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Abstract
Seed priming using natural biostimulants has emerged as a promising strategy to 
enhance germination, seedling vigor, and overall crop performance. Algal extracts 
– rich in phytohormones, antioxidants, osmoprotectants, and micronutrients – have 
gained attention for their multifaceted role in priming. This review explores the 
physiological, biochemical, and molecular mechanisms by which algal bioactive 
compounds influence early plant development. Phytohormones, such as auxins, 
cytokinins, and gibberellins initiate metabolic activation, while antioxidants mitigate 
oxidative damage, improving seed resilience under stress. Simultaneously, essential 
nutrients support root and shoot development and enhance nutrient assimilation. 
These combined effects modulate key signaling cascades and gene expression 
patterns, promoting stronger and more adaptable seedlings. The findings of this 
work highlight the potential of algal extract-based seed priming as an eco-friendly, 
sustainable alternative to conventional chemical treatments, offering a natural 
approach to improving agricultural productivity.
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1. Introduction
Seed priming, a systematic pre-sowing intervention, is transforming modern agriculture 
by improving germination kinetics, speeding up seedling establishment, and enhancing 
plant resilience to environmental challenges.1 While traditional priming techniques, 
such as hydropriming, osmopriming, and chemical priming have proven effective, the 
trend is evolving toward bio-based solutions that align with sustainability objectives. 
Algal extracts from both macroalgae (seaweeds) and microalgae are emerging as potent 
biostimulants with a variety of advantages.2

The physiologically active substances found in algae, including phytohormones, 
osmoprotectants, polyphenols, and vital micronutrients, work together to coordinate 
metabolic reprogramming in seeds. These bioactive constituents enhance water 
imbibition and enzymatic activity while priming seeds for robust growth through 
the modulation of oxidative stress responses and nutrient assimilation pathways.3,4 
Formulations derived from seaweed have been acknowledged for their agricultural 
potential, especially in improving root architecture, enhancing stress resilience, 
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and increasing crop productivity.5 Microalgal extracts, 
characterized by a rich nutritional profile and metabolic 
versatility, are increasingly recognized as effective priming 
agents.6 In addition to their direct physiological effects on 
seed germination and seedling vigor, algal-based priming 
markedly affects the rhizosphere – the dynamic soil zone 
influenced by root activity. The rhizosphere functions as a 
vital interface for plant-microbe interactions that regulate 
nutrient cycling, soil health, and stress resilience.2 Research 
indicates that microalgae and diazotrophic cyanobacteria 
promote root development, improve soil fertility, and 
influence microbial community dynamics, contributing 
to a more sustainable and self-sufficient agricultural 
system. Seed coating with microalgal biomass enhances 
early plant development, increases secondary metabolite 
accumulation, and promotes beneficial microbial 
associations, thereby improving plant resilience to abiotic 
and biotic stresses.7,8

Recent studies indicate that algal seed priming enhances 
plant metabolism and alters soil microbial composition, 
specifically by fostering the proliferation of plant growth-
promoting microorganisms (PGPR).9 Interactions 
between microalgae and arbuscular mycorrhizal fungi 
(AMF) further improve nutrient availability, facilitate 
organic matter decomposition, and enhance soil fertility.10 
Algae-based seed treatments have shown potential in 
mitigating salinity stress, improving plant water retention, 
and enhancing crop productivity under challenging 
environmental conditions. Furthermore, micronutrient-
enriched microalgae used for seed treatment can enhance 
both germination rates and the nutrient content of 
harvested crops, providing agronomic and nutritional 
benefits.2,4

The integration of algal-based priming into mainstream 
agricultural practices offers the dual advantage of reducing 
dependence on synthetic agrochemicals and boosting crop 
yield and resilience amid climatic variability. This review 
explores the range of algae used in seed priming, clarifies 
the underlying biochemical mechanisms, and analyzes 
their effects on primary metabolism, soil microbiome 
dynamics, and stress alleviation. In addition, it emphasizes 
emerging challenges and prospective advancements in 
the application of algae-based priming for sustainable 
agriculture.

2. Range of algae used as priming agents
Algae represent an ancient and diverse group of 
photosynthetic thallophytes found across various 
ecosystems. They are broadly classified into macroalgae 
(multicellular) and microalgae (mostly unicellular or 
filamentous). Algae serve as a valuable source of bioactive 

compounds, including proteins, lipids, carbohydrates, 
macro- and micronutrients, vitamins, and polyunsaturated 
fatty acids (PUFAs)4 In addition, they contain a range 
of secondary metabolites, such as polysaccharides, 
polyphenols, oligosaccharides, steroids, polyketides, and 
alkaloids. In recent years, algae have gained significant 
attention as seed-priming agents due to their ability to 
enhance seed germination, soil health, and overall plant 
growth.11 Both microalgae and macroalgae have been 
widely utilized for their role in improving nutrient uptake, 
stress tolerance, root development, and crop resilience. 
These algae can be applied in various forms, such as 
extracts, powders, or liquid formulations (Table  1),6 
providing multiple benefits to plants.

Among macroalgae, seaweed extracts derived from 
species, such as Ascophyllum nodosum, Sargassum, 
Ecklonia maxima, Halimeda opuntia, and Caulerpa 
sertularioides have been extensively used in seed priming 
due to their high content of growth-promoting hormones, 
such as auxins, cytokinins, and gibberellins (GAs). These 
phytohormones are known to stimulate seedling growth, 
increase stress tolerance, and enhance seed vigor.12-14 
Various macroalgal classes, including Ulvophyceae, 
Phaeophyceae, and Florideophyceae, have demonstrated 
efficacy in seed priming applications. Species, such as 
Ulva rigida, Ulva intestinalis, Ulva lactuca, Ulva fasciata, 
and Ulva linza have been reported to improve salinity 
tolerance, seed germination, vigor index, and root-shoot 
development.3,15,16 Similarly, A. nodosum, a member of 
Phaeophyceae, has been used to prime Spinacia oleracea 
seeds, leading to enhanced germination rates, seedling 
growth, and antioxidant activity.17 Gracilaria edulis of 
Florideophyceae class has been applied to Capsicum 
frutescens, demonstrating significant improvements in 
germination percentage, mean germination time, vigor 
index, seedling weight, and overall yield.18

In addition, macroalgae, such as Padina sp., Sargassum 
sp., Cystoseira sp., Codium sp., Kappaphycus sp., Jania 
sp., Fucus spiralis, Hormophysa cuneiformis, Actinotrichia 
fragilis, Colpomenia sp., Polysiphonia, Turbinaria sp., 
Corallina sp., Acanthophora sp., and Hydroclathrus clathratus 
have also been employed in seed priming, contributing to 
enhanced germination and plant growth.5,11,19,20 Seaweed 
extracts are particularly rich in plant growth regulators, 
such as auxins, GAs, and cytokinins, which collectively 
promote seed germination, facilitate nutrient mobilization, 
and support healthy seedling establishment.21,22 Moreover, 
seaweeds contain an abundance of essential macro-  and 
micronutrients, including nitrogen, phosphorus, 
potassium, magnesium, and calcium, which play a crucial 
role in nourishing seeds and improving resilience against 
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Table 1. Algal species used as priming agents and their mode of action on higher plants

No. Name of algae Class Seed species 
applied 

Concentration Effect References

1. Ulva rigida Ulvophyceae Triticum 
durum

12.5% and 25% Enhances salinity tolerance and acts as a plant 
growth biostimulant

16

2. Ascophyllum nodosum Phaeophyceae Spinacia 
oleracea

0.15%, 0.30%, 
0.60%, and 1.2%

Enhance germination, seedling growth, and 
antioxidant capacity

17

3. Kappaphycus alvarezi Florideophyceae Capsicum 
frutescens

NA Improves germination percentage, mean 
germination time, vigor index, seedling weight, 
and yield

18

4. Gracilaria edulis

5. Codium taylorii Ulvophyceae Raphanus 
sativus

NA Enhances salinity stress tolerance 19

6. Pterocladia capillacea Florideophyceae

7. Ascophyllum nodosum Phaeophyceae Capsicum 
annuum

1:1, 1:5, 1:10, 1:25, 
1:50, 1:100, 1:250, 
1:500, and 1:1000 

Improves seed quality and performance 33

8. Ascophyllum nodosum Phaeophyceae Lactuca sativa NA Enhances salinity stress tolerance 34

9. Sargassum angustifolium

10. Chlorella vulgaris Trebouxiophyceae

11. Arthrospira platensis Cyanophyceae

12. Ulva fasciata Ulvophyceae Vigna sinensis 
and Zea mays

20 g/L Improves salinity tolerance and acts as a plant 
growth biostimulant

5

13. Cystoseira compress Phaeophyceae

14. Laurencia obtuse Florideophyceae

15. Ulva lactuca Ulvophyceae Solanum 
lycopersicum

0.2%, 0.4%, and 
1.0%

Increases seed germination and seedlings 
growth; reduces mean germination time; 
improves seedling and vigor index; and increases 
shoot and root length

35

16. Padina gymnospora Phaeophyceae

17. Sargassum myriocystum Phaeophyceae Cajanus cajan 10%, 15%, 20%, 
25%, and 30%

Higher speed of germination, seedling length, 
fresh weight, dry weight, vigor index, and leaf 
area

36

18. Ascophyllum nodosum Phaeophyceae Solanum 
lycopersicum

NA Enhances yield and salinity tolerance 37

19. Ascophyllum nodusum Phaeophyceae Allium cepa 0 ppm, 3500 ppm, 
4500 ppm, 5500 
ppm, 6500 ppm, 
and 7500 ppm

Improves seed germination and seedling growth 38

20. Cystoseira 
myriophylloides

Phaeophyceae Nicotiana 
benthamiana

NA Enhances the activity of several antioxidant 
enzymes including catalase, ascorbate 
peroxidase, guaiacol peroxidase, and polyphenol 
oxidase; and reduces pathogen attack

24

21. Laminaria digitata

22. Fucus spiralis

23. Chaetomorpha 
antennina

Chlorophyceae Lycopersicon 
esculentum

NA Stimulates vegetative growth and yield 26

24. Halimeda opuntia Ulvophyceae Triticum 
aestivum

400 ppm Mitigates all harmful effects of lead stress 12

25. Codium fragile

26. Ascophyllum nodosum Phaeophyceae Tagetes erecta 5, 10, and 15 mL/L Enhances seed germination and seedling growth 
and development

39

27. Ulva lactuca Ulvophyceae Solanum 
lycopersicum

0.2%, 0.4%, and 
1.0%

Increases shoot length, root length, and root 
weight; and acts as an effective biostimulant

14

28. Caulerpa sertularioides

29. Padina gymnospora Phaeophyceae

30. Sargassum liebmannii

(Cont’d...)
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Table 1. (Continued)

No. Name of algae Class Seed species 
applied 

Concentration Effect References

31. Sargassum angustifolium Phaeophyceae Calotropis 
procera

5, 10, and 15 mL/L Enhances seed germination and salt tolerance 6

32. Spirulina platensis Cyanophyceae

33. Leptolyngbya sp. Cyanophyceae Raphanus 
sativas, 
Spinacia 
oleracea, 
Trigonella 
foenum-
graecum, and 
Brassica rapa

NA Improves early germination, plumule length, 
radical length, fresh weight, and dry weight

27

34. Chlorella sorokiniana Trebouxiophyceae

35. Ulva rigida Ulvophyceae Triticum 
aestivum

0.2, 0.3, 0.5, and 1 
mL/250 mL

Improves and stimulates seed germination 40

36. Anabaena minutissima Cyanophyceae Solanum 
lycopersicum

2.5, 5, and10 mg/
mL

Increases seedling dry weight and plant chitinase 
activity

28

37. Ecklonia maxima Phaeophyceae

38. Jania adhaerens Florideophyceae

39. Ulva lactuca Ulvophyceae Citrullus 
lanatus

NA Improves seed germination and plant growth; 
increases photosynthetic pigment; and acts as an 
antioxidant 

3

40. Ulva rigida Ulvophyceae Triticum 
aestivum and 
Vicia faba

NA Increases plant growth, root growth, and 
chlorophyll content

9

41. Fucus spiralis Phaeophyceae

42. Hormophysa 
cuneiformis

Phaeophyceae Triticum 
aestivum

NA Increases growth and salinity tolerance 20

43. Actinotrichia fragilis Florideophyceae

44. Padina boergesenii Phaeophyceae Setaria italica 20%, 40%, 60%, 
and 80%

Acts as a biostimulant and a potential alternative 
to chemical fertilizer

41

45. Gracilaria edulis Florideophyceae

46. Ulva intestinalis Ulvophyceae Arabidopsis 
thaliana

0.1% Promotes early development 42

47. Ulva lactuca Ulvophyceae Solanum 
lycopersicum 
and Vigna 
radiata

2, 4, and 10 mg/mL Promotes germination and stimulates growth 43

48. Padina gymnospora Phaeophyceae

49. Ulva lactuca Ulvophyceae Allium cepa 
and Brassica 
oleracea

NA Enhances germination in aged seeds and 
increases germination percentage, vigor index, 
seedling length, and enzyme activity

44

50. Ulva reticulata 

51. Padina pavonica Phaeophyceae

52. Sargassum johnstonii

53. Kappaphycus alvarezii Florideophyceae

54. Gracillaria corticata

55. Padina gymnospora Phaeophyceae Capsicum 
annuum

2%, 4%, 6%, 8%, 
and 10%

 Improves germination and phytochemical 
content

45

56. Gracilaria edulis Florideophyceae

57. Ulva fasciata Ulvophyceae

58. Ascophyllum nodosum Phaeophyceae Vigna 
aconitifolia

0.01	 1.0% Improves seed germination, shoot and root 
length, seed fresh and dry weights, and free 
radical scavenging

46

59. Colpomenia sinuosa Phaeophyceae Trigonella 
foenum-
graecum

5 – 25% Enhances seed germination and biochemical 
content

47

60. Sargassum vulgare

(Cont’d...)
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Table 1. (Continued)

No. Name of algae Class Seed species 
applied 

Concentration Effect References

61. Codium tomentosum Ulvophyceae Triticum 
aestivum

10 – 50% Increases seed germinating percentage, shoot 
length, root length, and seedlings’ fresh and dry 
weights

48

62. Ecklonia maxima Phaeophyceae Abelmoschus 
esculentus

1:20, 1:40, and 
1:100 (W/V)

Increases seed germination 13

63. Ecklonia maxima Phaeophyceae Zea mays NA Induces seed germination and increases shoot 
weight

49

64. Saragassum sp. Phaeophyceae Zea mays 

65. Gracilariatextorii Florideophyceae Solanum 
melongena, 
Capsicum 
frutescens, 
and Solanum 
lycopersicum

1:2, 1:4, 1:6, 1:8, 
1:10, 1:20, and 1:30 
(w/v)

Increases seed germination and crop yield 50

66. Hypnea musciformis Florideophyceae Zea mays

64. Jania rubens Florideophyceae Zea mays 10% (w/v) Enhances seed germination, seedling vigor, plant 
growth, and photosynthetic pigment content

51

65. Kappaphycus alvarezii Florideophyceae Oryza sativa 2.5%, 5%, 7.5%, 
10%, and 15%

Increases seed germination and seedling vigor 52

66. Gracilaria edulis

67. Sargassum polycystum Phaeophyceae Cajanus cajan 0.1%, 0.25%, 
0.50%, 0.75%, 
1.0%, and 1.5% 
(w/v)

Increases seed germination, shoot length, root 
length, seed fresh and dry weights

53

68. Sargassum tenerrimum Phaeophyceae Solanum 
lycopersicum

0.2%, 0.4%, 0.6%, 
0.8%, and 1.0% 
(w/v)

Increases seed germination rate 54

69. Sargassum vulgare Phaeophyceae Triticum 
aestivum

10 – 50% (w/v) Increases seed germination, growth, and yield 48

70. Solanum 
lycopersicum

0.2% and 0.5% Enhances seed germination and radicle growth 55

71. Triticum 
aestivum

0.2%, 0.5%, 25% 
and 50% (w/v)

Enhances germination rate and seedling vigor 16

72. Sargassum vulgare Phaeophyceae Pisum sativum 10 g/L Increases the production of photosynthetic 
pigments and new peptides, and improves 
germination, seedling length, and fresh weight

56

73. Colpomenia sinuosa

74. Pandia pavonica

75. Sargassum wightii Grev. Phaeophyceae Vigna radiata 0.5%, 1.0%, and 
2.0% (w/v)

Increases seed germination and stimulates early 
growth

57

76. Sargassum wightii Phaeophyceae Triticum 
aestivum

5 – 50% Increases germination rate, number of lateral 
roots, shoot length, number of kernels per plant, 
and kernel length

58

77. Ulva sp. Ulvophyceae Lepidium 
sativum

0.5%, 2.5%, and 
10%

Increases chlorophyll content by 0.5% 59

78. Polysiphonia Florideophyceae

79. Ulva lactuca Ulvophyceae Allium cepa 5% Enhances seed germination and seedling quality 60

80. Ulva fasciata  Ulvophyceae Vigna 
unguiculata 
and Zea mays

20 g/L Increases germination rate, coleoptile elongation, 
biomass weight, and guaiacol peroxidase activity

61

81. Cystoseira compressa Phaeophyceae

82. Laurencia obtusa Florideophyceae

(Cont’d...)
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Table 1. (Continued)

No. Name of algae Class Seed species 
applied 

Concentration Effect References

83. Caulerpa scalpelliformis Ulvophyceae Vigna radiata 0.1 – 0.5% (w/v) Improved germination rate and seedling vigor 62

84. Turbinaria conoides Phaeophyceae

85. Padina tetrastromatica

86. Ulva linza Ulvophyceae Triticum 
aestivum

5 – 30% (w/v) Increases seedling growth and germination 15

87. Corallina officinalis Florideophyceae

88. Parachlorella sp. Trebouxiophyceae Glycine max 5 and 10 mL/kg 
seed

Reduces the stressful effects of salinity and 
enhances seed germination, seedling growth, 
and tolerance

63

89. Phormidium sp. and 
Chlorella sp.

Cyanophyceae 
and 
Trebouxiophyceae

Raphanus 
sativus 

NA Improves germination percentage, induces early 
germination, increases plumule length, radical 
length, and seed fresh and dry weights

27

90. Spinacia 
oleracea

91. Brassica rapa

92. Trigonella 
foenum-
graecum

93. Chlorococcum sp. Chlorophyceae Spinacia 
oleracea

NA Improves seed germination and seedling 
biomass; and acts as a cost-effective alternative to 
synthetic agrochemicals

29

94. Scenedesmus sp.

95. Micractinium pusillum Trebouxiophyceae

96. Chlorella sp.

97. Chlorella pyrenoidosa Trebouxiophyceae Chenopodium 
quinoa

25%, 50%, 75%, 
and 100%

Promotes germination and plant growth under 
saline-alkali conditions

64

98. Chlorella vulgaris Trebouxiophyceae Beta vulgaris 0.1 – 10 mg/L Improves efficiency and regularity of sugar beet 
germination

65

99. Scenedesmus 
quadricauda

Chlorophyceae

100. Hydroclathrus clathratus Phaeophyceae Vicia faba NA Improves soil fertility indices; increases macro-
and micro-nutrient contents in seeds; enhances 
plant growth and seed quality; and increases 
chlorophyll a and b, carbohydrate and amino 
acid contents.

11

101. Acanthophora spicifera Florideophyceae

102. Chlamydomonas sp. Chlorophyceae Oryza sativa 0.1 and 0.5 g/L Stimulates seed germination, plant growth, and 
seed production.

66

103. Chlorella sp. Trebouxiophyceae

104. Desmodesmus sp. Chlorophyceae

105. Chlorella vulgaris Trebouxiophyceae Triticum 
aestivum

0.2%, 0.5%, 25%, 
and 50 % (v/v)

Increases soil physicochemical properties, 
enhances growth and germination, and acts as 
an eco-friendly biostimulant 

25

106. Acutodesmus dimorphus Chlorophyceae Solanum 
lycopersicum

1%, 5%, 10%, 25%, 
50%, 75%, and 
100%

Triggers faster germination and enhances plant 
growth and floral production 

31

107. Arthrospira platensis Cyanophyceae Triticale NA Increases chlorophyll, carotenoid, and phenolic 
contents; and enhances crop health and 
antioxidant activity in the leaves

23

108. Chlorococcum 
vacuolatum

Chlorophyceae Solanum 
lycopersicum

NA Improves germination, cotyledon emergence, 
root length, and dry weight, and acts as a 
biostimulant

30

109. Graesiella emersonii Trebouxiophyceae

110. Spirulina platensis Cyanophyceae Vigna mungo 1.5% Improves seed germination, germination rate, 
seedling length, and vigor index. 

67

(Cont’d...)
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Table 1. (Continued)

No. Name of algae Class Seed species 
applied 

Concentration Effect References

111. Planktochlorella nurekis Trebouxiophyceae Brassica 
oleracea

1%, 5%, and 10% Act as natural herbicides and biostimulators for 
the safe production of healthy food

68

112. Lactuca sativa

113. Triticum 
aestivum

114. Raphanus 
sativus

115. Chlorella sp. Trebouxiophyceae Raphanus 
sativus

1% and 2% Increases root and shoot length, weight of fresh 
biomass, and germination percentage 

69

116. Chlorella vulgaris Trebouxiophyceae Triticum 
aestivum 

0.1 – 2 g/L Improves seed germination indices and 
biometric parameters, and acts as an eco-friendly 
biostimulant

70

117. Solanum 
lycopersicum

118. Spirulina platensis Cyanophyceae Lupinus luteus 0.25%, 0.5%, and 
1.0%

Increases growth indices, yield, and 
photosynthetic pigment content 

71

119. Chlamydomonas 
reinhardtii

Chlorophyceae Solanum 
lycopersicum

NA Increases leaf temperature differential, leaf 
thickness, pigment content, fruit weight, and 
fruit diameter.

72

120. Chlorella sp. Trebouxiophyceae

environmental stresses during germination and early 
growth stages.5 Research further indicates that bioactive 
compounds in seaweed can enhance plant tolerance 
to drought, salinity, and temperature fluctuations by 
modulating metabolic and physiological responses. In 
addition, seaweed extracts have been shown to activate 
plant defense mechanisms, potentially aiding in early-stage 
resistance against pathogens.23

In addition to macroalgae, microalgae have also been 
extensively explored as effective seed-priming agents 
in agriculture due to their rich content of bioactive 
compounds, vitamins, amino acids, polysaccharides, 
and plant growth regulators.24 Microalgal-based priming 
treatments can significantly improve seed germination 
rates, seedling growth, and overall stress resilience. These 
microalgae not only enhance plant development but also 
contribute to soil enrichment by promoting beneficial 
microbial activity, which aids in nutrient cycling and 
stress mitigation.12 Chlorella is one of the most widely used 
microalgae in agriculture due to its high chlorophyll, amino 
acid, vitamin, and mineral content, making it an excellent 
biostimulant.25 In addition, Chaetomorpha antennina has 
been utilized to prime Lycopersicum esculentum seeds, 
resulting in improved vegetative growth and yield.26 
Extracts from Leptolyngbya sp. and Chlorella sorokiniana 
applied to radish, spinach, fenugreek, and turnip seeds 
resulted in enhanced early germination, plumule, and 
radicle elongation, and biomass accumulation.27 Spirulina, 

a widely recognized blue-green alga, is frequently used 
in agriculture due to its high nutritional value, including 
proteins, fatty acids, B-complex vitamins, and essential 
minerals. Anabaena minutissima extract has been reported 
as an effective priming agent for tomato seeds, where 
it contributed to increased seedling dry weight and 
enhanced plant chitinase activity.28 Other microalgae, 
such as Phormidium sp., Parachlorella sp., Scenedesmus 
sp., Chlorella sp., Planktochlorella sp., Graesiella emersonii, 
Chlorococcum sp., Arthrospira platensis, Acutodesmus 
dimorphus, Desmodesmus sp., Micractinium pusillum, 
and Chlamydomonas reinhardtii have shown potential 
in improving seed germination, plant vigor, and stress 
tolerance.23,29-31

In particular, Chlorella vulgaris and Scenedesmus 
quadricauda have been applied to Beta vulgaris (sugar 
beet) seeds, leading to improved germination efficiency 
and uniformity. A  study by Gitau et al.32 demonstrated 
that tomato seeds primed with C. reinhardtii and Chlorella 
sp. exhibited increased leaf temperature, leaf thickness, 
pigment content, fruit weight, and fruit diameter, 
indicating improved plant growth and yield potential. 
As a whole, both macroalgae and microalgae offer 
significant benefits in seed priming applications, serving 
as sustainable alternatives to conventional chemical-based 
methods. Their rich composition of bioactive compounds, 
plant growth regulators, and essential nutrients 
contributes to enhanced germination, seedling vigor, and 
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environmental stress resilience. As research continues to 
advance, optimizing algal-based priming techniques holds 
promise for improving crop productivity and supporting 
sustainable agricultural practices.

3. Bioactive components in algal extracts 
relevant to seed priming
Seed germination is a highly coordinated process initiated 
by mitochondrial repair and respiration activation, 
followed by mRNA translation and protein synthesis. 
Energy metabolism and DNA repair facilitate cell cycle 
activation, while hormone biosynthesis and deactivation 
regulate key developmental transitions. As germination 
progresses, mitochondrial synthesis and embryo growth 
accelerate, accompanied by endosperm weakening and 
testa rupture. The regulation of oxidative status and 
efficient mobilization of stored reserves sustain metabolic 
activity, fueling cell division, DNA synthesis, and radical 
cell elongation. Starch biosynthesis and aerobic respiration 
further contribute to seedling establishment and 
growth (Figure  1).64,73 Algal extracts, derived from both 
macroalgae and microalgae, are rich in diverse bioactive 
compounds that significantly enhance seed germination 
and seedling vigor.4 These bioactive molecules, including 
phytohormones, polysaccharides, proteins, amino acids, 
polyphenols, fatty acids, vitamins, and essential minerals, 
collectively contribute to improved plant growth, stress 
tolerance, and overall crop productivity.

3.1. Phytohormones

Algae serve as a powerhouse of natural plant hormones, 
orchestrating key physiological processes in seeds – from 
breaking dormancy to enhancing root elongation and stress 
resilience. Among these, auxins especially indole-3-acetic 

acid (IAA), are the master regulators of root development. 
They fuel cell elongation, stimulate lateral root formation, 
and optimize nutrient uptake. Certain algae stand out 
as rich auxin reservoirs: A. nodosum (0.1 – 5.5 µg/g dry 
weight), C. vulgaris (up to 2.5  µg/mL in extract), and 
U. lactuca (0.6 – 3.1 µg/g dry weight).21,22

Cytokinins, on the other hand, act as the architects of 
growth – igniting cell division, mobilizing nutrients, and 
delaying leaf senescence. Their role in seed germination 
and shoot elongation makes them indispensable. Potent 
algal sources of cytokinins include A. nodosum (0.05 
– 2.8  µg/g dry weight), G. edulis (0.4 – 1.9  µg/g), and 
Spirulina platensis (0.3 – 1.5 µg/g).74,75

When it comes to seed dormancy and shoot elongation, 
GA takes center stage. They break dormancy barriers, 
accelerate seed germination, and activate enzymes crucial 
for early seedling growth. Laminaria digitata holds up to 
1.2  µg/g dry weight, Sargassum wightii ranges between 
0.5 and 1.6 µg/g dry weight, while Chlorella pyrenoidosa 
provides 0.8 – 1.4 µg/g dry weight.76,77

Meanwhile, abscisic acid (ABA) plays a paradoxical yet 
vital role. While it enforces dormancy under unfavorable 
conditions, it also equips seeds with the resilience to 
combat stress by fine-tuning osmotic adjustments and 
antioxidant defenses. Notable sources of ABA include 
S. platensis (0.8  µg/g dry weight), Sargassum muticum 
(0.3 – 1.1  µg/g dry weight), and Dunaliella salina 
(0.5 – 1.3 µg/g dry weight).76

Brassinosteroids emerge as the unsung heroes of 
seed priming, promoting cell expansion, enhancing 
stress tolerance, and supercharging seedling vigor by 
regulating stress-response genes. S. wightii exhibits strong 
brassinosteroid-like activity, while Kappaphycus alvarezii 

Figure 1. Major events during seed germination
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contains 0.2 – 1.0 µg/g dry weight of these powerful growth 
enhancers.22,78,79

Algae are not merely passive marine organisms; they 
are nature’s biochemical engineers, fine-tuning seed 
development and plant growth at every stage due to their 
diverse hormonal repertoire (Figure  2). They establish 
robust root systems during germination that firmly anchor 
plants while optimizing nutrient assimilation through 
auxins.21,77 Their cytokinins stimulate metabolic activity, 
expediting cell division and ensuring the formation of 
vigorous shoots.80 GAs dismantle dormancy constraints, 
facilitating rapid germination and elongation.77,81 ABA 
serves as a master regulator, balancing stress adaptation and 
dormancy.76,82 Though less well-known, brassinosteroids 
instill resilience in seedlings, enabling them to flourish 
in the face of environmental obstacles.22,78 The synergistic 
interplay of these plant hormones makes algae a 
transformative force in sustainable agriculture, offering 
an organic, eco-friendly alternative to synthetic growth 
enhancers. Harnessing their potential may revolutionize 
seed priming strategies, resulting in harvests that are more 
resilient, productive, and naturally fortified against stress.

3.2. Polysaccharides and oligosaccharides

Algal polysaccharides, such as alginates, fucoidans, 
laminarins, and carrageenans, are not just structural 

components of seaweed; they are powerful bioactive 
compounds that enhance plant growth and fortify 
seeds against environmental stress when used in seed 
priming.83 Acting as natural signaling molecules, these 
complex carbohydrates trigger key biochemical pathways 
that activate plant defense mechanisms (Figure  3). They 
stimulate the production of crucial phytohormones, 
such as salicylic acid, jasmonic acid, and ethylene, which 
orchestrate plant immune responses.84,85

Among these, alginates, primarily extracted from 
brown algae, can play a pivotal role in plant health.86 They 
activate defense-related enzymes, such as peroxidase and 
chitinase, strengthening plant resistance against diseases 
and environmental stresses. Beyond their biological 
benefits, alginates improve soil structure, enhancing water 
retention and nutrient availability. Seed priming with 
alginates has also been linked to improved seedling vigor 
and greater tolerance to abiotic stress.87-89

Fucoidans, another group of sulfated polysaccharides 
primarily sourced from Fucus vesiculosus and 
Sargassum sp., stand out for their potent antioxidant and 
immunomodulatory properties.90 When used in seed 
priming, they stimulate the plant’s antioxidant defense 
system by boosting the activity of superoxide dismutase 
(SOD), catalase (CAT), and glutathione peroxidase, 
helping plants combat oxidative stress. Studies have 

Figure 2. Role of algal phytohormones in seed germination
Abbreviations: ABA: Abscisic acid; GA: Gibberellin; ROS: Reactive oxygen species.
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shown that fucoidan treatment significantly enhances 
germination rates and improves stress tolerance in crops, 
such as maize and soybean under salinity and oxidative 
stress conditions.83

Similarly, laminarins – like β-glucans derived from 
the cell walls of brown algae, such as Laminaria and 
Saccharina – are renowned for their antifungal and 
antibacterial properties.91 They not only induce systemic 
resistance in plants by promoting the production of 
defense-related proteins and secondary metabolites, such 
as phenolics and flavonoids, but also enhance root growth 
and water uptake efficiency. This makes laminarin-based 
seed priming particularly beneficial in drought-prone 
environments, ensuring better seedling establishment and 
resilience.83,92

Carrageenans, sulfated polysaccharides derived from 
red algae, such as Kappaphycus and Eucheuma, also 
contribute significantly to seed vigor and germination.93 
Their remarkable water-retention properties help 
maintain seed moisture, a crucial factor for early seedling 
development. Research indicates that carrageenan-based 
priming not only enhances seed hydration but also boosts 
antioxidant enzyme activity, improving seedling tolerance 
to abiotic stressors, such as heat and drought. In addition, 
priming seeds with carrageenans results in higher 
germination rates and increased seedling vigor under 
drought conditions.94,95

Beyond these well-known polysaccharides, species, 
such as Ulva and Kappaphycus have also demonstrated 
exceptional potential in seed priming. Their 
polysaccharides enhance antioxidant activity in seedlings, 

strengthening their ability to withstand environmental 
stress. Notably, Ulva-based priming has shown promising 
results in tomato seedlings exposed to salinity stress, 
improving germination rates and growth parameters. 
This is attributed to its role in stabilizing cell membranes 
and increasing the accumulation of soluble sugars, which 
function as osmoprotectants.4,96

Microalgal polysaccharides and oligosaccharides also 
play a vital role in seed germination, growth promotion, 
and stress tolerance, particularly under abiotic stress 
conditions. They enhance root development, improve 
nutrient uptake by maintaining a beneficial rhizosphere 
environment, and stimulate microbial activity. Beyond seed 
priming, these bioactive compounds function as natural 
biostimulants, regulating key physiological processes, such 
as cell division, root growth, and flowering, making them 
valuable tools for sustainable agriculture.64,73 Microalgal 
polysaccharides, such as β-glucans, galactans, sulfated 
polysaccharides, and mannans, have been identified in 
several species, often in high content.97 For instance, 
C. vulgaris is known for its high content of β-glucans, 
which have immunomodulatory and antioxidant effects.98 
Spirulina (A. platensis) contains high amounts of rhamnose-
containing polysaccharides that have been linked to 
stress tolerance in higher plants.99 Another example is 
Haematococcus pluvialis, which produces galactans that 
possess antioxidant and stress-tolerance properties, 
especially useful in combating oxidative stress in plants.100 
D. salina, a halophilic microalga, contains mannans that 
are beneficial for enhancing cell wall structure and stress 
resistance.101

Figure 3. Role of algal polysaccharides and oligosaccharides in seed germination
Abbreviations: CAT: Catalase; GPx: Glutathione peroxidase; SOD: Superoxide dismutase.
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3.3. Proteins and amino acids

Algal extracts provide essential amino acids, such as 
glutamate, proline, and methionine, which are vital 
for protein synthesis and stress adaptation in seeds. 
Proline, in particular, functions as an osmoprotectant, 
helping seeds withstand drought and salinity stress 
during germination.5,102 In addition, microalgal proteins 
contribute to nitrogen metabolism, enhancing seedling 
growth and vigor.103

3.4. Polyphenols and antioxidants

Seaweeds and microalgae are rich in polyphenolic 
compounds, such as flavonoids, phenolic acids, and 
tannins, which exhibit strong antioxidant properties. These 
compounds mitigate oxidative stress in seeds by scavenging 
reactive oxygen species (ROS), thereby protecting cellular 
structures and improving overall seed viability.64 Algal-
derived polyphenols from Sargassum and Gracilaria 
species have been found to boost seed germination and 
early seedling growth under abiotic stress conditions.83,104

3.5. Fatty acids and lipid metabolites

Certain algal species produce beneficial fatty acids, 
including omega-3 and omega-6 PUFAs, which contribute 
to membrane stability and stress resistance in germinating 
seeds.105,106 Microalgae, such as Spirulina and D. salina 
are known for their lipid-rich composition, which aids in 
energy supply during early seedling growth.107,108

3.6. Vitamins and essential minerals

Algal extracts contain a variety of vitamins, including 
Vitamin C, Vitamin E, and B-complex Vitamins, which 
play crucial roles in enzymatic reactions and metabolic 
pathways in seeds.109,110 In addition, macroalgae and 
microalgae supply essential minerals, such as iron, zinc, 
selenium, and magnesium, which enhance enzymatic 
activities and promote nutrient uptake in seedlings.111,112

3.7. Secondary metabolites and stress modulators

Algae also produce unique secondary metabolites, such as 
betaines, sterols, and alkaloids, which contribute to stress 
tolerance and seedling vigor.113 These compounds help in 
osmotic adjustment, reinforce plant cell walls, and activate 
defense-related genes, thereby enhancing resistance to 
environmental challenges.114

4. Mechanistic insights into algal extract-
mediated seed priming
Algal extracts are rich in bioactive compounds, and these 
molecules improve water uptake, activate enzymatic 
machinery, and modulate stress-responsive pathways, 

leading to enhanced metabolic readiness for germination. 
In addition, algal-derived antioxidants help mitigate 
oxidative stress during the early stages of seedling 
establishment. The subsequent sections will delve into 
the key mechanisms by which algal extracts exert their 
priming effects.

4.1. Enhancing water uptake and hydration

Algal extracts enhance water uptake and hydration during 
seed priming through multiple synergistic mechanisms, 
ensuring efficient imbibition, reducing imbibitional 
damage, and promoting uniform germination (Figure 4). 
One key pathway involves their rich composition of 
polysaccharides, such as alginate, fucoidan, laminarin, 
and carrageenan, which function as hydrophilic agents 
that improve seed water absorption and retention. These 
polysaccharides form a protective gel-like layer around 
seeds, preventing rapid dehydration and maintaining 
moisture availability.86,88 For example, A. nodosum, a 
brown seaweed, is known for its high alginate content, 
which enhances water-binding capacity, while U. lactuca, 
a green seaweed, produces sulfated polysaccharides that 
improve seed coat permeability, allowing for faster water 
uptake.4,96,115 In addition, algal bioactive compounds 
modify the seed coat structure, making it more permeable 
and facilitating uniform hydration. Microalgae, such as C. 
vulgaris release bioactive exopolysaccharides that improve 
seed coat flexibility, while K. alvarezii, a red seaweed, 
contains carrageenan that softens the seed coat, further 
enhancing water absorption.72,116

Another crucial mechanism involves the activation 
of aquaporins – specialized water-channel proteins that 
regulate water transport across cell membranes. Algal-
derived phytohormones, particularly GAs, and cytokinins, 
play a vital role in upregulating aquaporin gene expression, 
leading to rapid water influx into the embryo and 
endosperm.80 For example, S. platensis is rich in cytokinins 
that enhance aquaporin activity, ensuring efficient water 
uptake, while brown algae, such as Laminaria, Sargassum, 
Turbinaria, Spatoglossum, Rosenvingea, and Chnoospora 
contain GAs that facilitate aquaporin activation, reducing 
the lag phase in seed germination.77,81 Moreover, algal 
extracts mitigate imbibitional damage and cell membrane 
rupture caused by sudden water influx by supplying 
osmoprotectants, such as betaines and proline, which 
stabilize cellular structures and allow gradual water 
absorption.117 D. salina, a microalga, is known for its 
high betaine content, which protects seeds from osmotic 
stress during hydration, while G. edulis, a red seaweed, 
contains proline that prevents osmotic shock, leading 
to synchronized germination.118,119 Together, these 
mechanisms contribute to improved seed hydration 
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and enhanced early seedling vigor, making algal-based 
seed priming a highly effective biostimulant strategy for 
sustainable agriculture.

4.2. Modulating phytohormone signaling

Seed germination is a complex physiological process 
tightly regulated by phytohormones, and algal extracts 
play a crucial role in modulating these signals to influence 
germination by enhancing metabolic activity, breaking 
dormancy, and ensuring efficient nutrient mobilization 
(Figure  5). The presence of auxins, GAs, cytokinins, 
and ABA in algal extracts influences key stages of seed 
germination, from dormancy release to radicle emergence. 
Species, such as A. nodosum, E. maxima, F. vesiculosus, and 
S. platensis provide a diverse range of phytohormones that 
act synergistically to optimize germination kinetics.77

By promoting enzyme activation, regulating hormonal 
balance, and mitigating oxidative stress, algal-derived 
bioactive compounds create a favorable biochemical 
environment for seed germination. GAs are among the 
most critical hormones involved in this process, helping 
overcome seed dormancy by stimulating the production 
of hydrolytic enzymes, such as α-amylase, which break 
down stored starch into simple sugars. These sugars serve 
as an immediate energy source for the growing embryo, 
facilitating rapid and synchronized germination.76,77 
Macrophytes, such as Gracilaria and S. wightii are rich in 
GAs, and their extracts accelerate germination by promoting 
faster reserve mobilization.82 Auxins, particularly IAA, also 
contribute to germination by promoting cell elongation 

and expansion during the early seedling development. 
Algae, such as C. vulgaris and U. lactuca produce 
significant amounts of auxins, which enhance embryonic 
root growth and support faster and stronger radicle 
protrusion when used for seed priming.21,77 Cytokinins, 
found in red algae, such as G. edulis and K. alvarezii, help 
in breaking dormancy by promoting cell division in the 
embryonic tissues, ensuring uniform and synchronized 
germination. They also contribute to mobilizing stored 
nutrients within the seed, further enhancing the speed and 
uniformity of germination.74,120 Conversely, ABA, a known 
inhibitor of germination under stress conditions, is present 
in controlled amounts in algal extracts from species, 
such as D. salina and S. platensis. This finely tuned ABA 
presence ensures effective germination while balancing 
rapid emergence and stress tolerance. Under favorable 
conditions, ABA levels decrease to allow GAs to promote 
germination, whereas under adverse conditions, the ABA 
helps delay germination until conditions improve.82,76 
In addition, brassinosteroids from seaweeds, such as S. 
muticum contribute to softening and loosening seed cell 
walls, thereby facilitating radicle emergence.22,78

4.3. Activating antioxidant defense systems

Algal extracts play a crucial role in activating antioxidant 
defense systems during seed germination, protecting seeds 
from oxidative damage, and ensuring successful seedling 
establishment. The ability of algal extracts to activate 
antioxidant defense systems ensures that germinating 
seeds maintain cellular homeostasis, reducing oxidative 

Figure 4. Role of algal extract in water uptake and hydration during seed germinating
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stress and promoting healthy seedling development.3,121 
Integrating algal priming into agricultural practices, can 
significantly improve seed viability and germination 
efficiency, particularly under stress-prone environments 
(Figure  6). During early germination, ROS, such as 
superoxide radicals, hydrogen peroxide, and hydroxyl 
radicals are naturally generated as metabolic activity 
increases. While controlled ROS levels act as signaling 
molecules for seed dormancy release and metabolic 
activation, excessive accumulation leads to oxidative stress, 
causing lipid peroxidation, protein oxidation, and DNA 
damage.

Algal extracts, rich in natural antioxidants, help regulate 
this balance by enhancing both enzymatic and non-
enzymatic antioxidant systems within seeds. Enzymatic 
antioxidants, including SOD, CAT, and peroxidases, play 
a vital role in scavenging ROS and preventing cellular 
damage.3,122 Several studies have demonstrated that 
priming seeds with algal extracts enhances the activity of 
these enzymes, leading to improved germination rates 
and seedling vigor. Microalgae, such as S. platensis and 
C. vulgaris contain high levels of antioxidant enzymes 
and stimulate endogenous defense mechanisms in primed 
seeds, enabling them to withstand oxidative stress during 
germination.123,124 Similarly, brown seaweeds, such as 
A. nodosum and S. wightii provide bioactive compounds that 
upregulate the expression of genes related to antioxidant 
enzyme synthesis, ensuring a robust defense response.77

In addition to enzymatic antioxidants, non-enzymatic 
antioxidants, such as polyphenols, flavonoids, carotenoids, 
and vitamins (e.g., vitamin C and vitamin E) play a 
crucial role in neutralizing ROS and protecting cellular 

integrity.125 Algal extracts from U. lactuca and K. alvarezii 
are rich in polyphenolic compounds that scavenge free 
radicals, reducing oxidative damage during germinating. 
Carotenoids, abundantly found in D. salina and H. pluvialis, 
act as potent ROS quenchers, stabilizing membrane 
structures and ensuring efficient energy metabolism 
during early seedling establishment.126,127 Furthermore, 
algal polysaccharides, such as fucoidans, laminarins, and 
alginates help mitigate oxidative stress by acting as signaling 
molecules that induce stress-responsive pathways.104 Marine 
algae, such as Laminaria, Kappaphycus, Sargassum, Ulva, 
and Fucus are particularly rich in these polysaccharides, 
which enhance the synthesis of stress-protective proteins 
and antioxidants in germinating seeds. These compounds 
not only improve germination percentage and speed but 
also increase the resilience of emerging seedlings under 
adverse environmental conditions.4,96

4.4. Boosting nutrient bioavailability

Algal priming significantly boosts nutrient bioavailability 
during seed germination, ensuring essential macro-  and 
micronutrients are readily available for early seedling 
development. This increased nutrient availability provides 
a significant advantage, particularly in nutrient-deficient 
or stress-prone environments.128 Algal extracts supply 
chelated minerals, bioavailable nitrogen and phosphorus, 
and bioactive compounds that stimulate nutrient uptake 
and metabolism, acting as natural growth enhancers to 
support robust seedling establishment and long-term 
plant health (Figure 7).129 Seeds require a precise balance 
of nutrients – such as nitrogen, phosphorus, potassium, 
iron, calcium, magnesium, and trace elements, such as 
zinc, manganese, and selenium – to support metabolic 

Figure 5. Modulation of algal phytohormones in seedling growth
Abbreviations: ABA: Abscisic acid; GA: Gibberellin.
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activation, cellular growth, and enzyme function. However, 
limitations in nutrient solubility and uptake efficiency 
can restrict germination success.130 Algal extracts, rich in 
bioavailable nutrients, organic acids, and chelating agents, 
enhance nutrient mobilization and absorption, thus 
accelerating germination and improving seedling vigor.64 A 
key mechanism underlying this benefit is the high content 
of organic acids in algal extracts – such as alginic acid, 
phytic acid, and citric acid. These compounds act as natural 
chelators, binding essential minerals and converting them 
into forms more easily absorbed by germinating seeds.131 

Brown seaweeds, such as A. nodosum, S. wightii, and 
Laminaria digitata contain high levels of alginates, which 
enhance the solubility of micronutrients, such as iron, zinc, 
and manganese, ensuring their efficient uptake.109,110 This 
is particularly important for iron, whose low solubility in 
soils often limits seedling development. Studies have shown 
that priming seeds with algal extracts rich in chelated iron 
significantly improves iron uptake, leading to enhanced 
chlorophyll synthesis and early seedling establishment.7 
In addition, algal extracts supply a balanced composition 
of macronutrients, particularly nitrogen and phosphorus, 

Figure 6. Effect of algal extract on the antioxidant defense systems
Abbreviations: CAT: Catalase; Cu: Copper; GPx: Glutathione peroxidase; Mg: Magnesium; ROS: Reactive oxygen species; SOD: Superoxide dismutase; 
Zn: Zinc.

Figure 7. Effect of algal extract on nutrient bioavailability
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which are critical for DNA replication, protein synthesis, 
and ATP production during germination.132 Green algae, 
such as C. vulgaris and S. platensis are known for their high 
nitrogen content in the form of amino acids and peptides, 
serving as immediate nitrogen sources for metabolic 
activation in germinating seeds.123,124 Phosphorus, an 
essential component of nucleotides and energy-transfer 
molecules, is also present in bioavailable forms in algal 
extracts, ensuring optimal energy metabolism during 
the transition from seed dormancy to active growth.129 
Moreover, bioactive compounds, such as polyphenols, 
flavonoids, and amino acids in algal extracts not only 
improve nutrient uptake but also enhance enzymatic 
activity related to nutrient metabolism.3,4 For example, 
seaweed-based priming has been shown to upregulate 
genes involved in nutrient transport, particularly for 
nitrogen and phosphorus, ensuring that absorbed 
nutrients are efficiently utilized for metabolism, resulting 
in faster and more uniform germination.7 Polysaccharides, 
such as fucoidans and laminarins, abundant in brown 
and red algae, such as F. vesiculosus and K. alvarezii, also 
act as nutrient carriers and biostimulants. They facilitate 
nutrient transport across cell membranes and promote 
root hair formation, improving nutrient uptake efficiency. 
This ensures a steady nutrient supply during germination, 
shortens the lag phase, and improves seedling vigor.83,104

4.5. Regulating osmotic balance and enhancing 
stress tolerance

Algal priming plays a crucial role in regulating osmotic 
balance and enhancing stress tolerance during seed 
germination, enabling seeds to withstand unfavorable 
environmental conditions, such as drought, salinity, 

and oxidative stress.133 By supplying osmoprotectants, 
regulating ion transport, modulating stress-responsive 
gene expression, and activating protective proteins, algal 
extracts help seeds overcome abiotic challenges and ensure 
successful germination (Figure  8).134 This makes algal-
based seed priming an effective and sustainable strategy for 
improving germination rates and seedling establishment in 
diverse environmental conditions. Germination is highly 
sensitive to external stressors, and disruptions in water 
uptake, ion homeostasis, or cellular integrity can delay 
or even inhibit seedling emergence. Algal extracts, rich 
in osmoprotectants and bioactive compounds, help seeds 
maintain cellular water balance, mitigate ionic toxicity, and 
improve resilience to abiotic stressors.2,135

One primary mechanism for regulating osmotic balance 
involves the high content of osmolytes – such as proline, 
betaine, and polyols – in algal extracts. These compounds 
function as osmoprotectants, stabilizing cellular 
structures and preventing dehydration under water-deficit 
conditions.4,96 For example, green algae, such as C. vulgaris 
and D. salina accumulate high levels of betaine and 
glycerol, which preserve intracellular osmotic pressure, 
prevent water loss, and protect membrane integrity and 
enzymatic activity under osmotic stress.136,137 In addition, 
algal priming improves ion homeostasis by regulating 
the uptake and distribution of essential and toxic ions 
during germination. Salinity stress often leads to excessive 
accumulation of sodium and chloride ions, which disrupt 
cellular function. Algal extracts derived from salt-tolerant 
species, such as K. alvarezii, Gracilaria dura, and S. wightii 
mitigate salt-induced stress by promoting potassium ion 
retention and reducing sodium toxicity.138 Since potassium 

Figure 8. Effect of seed priming on osmotic balance and stress tolerance
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is crucial for enzyme activation, osmotic regulation, and 
metabolic processes, its efficient uptake ensures optimal 
cellular function even in saline conditions.139

Phytohormones, particularly ABA from species, such 
as A. nodosum, help fine-tune germination under stress 
by inducing protective responses that delay germination 
until favorable conditions prevail. ABA-like compounds 
also regulate seed dormancy release by allowing seeds 
to germinate only when water conditions are favorable. 
This mechanism prevents pre-mature germination under 
transient moisture conditions, reducing the risk of seedling 
mortality.76 Algal priming also enhances the synthesis of 
stress-related proteins and heat shock proteins, which 
play a key role in protecting cellular components from 
damage caused by temperature fluctuations and osmotic 
stress. These proteins prevent protein denaturation and 
assist in proper protein folding, maintaining cellular 
stability during germination.140 In addition, sulfated 
polysaccharides, such as fucoidans and carrageenans form 
brown and red algae, exhibit strong protective effects 
against oxidative and osmotic stress by reinforcing cell 
wall integrity and stabilizing membrane lipids.83,115 Algal-
derived polyamines, such as putrescine, spermidine, 
and spermine, also contribute to stress tolerance by 
modulating ion channels, stabilizing nucleic acids, and 
improving membrane fluidity. These molecules, found in 

algae, such as Grateloupia doryphore, Crassiphycus corneus, 
U. fasciata, Nannochloropsis oculata, and Gracilaria cornea, 
not only preserve osmotic balance but also enhance seed 
vigor by promoting rapid metabolic activation during 
germination.141

5. Influence of algal priming on the primary 
metabolism of seedlings
Algal priming plays a crucial role in modulating primary 
metabolism during seed germination by enhancing 
carbohydrate, nitrogen, and lipid metabolic pathways 
(Figure  9).142 Among these, the hydrolysis of stored 
carbohydrates is an important event in early seedling 
development, providing the energy required for cellular 
processes. Algal-derived biomolecules regulate the 
expression of hydrolytic enzymes, such as α-amylase, 
β-amylase, and invertases, facilitating the breakdown of 
starch reserves into soluble sugars. These sugars, including 
glucose, fructose, and sucrose, serve as primary energy 
sources fueling glycolysis and the tricarboxylic acid (TCA) 
cycle.76,77,143 Extracts from A. nodosum and K. alvarezii 
have been reported to enhance amylase activity in primed 
seeds, leading to higher availability of soluble sugars and 
improved ATP production. This rapid mobilization of 
carbohydrate reserves accelerates radicle protrusion and 
seedling emergence.144

Figure 9. Influence of algal priming on primary metabolism during seedling development
Abbreviation: TCA: Tricarboxylic acid.
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Nitrogen metabolism is also significantly influenced 
by algal priming. Algal extracts contain amino acids, 
peptides, and nitrogen-rich compounds that enhance 
nitrogen assimilation during early seedling development.145 
The upregulation of nitrate reductase and glutamine 
synthetase activities in response to algal priming facilitates 
the conversion of inorganic nitrogen into organic forms, 
which are essential for protein biosynthesis.146 The 
presence of amino acids, such as glutamine, asparagine, 
and proline in algal extracts provides a direct substrate 
for protein synthesis, ensuring rapid cell division and 
tissue differentiation.5,102 Priming with S. platensis extract 
– known for its high protein content – has been shown 
to increase total soluble protein levels in seedlings, 
supporting enhanced metabolic activity and biomass 
accumulation.123,124 Lipid metabolism also plays a critical 
role during seed germination by maintaining membrane 
integrity and providing additional energy storage. 
Algal extracts supply essential fatty acids, including 
omega-3 (α-linolenic acid) and omega-6 (linoleic acid), 
which are fundamental for membrane biogenesis and 
structural stability. These fatty acids improve membrane 
fluidity and facilitate nutrient transport and signal 
transduction processes necessary for cellular expansion 
and division.107,108 Furthermore, sterols and phospholipids 
present in algal extracts enhance mitochondrial stability, 
thereby optimizing ATP synthesis through oxidative 
phosphorylation. Extracts from D. salina, S. platensis, and 
N. oculata have been reported to improve seedling vigor 
by enriching lipid profiles that support cellular function 
under varying environmental conditions.28,105,106

In addition to supporting macronutrient metabolism, 
algal priming also modulates secondary metabolic 
pathways that safeguard and sustain primary metabolism. 
Algal extracts are rich in polyphenols, flavonoids, and 
carotenoids, which act as antioxidants, protecting 
metabolic intermediates from oxidative damage. These 
bioactive compounds help maintain cellular redox balance, 
ensuring uninterrupted progression of glycolysis, the TCA 
cycle, and amino acid biosynthesis.3,4 Sulfur metabolism 
also contributes to primary metabolic regulation, as 
sulfur-rich microalgae, such as C. vulgaris enhance 
glutathione biosynthesis—an essential antioxidant 
defense mechanism.147 The presence of sulfur-containing 
amino acids, such as methionine and cysteine in algal 
extracts further supports protein synthesis and enzymatic 
functions essential for metabolic stability.5,102 Collectively, 
the regulatory effects of algal priming on primary 
metabolism establish a favorable biochemical environment 
that promotes seedling establishment and early growth. By 
modulating carbohydrate hydrolysis, nitrogen assimilation, 
lipid biosynthesis, and antioxidant defense mechanisms, 

algal extracts serve as metabolic enhancers during the 
germination process.

6. Algal priming affecting the rhizosphere 
through beneficial microbiome interactions
Algal extracts play a crucial role in fostering beneficial 
microbiome interactions during seed germination, 
significantly enhancing seedling vigor, nutrient acquisition, 
and resistance to soil-borne pathogens (Figure  10).148 
The rhizosphere microbial communities associated with 
germinating seeds – particularly PGPR and mycorrhizal 
fungi – contribute to early seedling establishment by 
improving nutrient bioavailability, modulating root 
architecture, and inducing systemic resistance to stress 
factors. Algal-based seed priming enhances these 
interactions by providing bioactive compounds, organic 
matter, and signaling molecules that create a favorable 
microenvironment for beneficial microbes.149 Notably, 
algal extracts contain bioactive metabolites, such as 
polyphenols, flavonoids, and phlorotannins, which 
exhibit antimicrobial properties that selectively suppress 
pathogenic fungi and bacteria while allowing beneficial 
microbes to thrive. For example, seed priming with 
S. wightii extract has been shown to reduce the incidence 
of fungal pathogens, such as Fusarium and Rhizoctonia, 
both of which are major threats to seedling survival.150 
Simultaneously, the bioactive compounds present in brown 
and red algae create a conducive environment for PGPR 
species, such as Azospirillum, Pseudomonas, and Bacillus, 
which enhance nitrogen fixation and produce growth-
promoting phytohormones, such as IAA.151,152

Algal priming also facilitates mycorrhizal symbiosis, a 
crucial interaction during early seedling development that 
improves phosphorus and water uptake. Many algal extracts 
contain compounds that mimic plant signaling molecules, 
such as strigolactones, which stimulate mycorrhizal 
spore germination and hyphal branching.153 Seaweed 
and microalgal-derived compounds have been reported 
to enhance AMF colonization in root tissues, leading 
to improved nutrient absorption and stress tolerance in 
germinating seeds. This symbiotic interaction is particularly 
beneficial under nutrient-deficient or drought-stressed 
conditions, where mycorrhizal fungi help extend the root’s 
absorptive surface area.154 Furthermore, algal extracts 
influence microbial quorum sensing, a communication 
mechanism used by bacteria to regulate gene expression and 
biofilm formation. Sulfated polysaccharides and specific 
secondary metabolites in algae act as quorum-sensing 
modulators, allowing beneficial microbes to coordinate 
their activities in response to metabolic cues during seed 
germination. This interaction supports the persistence 
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Figure 10. Algal priming affects the rhizosphere by stimulating beneficial microbiome interactions
Abbreviation: PGPR: Plant growth-promoting microorganisms.

and functionality of PGPR populations, reinforcing early 
root development and health.155 In addition, algal extracts 
contain B-complex vitamins, which enhance microbial 
metabolism and promote the synthesis of plant-beneficial 
metabolites, such as siderophores and phytohormones. 
Overall, algal priming shapes the rhizosphere microbiome 
in favor of beneficial interactions that underpin healthy 
seedling emergence, robust root establishment, and 
resilience against environmental challenges.120,156

7. Algal priming as a sustainable alternative 
for future agriculture
A clear pattern emerges when analyzing the diversity of algal 
species used in seed priming across existing studies (Table 1). 
Ulva dominates the field, cited in 16 independent reports 
as a consistently effective biostimulant. Following closely 
are Sargassum (14 reports) and Chlorella (11 reports), both 
demonstrating reliable improvements in seed germination, 
seedling vigor, and tolerance to abiotic stresses, such as 
salinity and drought. These three genera form the core of 
present research interest, indicating their strong potential 
for practical agricultural applications. Ascophyllum, Padina, 
and Gracilaria, each featured in six to seven studies, also 
show promising biostimulant properties. Meanwhile, 
Spirulina, Kappaphycus, and Cystoseira are less frequently 
studied but consistently display favorable effects that merit 
further exploration. On the margins, species, such as Jania, 
Ecklonia, Fucus, and Laurencia are underexplored but 
potentially valuable candidates. This comparative overview 
not only highlights the most widely studied algal candidates 
but also offers practical guidance for selecting species best 
suited for seed priming, particularly under environmental 
stress conditions (Figure 11).

Algal extracts represent a promising sustainable 
alternative for future agriculture, primarily due to their 
adaptability to a wide range of climatic conditions and 
their potential for large-scale application. Various algal 
species can be cultivated in diverse environments: 
Spirulina thrives in hot, arid climates, while Chlorella and 
other microalgae are better suited to temperate regions. 
As such, species selection must account for local variables, 
such as temperature, humidity, and light intensity.123,124 The 
scalability of algal production is supported by established 
cultivation methods, such as open-pond systems, 
photobioreactors, and integrated aquaculture setups, all of 
which have shown success in increasing biomass yield for 
agricultural use. However, climate-specific challenges do 
exist: Colder regions may require additional infrastructure 
for temperature regulation, whereas tropical areas may 
contend with nutrient imbalances or photoinhibition.25,64 

Figure 11. Graphical analysis of potential algal genera used as priming 
agents
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These issues can be addressed through tailored cultivation 
systems and careful strain selection.

The sustainability of algal extracts further adds to their 
appeal. They reduce dependence on synthetic fertilizers, 
prevent soil degradation, and promote water conservation.4 
Moreover, their cultivation can be optimized for resource 
efficiency, ensuring that algae-based products remain 
both ecologically and economically viable for long-term 
agricultural use.21,77 Derived from renewable sources – 
including marine biomass and wastewater – algal extracts 
are biodegradable, non-toxic, and environmentally 
friendly. Their use contributes to improved soil health by 
enhancing microbial diversity and facilitating nutrient 
cycling in the rhizosphere.28,27

From a practical standpoint, algal extracts can be easily 
incorporated into existing agricultural systems and applied 
through seed coatings, foliar sprays, or soil amendments. 
They require relatively low production inputs and can be 
locally sourced or cultivated, making them cost-effective 
and adaptable across diverse farming systems.62 These 
features position algal-based priming as a viable and 
sustainable strategy for both conventional and resource-
limited systems.3,28 Beyond their biological efficacy, 
algal extracts carry significant ecological and practical 
implications. As naturally derived biostimulants, they 
align with environmental sustainability goals by reducing 
dependency on synthetic agrochemicals and enhancing 
soil biodiversity.8 Their ease of integration into present 
agricultural practices, whether as seed coatings, foliar 
treatments, or soil supplements makes them a flexible 
and cost-effective option for farmers. Furthermore, the 
use of algae cultivated from wastewater or marginal 
environments promotes circular economy models and 
resource conservation.

8. Challenges, future perspectives, and 
emerging technologies
While algal extract-based seed priming presents a promising 
eco-friendly alternative to conventional methods, several 
existing practical and ecological challenges must be 
addressed before its widespread adoption. One major 
limitation is the lack of standardization in the preparation 
and application of algal extracts. The biochemical 
composition of algae can vary significantly depending on 
species, geographic origin, seasonal changes, and extraction 
methods. This variability makes it difficult to establish 
optimal extract concentrations, hindering consistency 
across different crop species and environmental conditions. 
Without standardized protocols, reproducibility across 
studies remains limited, and large-scale implementation in 
diverse agricultural systems becomes challenging.

Another major concern is the frequent disparity 
between results observed under laboratory conditions 
and those obtained in real-world field environments. 
In controlled settings, algal priming has consistently 
demonstrated improvements in germination rates, 
seedling vigor, and stress tolerance. However, these benefits 
often diminish in the field, where factors, such as soil 
heterogeneity, temperature variation, and irregular water 
availability introduce complexity and unpredictability. This 
discrepancy highlights the need for more comprehensive, 
region-specific field trials to validate laboratory findings 
and to optimize formulations for specific agro-climatic 
contexts.

Moreover, the long-term ecological implications 
of repeated application of algal extract are still poorly 
understood. While preliminary studies indicate that 
algal treatments may enhance soil microbial activity and 
beneficial plant-microbe interactions, there is insufficient 
long-term data regarding their impact on soil microbial 
diversity and nutrient cycling. It is essential to investigate 
whether continuous use of algal biostimulants might 
unintentionally disrupt microbial equilibrium and nutrient 
cycling dynamics.

To overcome these limitations and fully realize the 
benefits of algal seed priming, future research should 
focus on developing standardized preparation and dosing 
protocols, alongside long-duration field experiments 
across varied agro-climatic regions. In addition, advanced 
molecular tools should be employed to explore the long-
term effects of algal treatments on soil microbiomes and 
plant health. One such promising avenue is the use of 
CRISPR/Cas9 genome editing to enhance the functional 
properties of algae used in extract preparation. By precisely 
targeting and modifying genes involved in the biosynthesis 
of key bioactive metabolites, such as phytohormones 
(e.g., auxins, GAs, and cytokinins), antioxidants, and 
stress-related proteins, CRISPR can be utilized to develop 
high-performing algal strains with improved efficacy in 
enhancing seed vigor, germination rate, and early seedling 
establishment. This approach can be particularly valuable 
in customizing algal formulations for specific crop species 
or environmental conditions.

In addition to CRISPR, the integration of omics 
technologies, including transcriptomics, proteomics, 
and metabolomics, can provide a deeper understanding 
of the underlying mechanisms by which algal bioactive 
compounds influence plant physiological responses. 
Synthetic biology and systems biology offer the possibility 
of designing tailor-made algal strains that can respond 
dynamically to environmental cues or enhance nutrient 
assimilation in the rhizosphere. Together, these advanced 
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tools represent a frontier of sustainable agricultural 
biotechnology. Their strategic integration into algal-based 
seed priming research and application could significantly 
improve the precision, efficiency, and scalability of this 
eco-friendly strategy, establishing it as a cornerstone of 
resilient and sustainable crop production in the future.

9. Conclusion
Seed germination is a complex physiological process 
regulated by a cascade of metabolic and molecular 
events that ensure successful seedling establishment. 
Enhancing germination efficiency and seedling vigor is 
crucial for sustainable agriculture, particularly in the face 
of environmental challenges. The use of algal extracts as 
seed priming agents presents a promising approach for 
enhancing seed germination, seedling establishment, and 
overall crop productivity while maintaining environmental 
sustainability. These extracts contain bioactive compounds, 
such as phytohormones, osmoprotectants, and essential 
micronutrients, which contribute to improved seed 
vigor, enhanced stress tolerance, and increased metabolic 
efficiency. Algal priming also fosters beneficial plant-
microbe interactions in the rhizosphere, promoting 
nutrient cycling and soil health. This bio-based approach 
aligns well with the global movement towards sustainable 
agriculture by reducing dependency on synthetic fertilizers 
and chemical priming agents.

Despite the growing body of research supporting 
algal-based seed priming, several challenges remain 
to be addressed. One of the primary hurdles is the 
standardization of extraction methods and formulation 
techniques to ensure consistency and efficacy across 
different plant species and environmental conditions. 
Furthermore, understanding the precise biochemical 
mechanisms through which algal extracts exert their 
priming effects remains an ongoing research focus. To 
fully leverage the potential of algal-based priming, future 
research should aim at optimizing large-scale production 
and application strategies. Advances in biotechnology and 
synthetic biology could pave the way for engineering algae 
with enhanced biostimulant properties tailored for specific 
crop requirements. In addition, integrating algal priming 
with precision agriculture techniques can further enhance 
its efficiency and applicability. Evaluating the economic 
feasibility and scalability of algal-based priming is also 
essential to facilitate its adoption by farmers worldwide. 
Policies and incentives promoting the use of bio-based 
agricultural inputs will play a crucial role in mainstreaming 
this approach. As climate change continues to pose 
significant challenges to global food security, algal seed 
priming represents a sustainable and innovative strategy 
for improving crop resilience, productivity, and soil health. 

By addressing the existing challenges and capitalizing 
on emerging technologies, algal-based seed priming 
can become a valuable tool for the future of agriculture, 
contributing to a more sustainable and resilient food 
system.
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