2,4-diacetylphloroglucinol Phenazines 

Cyclic lipopeptide 

Lytic enzymes Chitinases   

Glucanases   

Proteases 

Indirect antagonism  Competition Exudates/ leachates consumption 

Siderophore scavenging 

Induction of host  

 resistance 

Contact with fungal cell walls 

Detection of pathogen-associated, molecular 

patterns Phytohormone-mediated induction 
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Fig. 20. Role of bacterial bioagent, Pasteuria penetrans in the management of root 

knot nematode, Meloidogyne incognita (Jagadeeswaran et al., 2024) 

 

The hypovirulence is a well-known example of virus that infects the 

pathogenic fungus that causes chestnut blight (chestnut blight canker disease) in 

Cryphonectria parasitica trees. Hypovirulence was found to decrease the pathogen's 

ability to produce disease. Chestnut blight has been managed in various locations by 

hypovirulence phenomena (Milgroom and Cortesi 2004; Tripathi et al., 2023). 
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However, the way viruses, fungi, trees, and the environment interact determines 

whether hypovirulence is successful or not.  

 

 

Fig. 21. Comparison of Hypovirulent and virulent strains of Cryphonectria 

parasitica and their morphological and biochemical Characteristics (a) Healed 

chestnut blight canker indicative of Cryphonectria parasitica hypovirulence. (b) 

Virulent chestnut blight canker. (c) Culture morphology of C. parasitica isolates: 

CHV1-infected YL-10 (white) and (d) CHV1-free EU-1 (orange) on PDA. (e) 

Bavendamm assay: brown coloration corresponds to polyphenol oxidase activity of 

the wild-type EU-1 isolates, while the weak color change in YL-10 suggests 

potential hypovirulence (Çelik et al., 2024) 

 

In contrast, hyperparasitism is another mechanism of biocontrol of pathogenic 

microbes. In this process microbial agent parasites on another microbe. Sometimes 

it targets an individual fungal pathogen. For example, powdery mildew pathogens 

were parasitized by a small fungal group, including Acrodontium crateriforme, 

Acremonium alternatum, Ampelomyces quisqualis, Cladosporium oxysporum, and 

Gliocladium virens (Kiss 2003; Tripathi et al., 2023).  
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Fig    . 22. The hyperparasite Cladosporium cladosporioides isolate parasitized on 

Puccinia striiformis f. sp. tritici (Pst) urediospores and uredinium. (A), urediospores 

of the Pst before C. cladosporioides was parasitized (×4000). (B–D), At the early 

hyperparasitic stage, the urediospores were shriveled (×3000, ×2200, ×1000, 

respectively) (Zhang, et al., 2022).  

Many plant-pathogenic fungal species such as Coniothyrium minitans have 

been identified to attack sclerotia, while others such as Pythium oligandrum attacks 

living hyphae. In this context, Paecilomyces lilacinus and Dactylella oviparasitica 

parasite on various growth stages of phytopathogenic nematodes. In contrast to 

hyperparasitism, microbial predation is more general and nonspecific to pathogen 

and has less predictable effects on disease control. In contrast to normal growing 

conditions, certain species exhibit predatory behavior when there is a shortage of 

nutrients. To paralyze Rhizoctonia saloni, certain Trichoderma species exhibit a 

distinct reaction by activating the chitinase genes, which encodes the upregulation 

of chitinase enzymes which degrades the fungal cell wall (Mohamed et al., 2021). 
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6.2. Antibiotic-Mediated Suppression 

Antibiotics are classified as microbial toxins, which cause minuscule amounts 

of harm or death to various other organisms. Certain bacteria are thought to be a 

significant source of generating and secreting one or more antibacterial chemicals 

that effectively suppress plant pathogens that cause diseases. including nonvolatile 

antibiotics like polyketides (diacetylphloroglucinol (DAPG) and mupirocin). 

Volatile antibiotics like hydrogen cyanide, aldehydes, alcohols, ketones, and 

sulphides, and heterocyclic nitrogenous compounds like phenazine derivatives 

(pyocyanin, phenazine-1-carboxylic acid; PCA, PCN, and hydroxyphenazines) (de 

Soussa et al., 2003; Tripathi et al., 2023) Numerous lipopeptide antibiotics, including 

iturins, bacillomycin, surfactin, and Zwittermicin A, are produced by Bacillus 

strains.  

In vitro/in situ, the use of antibiotics has significantly inhibited the growth of 

the target microorganisms. In situ antibiotic synthesis can be facilitated by a variety 

of biocontrol agents (Pal and McSpadden 2006; Mohamed et al., 2021). 

Pseudomonas fluorescens is one of the biocontrol bacteria that create volatile 

chemicals like hydrogen cyanide (HCN) in addition to polyketides and lipopeptides. 

By interfering with the pathogens' cellular respiration, HCN efficiently suppresses 

disease like Thielaviopsis basicola-induced black root rot (Junaid et al., 2013; 

Babbal et al., 2017). 
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Fig. 23. Hydrogen cyanide (HCN) influences plant processes by inducing 

germination, inhibiting root hair elongation, and modulating defense mechanisms 

through confirmed and proposed pathways like S-cyanylation and ROS signaling 

(Gotor et al., 2019).  

 

 

6.3. Lytic enzymes and other by-products of microbial life:  

One of the main methods by which biocontrol agents manage soil-borne diseases 

is lysis. This includes the synthesis of metabolites or enzymes that break down cell 

walls. A vast range of polymeric substances, such as chitin, proteins, cellulose, 

hemicellulose, and DNA can be hydrolyzed by the lytic enzymes released by various 

microbes (Singh et al., 2020). Plant pathogen activity can be directly suppressed by the 

expression and secretion of these enzymes by various microorganisms. Pseudomonas 

fluorescens and Bacillus species are examples of plant growth-promoting rhizobacteria 

(PGPR) that can produce strong lytic enzymes, antibiotics, and systemic resistance in 

plants against a range of plant pathogenic diseases. These include cellulase, protease, 

β-1,3-glucanase, and chitinase, all of which have potent lytic activity  (Singh et al., 

2020). By attacking the structural integrity of the fungal infections' cell walls, these 
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enzymes directly impede the growth of their hyphae. Some biocontrol agents, such as 

Pseudomonas fluorescens and Bacillus, are particularly effective in producing these 

enzymes (Junaid et al., 2013; Singh et al., 2020). 

6.4. Cyanobacteria and allelopathy 

Allelopathy is a phenomenon in which bioactive substances released by 

organisms, affecting the growth and survival of other cyanobacteria. This 

phenomenon plays a vital role in the biological management of plant diseases. For 

instance, it has been demonstrated that methylisoborneol (MIB), which is generated 

by cyanobacteria like Nostoc spp., inhibits the bacterial pathogen Ralstonia 

solanacearum (Pandit et al., 2022). The word "allelopathy," derived from the Greek 

words "allelo" (mutual) and "pathy" (suffering or effect), refers to the chemical 

interactions that take place when one organism releases bioactive substances that 

have an impact on the development, survival, or reproductive potential of another 

(Kostina-Bednarz et al., 2023). Numerous secondary metabolites with antifungal, 

antibacterial, and herbicidal qualities are produced by cyanobacteria, including 

cyanobacterin and volatile organic compounds (VOCs) including methylisoborneol 

(MIB) and geosmin. Molisch's concept was expanded and used in practice to 

describe chemical interactions and communication between different organisms in 

general (Kostina-Bednarz et al., 2023; Singh et al., 2020). Cyanobacteria contribute 

significantly to the biological control of several plant diseases through the following 

approaches. 

1. Production of antimicrobial compounds: Some cyanobacteria generate bioactive 

compounds that have antibacterial and antifungal qualities. These compounds can 

stop plant diseases from growing (Righini and Roberti 2019).  

2. Induction of plant resistance: by strengthening defenses against various diseases, 

cyanobacteria can help plants become more resilient (Righini and Roberti 2019).  

3. Competition for resources: Cyanobacteria restrict the establishment and growth 

of pathogenic microbes by entering the rhizosphere and colonizing plant surfaces, 

where they compete with pathogens for nutrients and space (Pandit et al., 2022).  
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4. Soil fertility improvement: By fixing nitrogen and producing biofertilizers, 

cyanobacteria help to improve soil fertility, which encourages healthier plant 

development and lessens disease susceptibility. The potential of cyanobacteria as 

sustainable agents in integrated plant disease management methods is shown by 

these complex interactions (Jose et al., 2024). Through nitrogen fixation, 

cyanobacteria such as Anabaena have also been demonstrated to increase soil 

fertility, greatly increasing wheat yield in field tests (Jose et al., 2024). 

 

7. Challenges of using cyanobacteria and seaweeds in crop 

protection: 

1- Limited or uncertain demand of seaweeds (Cai et al.,2021). Most seaweeds are 

farmed at the water's surface to ensure adequate sunlight for photosynthesis; hence, 

they are typically grown in nearshore regions for operational and logistical 

efficiency. Nearshore operations generally incur lower investment and operational 

expenses. 

2- Shortage of labour (Liu et al., 2019). Seaweed cultivation typically requires 

substantial labour for planting, daily maintenance, harvesting, and post-harvest 

processing, with a seasonal or intermittent demand (e.g., a significant workforce is 

necessary for a brief period to harvest seaweeds at the optimal time to ensure 

quality). 

3- Constraints over integrated farming systems (Campbell et al., 2019). A recent 

study on the viability of integrated multitrophic aquaculture (IMTA) in Europe 

identified limitations across multiple dimensions, including biological, conflicts, 

environmental, interest, legislative, market, operational, research and development, 

and vandalism (Kleitou et al., 2018). 

4- Low or declined seedling quality (Hu et al., 2021). The quality of seedlings has 

become increasingly vital in the context of deteriorating agricultural conditions, 

including elevated ocean temperatures and more frequent and severe disease 

outbreaks. Outsourcing high-quality seed stocks from specialized hatcheries is a 
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prevalent practice in aquaculture; however, integrating this business model may pose 

challenges for certain seaweeds (e.g., Kappaphycus/Eucheuma) cultivated by 

numerous smallholder farmers who can readily acquire cultivars via vegetative 

propagation from their own harvests. 

5- Environmental and ecosystem impacts and risks (Campbell et al., 2019). 

Seaweeds and cyanobacteria as extractive aquaculture species are generally more 

environmentally sustainable than fed aquaculture species. Improperly managed 

seaweed cultivation may adversely impact the environment or ecosystem by (1) 

disseminating diseases and parasites; (2) releasing reproductive materials from 

domesticated or non-native species that could compromise the genetic integrity of 

local species; (3) impeding water flow, which may disrupt sediment transport and 

alter marine chemistry; (4) competing for light and nutrients with other marine 

organisms; (5) causing environmental degradation through the construction of 

farming systems (e.g., destroying mangroves for wooden stakes or damaging the 

benthic ecosystem by clearing the sea floor or utilising stakes or anchors); and (6) 

generating pollution during operations (e.g., loss or disposal of cultivation materials 

or noise generation) (Campbell et al., 2019). 
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8. Conclusion 

In conclusion, the increasing challenges in food security, coupled with the 

adverse effects of traditional agricultural practices, underscore the need for 

sustainable alternatives. The use of bioproducts such as macroalgae, microalgae, and 

cyanobacteria as biocontrol agents for management of plant phytopathogens and 

pest invasion offers promising solutions for enhancing agricultural productivity 

while minimizing environmental impacts. These organisms act as effective 

biocontrol agents by suppressing pathogens by variable mechanisms and improving 

nutrient uptake, thus reducing reliance on chemical pesticides. They are also rich 

sources of bioactive compounds like phytohormones and antioxidants, which 

promote plant growth and bolster defences against diseases. Additionally, their 

ability to fix nitrogen and enhance soil health further contributes to sustainable 

farming practices. However, further research is essential to optimize their 

applications and understand their ecological interactions. Overall, integrating algae 

and cyanobacteria into agricultural practices represents a critical step toward 

achieving a more resilient and environmentally friendly agricultural ecosystem. 

 

  



77 
 

References  

Abdel-Monaim, M. F., M. M. Mazen and Marwa A.M. Atwa, (2016). Effect of 

cyanobacteria on reducing damping-off and root rot incidence in lupine 

plants, New Valley Governorate, Egypt. British Microbiol. Res. J., 16 (2): 1-

14. 

Abdel-Raouf N, Al-Enazi NM, Al-Homaidan AA, Ibraheem IBM, Al-Othman MR, 

Hatamleh AA (2015) Antibacterial b-amyrin isolated from Laurencia 

microcladia. Arab J Chem 8:32–37 

Abdel-Wahab, B. A., F. Abd El-Kareem, H., Alzamami, A., A. Fahmy, C., H. 

Elesawy, B., Mostafa Mahmoud, M., ... & M. Saied, E. (2022). Novel 

exopolysaccharide from marine Bacillus subtilis with broad potential 

biological activities: Insights into antioxidant, anti-inflammatory, 

cytotoxicity, and anti-alzheimer activity. Metabolites, 12(8), 715. 

Abkhoo, J., and Sabbagh, S. K. (2016). Control of Phytophthora melonis damping-

off, induction of defense responses, and gene expression of cucumber treated 

with commercial extract from Ascophyllum nodosum. Journal of Applied 

phycology, 28, 1333-1342. 

Abouraïcha, E. F., El Alaoui-Talibi, Z., Tadlaoui-Ouafi, A., El Boutachfaiti, R., Petit, 

E., Douira, A., ... and El Modafar, C. (2017). Glucuronan and 

oligoglucuronans isolated from green algae activate natural defense responses 

in apple fruit and reduce postharvest blue and gray mold decay. Journal of 

Applied Phycology, 29, 471-480. 

Abubakar, A. M. (2022). Biodigester and feedstock type: characteristic, selection, 

and global biogas production. J Eng Res Sci, 1(2), 170-187. 

Adams, B., Pörzgen, P., Pittman, E., Yoshida, W. Y., Westenburg, H. E., and Horgen, 

F. D. (2008). Isolation and structure determination of malevamide E, a 

dolastatin 14 analogue, from the marine cyanobacterium Symploca laete-

viridis. Journal of natural products, 71(5), 750-754. 



78 
 

Adrian, M., Lucio, M., Roullier-Gall, C., Héloir, M. C., Trouvelot, S., Daire, X., ... 

and Schmitt-Kopplin, P. (2017). Metabolic fingerprint of PS3-induced 

resistance of grapevine leaves against Plasmopara viticola revealed 

differences in elicitor-triggered defenses. Frontiers in Plant Science, 8, 101. 

Agarwal, P., Patel, K., Das, A. K., Ghosh, A., and Agarwal, P. K. (2016). Insights 

into the role of seaweed Kappaphycus alvarezii sap towards phytohormone 

signalling and regulating defence responsive genes in Lycopersicon 

esculentum. Journal of Applied Phycology, 28, 2529-2537. 

Aguirre, J., Riding, R., and Braga, J. C. (2000). Diversity of coralline red algae: 

origination and extinction patterns from the Early Cretaceous to the 

Pleistocene. Paleobiology, 26(4), 651-667. 

Ahmed, N., Sheikh, M. A., Ubaid, M., Chauhan, P., Kumar, K., & Choudhary, S. 

(2024). Comprehensive exploration of marine algae diversity, bioactive 

compounds, health benefits, regulatory issues, and food and drug applications. 

Measurement: Food, 100163. 

Ahn, C. Y., Joung, S. H., Jeon, J. W., Kim, H. S., Yoon, B. D., and Oh, H. M. (2003). 

Selective control of cyanobacteria by surfactin-containing culture broth of 

Bacillus subtilis C1. Biotechnology letters, 25, 1137-1142. 

Al Mamari, H. H. (2021). Phenolic compounds: Classification, chemistry, and 

updated techniques of analysis and synthesis. Phenolic compounds-chemistry, 

synthesis, diversity, non-conventional industrial, pharmaceutical and 

therapeutic applications, 10. 

Al‐Awadhi, F. H., Paul, V. J., and Luesch, H. (2018). Structural diversity and 

anticancer activity of marine‐derived elastase inhibitors: key features and 

mechanisms mediating the antimetastatic effects in invasive breast 

cancer. ChemBioChem, 19(8), 815-825. 

Alderkamp, A. C., Kulk, G., Buma, A. G., Visser, R. J., Van Dijken, G. L., Mills, M. 

M., and Arrigo, K. R. (2012). The effect of iron limitation on the 

photophysiology of Phaeocystis antarctica (Prymnesiophyceae) and 



79 
 

Fragilariopsis cylindrus (Bacillariophyceae) under dynamic irradiance 

1. Journal of Phycology, 48(1), 45-59. 

Ali, M. K. M., Yasir, S. M., Critchley, A. T., and Hurtado, A. Q. (2018). Impacts of 

Ascophyllum marine plant extract powder (AMPEP) on the growth, incidence 

of the endophyte Neosiphonia apiculata and associated carrageenan quality of 

three commercial cultivars of Kappaphycus. Journal of Applied Phycology, 

30, 1185-1195. 

Ali, N., Ramkissoon, A., Ramsubhag, A., and Jayaraj, J. (2016). Ascophyllum 

extract application causes reduction of disease levels in field tomatoes grown 

in a tropical environment. Crop Protection, 83, 67-75. 

Ali, O., & Szabó, A. (2023). Review of eukaryote cellular membrane lipid 

Composition, with special attention to the fatty acids. International Journal of 

Molecular Sciences, 24(21), 15693. 

Ali, O., Ramsubhag, A., and Jayaraman, J. (2019). Biostimulatory activities of 

Ascophyllum nodosum extract in tomato and sweet pepper crops in a tropical 

environment. PLoS One, 14(5), e0216710. 

Ali, O., Ramsubhag, A., and Jayaraman, J. (2021). Phytoelicitor activity of 

Sargassum vulgare and Acanthophora spicifera extracts and their prospects 

for use in vegetable crops for sustainable crop production. Journal of Applied 

Phycology, 33(1), 639-651. 

Alizadeh, M., Vasebi, Y., and Safaie, N. (2020). Microbial antagonists against plant 

pathogens in Iran: A review. Open Agriculture, 5(1), 404-440. 

Al-lwayzy, S. H., Yusaf, T., and Al-Juboori, R. A. (2014). Biofuels from the fresh 

water microalgae Chlorella vulgaris (FWM-CV) for diesel 

engines. Energies, 7(3), 1829-1851. 

Al-Nazwani, M. S., Aboshosha, S. S., El-Saedy, M. A., Ghareeb, R. Y., & Komeil, 

D. A. (2021). Antifungal activities of Chlorella vulgaris extract on black scurf 

disease, growth performance and quality of potato. Archives of 

Phytopathology and Plant Protection, 54(19-20), 2171-2190. 



80 
 

Al-Nedawe, R. A. D., & Yusof, Z. N. B. (2023). Cyanobacteria as a Source of 

Bioactive Compounds with Anticancer, Antibacterial, Antifungal, and 

Antiviral Activities: A Review. Microb. Bioact, 6, 1-16. 

Al-Taie, M. F., & Al-Katib, M. A. (2020). Beta-carotene extraction from some 

microalgae, cyanobacteria and chlorophyta with its antibacterial and 

antifungal activity.Ambika S, Sujatha K (2015) Antifungal activity of brown, 

red and green alga seaweed extracts against Macrophomina phaseolina (Tassi) 

Goid., in pideonpea var. CO (Rg) 7. Int J Agric Sci 11:210–216 

Alvarez, H. M., Hernández, M. A., Lanfranconi, M. P., Silva, R. A., & Villalba, M. 

S. (2021). Rhodococcus as biofactories for microbial oil production. 

Molecules, 26(16), 4871. 

Aman Mohammadi, M., Ahangari, H., Mousazadeh, S., Hosseini, S. M., & Dufossé, 

L. (2022). Microbial pigments as an alternative to synthetic dyes and food 

additives: a brief review of recent studies. Bioprocess and biosystems 

engineering, 45(1), 1-12. 

Ambrico, A., Trupo, M., Magarelli, R., Balducchi, R., Ferraro, A., Hristoforou, E., 

... & Molino, A. (2020). Effectiveness of Dunaliella salina extracts against 

Bacillus subtilis and bacterial plant pathogens. Pathogens, 9(8), 613. 

Ammar, N., Jabnoun-Khiareddine, H., Mejdoub-Trabelsi, B., Nefzi, A., Mahjoub, 

M. A., and Daami-Remadi, M. (2017). Pythium leak control in potato using 

aqueous and organic extracts from the brown alga Sargassum vulgare (C. 

Agardh, 1820). Postharvest Biology and Technology, 130, 81-93. 

Ammar, N., Nefzi, A., Jabnoun-Khiareddine, H., and Daami-Remadi, M. (2017). 

Control of Fusarium dry rot incited by Fusarium oxysporum f. sp. tuberosi 

using Sargassum vulgare aqueous and organic extracts. J. Microb. Biochem. 

Technol, 9, 200-208. 

An, Q. D., Zhang, G. L., Wu, H. T., Zhang, Z. C., Zheng, G. S., Luan, L., ... and Li, 

X. (2009). Alginate‐deriving oligosaccharide production by alginase from 

newly isolated Flavobacterium sp. LXA and its potential application in 



81 
 

protection against pathogens. Journal of applied microbiology, 106(1), 161-

170. 

Angermayr, S. A., Hellingwerf, K. J., Lindblad, P., and de Mattos, M. J. T. (2009). 

Energy biotechnology with cyanobacteria. Current opinion in biotechnology, 

20(3), 257-263. 

Ara, J., Ehteshamul-Haque, S., Sultana, V., Qasim, R., and Ghaffar, A. (1996). 

Effect of Sargassum seaweed and microbial antagonists in the control of root 

rot disease of sunflower. 

ari, O. N., Devi, P., & Singh, P. K. (2020). Exopolysaccharides from Cyanobacteria: 

Strategies for Bioprocess Development. Applied Sciences, 10(11), 3763. 

https://doi.org/10.3390/app10113763 

Arioli T, Mattner SW, Winberg PC (2015) Applications of seaweed extracts in 

Australian agricul-ture: past, present and future. J Appl Phycol 27:2007–2015 

Asimakis, E., Shehata, A. A., Eisenreich, W., Acheuk, F., Lasram, S., Basiouni, S., 

... and Tsiamis, G. (2022). Algae and their metabolites as potential bio-

pesticides. Microorganisms, 10(2), 307. 

Asimakis, E., Shehata, A.A., Eisenreich, W., Acheuk, F, Lasram, S., Basiouni, S., 

Emekci, M., Ntougias, S., Taner, G., May- Simera, H., Yilmaz, M., & 

Tsiamis, G. (2022) Algae and their metabolites as potential bio-pesticides. 

Microorganisms, 10, 307. https://doi.org/10.3390/microorganisms10020307 

Asiry, K. A., Hassan, S. S. M., & AlRashidi, M. M. (2013). Factors Affecting 

Agricultural Sustainability–ACase Study of Hail Region, Kingdom of Saudi 

Arabia. Asian Journal of Agriculture and Rural Development, 3(10), 674-687. 

Assunção, J., Amaro, H. M., Malcata, F. X., & Guedes, A. C. (2022). Cyanobacterial 

pigments: Photosynthetic function and biotechnological purposes. In The 

pharmacological potential of Cyanobacteria (pp. 201-256). Academic Press. 

Astakhov AA, Karengina TVE, Melikhov VVE (2005) Method for biological 

protection of summer-plated potato from Colorado beetle. Russian Patent 

RU2005130370A, 29 Sept 

https://doi.org/10.3390/app10113763


82 
 

2005. https://worldwide.espacenet.com/patent/search?q=pn%3DRU2292716

C1 

Atmakuri, A., Yadav, B., Tiwari, B., Drogui, P., Tyagi, R. D., & Wong, J. W. (2024). 

Nature’s architects: a comprehensive review of extracellular polymeric 

substances and their diverse applications. Waste Disposal & Sustainable 

Energy, 1-23. 

Awasthi, M., Upadhyay, A. K., Singh, S., Pandey, V. P., and Dwivedi, U. N. (2018). 

Terpenoids as promising therapeutic molecules against Alzheimer’s disease: 

amyloid beta-and acetylcholinesterase-directed pharmacokinetic and 

molecular docking analyses. Molecular Simulation, 44(1), 1-11. 

Ayaz, M., Li, C. H., Ali, Q., Zhao, W., Chi, Y. K., Shafiq, M., Ali, F., Yu, X. Y., 

Yu, Q., Zhao, J. T. and Yu, J. W., 2023. Bacterial and fungal biocontrol agents 

for plant disease protection: Journey from Lab to field, Current status, 

challenges and global perspectives. Molecules. 28: 6735 

Aziz, A., Poinssot, B., Daire, X., Adrian, M., Bézier, A., Lambert, B., ... and Pugin, 

A. (2003). Laminarin elicits defense responses in grapevine and induces 

protection against Botrytis cinerea and Plasmopara viticola. Molecular Plant-

Microbe Interactions, 16(12), 1118-1128. 

Babbal, Adivitiya, and Khasa, Y. P. (2017). Microbes as biocontrol agents. Probiotics 

and plant health, 507-552 

Backer, L. C. (2002). Cyanobacterial harmful algal blooms (CyanoHABs): 

Developing a public health response. Lake and reservoir Management, 18(1), 

20-31. 

Baek JB (2017) Eco-friendly grass protectant using sea water. Korean Patent 

KR20170181500A, 27 Dec 

2017. https://worldwide.espacenet.com/patent/search?q=pn%3DKR1019285

14B1 

Bafana, A. Characterization and optimization of production of exopolysaccharide 

from Chlamydomonas reinhardtii. Carbohydr. Polym. 2013. 

https://worldwide.espacenet.com/patent/search?q=pn%3DRU2292716C1
https://worldwide.espacenet.com/patent/search?q=pn%3DRU2292716C1
https://worldwide.espacenet.com/patent/search?q=pn%3DKR101928514B1
https://worldwide.espacenet.com/patent/search?q=pn%3DKR101928514B1


83 
 

Bajpai, S., Shukla, P. S., Asiedu, S., Pruski, K., and Prithiviraj, B. (2019). A 

biostimulant preparation of brown seaweed Ascophyllum nodosum 

suppresses powdery mildew of strawberry. The plant pathology journal, 

35(5), 406. 

Bajsa, N., Fabiano, E., & Rivas-Franco, F. (2023). Biological control of 

phytopathogens and insect pests in agriculture: an overview of 25 years of 

research in Uruguay. Environmental Sustainability, 6(2), 121-133 

Baker BP, Green TA, Loker AJ (2020) Biological control and integrated pest 

management in organic and conventional systems. Biol Control 140. 

https://doi.org/10.1016/j.biocontrol.2019.104095 

Barsainya M, Chandra P, Singh DP (2016) Investigation of Cr (VI) uptake in saline 

condition using psychrophilic and mesophilic Penicillium sp. Int J Curr 

Microbiol App Sci 5(1):274–288 

Barsanti, L., and Gualtieri, P. (2014). Algae: Anatomy, Biochemistry, and 

Biotechnology. CRC Press. 

Barsanti, L., Birindelli, L., and Gualtieri, P. (2021). Water monitoring by means of 

digital microscopy identification and classification of 

microalgae. Environmental Science: Processes and Impacts, 23(10), 1443-

1457. 

Bates, R. B., Brusoe, K. G., Burns, J. J., Caldera, S., Cui, W., Gangwar, S., ... and 

Bontems, R. (1997). Dolastatins. 26. Synthesis and Stereochemistry of 

Dolastatin 111a. Journal of the American Chemical Society, 119(9), 2111-

2113. 

Battacharyya, D., Babgohari, M. Z., Rathor, P., and Prithiviraj, B. (2015). Seaweed 

extracts as biostimulants in horticulture. Scientia horticulturae, 196, 39-48. 

Beffa, R., Menne, H., and Köcher, H. (2019). Herbicide resistance action committee 

(HRAC): herbicide classification, resistance evolution, survey, and resistance 

mitigation activities. Modern crop protection compounds, 1, 5-32. 



84 
 

Belz, R. G. (2007). Allelopathy in crop/weed interactions—an update. Pest 

Management Science: formerly Pesticide Science, 63(4), 308-326. 

Ben Salah, I., Aghrouss, S., Douira, A., Aissam, S., El Alaoui-Talibi, Z., Filali-

Maltouf, A., and El Modafar, C. (2018). Seaweed polysaccharides as bio-

elicitors of natural defenses in olive trees against verticillium wilt of 

olive. Journal of Plant Interactions, 13(1), 248-255. 

Benson, D., Kerry, K., and Malin, G. (2014). Algal biofuels: impact significance and 

implications for EU multi-level governance. Journal of Cleaner 

Production, 72, 4-13. 

Berosich, C. M., Lopez-Moya, F., & Lopez-Llorca, L. V. (2024). Modulation of the 

Host Defence System by Nematophagous Fungi and Chitosan. Encyclopedia, 

4(1), 379-394. 

Berthon, J. Y., Michel, T., Wauquier, A., Joly, P., Gerbore, J., and Filaire, E. (2021). 

Seaweed and microalgae as major actors of blue biotechnology to achieve 

plant stimulation and pest and pathogen biocontrol–a review of the latest 

advances and future prospects. The Journal of Agricultural Science, 159(7-8), 

523-534. 

Bertin, M. J., Demirkiran, O., Navarro, G., Moss, N. A., Lee, J., Goldgof, G. M., ... 

and Gerwick, W. H. (2016). Kalkipyrone B, a marine cyanobacterial γ-pyrone 

possessing cytotoxic and anti-fungal activities. Phytochemistry, 122, 113-

118. 

Bertin, M. J., Vulpanovici, A., Monroe, E. A., Korobeynikov, A., Sherman, D. H., 

Gerwick, L., and Gerwick, W. H. (2016). The Phormidolide Biosynthetic 

Gene Cluster: A trans‐AT PKS Pathway Encoding a Toxic Macrocyclic 

Polyketide. ChemBioChem, 17(2), 164-173. 

Betterle, N., and Melis, A. (2019). Photosynthetic generation of heterologous 

terpenoids in cyanobacteria. Biotechnology and Bioengineering, 116(8), 

2041-2051. 



85 
 

Bhandari Neupane, J., Neupane, R. P., Luo, Y., Yoshida, W. Y., Sun, R., and 

Williams, P. G. (2019). Characterization of leptazolines A–D, polar 

oxazolines from the cyanobacterium Leptolyngbya sp., reveals a glitch with 

the “Willoughby–Hoye” scripts for calculating NMR chemical shifts. Organic 

letters, 21(20), 8449-8453. 

Bharathi, M. J. (2021). Bioactive Compounds from Algae. 

In Phycobiotechnology (pp. 47-62). Apple Academic Press 

Bhuyar, P., Rahim, M. H. A., Maniam, G. P., Ramaraj, R., & Govindan, N. (2020). 

Exploration of bioactive compounds and antibacterial activity of marine blue-

green microalgae (Oscillatoria sp.) isolated from coastal region of west 

Malaysia. SN Applied Sciences, 2, 1-10.Cai, J., Lovatelli, S., Stankus, A. & 

Zhou, X. 2021. Seaweed revolution: where is the next milestone? FAO 

Aquaculture Newsletter, 63. pp. 13-16.  

Birch, D., Skallerud, K., and Paul, N. A. (2019). Who are the future seaweed 

consumers in a Western society? Insights from Australia. British Food 

Journal, 121(2), 603-615. 

Blifernez-Klassen, O., Chaudhari, S., Klassen, V., Wördenweber, R., Steffens, T., 

Cholewa, D., ... and Kruse, O. (2018). Metabolic survey of Botryococcus 

braunii: Impact of the physiological state on product formation. PLoS One, 

13(6), e0198976 

Borlongan, I. A. G., Tibubos, K. R., Yunque, D. A. T., Hurtado, A. Q., and Critchley, 

A. T. (2011). Impact of AMPEP on the growth and occurrence of epiphytic 

Neosiphonia infestation on two varieties of commercially cultivated 

Kappaphycus alvarezii grown at different depths in the Philippines. Journal 

of Applied Phycology, 23, 615-621. 

Bouissil, S., El Alaoui-Talibi, Z., Pierre, G., Michaud, P., El Modafar, C., and 

Delattre, C. (2020). Use of alginate extracted from Moroccan brown algae to 

stimulate natural defense in date palm roots. Molecules, 25(3), 720 



86 
 

Bouyahya, A., Bakrim, S., Chamkhi, I., Taha, D., El Omari, N., El Mneyiy, N., ... & 

Aanniz, T. (2024). Bioactive substances of cyanobacteria and microalgae: 

sources, metabolism, and anticancer mechanism insights. Biomedicine & 

Pharmacotherapy, 170, 115989.. 

Bouzidi, N., Viano, Y., Ortalo-Magné, A., Seridi, H., Alliche, Z., Daghbouche, Y., ... 

and El Hattab, M. (2019). Sterols from the brown alga Cystoseira 

foeniculacea: Degradation of fucosterol into saringosterol epimers. Arabian 

Journal of Chemistry, 12(7), 1474-1478 

Brêda-Alves, F., de Oliveira Fernandes, V., and Chia, M. A. (2021). Understanding 

the environmental roles of herbicides on cyanobacteria, cyanotoxins, and 

cyanoHABs. Aquatic Ecology, 55(2), 347-361. 

Briand, X., Cluzet, S., Dumas, B., Esquerre-Tugaye, M. T., and Salamagne, S. 

(2010). U.S. Patent No. 7,820,176. Washington, DC: U.S. Patent and 

Trademark Office. 

Brisson, V., Mayali, X., Bowen, B., Golini, A., Thelen, M., Stuart, R. K., & Northen, 

T. R. (2021). Identification of effector metabolites using exometabolite 

profiling of diverse microalgae. Msystems, 6(6), e00835-21. 

Caire G, de Cano SM, de Mulé ZMC, Palma RM, Colombo K (1997) 

Exopolysaccharides of Nostoc muscorum ag. (cyanobacteria) in the 

aggregation of soil particles. J Appl Phycol 9:249–253 

Campbell, I., Kambey, C., Mateo, J., Rusekwa, S., Hurtado, A., Msuya, F., 

Stentiford, G.D. & Cottier-Cook, E. 2019b. Biosecurity policy and legislation 

for the global seaweed aquaculture industry. Journal of Applied Phycology. 

doi: 10.1007/s10811-019-02010-5 

Campos, E. V. R., de Oliveira, J. L., Fraceto, L. F., and Singh, B. (2015). 

Polysaccharides as safer release systems for agrochemicals. Agronomy for 

sustainable development, 35, 47-66. 



87 
 

Carmichael, W. W., and Falconer, I. R. (1993). Diseases related to freshwater blue-

green algal toxins, and control measures. Algal toxins in seafood and drinking 

water, 187-209. 

Carmichael, W. W., Azevedo, S. M., An, J. S., Molica, R. J., Jochimsen, E. M., Lau, 

S., ... and Eaglesham, G. K. (2001). Human fatalities from cyanobacteria: 

chemical and biological evidence for cyanotoxins. Environmental health 

perspectives, 109(7), 663-668. 

Carney L, Jauregui E, Miller M. Compositions and methods for indirectly reducing 

incidence of fungal pathogen activity in plants. U.S. Patent 

US201916567597A, 11 Sept 

2019. https://worldwide.espacenet.com/patent/search?q=pn%3DUS1069475

1B2 

Carney L, Michael M (2017) Biomass compositions for decreasing bruising in fruit 

and methods therefor. U.S. Patent 16010686, 18 Jun 

2018. https://patentscope.wipo.int/search/en/detail.jsf?docId=US242147923 

Carney L, Miller M, Rial A, McGurrin K (2018) Biomass compositions for 

increasing sweetness of fruit and methods therefor. U.S. Patent 16004721, 11 

Jun 

2018. https://patentscope.wipo.int/search/en/detail.jsf?docId=US242147925 

Cassar, N., DiFiore, P. J., Barnett, B. A., Bender, M. L., Bowie, A. R., Tilbrook, B., 

... and Lefevre, D. (2011). The influence of iron and light on net community 

production in the Subantarctic and Polar Frontal Zones. Biogeosciences, 8(2), 

227-237. 

Castenholz, R. W. (1988). [3] Culturing methods for cyanobacteria. In Methods in 

enzymology (Vol. 167, pp. 68-93). Academic Press. 

Çelik, A., Çakar, D., Derviş, S., Morca, A. F., Akıllı Şimşek, S., Romon-Ochoa, P., 

and Özer, G. (2024). New Detection Methods for Cryphonectria Hypovirus 1 

(CHV1) through SYBR Green-Based Real-Time PCR and Loop-Mediated 

Isothermal Amplification (LAMP). Viruses, 16(8), 1203. 

https://worldwide.espacenet.com/patent/search?q=pn%3DUS10694751B2
https://worldwide.espacenet.com/patent/search?q=pn%3DUS10694751B2
https://patentscope.wipo.int/search/en/detail.jsf?docId=US242147923
https://patentscope.wipo.int/search/en/detail.jsf?docId=US242147925


88 
 

Cezare-Gomes, E. A., Mejia-da-Silva, L. D. C., Pérez-Mora, L. S., Matsudo, M. C., 

Ferreira-Camargo, L. S., Singh, A. K., and de Carvalho, J. C. M. (2019). 

Potential of microalgae carotenoids for industrial application. Applied 

biochemistry and biotechnology, 188, 602-634. 

Chaïb, S., Pistevos, J. C., Bertrand, C., & Bonnard, I. (2021). Allelopathy and 

allelochemicals from microalgae: An innovative source for bio-herbicidal 

compounds and biocontrol research. Algal Research, 54, 102213. 

Chanda, M. J., Merghoub, N., and El Arroussi, H. (2019). Microalgae 

polysaccharides: the new sustainable bioactive products for the development 

of plant bio-stimulants?. World Journal of Microbiology and Biotechnology, 

35(11), 177. 

Chauvat, F., and Cassier-Chauvat, C. (2021). Genomics of cyanobacteria: New 

insights and lessons for shaping our future—A follow-up of volume 65: 

Genomics of cyanobacteria. In Advances in Botanical Research (Vol. 100, pp. 

213-235). Academic Press. 

Chen, C., Tang, T., Shi, Q., Zhou, Z., & Fan, J. (2022). The potential and challenge 

of microalgae as promising future food sources. Trends in Food Science & 

Technology, 126, 99-112. 

Cheng Y-H, Chiou C-M, Wang S-M, Wang W-C, Chuu J-J (2017) Soil improving 

composition and method for promoting plant growth which not only has a 

rapid and long-acting nitrogen supplementation, but also inhibits the 

occurrence of pests and diseases. Taiwan Patent TW106100901A, 11 Jan 

2017. https://worldwide.espacenet.com/patent/search?q=pn%3DTW2018249

96A 

Cherry, P., O’Hara, C., Magee, P. J., McSorley, E. M., and Allsopp, P. J. (2019). 

Risks and benefits of consuming edible seaweeds. Nutrition Reviews, 77(5), 

307-329. 

https://worldwide.espacenet.com/patent/search?q=pn%3DTW201824996A
https://worldwide.espacenet.com/patent/search?q=pn%3DTW201824996A


89 
 

Chiaiese, P., Corrado, G., Colla, G., Kyriacou, M. C., and Rouphael, Y. (2018). 

Renewable sources of plant biostimulation: microalgae as a sustainable means 

to improve crop performance. Frontiers in plant science, 9, 1782. 

Chiquito-Contreras, R. G., Murillo-Amador, B., Carmona-Hernandez, S., Chiquito-

Contreras, C. J., and Hernandez-Montiel, L. G. (2019). Effect of marine 

bacteria and ulvan on the activity of antioxidant defense enzymes and the bio-

protection of papaya fruit against Colletotrichum 

gloeosporioides. Antioxidants, 8(12), 580. 

Cho, K., Hur, S. P., Lee, C. H., Ko, K., Lee, Y. J., Kim, K. N., ... and Oda, T. (2016). 

Bioflocculation of the oceanic microalga Dunaliella salina by the bloom-

forming dinoflagellate Heterocapsa circularisquama, and its effect on 

biodiesel properties of the biomass. Bioresource technology, 202, 257-261. 

Choi, H., Engene, N., Smith, J. E., Preskitt, L. B., and Gerwick, W. H. (2010). 

Crossbyanols A− D, toxic brominated polyphenyl ethers from the Hawai’ian 

bloom-forming Cyanobacterium Leptolyngbya crossbyana. Journal of natural 

products, 73(4), 517-522. 

Chong, J. W. R., Tan, X., Khoo, K. S., Ng, H. S., Jonglertjunya, W., Yew, G. Y., and 

Show, P. L. (2022). Microalgae-based bioplastics: future solution towards 

mitigation of plastic wastes. Environmental research, 206, 112620. 

Cichoński, J., & Chrzanowski, G. (2022). Microalgae as a source of valuable 

phenolic compounds and carotenoids. Molecules, 27(24), 8852. 

Cipollini, D., Rigsby, C. M., and Barto, E. K. (2012). Microbes as targets and 

mediators of allelopathy in plants. Journal of chemical ecology, 38, 714-727. 

Clair, É., Mesnage, R., Travert, C., and Séralini, G. É. (2012). A glyphosate-based 

herbicide induces necrosis and apoptosis in mature rat testicular cells in vitro, 

and testosterone decrease at lower levels. Toxicology in vitro, 26(2), 269-279. 

Cluzet, S., Torregrosa, C., Jacquet, C., Lafitte, C., Fournier, J., Mercier, L., ... and 

Dumas, B. (2004). Gene expression profiling and protection of Medicago 



90 
 

truncatula against a fungal infection in response to an elicitor from green algae 

Ulva spp. Plant, Cell and Environment, 27(7), 917-928. 

Cook, J., Zhang, J., Norrie, J., Blal, B., and Cheng, Z. (2018). Seaweed extract 

(Stella Maris®) activates innate immune responses in Arabidopsis thaliana 

and protects host against bacterial pathogens. Marine drugs, 16(7), 221. 

Costa, J.A.V, Freitas, B.C.B., Cruz, C.G., Silveira, J., & Morais, M.G. (2019). 

Potential of microalgae as biopesticides to contribute to sustainable 

agriculture and environmental development. Journal of Environmental 

Science and Health, Part B,54, 366-375. 

https://doi.org/10.1080/03601234.2019.1571366 

Crouch, I. J., and Van Staden, J. (1993). Effect of seaweed concentrate from 

Ecklonia maxima (Osbeck) Papenfuss on Meloidogyne incognita infestation 

on tomato. Journal of Applied Phycology, 5, 37-43. 

Cui, J., Morita, M., Ohno, O., Kimura, T., Teruya, T., Watanabe, T., ... and Shibasaki, 

M. (2017). Leptolyngbyolides, cytotoxic macrolides from the marine 

cyanobacterium Leptolyngbya sp.: Isolation, biological activity, and catalytic 

asymmetric total synthesis. Chemistry–A European Journal, 23(35), 8500-

8509. 

Cyanobacteria and Microalgae in the Production of Valuable Bioactive Compounds. 

(2018). In IntechOpen. Retrieved from 

http://dx.doi.org/10.5772/intechopen.74043 

Dawson, H. M., Heal, K. R., Boysen, A. K., Carlson, L. T., Ingalls, A. E., and Young, 

J. N. (2020). Potential of temperature-and salinity-driven shifts in diatom 

compatible solute concentrations to impact biogeochemical cycling within sea 

ice. Elem Sci Anth, 8, 25. 

Dayton, P. K. (1985). Ecology of kelp communities. Annual review of ecology and 

systematics, 215-245. 

http://dx.doi.org/10.5772/intechopen.74043


91 
 

de Borba, M. C., de Freitas, M. B., and Stadnik, M. J. (2019). Ulvan enhances 

seedling emergence and reduces Fusarium wilt severity in common bean 

(Phaseolus vulgaris L.). Crop Protection, 118, 66-71. 

De Corato U, Salimbeni R, De Pretis A, Avella N, Patruno G (2017) Antifungal 

activity of crude extracts from brown and red seaweeds by a supercritical 

carbon dioxide technique against fruit postharvest fungal diseases. 

Postharvest Biol Technol 131:16–30 

de Freitas, M. B., and Stadnik, M. J. (2012). Race-specific and ulvan-induced 

defense responses in bean (Phaseolus vulgaris) against Colletotrichum 

lindemuthianum. Physiological and Molecular Plant Pathology, 78, 8-13. 

de Freitas, M. B., and Stadnik, M. J. (2015). Ulvan-induced resistance in Arabidopsis 

thaliana against Alternaria brassicicola requires reactive oxygen species 

derived from NADPH oxidase. Physiological and molecular plant 

pathology, 90, 49-56. 

de Freitas, M. B., Ferreira, L. G., Hawerroth, C., Duarte, M. E. R., Noseda, M. D., 

and Stadnik, M. J. (2015). Ulvans induce resistance against plant pathogenic 

fungi independently of their sulfation degree. Carbohydrate polymers, 133, 

384-390. 

De Sousa, E. L. R., Ferraz, C. C. R., de Almeida Gomes, B. P. F., Pinheiro, E. T., 

Teixeira, F. B., and de Souza-Filho, F. J. (2003). Bacteriological study of root 

canals associated with periapical abscesses. Oral Surgery, Oral Medicine, 

Oral Pathology, Oral Radiology, and Endodontology, 96(3), 332-339 

Debnath, T., Bandyopadhyay, T. K., Vanitha, K., Bobby, M. N., Tiwari, O. N., 

Bhunia, B., & Muthuraj, M. (2024). Astaxanthin from microalgae: A review 

on structure, biosynthesis, production strategies and application. Food 

Research International, 176, 113841. 

Deepika, C., Wolf, J., Roles, J., Ross, I., & Hankamer, B. (2022). Sustainable 

production of pigments from cyanobacteria. In Cyanobacteria in 



92 
 

biotechnology: applications and quantitative perspectives (pp. 171-251). 

Cham: Springer International Publishing. 

Del Mondo, A., Smerilli, A., Ambrosino, L., Albini, A., Noonan, D. M., Sansone, C., 

& Brunet, C. (2021). Insights into phenolic compounds from microalgae: 

Structural variety and complex beneficial activities from health to 

nutraceutics. Critical Reviews in Biotechnology, 41(2), 155-171. 

Delattre, C., Pierre, G., Laroche, C., and Michaud, P. (2016). Production, extraction 

and characterization of microalgal and cyanobacterial exopolysaccharides. 

Biotechnology advances, 34(7), 1159-1179. 

Delgado, D. Z., de Freitas, M. B., and Stadnik, M. J. (2013). Effectiveness of 

saccharin and ulvan as resistance inducers against rust and angular leaf spot 

in bean plants (Phaseolus vulgaris). Crop Protection, 47, 67-73. 

Dembitsky, V. M. (2022). Hydrobiological aspects of fatty acids: Unique, rare, and 

unusual fatty acids incorporated into linear and cyclic lipopeptides and their 

biological activity. Hydrobiology, 1(3), 331-432. 

Demeke, A. (2016). Cyanobacteria blooms and biological control methods. Int. J. 

Fauna Boil. Stud, 3, 32-38. 

Demirbas, A., and Demirbas, M. F. (2011). Importance of algae oil as a source of 

biodiesel. Energy conversion and management, 52(1), 163-170. 

Desbois, A. P., and Smith, V. J. (2010). Antibacterial free fatty acids: activities, 

mechanisms of action and biotechnological potential. Applied microbiology 

and biotechnology, 85, 1629-1642. 

Desmond, E., and Gribaldo, S. (2009). Phylogenomics of sterol synthesis: insights 

into the origin, evolution, and diversity of a key eukaryotic feature. Genome 

biology and evolution, 1, 364-381. 

Dey, P., Ramanujam, R., Venkatesan, G., and Nagarathnam, R. (2019). Sodium 

alginate potentiates antioxidant defense and PR proteins against early blight 

disease caused by Alternaria solani in Solanum lycopersicum Linn. PLoS 

One, 14(9), e0223216. 



93 
 

Dmytryk, A., and Chojnacka, K. (2018). Algae as fertilizers, biostimulants, and 

regulators of plant growth. Algae biomass: characteristics and applications: 

towards algae-based products, 115-122. 

Dolganyuk, V., Andreeva, A., Budenkova, E., Sukhikh, S., Babich, O., Ivanova, S., 

... and Ulrikh, E. (2020). Study of morphological features and determination 

of the fatty acid composition of the microalgae lipid 

complex. Biomolecules, 10(11), 1571. 

Du Jardin, P. (2015). Plant biostimulants: definition, concept, main categories and 

regulation. Scientia Horticulturae, 196, 3- 14. 

https://doi.org/10.1016/j.scienta.2015.09.021 

Duprat, L. P. A. D. M., Corkill, M., Genovese, C., Townsend, A. T., Moreau, S., 

Meiners, K. M., and Lannuzel, D. (2020). Nutrient distribution in east 

Antarctic summer sea ice: A potential iron contribution from glacial basal 

melt. Journal of Geophysical Research: Oceans, 125(12), e2020JC016130. 

Durham, B. P., Boysen, A. K., Carlson, L. T., Groussman, R. D., Heal, K. R., Cain, 

K. R., ... and Armbrust, E. V. (2019). Sulfonate-based networks between 

eukaryotic phytoplankton and heterotrophic bacteria in the surface 

ocean. Nature microbiology, 4(10), 1706-1715. 

Dvir, I., Stark, A. H., Chayoth, R., Madar, Z., and Arad, S. M. (2009). 

Hypocholesterolemic effects of nutraceuticals produced from the red 

microalga Porphyridium sp in rats. Nutrients, 1(2), 156-167. 

Dvořák, P., Casamatta, D. A., Hašler, P., Jahodářová, E., Norwich, A. R., and 

Poulíčková, A. (2017). Diversity of the cyanobacteria. Modern topics in the 

phototrophic prokaryotes: Environmental and applied aspects, 3-46. 

E Villafane, V., Sundback, K., Figueroa, F. L., and Helbling, E. W. (2003). 

Photosynthesis in the aquatic environment as affected by UVR. 

El Arroussi, H., Benhima, R., Elbaouchi, A., Sijilmassi, B., El Mernissi, N., Aafsar, 

A., ... and Smouni, A. (2018). Dunaliella salina exopolysaccharides: a 

promising biostimulant for salt stress tolerance in tomato (Solanum 

lycopersicum). Journal of Applied Phycology, 30, 2929-2941. 



94 
 

El Modafar, C., Elgadda, M., El Boutachfaiti, R., Abouraicha, E., Zehhar, N., Petit, 

E., ... and Courtois, J. (2012). Induction of natural defence accompanied by 

salicylic acid-dependant systemic acquired resistance in tomato seedlings in 

response to bioelicitors isolated from green algae. Scientia Horticulturae, 138, 

55-63. 

El Sohaimy, S. A. (2012). Functional foods and nutraceuticals-modern approach to 

food science. World Applied Sciences Journal, 20(5), 691-708. 

Elagamey, E., Abdellatef, M. A., & Flefel, H. E. (2023). Cyanobacteria: A Futuristic 

Effective Tool in Sustainable Agriculture. 

Elarroussia, H., Elmernissia, N., Benhimaa, R., El Kadmiria, I. M., Bendaou, N., 

Smouni, A., and Wahbya, I. (2016). Microalgae polysaccharides a promising 

plant growth biostimulant. J. Algal Biomass Utln, 7(4), 55-63. 

Elbandy, M. (2022). Anti-inflammatory effects of marine bioactive compounds and 

their potential as functional food ingredients in the prevention and treatment 

of neuroinflammatory disorders. Molecules, 28(1), 2. 

El-Baz, F. K., El-Senousy, W. M., El-Sayed, A. B., and Kamel, M. M. (2013). In 

vitro antiviral and antimicrobial activities of Spirulina platensis extract. J. 

Appl. Pharm. Sci, 3(12), 52-56. 

El-Chaghaby, G., Rashad, S., F Abdel-Kader, S., A Rawash, E. S., and Abdul 

Moneem, M. (2019). Assessment of phytochemical components, proximate 

composition and antioxidant properties of Scenedesmus obliquus, Chlorella 

vulgaris and Spirulina platensis algae extracts. Egyptian Journal of Aquatic 

Biology and Fisheries, 23(4), 521-526. 

Elnahal, A. S., El-Saadony, M. T., Saad, A. M., Desoky, E. S. M., El-Tahan, A. M., 

Rady, M. M., ... & El-Tarabily, K. A. (2022). The use of microbial inoculants 

for biological control, plant growth promotion, and sustainable agriculture: A 

review. European Journal of Plant Pathology, 162(4), 759-792. 



95 
 

El-Sheekh, M. M., Deyab, M. A., Hasan, R. S., Abu Ahmed, S. E., & Elsadany, A. 

Y. (2022). Biological control of Fusarium tomato-wilt disease by 

cyanobacteria Nostoc spp. Archives of Microbiology, 204(1), 116. 

El-Sheekh, M., and Dobara, M. (2022). The role of exopolysaccharides from 

cyanobacteria and microalgae in plant protection. Journal of Applied 

Phycology, 34(3), 865-879. 

Embling, R., Neilson, L., Randall, T., Mellor, C., Lee, M. D., and Wilkinson, L. L. 

(2022). ‘Edible seaweeds’ as an alternative to animal-based proteins in the 

UK: Identifying product beliefs and consumer traits as drivers of consumer 

acceptability for macroalgae. Food Quality and Preference, 100, 104613. 

Engene, N., Gunasekera, S. P., Gerwick, W. H., and Paul, V. J. (2013). Phylogenetic 

inferences reveal a large extent of novel biodiversity in chemically rich 

tropical marine cyanobacteria. Applied and environmental 

microbiology, 79(6), 1882-1888. 

Eriksen, N. T. (2008). Production of phycocyanin—a pigment with applications in 

biology, biotechnology, foods and medicine. Applied microbiology and 

biotechnology, 80, 1-14. 

Esquivel-Hernández, D. A., Ibarra-Garza, I. P., Rodriguez-Rodriguez, J., Cuéllar-

Bermúdez, S. P., Rostro-Alanis, M. D. J., Alemán-Nava, G. S., ... and Parra-

Saldívar, R. (2017). Green extraction technologies for high-value metabolites 

from algae: a review. Biofuels, Bioprod Biorefin 11: 215–231. 

Esserti S, Smaili A, Rifai LA, Koussa T, Makroum K, Belfaiza M, Kabil EM, Faize 

L, Burgos L, Alburquerque N, Faize M (2017) Protective effect of three brown 

seaweed extracts against fungal and bacterial diseases of tomato. J Appl 

Phycol 29:1081–1093 

Esserti, S., Smaili, A., Makroum, K., Belfaiza, M., Rifai, L. A., Koussa, T., ... and 

Faize, M. (2018). Priming of Nicotiana benthamiana antioxidant defences 

using brown seaweed extracts. Journal of Phytopathology, 166(2), 86-94. 

Esserti, S., Smaili, A., Rifai, L. A., Koussa, T., Makroum, K., Belfaiza, M., ... and 

Faize, M. (2017). Protective effect of three brown seaweed extracts against 



96 
 

fungal and bacterial diseases of tomato. Journal of Applied Phycology, 29, 

1081-1093. 

Fang, L., Sun, D., Xu, Z., He, J., Qi, S., Chen, X., ... and Liu, J. (2015). 

Transcriptomic analysis of a moderately growing subisolate Botryococcus 

braunii 779 (Chlorophyta) in response to nitrogen deprivation. Biotechnology 

for biofuels, 8, 1-21. 

Farid, R., Mutale-Joan, C., Redouane, B., Mernissi Najib, E. L., Abderahime, A., 

Laila, S., and Arroussi Hicham, E. L. (2019). Effect of microalgae 

polysaccharides on biochemical and metabolomics pathways related to plant 

defense in Solanum lycopersicum. Applied biochemistry and biotechnology, 

188, 225-240. 

Feller, R., Matos, Â. P., Mazzutti, S., Moecke, E. H., Tres, M. V., Derner, R. B., ... 

and Junior, A. F. (2018). Polyunsaturated ω-3 and ω-6 fatty acids, total 

carotenoids and antioxidant activity of three marine microalgae extracts 

obtained by supercritical CO2 and subcritical n-butane. The Journal of 

Supercritical Fluids, 133, 437-443. 

Fewer, D. P., Jokela, J., Heinilä, L., Aesoy, R., Sivonen, K., Galica, T., ... & 

Herfindal, L. (2021). Chemical diversity and cellular effects of antifungal 

cyclic lipopeptides from cyanobacteria. Physiologia Plantarum, 173(2), 639-

650. 

Filatova, D., Jones, M. R., Haley, J. A., Núñez, O., Farré, M., and Janssen, E. M. L. 

(2021). Cyanobacteria and their secondary metabolites in three freshwater 

reservoirs in the United Kingdom. Environmental Sciences Europe, 33, 1-11. 

Fleurence, J., Morançais, M., Dumay, J., Decottignies, P., Turpin, V., Munier, M., ... 

and Jaouen, P. (2012). What are the prospects for using seaweed in human 

nutrition and for marine animals raised through aquaculture?. Trends in food 

science and technology, 27(1), 57-61. 

Foo, S. C., Yusoff, F. M., Ismail, M., Basri, M., Yau, S. K., Khong, N. M., ... and 

Ebrahimi, M. (2017). Antioxidant capacities of fucoxanthin-producing algae 



97 
 

as influenced by their carotenoid and phenolic contents. Journal of 

biotechnology, 241, 175-183. 

Freile-Pelegrín, Y., & Robledo, D. (2014). Bioactive Phenolic Compounds from 

Algae. In B. Hernández-Ledesma & M. Herrero (Eds.), Bioactive Compounds 

from Marine Foods: Plant and Animal Sources (pp. 113–124). John Wiley & 

Sons. https://doi.org/10.1002/9781118528723.ch6 

Galasso, C., Corinaldesi, C., and Sansone, C. (2017). Carotenoids from marine 

organisms: Biological functions and industrial applications. Antioxidants, 

6(4), 96. 

Gan, L., Huang, X., He, Z., & He, T. (2024). Exopolysaccharide production by salt-

tolerant bacteria: Recent advances, current challenges, and future prospects. 

International Journal of Biological Macromolecules, 130731. 

Gauthier, A., Trouvelot, S., Kelloniemi, J., Frettinger, P., Wendehenne, D., Daire, X., 

... and Poinssot, B. (2014). The sulfated laminarin triggers a stress 

transcriptome before priming the SA-and ROS-dependent defenses during 

grapevine's induced resistance against Plasmopara viticola. PLoS One, 9(2), 

e88145. 

George, H. (2020, September 14). How to identify and treat common tomato 

diseases | Gardener’s path. Gardener's Path. https://gardenerspath.com/how-

to/disease-and-pests/common-tomato-diseases/ 

Geries LSM, Elsadany AY (2021) Maximizing growth and productivity of onion 

(Allium cepaL.) by Spirulina platensis extract and nitrogen-fixing endophyte 

Pseudomonas stutzeri. Arch Microbiol 203:169–181 

Gershenzon, J., and Dudareva, N. (2007). The function of terpene natural products 

in the natural world. Nature chemical biology, 3(7), 408-414.  

Gerwick, W. H., Tan, L. T., and Sitachitta, N. (2001). Nitrogen-containing 

metabolites from marine cyanobacteria. 

Ghanei-Motlagh, R., Gharibi, D., Mohammadian, T., Khosravi, M., Mahmoudi, E., 

Zarea, M. et al. (2021a) Feed supplementation with quorum quenching 

https://doi.org/10.1002/9781118528723.ch6


98 
 

probiotics with anti-virulence potential improved innate immune responses, 

antioxidant capacity and disease resistance in Asian seabass (Lates calcarifer). 

Aquaculture  535: 736345. 

Ghannam, A., Abbas, A., Alek, H., Al-Waari, Z., and Al-Ktaifani, M. (2013). 

Enhancement of local plant immunity against tobacco mosaic virus infection 

after treatment with sulphated-carrageenan from red alga (Hypnea 

musciformis). Physiological and molecular plant pathology, 84, 19-27. 

Ghareeb, R. Y., Adss, I. A., Bayoumi, S. R., and El-Habashy, D. E. (2019). The 

nematicidal potentiality of some algal extracts and their role in enhancement 

the tomato defense genes against root knot-nematodes. Egyptian Journal of 

Biological Pest Control, 29, 1-10. 

Godinho, V. M., Furbino, L. E., Santiago, I. F., Pellizzari, F. M., Yokoya, N. S., Pupo, 

D., ... & Rosa, L. H. (2013). Diversity and bioprospecting of fungal 

communities associated with endemic and cold-adapted macroalgae in 

Antarctica. The ISME journal, 7(7), 1434-1451. 

Goes, J. I., Handa, N., Suzuki, K., Taguchi, S., and Hama, T. (1997). Ultraviolet 

radiation induced changes in the production of organic compounds in 

Antarctic marine phytoplankton. In Proceedings of the NIPR Symposium on 

Polar Biology (pp. 25-38). NATIONAL INSTITUTE OF POLAR 

RESEARCH. 

Gogineni, V., and Hamann, M. T. (2018). Marine natural product peptides with 

therapeutic potential: Chemistry, biosynthesis, and 

pharmacology. Biochimica et Biophysica Acta (BBA)-General 

Subjects, 1862(1), 81-196. 

Goiris, K., Muylaert, K., Fraeye, I., Foubert, I., De Brabanter, J., and De Cooman, 

L. (2012). Antioxidant potential of microalgae in relation to their phenolic and 

carotenoid content. Journal of applied phycology, 24, 1477-1486. 

Gonçalves, A. L. (2021). The use of microalgae and cyanobacteria in the 

improvement of agricultural practices: a review on their biofertilising, 

biostimulating and biopesticide roles. Applied Sciences, 11(2), 871. 



99 
 

González, A., Castro, J., Vera, J., and Moenne, A. (2013). Seaweed oligosaccharides 

stimulate plant growth by enhancing carbon and nitrogen assimilation, basal 

metabolism, and cell division. Journal of Plant Growth Regulation, 32, 443-

448. 

Górka, B., Korzeniowska, K., Lipok, J., and Wieczorek, P. P. (2018). The Biomass 

of algae and algal extracts in agricultural production. Algae biomass: 

Characteristics and applications: Towards algae-based products, 103-114. 

Gotor, C., García, I., Aroca, Á., Laureano-Marín, A. M., Arenas-Alfonseca, L., 

Jurado-Flores, A., ..  and Romero, L. C. (2019). Signaling by hydrogen sulfide 

and cyanide through post-translational modification. Journal of Experimental 

Botany, 70(16), 4251-4265 

Graber, M. A., and Gerwick, W. H. (1998). Kalkipyrone, a Toxic γ-Pyrone from an 

Assemblage of the Marine Cyanobacteria Lyngbya majuscula and Tolypothrix 

sp. Journal of Natural Products, 61(5), 677-680. 

Guedes, A. C., Amaro, H. M., and Malcata, F. X. (2011). Microalgae as sources of 

carotenoids. Marine drugs, 9(4), 625-644. 

Guerrero, B.G.; Santos, K.d.L.; Kamimura, E.S.; de Oliveira, C.A.F. Application of 

Microbial Exopolysaccharides in Packaging Films for the Food Industry: A 

Review. Int. J. Food Sci. Technol. 2024, 59, 17–29. 

Gui, J., Chen, S., Luo, G., Wu, Z., Fan, Y., Yao, L., and Xu, H. (2021). Nutrient 

deficiency and an algicidal bacterium improved the lipid profiles of a novel 

promising oleaginous dinoflagellate, Prorocentrum donghaiense, for biodiesel 

production. Applied and Environmental Microbiology, 87(19), e01159-21. 

Guihéneuf F, Khan A, Tran LSP (2016) Genetic engineering: a promising tool to 

engender physiological, biochemical, and molecular stress resilience in green 

microalgae. Front Plant Sci 7:400 

Guilherme, M. R., Aouada, F. A., Fajardo, A. R., Martins, A. F., Paulino, A. T., 

Davi, M. F., ... and Muniz, E. C. (2015). Superabsorbent hydrogels based on 



100 
 

polysaccharides for application in agriculture as soil conditioner and nutrient 

carrier: A review. European Polymer Journal, 72, 365-385. 

Guiry, M.D., & Guiry, GM (2022) AlgaeBase. World-wide electronic publication, 

National University of Ireland, Galway https://www.algaebase.org searched 

in June 2022 

Gunupuru, L. R., Patel, J. S., Sumarah, M. W., Renaud, J. B., Mantin, E. G., and 

Prithiviraj, B. (2019). A plant biostimulant made from the marine brown algae 

Ascophyllum nodosum and chitosan reduce Fusarium head blight and 

mycotoxin contamination in wheat. PLoS One, 14(9), e0220562. 

Gupta, V., Natarajan, C., Kumar, K., and Prasanna, R. (2011). Identification and 

characterization of endoglucanases for fungicidal activity in Anabaena laxa 

(Cyanobacteria). Journal of applied phycology, 23, 73-81. 

Gupta, V., Ratha, S. K., Sood, A., Chaudhary, V., and Prasanna, R. (2013). New 

insights into the biodiversity and applications of cyanobacteria (blue-green 

algae)—Prospects and challenges. Algal research, 2(2), 79-97 

Guzmán, S., Gato, A., Lamela, M., Freire‐Garabal, M., and Calleja, J. M. (2003). 

Anti‐inflammatory and immunomodulatory activities of polysaccharide from 

Chlorella stigmatophora and Phaeodactylum tricornutum. Phytotherapy 

Research, 17(6), 665-670. 

Gwak, I. G., sic Jung, W., Kim, H. J., Kang, S. H., and Jin, E. (2010). Antifreeze 

protein in Antarctic marine diatom, Chaetoceros neogracile. Marine 

biotechnology, 12, 630-639. 

Gwinn, K. D. (2018). Bioactive natural products in plant disease control. Studies in 

natural products chemistry, 56, 229-246. 

H Osman, M. E. A., Abo-Shady, A. M., and El-Nagar, M. M. (2020). Treatment of 

broad bean seeds with algal suspensions to study their effects on certain 

growth and yield parameters. Journal of Environmental Sciences. Mansoura 

University, 49(1), 1-7. 



101 
 

Hajam, Y. A., Lone, R., & Kumar, R. (2023). Role of plant phenolics against reactive 

oxygen species (ROS) induced oxidative stress and biochemical alterations. 

In Plant phenolics in abiotic stress management (pp. 125-147). Singapore: 

Springer Nature Singapore. 

Hallegraeff, G. M. (1993). A review of harmful algal blooms and their apparent 

global increase. Phycologia, 32(2), 79-99.  

Hamed, S. M., Abd El-Rhman, A. A., Abdel-Raouf, N., and Ibraheem, I. B. (2018). 

Role of marine macroalgae in plant protection and improvement for 

sustainable agriculture technology. Beni-Suef University Journal of Basic and 

Applied Sciences, 7(1), 104-110. 

Hamed, S. M., Kamal, M., & Messiha, N. A. (2023). Potential of algal-based 

products for the management of potato brown rot disease. Botanical Studies, 

64(1), 29. 

Hamilton, D. P., Wood, S. A., Dietrich, D. R., and Puddick, J. (2014). Costs of 

harmful blooms of freshwater cyanobacteria. Cyanobacteria: An economic 

perspective, 245-256. 

Han, T., Zhao, Z., and Wang, Y. (2016). The effect of ryegrass and fertilizer on the 

petroleum contaminated soil remediation. Feb Fresenius Environ Bull, 25(6), 

2243-2250. 

Han, X., Zeng, H., Bartocci, P., Fantozzi, F., and Yan, Y. (2018). Phytohormones and 

effects on growth and metabolites of microalgae: a 

review. Fermentation, 4(2), 25. 

Hankins, S. D., and Hockey, H. P. (1990). The effect of a liquid seaweed extract 

from Ascophyllum nodosum (Fucales, Phaeophyta) on the two-spotted red 

spider mite Tetranychus urticae. In Thirteenth International Seaweed 

Symposium: Proceedings of the Thirteenth International Seaweed 

Symposium held in Vancouver, Canada, August 13–18, 1989 (pp. 555-559). 

Springer Netherlands. 



102 
 

Hanley, M. E., Firth, L. B., and Foggo, A. (2024). Victim of changes? Marine 

macroalgae in a changing world. Annals of Botany, 133(1), 1-16. 

Hannan, M. A., Dash, R., Haque, M. N., Mohibbullah, M., Sohag, A. A. M., Rahman, 

M. A., ... and Moon, I. S. (2020). Neuroprotective potentials of marine algae 

and their bioactive metabolites: Pharmacological insights and therapeutic 

advances. Marine drugs, 18(7), 347 

Haque, F., Banayan, S., Yee, J., and Chiang, Y. W. (2017). Extraction and 

applications of cyanotoxins and other cyanobacterial secondary 

metabolites. Chemosphere, 183, 164-175. 

Harrigan, G. G., Yoshida, W. Y., Moore, R. E., Nagle, D. G., Park, P. U., Biggs, J., 

... and Valeriote, F. A. (1998). Isolation, structure determination, and 

biological activity of dolastatin 12 and lyngbyastatin 1 from Lyngbya 

majuscula/Schizothrix calcicola cyanobacterial assemblages. Journal of 

Natural Products, 61(10), 1221-1225. 

Hassan, S., Meenatchi, R., Pachillu, K., Bansal, S., Brindangnanam, P., Arockiaraj, 

J., ... & Selvin, J. (2022). Identification and characterization of the novel 

bioactive compounds from microalgae and cyanobacteria for pharmaceutical 

and nutraceutical applications. Journal of Basic Microbiology, 62(9), 999-

1029. 

Hau, A. M., Greenwood, J. A., Löhr, C. V., Serrill, J. D., Proteau, P. J., Ganley, I. G., 

... and Ishmael, J. E. (2013). Coibamide A induces mTOR-independent 

autophagy and cell death in human glioblastoma cells. PLoS One, 8(6), 

e65250. 

Hedge DM, Dwivedi BS, Sudhakara-Babu SN (1999) Biofertilizers for cereal 

production in India—a review. Indian J Agric Sci 69(2):73–83 

Hegel, P., Martín, L., Popovich, C., Damiani, C., Pancaldi, S., Pereda, S., and 

Leonardi, P. (2017). Biodiesel production from Neochloris oleoabundans by 

supercritical technology. Chemical Engineering and Processing: Process 

Intensification, 121, 232-239. 



103 
 

Hernández-Herrera, R. M., Virgen-Calleros, G., Ruiz-López, M., Zañudo-

Hernández, J., Délano-Frier, J. P., and Sánchez-Hernández, C. (2014). 

Extracts from green and brown seaweeds protect tomato (Solanum 

lycopersicum) against the necrotrophic fungus Alternaria solani. Journal of 

Applied Phycology, 26, 1607-1614. 

Hoekman, S. K., Broch, A., Robbins, C., Ceniceros, E., and Natarajan, M. (2012). 

Review of biodiesel composition, properties, and specifications. Renewable 

and sustainable energy reviews, 16(1), 143-169. 

Hopes, A., Thomas, D. N., and Mock, T. (2017). Polar microalgae: Functional 

genomics, physiology, and the environment. Psychrophiles: From 

Biodiversity to Biotechnology, 305-344. 

Hu, Z.M., Shan, T.F., Zhang, J., Zhang, Q.S., Critchley, A.T., Choi, H.G. et al. 2021. 

Kelp aquaculture in China; a retrospective and future prospects. Reviews in 

Aquaculture, 13, doi: 10.1111/raq. 12524 

Humbert, J. F., and Fastner, J. (2016). Ecology of cyanobacteria. Handbook of 

cyanobacterial monitoring and cyanotoxin analysis, 9-18. 

Husaini, A. M., and Neri, D. (Eds.). (2016). Strawberry: growth, development and 

diseases. CABI. 

Hwang, Y. S., Jung, G., and Jin, E. (2008). Transcriptome analysis of acclimatory 

responses to thermal stress in Antarctic algae. Biochemical and biophysical 

research communications, 367(3), 635-641. 

Ibraheem IBM, Hamed SM, Abd Elrhman AA, Farag FM, Abdel-Raouf N (2017) 

Antimicrobial activities of some brown macroalgae against some soil borne 

plant pathogens and in vivo man-agement of Solanum melongena root 

diseases. Aust J Basic Appl Sci 11:157–168 

Ibrahim, Y. E., Saleh, A. A., & Al-Saleh, M. A. (2017). Management of asiatic citrus 

canker under field conditions in Saudi Arabia using bacteriophages and 

acibenzolar-S-methyl. Plant disease, 101(5), 761-765. 

Inuzuka, T., Yamamoto, K., Iwasaki, A., Ohno, O., Suenaga, K., Kawazoe, Y., and 

Uemura, D. (2014). An inhibitor of the adipogenic differentiation of 3T3-L1 



104 
 

cells, yoshinone A, and its analogs, isolated from the marine cyanobacterium 

Leptolyngbya sp. Tetrahedron Letters, 55(49), 6711-6714. 

Islam, M. T., Gan, H. M., Ziemann, M., Hussain, H. I., Arioli, T., and Cahill, D. 

(2020). Phaeophyceaean (brown algal) extracts activate plant defense systems 

in Arabidopsis thaliana challenged with Phytophthora cinnamomi. Frontiers 

in plant science, 11, 852. 

Jagadeeswaran, R., Singh, B., and Dubey, J. (2024). Isolation of Pasteuria penetrans, 

an obligate hyper-parasite, infecting root knot nematode, Meloidogyne spp. 

from the rhizosphere of pulses in India. Egyptian Journal of Biological Pest 

Control, 34(1), 9. 

Jagtap, A. S., Sankar, N. P. V., Ghori, R. I., & Manohar, C. S. (2022). Marine 

microbial enzymes for the production of algal oligosaccharides and its 

bioactive potential for application as nutritional supplements. Folia 

Microbiologica, 67(2), 175-191. 

Janzekovic, J. (2015). Organisation for the prohibition of Chemical Weapons 

(OPCW). In International Organizations and the Implementation of the 

Responsibility to Protect (pp. 72-89). Routledge. 

Jarvis, W. R., Gubler, W. D., and Grove, G. G. (2002). Epidemiology of powdery 

mildews in agricultural pathosystems. 

Jaulneau, V., Lafitte, C., Corio-Costet, M. F., Stadnik, M. J., Salamagne, S., Briand, 

X., ... and Dumas, B. (2011). An Ulva armoricana extract protects plants 

against three powdery mildew pathogens. European Journal of Plant 

Pathology, 131, 393-401. 

Jaulneau, V., Lafitte, C., Jacquet, C., Fournier, S., Salamagne, S., Briand, X., ... and 

Dumas, B. (2010). Ulvan, a sulfated polysaccharide from green algae, 

activates plant immunity through the jasmonic acid signaling 

pathway. BioMed Research International, 2010(1), 525291. 

Jayaraj, J., Wan, A., Rahman, M., and Punja, Z. K. (2008). Seaweed extract reduces 

foliar fungal diseases on carrot. Crop Protection, 27(10), 1360-1366. 



105 
 

Jayaraman, J., Norrie, J., and Punja, Z. K. (2011). Commercial extract from the 

brown seaweed Ascophyllum nodosum reduces fungal diseases in greenhouse 

cucumber. Journal of Applied Phycology, 23, 353-361. 

Jimenez-Lopez, C., Pereira, A. G., Lourenço-Lopes, C., García-Oliveira, P., Cassani, 

L., Fraga-Corral, M., ... & Simal-Gandara, J. (2021). Main bioactive phenolic 

compounds in marine algae and their mechanisms of action supporting 

potential health benefits. Food chemistry, 341, 128262. 

 Jokel, M., Salazar, J., Chovancek, E., Sirin, S., & Allahverdiyeva, Y. (2023). 

Screening of several microalgae revealed biopesticide properties of Chlorella 

sorokiniana against the strawberry pathogen Phytophthora cactorum. Journal 

of Applied Phycology, 35(6), 2675-2687. 

Jose, S., Malla, M. A., Renuka, N., Bux, F., and Kumari, S. (2024). Cyanobacteria-

green microalgae consortia enhance soil fertility and plant growth by shaping 

the native soil microbiome of Capsicum annuum. Rhizosphere, 30, 100892 

Junaid, J. M., Dar, N. A., Bhat, T. A., Bhat, A. H., and Bhat, M. A. (2013). 

Commercial biocontrol agents and their mechanism of action in the 

management of plant pathogens. International Journal of Modern Plant and 

Animal Sciences, 1(2), 39-57 

Karseno, M. U., Hussain, N., Shahbaz, A., Hameed, T., Iqbal, H. M., & Bilal, M. 

(2022). Bioprospecting microalgae and cyanobacteria for biopharmaceutical 

applications. Journal of Basic Microbiology, 62(9), 1110-1124. 

Khallil AM, Daghman IM, Fady AA (2015) Antifungal potential in crude extracts 

of five selected brown seaweeds collected from the western Libya coast. J 

Micro Creat 1:103–107 

Khedia, J., Dangariya, M., Nakum, A. K., Agarwal, P., Panda, A., Parida, A. K., ... 

and Agarwal, P. K. (2020). Sargassum seaweed extract enhances 

Macrophomina phaseolina resistance in tomato by regulating phytohormones 

and antioxidative activity. Journal of Applied Phycology, 32, 4373-4384. 



106 
 

Khoddami, A., Wilkes, M. A., and Roberts, T. H. (2013). Techniques for analysis of 

plant phenolic compounds. Molecules, 18(2), 2328-2375. 

Khompatara, K., Pettongkhao, S., Kuyyogsuy, A., Deenamo, N., and Churngchow, 

N. (2019). Enhanced resistance to leaf fall disease caused by Phytophthora 

palmivora in rubber tree seedling by Sargassum polycystum extract. Plants, 

8(6), 168. 

Kim, K. H., Kabir, E., and Jahan, S. A. (2017). Exposure to pesticides and the 

associated human health effects. Science of the total environment, 575, 525-

535. 

Kim, M. J., Shim, C. K., Ko, B. G., & Kim, J. (2020). Effect of the microalga 

Chlorella fusca CHK0059 on strawberry PGPR and biological control of 

Fusarium wilt disease in non-pesticide hydroponic strawberry cultivation. 

Journal of Microbiology and Biotechnology, 30(5), 708. 

Kiss, L. (2003). A review of fungal antagonists of powdery mildews and their 

potential as biocontrol agents. Pest Management Science: formerly Pesticide 

Science, 59(4), 475-483 

Klarzynski, O., Descamps, V., Plesse, B., Yvin, J. C., Kloareg, B., and Fritig, B. 

(2003). Sulfated fucan oligosaccharides elicit defense responses in tobacco 

and local and systemic resistance against tobacco mosaic virus. Molecular 

Plant-Microbe Interactions, 16(2), 115-122. 

Klarzynski, O., Plesse, B., Joubert, J. M., Yvin, J. C., Kopp, M., Kloareg, B., and 

Fritig, B. (2000). Linear β-1, 3 glucans are elicitors of defense responses in 

tobacco. Plant physiology, 124(3), 1027-1038. 

Kleitou, P., Kletou, D. & David, J. 2018, Is Europe ready for integrated multitrophic 

aquaculture? A survey on the perspectives of European farmers and scientists 

with IMTA experience. Aquaculture, 490: 136-148. doi: 

10.1016/j.aquaculture 2018.02.035 



107 
 

Köhl, J., Kolnaar, R., and Ravensberg, W. J. (2019). Mode of action of microbial 

biological control agents against plant diseases: relevance beyond 

efficacy. Frontiers in plant science, 10, 845. 

Koller, M., Salerno, A., Tuffner, P., Koinigg, M., Böchzelt, H., Schober, S., ... and 

Braunegg, G. (2012). Characteristics and potential of micro algal cultivation 

strategies: a review. Journal of Cleaner Production, 37, 377-388. 

Komárek, J. (2003). Coccoid and colonial cyanobacteria. In Freshwater Algae of 

North America (pp. 59-116). Academic press. 

Kordahi, M. A., Ayoub, G. M., & Zayyat, R. M. (2024). A critical review of current 

research on cyanobacterial cells and associated toxins in aquatic 

environments: Occurrence, impact, and treatment methods. Journal of 

Environmental Chemical Engineering, 113931. 

Kostina-Bednarz, M., Płonka, J., and Barchanska, H. (2023). Allelopathy as a source 

of bioherbicides: challenges and prospects for sustainable 

agriculture. Reviews in Environmental Science and Bio/Technology, 22(2), 

471-504. 

Krell, A., Beszteri, B., Dieckmann, G., Glöckner, G., Valentin, K., and Mock, T. 

(2008). A new class of ice-binding proteins discovered in a salt-stress-induced 

cDNA library of the psychrophilic diatom Fragilariopsis cylindrus 

(Bacillariophyceae). European Journal of Phycology, 43(4), 423-433. 

Krumhansl, K. A., Okamoto, D. K., Rassweiler, A., Novak, M., Bolton, J. J., 

Cavanaugh, K. C., ... and Byrnes, J. E. (2016). Global patterns of kelp forest 

change over the past half-century. Proceedings of the National Academy of 

Sciences, 113(48), 13785-13790. 

Kumar, K., and Verma, P. K. (2012). Plant pathogen interactions: crop improvement 

under adverse conditions. In Plant acclimation to environmental stress (pp. 

433-459). New York, NY: Springer New York. 

Kumaran, M., Palanisamy, K. M., Bhuyar, P., Maniam, G. P., Rahim, M. H. A., and 

Govindan, N. (2023). Agriculture of microalgae Chlorella vulgaris for 



108 
 

polyunsaturated fatty acids (PUFAs) production employing palm oil mill 

effluents (POME) for future food, wastewater, and energy nexus. Energy 

Nexus, 9, 100169. 

Kumari, M., Haranahalli Nataraj, B., Prasad, W. G., Ali, S. A., & Behare, P. V. 

(2023). Multi-Faceted bioactivity assessment of an exopolysaccharide from 

Limosilactobacillus fermentum NCDC400: Antioxidant, antibacterial, and 

immunomodulatory proficiencies. Foods, 12(19), 3595. 

Kwan, J. C., Rocca, J. R., Abboud, K. A., Paul, V. J., and Luesch, H. (2008). Total 

structure determination of grassypeptolide, a new marine cyanobacterial 

cytotoxin. Organic Letters, 10(5), 789-792. 

Lam, M. K., and Lee, K. T. (2012). Microalgae biofuels: a critical review of issues, 

problems and the way forward. Biotechnology advances, 30(3), 673-690. 

Landa, M., Blain, S., Christaki, U., Monchy, S., and Obernosterer, I. (2016). Shifts 

in bacterial community composition associated with increased carbon cycling 

in a mosaic of phytoplankton blooms. The ISME journal, 10(1), 39-50. 

Lang-Yona, N., Kunert, A. T., Vogel, L., Kampf, C. J., Bellinghausen, I., Saloga, J., 

... and Fröhlich-Nowoisky, J. (2018). Fresh water, marine and terrestrial 

cyanobacteria display distinct allergen characteristics. Science of the total 

environment, 612, 767-774. 

Laroche, C. (2024). Microalgae and Cyanobacteria EPS: Producing Strains, 

Accumulation and Extraction Strategies, and Valorizations. Microalgal 

Bioengineering, 181-220. 

Lauritano, C., Orefice, I., Procaccini, G., Romano, G., and Ianora, A. (2015). Key 

genes as stress indicators in the ubiquitous diatom Skeletonema marinoi. Bmc 

Genomics, 16, 1-11. 

Lauritano, C., Rizzo, C., Lo Giudice, A., and Saggiomo, M. (2020). Physiological 

and molecular responses to main environmental stressors of microalgae and 

bacteria in polar marine environments. Microorganisms, 8(12), 1957. 



109 
 

Le Mire, G., Siah, A., Marolleau, B., Gaucher, M., Maumené, C., Brostaux, Y., ... 

and Jijakli, M. H. (2019). Evaluation of λ-carrageenan, CpG-ODN, glycine 

betaine, Spirulina platensis, and ergosterol as elicitors for control of 

Zymoseptoria tritici in wheat. Phytopathology, 109(3), 409-417. 

Leal, M. C., Munro, M. H., Blunt, J. W., Puga, J., Jesus, B., Calado, R., ... and 

Madeira, C. (2013). Biogeography and biodiscovery hotspots of macroalgal 

marine natural products. Natural product reports, 30(11), 1380-1390. 

Leao, P. N., Ramos, V., Goncalves, P. B., Viana, F., Lage, O. M., Gerwick, W. H., 

and Vasconcelos, V. M. (2013). Chemoecological screening reveals high 

bioactivity in diverse culturable portuguese marine cyanobacteria. Marine 

Drugs, 11(4), 1316-1335. 

Lee SY (2016) Manufacturing method of microalgae-containing liquid salt for 

weeds elimination in lawn having low salt density. Korea Patent 

KR20160019054A, 18 Feb 

2016. https://worldwide.espacenet.com/patent/search?q=pn%3DKR1016877

42B1 

Li, Y., Naman, C. B., Alexander, K. L., Guan, H., and Gerwick, W. H. (2020). The 

chemistry, biochemistry and pharmacology of marine natural products from 

Leptolyngbya, a chemically endowed genus of cyanobacteria. Marine 

drugs, 18(10), 508. 

Lin, F., Liang, Z., Zhang, P., Wang, W., Sun, X., Wang, F. & Yuan, Y. 2019. 

Preliminary discussion on the development of Saccharina japonica offshore 

aquaculture in China [J]. Progress in Fishery Sciences, 40(1): 161-166. doi: 

10.19663/j.issn2095-9869.20180726002. (in Chinese) 

Liu, C., and Huang, X. (2015). Transcriptome-wide analysis of DEAD-box RNA 

helicase gene family in an Antarctic psychrophilic alga Chlamydomonas sp. 

ICE-L. Extremophiles, 19, 921-931. 

Liu, C., Wang, X., Wang, X., and Sun, C. (2016). Acclimation of Antarctic 

Chlamydomonas to the sea-ice environment: a transcriptomic 

analysis. Extremophiles, 20, 437-450. 

https://worldwide.espacenet.com/patent/search?q=pn%3DKR101687742B1
https://worldwide.espacenet.com/patent/search?q=pn%3DKR101687742B1


110 
 

Liu, F., Liang, Z., Zhang, P., Wang, W., Sun, X., Wang, F. & Yuan, Y. 2019. 

Preliminary discussion on the development of Saccharina japonica offshore 

aquaculture in China [J]. Progress in Fishery Sciences, 40(1): 161-166, doi: 

10.19663/j.issn2095-9869.20180726002. 

Lordan, S., Ross, R. P., and Stanton, C. (2011). Marine bioactives as functional food 

ingredients: potential to reduce the incidence of chronic diseases. Marine 

drugs, 9(6), 1056-1100 

Loureiro, R. R., Reis, R. P., and Critchley, A. T. (2010). In vitro cultivation of three 

Kappaphycus alvarezii (Rhodophyta, Areschougiaceae) variants (green, red 

and brown) exposed to a commercial extract of the brown alga Ascophyllum 

nodosum (Fucaceae, Ochrophyta). Journal of Applied Phycology, 22, 101-

104. 

Loureiro, R. R., Reis, R. P., Berrogain, F. D., and Critchley, A. T. (2012). Extract 

powder from the brown alga Ascophyllum nodosum (Linnaeus) Le Jolis 

(AMPEP): a “vaccine-like” effect on Kappaphycus alvarezii (Doty) Doty ex 

PC Silva. Journal of Applied Phycology, 24, 427-432. 

Lu, Y., and Xu, J. (2015). Phytohormones in microalgae: a new opportunity for 

microalgal biotechnology?. Trends in plant science, 20(5), 273-282. 

Ma, Y., Wang, Z., Yu, C., Yin, Y., and Zhou, G. (2014). Evaluation of the potential 

of 9 Nannochloropsis strains for biodiesel production. Bioresource 

technology, 167, 503-509 

Macario, I. P., Ventura, S. P., Goncalves, F. J., Torres-Acosta, M. A., and Pereira, J. 

L. (2021). The “bright side” of Cyanobacteria: revising the nuisance potential 

and prospecting innovative biotechnology-based solutions to integrate water 

management programs. ACS Sustainable Chemistry and Engineering, 9(21), 

7182-7197. 

Mahadevan, K. (2015). Seaweeds: a sustainable food source. In Seaweed 

sustainability (pp. 347-364). Academic Press. 



111 
 

Maltsev, Y., & Maltseva, K. (2021). Fatty acids of microalgae: Diversity and 

applications. Reviews in Environmental Science and Bio/Technology, 20, 

515-547. 

Maneechote, N., Yingyongnarongkul, B. E., Suksamran, A., and Lumyong, S. 

(2017). Inhibition of Vibrio spp. by 2‐Hydroxyethyl‐11‐hydroxyhexadec‐9‐

enoate of Marine Cyanobacterium Leptolyngbya sp. LT 19. Aquaculture 

Research, 48(5), 2088-2095. 

Mani, S. D., and Nagarathnam, R. (2018). Sulfated polysaccharide from 

Kappaphycus alvarezii (Doty) Doty ex PC Silva primes defense responses 

against anthracnose disease of Capsicum annuum Linn. Algal research, 32, 

121-130. 

Manjunath, M., Kanchan, A., Ranjan, K., Venkatachalam, S., Prasanna, R., 

Ramakrishnan, B., ... and Singh, B. (2016). Beneficial cyanobacteria and 

eubacteria synergistically enhance bioavailability of soil nutrients and yield 

of okra. Heliyon, 2(2). 

Marrez DA, Sultan YY (2016) Antifungal activity of the cyanobacterium 

Microcystis aeruginosa against mycotoxigenic fungi. J Appl Pharm Sci 

6:191–198 

Mateo-Sagasta, J., and Turral, H. (2018). Policy responses. 

Mazrou, Y. S., Makhlouf, A. H., Elseehy, M. M., Awad, M. F., & Hassan, M. M. 

(2020). Antagonistic activity and molecular characterization of biological 

control agent Trichoderma harzianum from Saudi Arabia. Egyptian Journal of 

Biological Pest Control, 30, 1-8. 

Mbachu, A. E., Obianom, A. O., Ogbonna, U. S., Mbachu, N. A., and Okoli, F. A. 

(2022). Mode of attack of microbiological control agents against plant 

pathogens for sustainable agriculture and food security. Asian J. Agric. 

Hortic. Res, 9, 1-16. 

Medina, R. A., Goeger, D. E., Hills, P., Mooberry, S. L., Huang, N., Romero, L. I., 

... and McPhail, K. L. (2008). Coibamide A, a potent antiproliferative cyclic 



112 
 

depsipeptide from the Panamanian marine cyanobacterium Leptolyngbya 

sp. Journal of the American Chemical Society, 130(20), 6324-6325. 

Meénard, R., Alban, S., de Ruffray, P., Jamois, F., Franz, G., Fritig, B., ... and 

Kauffmann, S. (2004). β-1, 3 glucan sulfate, but not β-1, 3 glucan, induces the 

salicylic acid signaling pathway in tobacco and Arabidopsis. The Plant 

Cell, 16(11), 3020-3032. 

Mehdizadeh Allaf, M., and Peerhossaini, H. (2022). Cyanobacteria: model 

microorganisms and beyond. Microorganisms, 10(4), 696. 

Ménard, R., de Ruffray, P., Fritig, B., Yvin, J. C., and Kauffmann, S. (2005). Defense 

and resistance-inducing activities in tobacco of the sulfated β-1, 3 glucan PS3 

and its synergistic activities with the unsulfated molecule. Plant and cell 

physiology, 46(12), 1964-1972. 

Mendes, R., Garbeva, P., and Raaijmakers, J. M. (2013). The rhizosphere 

microbiome: significance of plant beneficial, plant pathogenic, and human 

pathogenic microorganisms. FEMS microbiology reviews, 37(5), 634-663. 

Mercier, L., Lafitte, C., Borderies, G., Briand, X., Esquerré‐Tugayé, M. T., and 

Fournier, J. (2001). The algal polysaccharide carrageenans can act as an 

elicitor of plant defence. New phytologist, 149(1), 43-51. 

Meszka, B., and Bielenin, A. (2011). Activity of laminarin in control of strawberry 

diseases. 

Michalak, I., Chojnacka, K., and Saeid, A. (2017). Plant growth biostimulants, 

dietary feed supplements and cosmetics formulated with supercritical CO2 

algal extracts. Molecules, 22(1), 66. 

Michalak, M. (2022). Plant-derived antioxidants: Significance in skin health and the 

ageing process. International journal of molecular sciences, 23(2), 585. 

Milgroom, M. G., and Cortesi, P. (2004). Biological control of chestnut blight with 

hypovirulence: a critical analysis. Annu. Rev. Phytopathol., 42(1), 311-338. 

Mishra, A. K. (Ed.). (2024). Stress Biology in Photosynthetic Organisms: Molecular 

Insights and Cellular Responses. Springer Nature. 



113 
 

Mock, T., and Thomas, D. N. (2008). Microalgae in polar regions: linking functional 

genomics and physiology with environmental conditions. In Psychrophiles: 

from biodiversity to biotechnology (pp. 285-312). Berlin, Heidelberg: 

Springer Berlin Heidelberg. 

Mock, T., and Valentin, K. (2004). Photosynthesis and cold acclimation: molecular 

evidence from a polar diatom 1. Journal of Phycology, 40(4), 732-741. 

Mock, T., Otillar, R. P., Strauss, J., McMullan, M., Paajanen, P., Schmutz, J., ... and 

Grigoriev, I. V. (2017). Evolutionary genomics of the cold-adapted diatom 

Fragilariopsis cylindrus. Nature, 541(7638), 536-540. 

Mógor G, Mógor AF, Orgog V, Molnár Z (2019) Hidrólise enzimática da biomassa 

de microalga e obtenção de produto à base de aminoácidos livres para uso 

agrícola. Brazilian Patent 102019006567-2, 01 Abr 

2019. http://www.inovacao.ufpr.br/portal/wp-

content/uploads/2020/10/Carta-Patente-BR-102019006567-2.pdf 

Mohamed, H. I., El-Beltagi, H. E. D. S., and Abd-Elsalam, K. A. (Eds.). (2021). 

Plant growth-promoting microbes for sustainable biotic and abiotic stress 

management. Springer International Publishing. 

Mohanty, S. S., & Mohanty, K. (2023). Valorization of Chlorella thermophila 

biomass cultivated in dairy wastewater for biopesticide production against 

bacterial rice blight: a circular biorefinery approach. BMC Plant Biology, 

23(1), 644. 

Moo LS, Min RC (2019) Composition for improving immunity of plant comprising 

cultural filtrate of Chlorella sp. Korean Patent KR20180009322A, 25 Jan 

2018. https://worldwide.espacenet.com/patent/search?q=pn%3DKR2019009

0526A 

Moreira, A., Cruz, S., Marques, R., and Cartaxana, P. (2022). The underexplored 

potential of green macroalgae in aquaculture. Reviews in Aquaculture, 14(1), 

5-26. 

Morgan-Kiss, R. M., Priscu, J. C., Pocock, T., Gudynaite-Savitch, L., and Huner, N. 

P. (2006). Adaptation and acclimation of photosynthetic microorganisms to 

http://www.inovacao.ufpr.br/portal/wp-content/uploads/2020/10/Carta-Patente-BR-102019006567-2.pdf
http://www.inovacao.ufpr.br/portal/wp-content/uploads/2020/10/Carta-Patente-BR-102019006567-2.pdf
https://worldwide.espacenet.com/patent/search?q=pn%3DKR20190090526A
https://worldwide.espacenet.com/patent/search?q=pn%3DKR20190090526A


114 
 

permanently cold environments. Microbiology and molecular biology 

reviews, 70(1), 222-252. 

Moss, N. A., Leao, T., Glukhov, E., Gerwick, L., and Gerwick, W. H. (2018). 

Collection, culturing, and genome analyses of tropical marine filamentous 

benthic cyanobacteria. In Methods in Enzymology (Vol. 604, pp. 3-43). 

Academic Press. 

Mota, R., Flores, C., & Tamagnini, P. (2022). Cyanobacterial extracellular polymeric 

substances (EPS). In Polysaccharides of microbial origin: biomedical 

applications (pp. 139-165). Cham: Springer International Publishing. 

Moubayed NMS, Al Houri HJ, AlKhulaifi MM, Al Farraj DA (2017) Antimicrobial, 

antioxidant properties and chemical composition of seaweeds collected from 

Saudi Arabia (Red Sea and Arabian gulf). Saudi J Biol Sci 24:162–169 

Mouro, C., Gomes, A. P., & Gouveia, I. C. (2024). Microbial exopolysaccharides: 

structure, diversity, applications, and future frontiers in sustainable functional 

materials. Polysaccharides, 5(3), 241-287. 

Nascimento, I. A., Marques, S. S. I., Cabanelas, I. T. D., Pereira, S. A., Druzian, J. 

I., de Souza, C. O., ... and Nascimento, M. A. (2013). Screening microalgae 

strains for biodiesel production: lipid productivity and estimation of fuel 

quality based on fatty acids profiles as selective criteria. Bioenergy 

research, 6, 1-13. 

Nawaz, T., Gu, L., Fahad, S., Saud, S., Jiang, Z., Hassan, S., ... & Zhou, R. (2023). 

A comprehensive review of the therapeutic potential of cyanobacterial marine 

bioactives: Unveiling the hidden treasures of the sea. Food and Energy 

Security, 12(5), e495. 

Nega, A. (2014). Review on concepts in biological control of plant pathogens. 

Journal of Biology, Agriculture and Healthcare, 4(27), 33-54. 

Ngala, B. M., Valdes, Y., Dos Santos, G., Perry, R. N., and Wesemael, W. M. 

(2016). Seaweed-based products from Ecklonia maxima and Ascophyllum 

nodosum as control agents for the root-knot nematodes Meloidogyne 



115 
 

chitwoodi and Meloidogyne hapla on tomato plants. Journal of Applied 

Phycology, 28, 2073-2082. 

Nikkanen, L., Solymosi, D., Jokel, M., and Allahverdiyeva, Y. (2021). Regulatory 

electron transport pathways of photosynthesis in cyanobacteria and 

microalgae: Recent advances and biotechnological prospects. Physiologia 

Plantarum, 173(2), 514-525. 

Oksana, S., Marian, B., Mahendra, R., and Bo, S. H. (2012). Plant phenolic 

compounds for food, pharmaceutical and cosmetiсs production. Journal of 

Medicinal Plants Research, 6(13), 2526-2539. 

Oostlander, P. C., van Houcke, J., Wijffels, R. H., and Barbosa, M. J. (2020). 

Microalgae production cost in aquaculture hatcheries. Aquaculture, 525, 

735310. 

Ördög, V., Stirk, W. A., Van Staden, J., Novák, O., and Strnad, M. (2004). 

Endogenous cytokinins in three genera of microalgae from the Chlorophyta 

1. Journal of Phycology, 40(1), 88-95. 

Pachauri, R. K., Allen, M. R., Barros, V. R., Broome, J., Cramer, W., Christ, R., ... 

and van Ypserle, J. P. (2014). Climate change 2014: synthesis report. 

Contribution of Working Groups I, II and III to the fifth assessment report of 

the Intergovernmental Panel on Climate Change (p. 151). Ipcc. 

Paerl, H. W., and Huisman, J. (2009). Climate change: a catalyst for global expansion 

of harmful cyanobacterial blooms. Environmental microbiology reports, 1(1), 

27-37. 

Paerl, H. W., and Paul, V. J. (2012). Climate change: links to global expansion of 

harmful cyanobacteria. Water research, 46(5), 1349-1363. 

Pal, K. K. (2006). Brian McSpadden Gardener 2. Plant Health, 6. 

Palmisano, A. C., Beeler SooHoo, J., and Sullivan, C. W. (1987). Effects of four 

environmental variables on photosynthesis-irradiance relationships in 

Antarctic sea-ice microalgae. Marine Biology, 94, 299-306. 



116 
 

Pan, S., Jeevanandam, J., and Danquah, M. K. (2019). Benefits of algal extracts in 

sustainable agriculture. Grand Challenges in Algae Biotechnology, 501-534. 

Pande, G.S.J., Natrah, F.M.I., Flandez, A.V.B., Kumar, U., Niu, Y., Bossier, P., and 

Defoirdt, T. (2015) Isolation of AHL-degrading bacteria from micro-algal 

cultures and their impact on algal growth and on virulence of Vibrio 

campbellii to prawn larvae. Appl Microbiol Biotechnol  99:  10805–10813. 

Pandit, M. A., Kumar, J., Gulati, S., Bhandari, N., Mehta, P., Katyal, R., ... and Kaur, 

J. (2022). Major biological control strategies for plant 

pathogens. Pathogens, 11(2), 273. 

Panjehkeh, N., and Abkhoo, J. (2016). Influence of marine brown alga extract 

(Dalgin) on damping-off tolerance of tomato. J. Mater. Environ. Sci, 7, 2369-

2374. 

Paris, F., Krzyżaniak, Y., Gauvrit, C., Jamois, F., Domergue, F., Joubès, J., ... and 

Trouvelot, S. (2016). An ethoxylated surfactant enhances the penetration of 

the sulfated laminarin through leaf cuticle and stomata, leading to increased 

induced resistance against grapevine downy mildew. Physiologia 

plantarum, 156(3), 338-350. 

Park, S., Jung, G., Hwang, Y. S., and Jin, E. (2010). Dynamic response of the 

transcriptome of a psychrophilic diatom, Chaetoceros neogracile, to high 

irradiance. Planta, 231, 349-360. 

Paśmionka, I. B., Bulski, K., Herbut, P., Boligłowa, E., Vieira, F. M. C., Bonassa, 

G., Bortoli, M., & Prá, M. C. d. (2021). Toxic Effect of Ammonium Nitrogen 

on the Nitrification Process and Acclimatisation of Nitrifying Bacteria to High 

Concentrations of NH4-N in Wastewater. Energies, 14(17), 5329. 

Pastrana, A. M., Basallote-Ureba, M. J., Aguado, A., Akdi, K., and Capote, N. 

(2016). Biological control of strawberry soil-borne pathogens Macrophomina 

phaseolina and Fusarium solani, using Trichoderma asperellum and Bacillus 

spp. Phytopathologia mediterranea, 109-120. 



117 
 

Patel, A. K., Albarico, F. P. J. B., Perumal, P. K., Vadrale, A. P., Nian, C. T., Chau, 

H. T. B., ... & Singhania, R. R. (2022). Algae as an emerging source of 

bioactive pigments. Bioresource technology, 351, 126910. 

Patel, A., Mishra, S., and Ghosh, P. K. (2006). Antioxidant potential of C-

phycocyanin isolated from cyanobacterial species Lyngbya, Phormidium and 

Spirulina spp 

Pattanaik, B., and Lindberg, P. (2015). Terpenoids and their biosynthesis in 

cyanobacteria. Life, 5(1), 269-293. 

Paulert, R., Ebbinghaus, D., Urlass, C., and Moerschbacher, B. M. (2010). Priming 

of the oxidative burst in rice and wheat cell cultures by ulvan, a 

polysaccharide from green macroalgae, and enhanced resistance against 

powdery mildew in wheat and barley plants. Plant pathology, 59(4), 634-642. 

Paulert, R., Talamini, V., Cassolato, J. E. F., Duarte, M. E. R., Noseda, M. D., Smania 

Jr, A., and Stadnik, M. J. (2009). Effects of sulfated polysaccharide and 

alcoholic extracts from green seaweed Ulva fasciata on anthracnose severity 

and growth of common bean (Phaseolus vulgaris L.)/Die Wirkung von 

sulfonierten Polysacchariden und alkoholischen Extrakten aus der Grünalge 

Ulva fasciata auf den Anthracnosebefall und das Wachstum von 

Buschbonenpflanzen (Phaseolus vulgaris L.). Journal of Plant Diseases and 

Protection, 263-270. 

Pavela, R., & Benelli, G. (2016). Essential oils as ecofriendly biopesticides? 

Challenges and constraints. Trends in plant science, 21(12), 1000-1007. 

Pereira, A. R., Cao, Z., Engene, N., Soria-Mercado, I. E., Murray, T. F., and Gerwick, 

W. H. (2010). Palmyrolide A, an unusually stabilized neuroactive macrolide 

from Palmyra Atoll cyanobacteria. Organic letters, 12(20), 4490-4493. 

Pereira, L. (2021). Macroalgae. Encyclopedia, 1(1), 177-188. 

Pereira, S. B., Mota, R., Santos, C. L., Vasconcelos, V., & Tamagnini, P. (2013). 

Potential Biotechnological Applications of Cyanobacterial 



118 
 

Exopolysaccharides. Brazilian Archives of Biology and Technology, 56(3), 

366–375. https://doi.org/10.1590/S1516-89132013000300002 

Pessarrodona, A., Assis, J., Filbee-Dexter, K., Burrows, M. T., Gattuso, J. P., Duarte, 

C. M., ... and Wernberg, T. (2022). Global seaweed productivity. Science 

Advances, 8(37), eabn2465. 

Pettit, G. R., Kamano, Y., Fujii, Y., Herald, C. L., Inoue, M., Brown, P., ... and 

Michael, C. (1981). Marine animal biosynthetic constituents for cancer 

chemotherapy. Journal of natural products, 44(4), 482-485. 

Pettit, G., Kamano, Y., Kizu, H., Dufresne, C., Herald, C. L., Bontems, R. J., ... and 

Nieman, R. A. (1989). Isolation and structure of the cell growth inhibitory 

depsipeptides dolastatins 11 and 12. Heterocycles, 28(2), 553-558. 

Pettongkhao, S., Bilanglod, A., Khompatara, K., and Churngchow, N. (2019). 

Sulphated polysaccharide from Acanthophora spicifera induced Hevea 

brasiliensis defense responses against Phytophthora palmivora 

infection. Plants, 8(3), 73. 

Pimentel, M.F., Armao, E., Warner, A.J., Rocha, L.F., Subedi, A., Elsharif, N., 

Chilvers, M.I., Matthiesen, R., Robertson, A.E., Bradley, C.A. and Neves, 

D.L., (2022). Reduction of Pythium damping-off in soybean by biocontrol 

seed treatment. Plant Disease, 106(9), pp.2403-2414. 

Pisciotta, J. M., Zou, Y., and Baskakov, I. V. (2010). Light-dependent electrogenic 

activity of cyanobacteria. PloS one, 5(5), e10821. 

Pradhan, B., Nayak, R., Patra, S., Jit, B. P., Ragusa, A., and Jena, M. (2020). 

Bioactive metabolites from marine algae as potent pharmacophores against 

oxidative stress-associated human diseases: A comprehensive 

review. Molecules, 26(1), 37 

Prasanna, R. (2013). New insights into the biodiversity and applications of 

cyanobacteria (blue-green algae)—Prospects and challenges. Algal Res. 2(2), 

79-97 

https://doi.org/10.1590/S1516-89132013000300002


119 
 

Prasanna, R., Bidyarani, N., Babu, S., Hossain, F., Shivay, Y. S., and Nain, L. (2015). 

Cyanobacterial inoculation elicits plant defense response and enhanced Zn 

mobilization in maize hybrids. Cogent Food and Agriculture, 1(1), 998507. 

Prasanna, R., Nain, L., Tripathi, R., Gupta, V., Chaudhary, V., Middha, S., ... & 

Kaushik, B. D. (2008). Evaluation of fungicidal activity of extracellular 

filtrates of cyanobacteria–possible role of hydrolytic enzymes. Journal of 

basic microbiology, 48(3), 186-194. 

Pratt, R., et al., 1944. Chlorellin, an antibacterial substance from Chlorella. Science 

(Washington), 351-352. 

Pugliese, M., Monchiero, M., Gullino, M. L., and Garibaldi, A. (2018). Application 

of laminarin and calcium oxide for the control of grape powdery mildew on 

Vitis vinifera cv. Moscato. Journal of Plant Diseases and Protection, 125, 477-

482. 

Qiao, M., Hong, C., Jiao, Y., Hou, S., & Gao, H. (2024). Impacts of drought on 

photosynthesis in major food crops and the related mechanisms of plant 

responses to drought. Plants, 13(13), 1808. 

Quilliam, R. S., Taylor, J., and Oliver, D. M. (2019). The disparity between 

regulatory measurements of E. coli in public bathing waters and the public 

expectation of bathing water quality. Journal of environmental 

management, 232, 868-874. 

Rajesh, K., Rohit, M. V., and Mohan, S. V. (2017). Microalgae-based carotenoids 

production. In Algal green chemistry (pp. 139-147). Elsevier. 

Ramkissoon, A., Ramsubhag, A., and Jayaraman, J. (2017). Phytoelicitor activity of 

three Caribbean seaweed species on suppression of pathogenic infections in 

tomato plants. Journal of Applied Phycology, 29(6), 3235-3244. 

Raposo, M. F. D. J., Morais, A. M. M. B. D., and Morais, R. M. S. C. D. (2015). 

Carotenoids from marine microalgae: A valuable natural source for the 

prevention of chronic diseases. Marine drugs, 13(8), 5128-5155. 



120 
 

Ravichandran, J., Babu, L., Jayalakshmi, K. B., Manivel, M., Ramudu, K. N., 

Ponesakki, G., & Stephen, N. M. (2024). Phenolic Compounds from Marine 

Organisms and Their Biofunctional Properties. Science and Engineering of 

Polyphenols: Fundamentals and Industrial Scale Applications, 452-478. 

Ray, S., Abraham, J., Jordan, N., Lindsay, M., & Chauhan, N. (2022). Synthetic, 

photosynthetic, and chemical strategies to enhance carbon dioxide fixation. 

C, 8(1), 18. 

Raymaekers, K., Ponet, L., Holtappels, D., Berckmans, B., and Cammue, B. P. 

(2020). Screening for novel biocontrol agents applicable in plant disease 

management–a review. Biological Control, 144, 104240. 

Rechter, S., König, T., Auerochs, S., Thulke, S., Walter, H., Dörnenburg, H., ... and 

Marschall, M. (2006). Antiviral activity of Arthrospira-derived spirulan-like 

substances. Antiviral research, 72(3), 197-206. 

Rekanović, E., Potočnik, I., Milijašević-Marčić, S., Stepanović, M., Todorović, B., 

and Mihajlović, M. (2010). Efficacy of seaweed concentrate from Ecklonia 

maxima (Osbeck) and conventional fungicides in the control of Verticillium 

wilt of pepper. Pesticidi i fitomedicina, 25(4), 319-324. 

Renard-Merlier, D., Randoux, B., Nowak, E., Farcy, F., Durand, R., and Reignault, 

P. (2007). Iodus 40, salicylic acid, heptanoyl salicylic acid and trehalose 

exhibit different efficacies and defence targets during a wheat/powdery 

mildew interaction. Phytochemistry, 68(8), 1156-1164. 

Rengasamy, K. R., Kulkarni, M. G., Pendota, S. C., and Van Staden, J. (2016). 

Enhancing growth, phytochemical constituents and aphid resistance capacity 

in cabbage with foliar application of eckol–a biologically active phenolic 

molecule from brown seaweed. New biotechnology, 33(2), 273-279. 

Renuka, N., Guldhe, A., Prasanna, R., Singh, P., and Bux, F. (2018). Microalgae as 

multi-functional options in modern agriculture: current trends, prospects and 

challenges. Biotechnology advances, 36(4), 1255-1273. 



121 
 

Righini, H., and Roberti, R. (2019). Algae and cyanobacteria as biocontrol agents of 

fungal plant pathogens. Plant microbe interface, 219-238 

Righini, H., Francioso, O., Di Foggia, M., Martel Quintana, A., & Roberti, R. (2021). 

Assessing the potential of the terrestrial cyanobacterium Anabaena 

minutissima for controlling Botrytis cinerea on tomato fruits. Horticulturae, 

7(8), 210. 

Righini, H., Francioso, O., Martel Quintana, A., and Roberti, R. (2022). 

Cyanobacteria: a natural source for controlling agricultural plant diseases 

caused by fungi and oomycetes and improving plant 

growth. Horticulturae, 8(1), 58. 

Righini, H., Roberti, R., & Quintana, A. M. (2020). Biocontrol of Rhizoctonia solani 

by water extracts from Chlorella sp. and Halopithys sp. OPEN ACCESS 

JOURNAL OF AGRICULTURE RESEARCH, 2(2), 1-7. 

Rizzo, D. M., Lichtveld, M., Mazet, J. A., Togami, E., and Miller, S. A. (2021). Plant 

health and its effects on food safety and security in a One Health framework: 

four case studies. One health outlook, 3(1), 6. 

Roberti R, Righini H, Pérez Reyes C (2016) Activity of seaweed and cyanobacteria 

water extracts against Podosphaera xanthii on zucchini. Ital J Mycol 45:66–

77 

Rocha, R. S., Beati, A. A. G. F., Valim, R. B., Steter, J. R., Bertazzoli, R., and Lanza, 

M. R. V. (2018). Evaluation of degradation by-products of the herbicide 

ametrine obtained via advanced oxidative processes.(Avaliação dos 

subprodutos de degradação do herbicida ametrina obtidos via processos 

oxidativos avançados). Rev. Brasil. Engenh. Biossistemas, 12, 52-67. 

Rodriguez-Garcia, A., Hosseini, S., Martinez-Chapa, S. O., and Cordell, G. A. 

(2017). Multi-target activities of selected alkaloids and terpenoids. Mini-

Reviews in Organic Chemistry, 14(4), 272-279. 

Romero, D., De Vicente, A., Zeriouh, H., Cazorla, F. M., Fernández‐Ortuño, D., 

Torés, J. A., and Pérez‐García, A. (2007). Evaluation of biological control 



122 
 

agents for managing cucurbit powdery mildew on greenhouse‐grown 

melon. Plant Pathology, 56(6), 976-986. 

Ronga, D., Biazzi, E., Parati, K., Carminati, D., Carminati, E., and Tava, A. (2019). 

Microalgal biostimulants and biofertilisers in crop productions. Agronomy, 

9(4), 192. 

Russo, A. D. A. P. G., de Souza, M. S., Mendes, C. R. B., Jesus, B., Tavano, V. M., 

and Garcia, C. A. E. (2015). Photophysiological effects of Fe concentration 

gradients on diatom-dominated phytoplankton assemblages in the Antarctic 

Peninsula region. Journal of Experimental Marine Biology and Ecology, 466, 

49-58. 

Rust, N. A., Ridding, L., Ward, C., Clark, B., Kehoe, L., Dora, M., ... and West, N. 

(2020). How to transition to reduced-meat diets that benefit people and the 

planet. Science of the Total Environment, 718, 137208. 

Ryu, C. M., Farag, M. A., Hu, C. H., Reddy, M. S., Wei, H. X., Paré, P. W., and 

Kloepper, J. W. (2003). Bacterial volatiles promote growth in 

Arabidopsis. Proceedings of the National Academy of Sciences, 100(8), 

4927-4932 

Saeed, M. U., Hussain, N., Shahbaz, A., Hameed, T., Iqbal, H. M., & Bilal, M. 

(2022). Bioprospecting microalgae and cyanobacteria for biopharmaceutical 

applications. Journal of Basic Microbiology, 62(9), 1110-1124. 

Sakamoto, Y., Mori, K., Matsuo, Y., Mukojima, N., Watanabe, W., Sobaru, N., ... 

and Chaya, M. (2017). Breeding of a new potato variety ‘Nagasaki 

Kogane’with high eating quality, high carotenoid content, and resistance to 

diseases and pests. Breeding science, 67(3), 320-326. 

Salim, D., De Caro, P., Merah, O., and Chbani, A. (2020). Control of post-harvest 

citrus green mold using Ulva lactuca extracts as a source of active substances. 

International Journal of Bio-resource and Stress Management, 11(3), 287-

296. 



123 
 

Samhan, A. (2008). Assessment of the ability of microalgae in removal of some 

industrial wastewater pollutants. M. Sc. Thesis, Botany Dept., Fac. of Sci., 

Beni-Suef University, Egypt. 

Sangha, J. S., Kandasamy, S., Khan, W., Bahia, N. S., Singh, R. P., Critchley, A. T., 

and Prithiviraj, B. (2015). λ-carrageenan suppresses tomato chlorotic dwarf 

viroid (TCDVd) replication and symptom expression in tomatoes. Marine 

drugs, 13(5), 2875-2889. 

Sangha, J. S., Khan, W., Ji, X., Zhang, J., Mills, A. A., Critchley, A. T., and 

Prithiviraj, B. (2011). Carrageenans, sulphated polysaccharides of red 

seaweeds, differentially affect Arabidopsis thaliana resistance to Trichoplusia 

ni (Cabbage Looper). Plos one, 6(10), e26834. 

Sangha, J. S., Ravichandran, S., Prithiviraj, K., Critchley, A. T., and Prithiviraj, B. 

(2010). Sulfated macroalgal polysaccharides λ-carrageenan and ι-carrageenan 

differentially alter Arabidopsis thaliana resistance to Sclerotinia 

sclerotiorum. Physiological and molecular plant pathology, 75(1-2), 38-45. 

Santoyo, S., & Herrero, M. (2021). Bioactive Metabolites Produced by 

Cyanobacteria for Growth Inhibition of Microalgae and Cyanobacteria. 

Biology, 10(10), 1061. https://doi.org/10.3390/biology10101061 

Sapkota, M., Li, L., Choi, H., Gerwick, W. H., and Soh, Y. (2015). Bromo-honaucin 

A inhibits osteoclastogenic differentiation in RAW 264.7 cells via Akt and 

ERK signaling pathways. European journal of pharmacology, 769, 100-109. 

Sbaihat, L., Takeyama, K., Koga, T., Takemoto, D., and Kawakita, K. (2015). 

Induced resistance in Solanum lycopersicum by algal elicitor extracted from 

Sargassum fusiforme. The Scientific World Journal, 2015(1), 870520. 

Schiener P, Black KD, Stanley MS, Green DH (2015) The seasonal variation in the 

chemical com-position of the kelp species Laminaria digitata, Laminaria 

hyperborea, Saccharina latissima and Alaria esculenta. J Appl Phycol 27:363–

373 

https://doi.org/10.3390/biology10101061


124 
 

Schipper, K., Fortunati, F., Oostlander, P. C., Al Muraikhi, M., Al Jabri, H. M. S., 

Wijffels, R. H., and Barbosa, M. J. (2020). Production of phycocyanin by 

Leptolyngbya sp. in desert environments. Algal Research, 47, 101875. 

Schirrmeister, B. E., Antonelli, A., and Bagheri, H. C. (2011). The origin of 

multicellularity in cyanobacteria. BMC evolutionary biology, 11, 1-21. 

Schopf, J. W. (1993). Microfossils of the Early Archean Apex chert: new evidence 

of the antiquity of life. Science, 260(5108), 640-646. 

Sekar, S., and Chandramohan, M. (2008). Phycobiliproteins as a commodity: trends 

in applied research, patents and commercialization. Journal of Applied 

Phycology, 20, 113-136. 

Selvaraju, P., and Vijayakumar, A. (2016). Evaluation of antifungal activity of 

seaweed extract (Turbinaria conoides) against Fusarium oxysporum. Journal 

of Applied and Natural Science, 8(1), 60-62. 

Shah, S. T., Basit, A., Ullah, I., & Mohamed, H. I. (2021). Cyanobacteria and algae 

as biocontrol agents against fungal and bacterial plant pathogens. Plant 

Growth-Promoting Microbes for Sustainable Biotic and Abiotic Stress 

Management, 1-23. 

Sharma P, Sharma N (2017) Industrial and biotechnological applications of algae: a 

review. J Adv Plant Biol 1:1–25 

Sharma, A., Kumar, V., Shahzad, B., Tanveer, M., Sidhu, G. P. S., Handa, N., ... and 

Thukral, A. K. (2019). Worldwide pesticide usage and its impacts on 

ecosystem. SN Applied Sciences, 1, 1-16. 

Sharma, H. S., Fleming, C., Selby, C., Rao, J. R., and Martin, T. (2014). Plant 

biostimulants: a review on the processing of macroalgae and use of extracts 

for crop management to reduce abiotic and biotic stresses. Journal of applied 

phycology, 26, 465-490. 

Sharma, K. K., Tripathy, V., Gopal, M., and Walia, S. (2019). Good agricultural 

practices and monitoring of herbicide residues in India. Herbicide Residue 

Research in India, 443-465. 



125 
 

Shestakov, S. V., and Karbysheva, E. A. (2017). The origin and evolution of 

cyanobacteria. Biology Bulletin Reviews, 7, 259-272. 

Shetty, P., Gitau, M. M., and Maróti, G. (2019). Salinity stress responses and 

adaptation mechanisms in eukaryotic green microalgae. Cells, 8(12), 1657. 

Shim, S.Y.; Choi, J.S.; Byun, D.S. Inhibitory effects of phloroglucinol derivatives 

isolated from Ecklonia stolonifera on FcεRI expression. Bioorg. Med. Chem. 

2009, 17, 4734–4739 

Shukla, P. S., Borza, T., Critchley, A. T., & Prithiviraj, B. (2021). Seaweed-based 

compounds and products for sustainable protection against plant 

pathogens. Marine drugs, 19(2), 59. 

Shukla, P. S., Borza, T., Critchley, A. T., and Prithiviraj, B. (2016). Carrageenans 

from red seaweeds as promoters of growth and elicitors of defense response 

in plants. Frontiers in Marine Science, 3, 81. 

Singh, A., Ummalyma, S. B., & Sahoo, D. (2020). Bioremediation and biomass 

production of microalgae cultivation in river water contaminated with 

pharmaceutical effluent. Bioresource technology, 307, 123233. 

Singh, J. S., and Strong, P. J. (2016). Biologically derived fertilizer: a multifaceted 

bio-tool in methane mitigation. Ecotoxicology and environmental safety, 124, 

267-276. 

Singh, J. S., Kumar, A., Rai, A. N., and Singh, D. P. (2016). Cyanobacteria: a 

precious bio-resource in agriculture, ecosystem, and environmental 

sustainability. Frontiers in microbiology, 7, 529. 

Singh, R. P., Prasad, D., and Gangwar, S. K. (2020).  bacterial bio-agents: a classical 

biological weapon against plant disease management. Society for science and 

nature. 

Singh, R., Parihar, P., Singh, M., Bajguz, A., Kumar, J., Singh, S., ... and Prasad, S. 

M. (2017). Uncovering potential applications of cyanobacteria and algal 

metabolites in biology, agriculture and medicine: current status and future 

prospects. Frontiers in microbiology, 8, 515. 



126 
 

Singh, S. S., Kunui, K., Minj, R. A., and Singh, P. (2014). Diversity and distribution 

pattern analysis of cyanobacteria isolated from paddy fields of Chhattisgarh, 

India. Journal of Asia-Pacific Biodiversity, 7(4), 462-470. 

Sithole, N., Gupta, S., Dube, Z., Ogbe, A., and Van Staden, J. (2023). Algae and 

cyanobacteria-based biostimulants in controlling plant-parasitic nematodes: a 

sustainable approach for crop protection. Phytoparasitica, 51(4), 803-813. 

Soliman, A. S., Ahmed, A. Y., Abdel-Ghafour, S. E., El-Sheekh, M. M., and Sobhy, 

H. M. (2018). Antifungal bio-efficacy of the red algae Gracilaria confervoides 

extracts against three pathogenic fungi of cucumber plant. Middle East J. 

Appl. Sci, 8(3), 727-735. 

Somai-Jemmali, L., Siah, A., Randoux, B., Magnin-Robert, M., Halama, P., 

Hamada, W., and Reignault, P. (2020). Brown alga Ascophyllum nodosum 

extract-based product, Dalgin Active®, triggers defense mechanisms and 

confers protection in both bread and durum wheat against Zymoseptoria 

tritici. Journal of Applied Phycology, 32, 3387-3399. 

Srivastava, R., Prajapati, R., Kanda, T., Yadav, S., Singh, N., Yadav, S., ... & Atri, N. 

(2022). Phycochemistry and bioactivity of cyanobacterial secondary 

metabolites. Molecular biology reports, 49(11), 11149-11167. 

Stal, L. J. (2023). Cyanobacteria, diversity and evolution of. In Encyclopedia of 

astrobiology (pp. 735-740). Berlin, Heidelberg: Springer Berlin Heidelberg. 

Stirk, W. A., & van Staden, J. (2022). Bioprospecting for bioactive compounds in 

microalgae: Antimicrobial compounds. Biotechnology advances, 59, 107977. 

Subramanian, S., Sangha, J. S., Gray, B. A., Singh, R. P., Hiltz, D., Critchley, A. T., 

and Prithiviraj, B. (2011). Extracts of the marine brown macroalga, 

Ascophyllum nodosum, induce jasmonic acid dependent systemic resistance 

in Arabidopsis thaliana against Pseudomonas syringae pv. tomato DC3000 

and Sclerotinia sclerotiorum. European journal of plant pathology, 131, 237-

248. 



127 
 

Suffrian, K., Schulz, K. G., Gutowska, M. A., Riebesell, U., and Bleich, M. (2011). 

Cellular pH measurements in Emiliania huxleyi reveal pronounced membrane 

proton permeability. New Phytologist, 190(3), 595-608. 

Thiebeauld de La Crouee O, Thomas Y (2016) Extrait cellulaire d’une ou plusieurs 

micro-algues du genre Amphidinium pour son activite fongicide et/ou 

bactericide sur les champignons, les oomycetes et/ou bacteries pathogenes des 

plantes et semences de culture. French Patent FR1655263A, 08 Jun 

2016. https://worldwide.espacenet.com/patent/search?q=pn%3DFR3052337

B1 

Thompson, T. M., Young, B. R., and Baroutian, S. (2019). Advances in the 

pretreatment of brown macroalgae for biogas production. Fuel Processing 

Technology, 195, 106151. 

Thornburg, C. C. (2013). Investigation of unique marine environments for microbial 

natural products. Oregon State University. 

Thornburg, C. C., Thimmaiah, M., Shaala, L. A., Hau, A. M., Malmo, J. M., Ishmael, 

J. E., ... and McPhail, K. L. (2011). Cyclic depsipeptides, grassypeptolides D 

and E and Ibu-epidemethoxylyngbyastatin 3, from a Red Sea Leptolyngbya 

cyanobacterium. Journal of natural products, 74(8), 1677-1685. 

Toma, J. J., & Aziz, F. H. (2023). Antibacterial activity of three algal genera against 

some pathogenic bacteria. Baghdad Science Journal, 20(1), 0032-0032. 

Toribio, A. J., Jurado, M. M., Suárez-Estrella, F., López-González, J. A., Martínez-

Gallardo, M. R., and López, M. J. (2021). Application of sonicated extracts of 

cyanobacteria and microalgae for the mitigation of bacterial canker in tomato 

seedlings. Journal of Applied Phycology, 33, 3817-3829. 

Torstensson, A., Fransson, A., Currie, K., Wulff, A., and Chierici, M. (2018). 

Microalgal photophysiology and macronutrient distribution in summer sea ice 

in the Amundsen and Ross Seas, Antarctica. PLoS One, 13(4), e0195587. 

Torstensson, A., Jiménez, C., Nilsson, A. K., and Wulff, A. (2019). Elevated 

temperature and decreased salinity both affect the biochemical composition 

https://worldwide.espacenet.com/patent/search?q=pn%3DFR3052337B1
https://worldwide.espacenet.com/patent/search?q=pn%3DFR3052337B1


128 
 

of the Antarctic sea-ice diatom Nitzschia lecointei, but not increased 

pCO2. Polar Biology, 42(11), 2149-2164. 

Tripathi, S. K., Singh, R., Tiwari, R. K., and Tiwari, R. Bio-Control Approaches for 

Pest and Disease Management. 

Trouvelot, S., Varnier, A. L., Allegre, M., Mercier, L., Baillieul, F., Arnould, C., ... 

and Daire, X. (2008). A β-1, 3 glucan sulfate induces resistance in grapevine 

against Plasmopara viticola through priming of defense responses, including 

HR-like cell death. Molecular plant-microbe interactions, 21(2), 232-243. 

Tundisi, J. G., Matsumura-Tundisi, T., and Abe, D. S. (2008). The ecological 

dynamics of Barra Bonita (Tietê River, SP, Brazil) reservoir: implications for 

its biodiversity. Brazilian Journal of Biology, 68, 1079-1098. 

Tyagi, R., Rastogi, R. P., Babich, O., Awasthi, M. K., & Tiwari, A. (2024). New 

perspectives of omega-3 fatty acids from diatoms. Systems Microbiology and 

Biomanufacturing, 4(2), 528-541. 

Ueno, Y., Nagata, S., Tsutsumi, T., Hasegawa, A., Watanabe, M. F., Park, H. D., ... 

and Yu, S. Z. (1996). Detection of microcystins, a blue-green algal 

hepatotoxin, in drinking water sampled in Haimen and Fusui, endemic areas 

of primary liver cancer in China, by highly sensitive immunoassay. 

Usman, A., Khalid, S., Usman, A., Hussain, Z., and Wang, Y. (2017). Algal 

polysaccharides, novel application, and outlook. In Algae based polymers, 

blends, and composites (pp. 115-153). Elsevier. 

Uyeda, J. C., Harmon, L. J., and Blank, C. E. (2016). A comprehensive study of 

cyanobacterial morphological and ecological evolutionary dynamics through 

deep geologic time. PloS one, 11(9), e0162539. 

Van den Hoek, C. (1984). World-wide latitudinal and longitudinal seaweed 

distribution patterns and their possible causes, as illustrated by the distribution 

of Rhodophytan genera. Helgoländer Meeresuntersuchungen, 38, 227-257. 

Velderrain-Rodríguez, G.R.; Palafox-Carlos, H.; Wall-Medrano, A.; AyalaZavala, 

J.F.; Chen, C.-Y.O.; Robles-Sanchez, M.; Astiazaran-García, H.; Alvarez-



129 
 

Parrilla, E.; González-Aguilar, G.A. Phenolic compounds: Their journey after 

intake. Food Funct. 2014, 5, 189–197 

Vera, J., Castro, J., Contreras, R. A., González, A., and Moenne, A. (2012). Oligo-

carrageenans induce a long-term and broad-range protection against 

pathogens in tobacco plants (var. Xanthi). Physiological and molecular plant 

pathology, 79, 31-39. 

Vera, J., Castro, J., Gonzalez, A., and Moenne, A. (2011). Seaweed polysaccharides 

and derived oligosaccharides stimulate defense responses and protection 

against pathogens in plants. Marine drugs, 9(12), 2514-2525. 

Vera, J., Castro, J., Gonzalez, A., Barrientos, H., Matsuhiro, B., Arce, P., ... and 

Moenne, A. (2011). Long‐term protection against tobacco mosaic virus 

induced by the marine alga oligo‐sulphated‐galactan Poly‐Ga in tobacco 

plants. Molecular plant pathology, 12(5), 437-447. 

Viana, C., Genevace, M., Gama, F., Coelho, L., Pereira, H., Varela, J., & Reis, M. 

(2024). Chlorella vulgaris and Tetradesmus obliquus Protect Spinach 

(Spinacia oleracea L.) against Fusarium oxysporum. Plants, 13(12), 1697. 

Vidal, L., Ballot, A., Azevedo, S. M. F. O., Padisák, J., and Welker, M. (2021). 

Introduction to cyanobacteria. Toxic Cyanobacteria in Water, 2nd ed.; 

Chorus, I., Welker, M., Eds, 163-211. 

Viencz, T., Oliari, I. C. R., Ayub, R. A., Faria, C. M. D. R., and Botelho, R. V. (2020). 

Postharvest quality and brown rot incidence in plums treated with 

Ascophyllum nodosum extract. Semina: Ciências Agrárias, 41(3), 753-766. 

Vijayakumar, S., and Menakha, M. (2015). Pharmaceutical applications of 

cyanobacteria—A review. Journal of Acute Medicine, 5(1), 15-23. 

Visser, P. M., Verspagen, J. M., Sandrini, G., Stal, L. J., Matthijs, H. C., Davis, T. 

W., ... and Huisman, J. (2016). How rising CO2 and global warming may 

stimulate harmful cyanobacterial blooms. Harmful algae, 54, 145-159. 

Volkman, J. K. (2016). Sterols in microalgae. The physiology of microalgae, 485-

505. 



130 
 

Wang, M., Ye, X., Bi, H., and Shen, Z. (2024). Microalgae biofuels: illuminating the 

path to a sustainable future amidst challenges and 

opportunities. Biotechnology for Biofuels and Bioproducts, 17(1), 10. 

Wang, Y, Zhu, Y., Zhang, S., & Wang, Y. (2018). What could promote farmers to 

replace chemical fertilizers with organic fertilizers? Journal of Cleaner 

Production, 199, 882-890. https://doi.org/10.1016/jjclepro. 2018.07.222 

Wang, Z., Xiao, P., Song, G., Li, Y., and Li, R. (2015). Isolation and characterization 

of a new reported cyanobacterium Leptolyngbya bijugata coproducing 

odorous geosmin and 2-methylisoborneol. Environmental Science and 

Pollution Research, 22, 12133-12140. 

Wei, G., Jia, Q., Chen, X., Köllner, T. G., Bhattacharya, D., Wong, G. K. S., ... and 

Chen, F. (2019). Terpene biosynthesis in red algae is catalyzed by microbial 

type but not typical plant terpene synthases. Plant physiology, 179(2), 382-

390. 

Weir, T. L., Park, S. W., and Vivanco, J. M. (2004). Biochemical and physiological 

mechanisms mediated by allelochemicals. Current opinion in plant biology, 

7(4), 472-479. 

Wernberg, T., Krumhansl, K., Filbee-Dexter, K., & Pedersen, M. F. (2019). Status 

and trends for the world’s kelp forests. In World seas: An environmental 

evaluation (pp. 57-78). Academic Press. 

Whitton, B. A. (1992). Diversity, ecology, and taxonomy of the cyanobacteria. In 

Photosynthetic prokaryotes (pp. 1-51). Boston, MA: Springer US. 

WHO (World Health Organization). (2018). WHO recommendations on scientific, 

analytical and epidemiological developments relevant to the parameters for 

bathing water quality in the Bathing Water Directive (2006/7/EC. 

Williams, P. G., Moore, R. E., and Paul, V. J. (2003). Isolation and structure 

determination of lyngbyastatin 3, a lyngbyastatin 1 homologue from the 

marine cyanobacterium lyngbya m ajuscula. Determination of the 

configuration of the 4-Amino-2, 2-dimethyl-3-oxopentanoic acid unit in 



131 
 

majusculamide C, dolastatin 12, lyngbyastatin 1, and lyngbyastatin 3 from 

cyanobacteria. Journal of natural products, 66(10), 1356-1363. 

Williamson, R. T., Boulanger, A., Vulpanovici, A., Roberts, M. A., and Gerwick, W. 

H. (2002). Structure and absolute stereochemistry of phormidolide, a new 

toxic metabolite from the marine cyanobacterium Phormidium sp. The 

Journal of organic chemistry, 67(23), 7927-7936. 

Wite, D., Mattner, S. W., Porter, I. J., and Arioli, T. (2015). The suppressive effect 

of a commercial extract from Durvillaea potatorum and Ascophyllum 

nodosum on infection of broccoli by Plasmodiophora brassicae. Journal of 

Applied Phycology, 27, 2157-2161. 

Wu, H., and Miao, X. (2014). Biodiesel quality and biochemical changes of 

microalgae Chlorella pyrenoidosa and Scenedesmus obliquus in response to 

nitrate levels. Bioresource Technology, 170, 421-427. 

Wu, Q., Liu, L., Miron, A., Klímová, B., Wan, D., & Kuča, K. (2016). The 

antioxidant, immunomodulatory, and anti-inflammatory activities of 

Spirulina: an overview. Archives of toxicology, 90, 1817-1840. 

Wu, Y., Jenkins, T., Blunden, G., von Mende, N., and Hankins, S. D. (1998). 

Suppression of fecundity of the root-knot nematode, Meloidogyne javanica, 

in monoxenic cultures of Arabidopsis thaliana treated with an alkaline extract 

of Ascophyllum nodosum. Journal of Applied Phycology, 10, 91-94. 

Xin, Z., Cai, X., Chen, S., Luo, Z., Bian, L., Li, Z., ... and Chen, Z. (2019). A disease 

resistance elicitor laminarin enhances tea defense against a piercing herbivore 

Empoasca (Matsumurasca) onukii Matsuda. Scientific Reports, 9(1), 814. 

Xu, D., Gao, Z., Li, F., Fan, X., Zhang, X., Ye, N., ... and Li, D. (2013). Detection 

and quantitation of lipid in the microalga Tetraselmis subcordiformis (Wille) 

Butcher with BODIPY 505/515 staining. Bioresource technology, 127, 386-

390. 



132 
 

Yadav, P., Singh, R.P., Patel, A.K., Pandey, K.D., Gupta, R.K. (2022). 

Cyanobacteria as a Biocontrol Agent. In: Kumar, A. (eds) Microbial 

Biocontrol: Food Security and Post Harvest Management.  

Yao, G., Pan, Z., Wu, C., Wang, W., Fang, L., and Su, W. (2015). Efficient synthesis 

and stereochemical revision of coibamide A. Journal of the American 

Chemical Society, 137(42), 13488-13491. 

Yao, G., Wang, W., Ao, L., Cheng, Z., Wu, C., Pan, Z., ... and Fang, L. (2018). 

Improved total synthesis and biological evaluation of coibamide A 

analogues. Journal of Medicinal Chemistry, 61(19), 8908-8916. 

Yu, H., Kim, J., and Lee, C. (2019). Nutrient removal and microalgal biomass 

production from different anaerobic digestion effluents with Chlorella 

species. Scientific reports, 9(1), 6123. 

Yuan, J, Zhao, M., Li Rong, L, Huang, Q, Rensing, C., & Shen, Q. (2017). Lipotides 

produced by B. amyloliquefaciens NJN-6 altered the soil fungal community 

and non-ribosomal peptides genes harbouring microbial community. Applied 

Soil Ecology. 117-118,96-105. http://dx.doi.org/10.1016/j.apsoil 2017.05.002 

Zaccaro, M. (2000). Plant growth-promoting cyanobacteria. Paper presented at the 

Proceedings of the 5th International PGPR Workshop, Córdoba, Argentina. 

http://www.ag.auburn.edu/argentina/pdfmanuscripts/zaccaro. pdf (viewed 8-

6-2006). 

Zada, S., Lu, H., Khan, S., Iqbal, A., Ahmad, A., Ahmad, A., ... & Zhang, X. (2021). 

Biosorption of iron ions through microalgae from wastewater and soil: 

optimization and comparative study. Chemosphere, 265, 129172. 

Zakar, T., Laczko-Dobos, H., Toth, T. N., and Gombos, Z. (2016). Carotenoids assist 

in cyanobacterial photosystem II assembly and function. Frontiers in plant 

science, 7, 295. 

Zhang, C., Howlader, P., Liu, T., Sun, X., Jia, X., Zhao, X., ... and Yin, H. (2019). 

Alginate Oligosaccharide (AOS) induced resistance to Pst DC3000 via 



133 
 

salicylic acid-mediated signaling pathway in Arabidopsis 

thaliana. Carbohydrate polymers, 225, 115221 

Zhang, H., He, M., Fan, X., Dai, L., Zhang, S., Hu, Z., and Wang, N. (2022). 

Isolation, identification and hyperparasitism of a novel Cladosporium 

cladosporioides isolate hyperparasitic to Puccinia striiformis f. sp. tritici, the 

wheat stripe rust pathogen. Biology, 11(6), 892. 

Żymańczyk-Duda, E., Samson, S. O., Brzezińska-Rodak, M., & Klimek-Ochab, M. 

(2022). Versatile applications of cyanobacteria in biotechnology. 

Microorganisms, 10(12), 2318. 


