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Plant biostimulants (PBs) attract interest in modern agriculture as a tool to enhance
crop performance, resilience to environmental stress, and nutrient use efficiency.
PBs encompass diverse organic and inorganic substances (humic acids and protein
hydrolysates) as well as prokaryotes (e.g., plant growth promoting bacteria) and
eukaryotes such as mycorrhiza and macroalgae (seaweed). Microalgae, which comprise
eukaryotic and prokaryotic cyanobacteria (blue-green algae), are attracting growing
interest from scientists, extension specialists, private industry and plant growers
because of their versatile nature: simple unicellular structure, high photosynthetic
efficiency, ability for heterotrophic growth, adaptability to domestic and industrial
wastewater, amenability to metabolic engineering, and possibility to yield valuable
co-products. On the other hand, large-scale biomass production and harvesting still
represent a bottleneck for some applications. Although it is long known that microalgae
produce several complex macromolecules that are active on higher plants, their targeted
applications in crop science is still in its infancy. This paper presents an overview of the
main extraction methods from microalgae, their bioactive compounds, and application
methods in agriculture. Mechanisms of biostimulation that influence plant performance,
physiology, resilience to abiotic stress as well as the plant microbiome are also outlined.
Considering current state-of-the-art, perspectives for future research on microalgae-
based biostimulants are discussed, ranging from the development of crop-tailored,
highly effective products to their application for increasing sustainability in agriculture.

Keywords: active molecules, plant-microbiome, modern agriculture, plant response, algae extracts, synergetic
properties

MICROALGAE AS A RENEWABLE SOURCE OF PLANT
BIOSTIMULANTS

Global demographic pressure on agricultural production calls for novel and sustainable approaches
toward satisfying the ever-growing demand for plant biomass destined for human food, animal
feed, and energy production. Conventional agricultural practice has relied overwhelmingly on
non-renewable inputs of fertilizers and pesticides. Although their introduction has allowed
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substantial progress for humankind (Cooper and Dobson, 2007),
agro-chemicals also pose a serious, unresolved threat to human
health and the environment (Fenner et al., 2013). Moreover,
supply and application of these inputs is becoming increasingly
costly because of resource depletion and the increasing global
demand for mineral fertilizers. Finally, the use of chemical
inputs in agriculture is restricted by a tightening legal framework
because of mounting public concern. Plant biostimulants (PBs)
can play a pivotal role in addressing sustainability challenges
because they can reduce dependency on fertilizers, especially
on off-farm chemical inputs. Moreover, PBs are also useful
to improve yield and its stability under environmental stress
(Bulgari et al., 2014; Calvo et al., 2014; Colla and Rouphael, 2015;
Yakhin et al., 2017).

According to recent EU Regulation, PBs are defined mainly
through their claimed action, in other words ‘more by the
plant response they elicit than by their makeup.’ Therefore,
PBs embrace a wide range of organic non-microbial substances
(humic acids, protein hydrolysates, and seaweed extracts) and
microbial organisms (mycorrhizal fungi and N-fixing bacteria)
(du Jardin, 2015; European Commission, 2016; Rouphael and
Colla, 2018; Rouphael et al., 2018). Extracts of brown, green and
red macroalgae (seaweed), which are mainly collected from sea
water, represent an important category of organic biostimulants
(Battacharyya et al., 2015; Rouphael et al., 2017). A wide array
of chemicals has been identified in seaweed extracts, including
polysaccharides, phenolics, fatty acids, vitamins, osmolytes,
phytohormones, and hormone-like compounds involved in
signaling plant response to abiotic stress (Khan et al., 2009;
Battacharyya et al., 2015). Currently, brown macroalgae are
the most common seaweed used in agriculture with dozens of
commercial products (Craigie, 2011). The beneficial effects of
seaweed extract applications, attributed to multiple mechanisms,
include improvement of seedling establishment, flowering and
fruit setting, as well as tolerance to a wide range of abiotic stress
(Khan et al., 2009; Craigie, 2011; Battacharyya et al., 2015; De
Pascale et al., 2018; Ertani et al., 2018). However, macroalgae are
typically harvested from sea, which hampers the standardization
of the raw material quality. The chemical composition of seaweed
varies according to the tissue age, environmental conditions,
nutrient availability, and time of harvesting (Marinho-Soriano
et al., 2006; Marsham et al., 2007). Moreover, the spread of water
pollution limits the use of seaweed biomass for biostimulant
production in many parts of the globe. For this reason, the
scientific community and the private industry are giving more
emphasis to the more costly controlled production of ‘in-house
algae.’ Ideally, a successful biostimulant should be not only
sustainable and effective, but also based on organic by-products
and able to favor the closure of the nutrient loops in agriculture.

A promising alternative toward the standardization of raw
material and cost reduction in algal biomass production would
be the use of microalgae (Barone et al., 2018a,b). They
embrace a wide range of evolutionarily diverse phototrophic and
unicellular organisms. It has been estimated that the number
of microalgae specie ranges from 50,000 to 1 million. Their
long and complex evolutionary history is reflected in the vast
range of metabolic compounds that they are able to produce.

In any aquatic eco-system, microalgae are among the most
important primary trophic producers (Sharma and Rai, 2011).
They have successfully colonized also terrestrial niches, where
they can be found in population densities ranging between 3
and 100 million cells per gram of topsoil (Kutílek and Nielsen,
2015). The very wide genetic variability in these microorganisms
has yet to be fully explored and microalgae-based commercial
products are currently used mainly as nutritional supplements.
Presently, only few microalgal species (Chlorella spp., Dunaliella
spp., Haematoccocus spp., Isochrysis spp., Nannochloropsis spp.,
Porphyridium spp., and Spirulina spp.) are industrially exploited
(Walker et al., 2005; Wijffels et al., 2013). For instance, Spirulina
spp. and Chlorella spp. have a large economic value for the
production of functional food and dietary supplements (Schiavon
et al., 2017); while Dunaliella salina and Haematococcus pluvialis
are used to obtain two popular antioxidants, β-carotene and
astaxanthin (Bajpai et al., 2013). Microalgae have also gained
increasing interest as a source of renewable energy (e.g.,
biofuel production) and for industrial and domestic wastewater
bioremediation (Spolaore et al., 2006; Chiaiese et al., 2011;
Renuka et al., 2018).

Microalgae can be autotrophic or heterotrophic. As solar
conversion in some microalgae species is very efficient, the
most common procedure for cultivation of this microorganism
is presently the autotrophic growth (Renuka et al., 2018).
The basic cultivation system consists of open-ponds used
for food supplement and antioxidant production, with highly
variable productivity depending on species and environmental
conditions. Open system cultivation of microalgae is thus
limited to certain robust species, such as Spirulina spp.,
Dunaliella spp., and Chlorella spp., that are able to grow
under extreme conditions. Reduction of growing area and
protection against potential contamination can be obtained
in closed-ponds, referred to as photobioreactors. This type of
cultivation method is often used for the production of high
added-value molecules, such as pharmaceutical compounds.
However, the main disadvantage of photobioreactors is the high
capital cost for designing and operating. A viable alternative
for growing microalgae is in heterotrophic conditions exploiting
existing industrial bacterial-bioreactors (Kim et al., 2013; Kovar
et al., 2014; Venkata Mohan et al., 2015; Hu et al., 2018).
The main advantages of this cultivation system is the high
cell concentration, which can reach up to 100 g L−1; in
photobioreactors, the maximum density is around 40 g L−1, even
lower in open-ponds (c. 10 g L−1). A recent sustainable energy-
based strategy for growing microalgae relies on using wastewater
of industrial, domestic and agricultural origin in bioreactors that
allow for the removal of contaminants during the production
of microalgal biomass. Therefore, microalgae have the potential
to reduce the negative discharges to the environment by, for
instance, re-using nutrients and products and valorizing waste
from different sources, including those related to agriculture.

This mini-review presents the various methods of production
of microalgal extracts, their biologically active compounds and
application methods in agriculture. The biostimulant action
by which they affect plant performance, physiological status,
resilience to environmental stressors as well as their effects
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on plant microbiome are also covered. Several perspectives
for future research relevant to microalgae-based biostimulants
are proposed, encompassing the development of specific and
effective products as well as their applications for advancing
sustainability in modern agriculture.

EXTRACTION TECHNIQUES, CHEMICAL
CHARACTERIZATION AND
APPLICATION METHODS OF
MICROALGAE-DERIVED
BIOSTIMULANTS

Numerous studies have been carried out on techniques to
obtain microalgal extracts (Samarasinghe et al., 2012; Michalak
and Chojnacka, 2014, 2015 and refrences cited therein). The
extraction techniques require as a first step the removal of the cell
wall for releasing the bioactive compounds (Samarasinghe et al.,
2012). This can be achieved by: (i) mechanical/physical means
(e.g., autoclaving, homogenization, microwaving, pulsed electric
field technology, sonication, liquid nitrogen), (ii) chemical
means (e.g., sodium hydroxide, hydrochloric or sulfuric acids,
osmotic shock, nitrous acid), and (iii) enzymatic means (e.g.,
cellulase, protease). Mechanical/physical pretreatment methods
are more energy-demanding, while enzymatic methods are
gaining popularity within the industry, although cell lysing
enzymes represent an additional cost (Michalak and Chojnacka,
2014). The significant advantages of the enzymatic pretreatment
methods over the chemical ones have been attributed mainly
to the more gentle cell-wall disruption, not involving chemical
and/or physical treatment. It is therefore expected that the
resulting algal extracts will retain higher levels of bioactive
compounds (Michalak and Chojnacka, 2014, 2015).

The choice of extraction method used to obtain biologically
active compounds from the microalgal biomass is mainly dictated
by the type of raw material and by the target molecule(s)
(Michalak and Chojnacka, 2014). Conventional techniques
include the use of organic solvents. The main drawbacks of
traditional solvent extraction techniques are the high volumes
of solvents used, the lack of high throughput and the length
of the process. Novel extraction methods such as microwave
assisted extraction, pressured liquid extraction, supercritical fluid
extraction and ultrasound assisted extraction have been adopted,
enabling the delivery of extracts in a solvent free-environment,
safer for both plants and humans (Michalak and Chojnacka, 2014,
2015).

Microalgae produce a remarkable diversity of biologically
active metabolites. The quantity and quality of bioactive
metabolites in microalgal extracts largely depend on the
extraction technique and the microalgal species used (Puglisi
et al., 2018). The content of primary metabolites, carbohydrates
and lipids in microalgae is very high (55–70% fresh weight) when
they are cultivated under optimal conditions. Carbohydrates
are usually one of the major components of microalgal
extracts. In Chlorella spp., Chlamydomonas spp., Dunaliella
spp. and Spirulina spp., carbohydrates may account for up

to 46% of the dry weight (DW) extract (Spolaore et al.,
2006; Pinzon et al., 2014; Tibbetts et al., 2015). In addition
to common carbohydrates, microalgae can contain floridean,
myxophycean, and chrysolaminarin starch (Lee, 2008). Protein
usually accounts for 18–46% (DW) of microalgal extract (Becker,
2013). The presence of some amino acids such as tryptophan
and arginine in microalgal extracts is expected to increase
significantly the growth and yield of cultivated crops because
these two amino acids are the metabolic precursors of key
phytohormones (Colla et al., 2013, 2014, 2016). Tryptophan
is pivotal for plant metabolism as it serves as building block
for proteins, precursors of plant hormones such as auxin and
salicylic acid, and for aromatic secondary compounds with
multiple biological functions (Colla et al., 2016). In addition
to tryptophan, arginine serves as precursor to polyamines,
which partake in many important biological processes such as
embryogenesis, organogenesis (particularly flower initiation and
development, fruit setting, ripening, and leaf senescence), as
well as in protection against osmotic stress (Kalamaki et al.,
2009).

To deliver microalgae to agronomic and horticultural crops, a
number of application methods have been adopted, depending
on the microalgal product and formulation. The modes of
application include: (i) soil amendment with algal formulations
using suitable carriers, (ii) soil amendment with algal dry biomass
(e.g., pellets, granules or powder) or suspended liquid culture,
and (iii) foliar spray (using culture supernatant, leachate, and
algal compost tea) or substrate/soil drench with algal culture
(Coppens et al., 2015; Bushong et al., 2016; Renuka et al., 2018).
The foliar application method appeared to be the most effective
if applied under high relative humidity conditions and when
leaf stomata are open, in order to increase the permeability and
uptake of the product.

BIOSTIMULATORY ACTION OF
MICROALGAL EXTRACTS

Microalgae-derived products have multi-functional properties
in agriculture, facilitating nutrient uptake, improving crop
performance, physiological status and tolerance to abiotic stress
(Renuka et al., 2018). Despite the fact that microalgae produce
compounds that are active on higher plants (de Morais et al.,
2015; Borowitzka, 2016), the practical applications of microalgae
in crop science are limited.

In recent years, experimental studies testing the action of
microalgal extracts, under open-field and greenhouse conditions,
have demonstrated that they stimulate germination, seedling
growth, shoot, and root biomass in several crops such as lettuce,
red amaranth, pack choi, tomato, and pepper (Faheed and
Abd-El Fattah, 2008; Garcia-Gonzalez and Sommerfeld, 2016;
Barone et al., 2018a,b; El Arroussi et al., 2018). Promotion
of growth (on both fresh and dry weight basis) at the early
stages of development was reported for lettuce germinated in
a C. vulgaris containing medium (at 2 and 3 g dry microalgae
extract kg−1 of soil) (Faheed and Abd-El Fattah, 2008). In
the same study, improvement of plant growth (i.e., shoot,
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root dry weight, and length) was associated to the stimulation
of carotenoid and chlorophyll pigment biosynthesis, which
may have improved the photosynthetic activity. Similarly, the
application of Spirulina platensis enhanced plant growth in
different leafy vegetables such as rocket, bayam red, and pak
choi (Wuang et al., 2016). Garcia-Gonzalez and Sommerfeld
(2016) and El Arroussi et al. (2018) indicated that also fruit
vegetables, such as tomato and pepper, are positively affected by
the application of microalgal extracts. For instance, seed priming
and foliar application at different concentrations (0, 0.75, 1.875,
3.75, 5.625, and 7.5 g mL−1) of aqueous cell extracts or dry
biomass of green alga Acutodesmus dimorphus promoted seed
germination, plant growth, and floral production in a dose-
dependent manner (Garcia-Gonzalez and Sommerfeld, 2016).
Interestingly, the authors demonstrated the presence of a bell-
shaped concentration–response curve, with maximum benefit
at 3.75 g mL−1 extract. Spraying at 3-day intervals with the
polysaccharide extract of blue-green alga S. platensis increased
plant size, root dry weight, the size and number of nodes up to
100%, for tomato and up to 50% for pepper (El Arroussi et al.,
2018).

Characterization of the biostimulant action conferred
by the extracts of microalgae C. vulgaris or Scenedesmus
quadricauda applied at two concentrations (2 and 4 ml L−1)
on sugar beet grown in a hydroponic Hoagland solution
was carried out by Barone et al. (2018a). Treated seedlings
incurred changes in root architecture (higher total root length,
surface, and number of root tips). In addition, differences
between the two application rates were not observed. The
different changes induced by microalgal extracts on root
morphology have been reflected also at the molecular level
with an upregulation of several genes involved in various
biological pathways of primary and secondary metabolism.
Zhang et al. (2017) and Barone et al. (2018b) suggested that the
hydroponic co-cultivation of tomato plants with C. vulgaris,
S. quadricauda or C. infusionum had a positive effect on crop
performance in terms of fresh and dry plant weight. A putative
biostimulatory mechanism involved may be associated to the
continuous algal photosynthesis constantly delivering oxygen
to the hydroponic nutrient solution (Barone et al., 2018a).
Another possible mechanism involved in the biostimulatory
action of microalgae belonging to Chlorophyta spp. and
Cyanophyta spp. is the production and excretion of hormones
(auxins and cytokynins) into the growing substrate/soil and
surrounding environment (Jäger et al., 2010; Renuka et al.,
2018). Microalgal extract applications can also mitigate the
detrimental effects imposed on crops by the two major agents
of abiotic stress, salinity, and drought (Abd El-Baky et al.,
2010; El Arroussi et al., 2018). For instance, El Arroussi et al.
(2018) reported that D. salina exopolysaccharides mitigate the
effect of different salinity levels in tomato by increasing the
antioxidant enzymatic activity, phenolic compounds and key
metabolites such as neophytadiene, tocopherol, stigmasterol,
and 2,4-ditert-butylphenol, which are considered components
of the main mechanisms against oxidative stress. The application
of aqueous extracts of Chlorella ellipsoida and Spirulina
maxima on wheat (Abd El-Baky et al., 2010) and Nannochloris

on tomato (Oancea et al., 2013) also mitigated salt stress
impact.

Microalgae-based plant biostimulation could be attributed
also to the modulation of microbial communities residing in
both the phyllosphere and the rhizosphere (Ranjan et al.,
2016; Renuka et al., 2018). For instance, inoculation with
blue-green algae such as Calothrix elenkinii stimulated the
phyllosphere and rhizosphere microbiomes (Priya et al., 2015;
Manjunath et al., 2016). One of the main mechanisms
responsible for the improvement of soil microbial communities
in response to inoculation with blue-green algae relates to the
production of exopolysaccharides. Exopolysaccharides secreted
by many microalgal species provide organic carbon for the
growth and development of beneficial microbes, leading to
the formation of useful biofilms in the rhizosphere (Xiao and
Zheng, 2016). Their association with soil elements helps in the
solubilization, mineralization, and bioavailability of macro and
micronutrients, thus improving crop performance (Drever and
Stillings, 1997).

CONCLUDING REMARKS AND
CHALLENGES AHEAD

The main advantage of microalgae-based biostimulants is that
their production requires limited non-renewable resources and
bears an overall reduced environmental impact. Compared
to other photosynthetic organisms, microalgae are potentially
more suitable for biotechnological improvement, especially
for metabolic engineering (Fu et al., 2016; Guiheneuf et al.,
2016; Jagadevan et al., 2018). However, the advancement
of their applications in agriculture is hampered by various
factors. While there is a general consensus on the potential
benefits of the interaction between microalgae and crops, there
is limited scientific evidence underpinning this interaction,
compared to other organic/inorganic and microbial PBs.
The vast diversity of microscopic algae still remains largely
unexplored and little work has been done for the selection
and genetic improvement of microalgae accession for
agriculture.

In the coming years, research efforts should focus on: (1)
elucidating the microalgae × plant species × environment
interaction, in order to select optimal combinations; (2)
optimizing application parameters (e.g., timing, mode,
rate of application, and plant developmental stage); (3)
quantitative and qualitative characterization of microbial
communities as modulated by microalgal PBs; (4) determining
the persistence of effects subsequent to microalgal PBs foliar
application; (5) the impact of climatic (e.g., radiation, and
relative humidity) and plant morphological factors (e.g.,
cuticle thickness and leaf permeability) on the effectiveness
of microalgal PBs; (6) developing tailored microalgal strains
with compositions and formulations adapted to specific
environments and (7) identifying potentially synergistic
green/blue-green microalgal combinations providing
complementary traits (e.g., production of phytohormones,
and siderophores, N fixation). Finally, the synergistic
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effects among green and blue-green algae should be at the
centre of future research aiming to design and develop
efficient microalgae-based products with specific biostimulation
action.
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