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A B S T R A C T   

The growing global demand for food, in addition to the environmental impacts of agricultural intensification and 
climate change, reinforce the need for sustainable alternatives to maintain and increase agricultural productivity. 
Microalgae are widely available renewable resources for application in agricultural environments. There is a vast 
biodiversity of microalgae species, and their versatile metabolism produces a great diversity of compounds that 
favor the capture and supply of nutrients, improve soil characteristics, and stimulate plant growth. In this study, 
we evaluated the production of indole compounds, exopolysaccharides, siderophores, and the development 
capacity of microalgae strains of the genera Chlamydomonas sp., Chlorella sp. and Desmodesmus sp. isolated from 
different Brazilian States. Microalgae that produced a greater range of compounds and developed more quickly 
were selected for the production of aqueous extracts from their biomass in order to evaluate their potential as a 
biostimulant for rice (Oryza sativa L.) plants. Seed inoculation and foliar application of extracts stimulated plant 
development. Shoot length in seedlings 7 days after germination was increased after the application of Syn 16 
aqueous extract at concentration of 0.5 g/L. Shoots of 30-day-old plants increased in length with the application 
of Syn 16 and Syn 90 strains, regardless of the tested concentration, while root length was increased by Syn 16 (at 
both concentrations - 0.1 and 0.5 g/L) and Syn 90 (0.1 g/L). Regarding shoot dry weight, increases of up to 36 % 
were detected with the Syn 16 strain at concentration of 0.5 g/L. With the Syn 90 strain at a concentration of 0.5 
g/L, the increase was 27 %. Furthermore, root dry weight was 43 % and 35 % higher than control plants after the 
application of Syn 16 and Syn 90, respectively (both at 0.5 g/L concentration). At the maturity stage, application 
of Syn 46 strain (0.5 g/L concentration) increased 11 % the number of full seeds per panicle when compared to 
control condition. Our results demonstrate the ability of microalgae extracts in stimulating the development and 
seed production of rice plants.   

1. Introduction 

Global agriculture has been continuously improved, and the intro
duction of new technologies is essential to meet the growing food de
mand. However, the environmental costs of these advances are 
significant, causing soil depletion, groundwater contamination and air 
pollution, which pose serious threats to global health [1]. Considering 

this pressing reality, in addition to population growth, it is essential to 
look for innovative alternatives that aim to achieve agricultural sus
tainability, encompassing issues such as environmental health, social 
equality and profits. 

Agricultural sustainability is based on the principle of meeting pre
sent needs without compromising future generations [2]. Sustainable 
agricultural practices strive to expand the natural resource base, 
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decrease the use of chemicals, improve soil fertility and crop produc
tivity, while protecting and preserving the environment. In this regard, 
biofertilizers and biostimulants are products of animal, plant or micro
bial origin that allow plants to develop and produce at their maximum 
potential, in addition to providing protection against biotic and abiotic 
stresses [3], without causing environmental damage [4,5]. 

In this scenario, microalgae are an alternative to traditional chemical 
fertilizers, either used in isolation or in association with other biological 
products [6]. Microalgae are sources of several substances that can be 
used in sustainable agriculture. They are considered multifunctional 
microorganisms, as they are capable of supplying nitrogen and carbon 
for assimilation by plants. In addition, they can enhance the develop
ment of cultures through the production of phytohormones (auxins, 
gibberellins and cytokinins), solubilization of macro and micronutrients, 
release of exopolysaccharides (source of organic carbon and soil ag
gregation/stabilization), in addition to having a positive influence in the 
soil's microbial diversity [3,6,8,9]. These compounds can improve plant 
response against environmental stress and pathogen attacks, in addition 
to favoring essential metabolic processes in plant development. 

There are several methodologies for applying microalgae in agri
culture, such as foliar application, directly in the soil or in seeds [3]. It 
has already been shown that microalgae inoculation in irrigation water 
can enhance growth in rice (Oryza sativa) plants [10]. However, de
velopments in the use of microalgae as fertilizers in the agricultural 
industry need to improve further [11]. Therefore, the objective of this 
work was to isolate and select microalgae capable of acting as bio
stimulants in rice plants. Thus, specific methodologies were used for the 
isolation of the genera Scenedesmus spp., Chlorella spp. and Chlamydo
monas spp.. The production of bioactive compounds and the generation 
time of the isolates (an important factor for scaling up industrial pro
duction) were evaluated in vitro, and the selected isolates were subse
quently inoculated in rice plants to verify the biostimulant/biofertilizer 
effect. 

2. Materials and methods 

2.1. Microalgae collection and isolation 

The microalgae were isolated from water samples obtained from 
interconnected ponds, lakes and dams in four Brazilian States (Rio 
Grande do Sul, Paraná, Santa Catarina and Ceará). Samples were first 
enriched in liquid culture medium and subsequently cultured in BBM 
agar (Bold's Basal Medium - [12]), BG-11 (Blue-Green algae medium - 
[13,14]), or TAP (Tris-Acetate-Phosphate medium - [15]). In order to 
inhibit the growth of fungi and bacteria, carbendazim (1 μg/mL) and 
streptomycin (25 μg/mL) were added. The microalgae cultures were 
incubated at 25 ◦C with a photoperiod of 16 h of light at an irradiance of 
55 μmol/m2/s. The formed microalgae colonies were purified and pre
served in a standard culture medium containing agar. 

2.2. Strain selection and identification 

The morphological characteristics of axenic microalgae were evalu
ated by optical microscopy (Nikon Eclipse Ei and Nikon Eclipse E200). 
Cells that had the characteristic shape of the genera Scenedesmus (ovoid, 
being single or aggregated cells, with spines or ornamentation), Chlorella 
(spherical, approximately 0–10 μm in diameter and without flagellum), 
and Chlamydomonas (large ovoid cells with two flagella), were selected 
and identified by sequencing the 18S rRNA gene and ITS (internal tran
scribed spacer) regions. In order to achieve this, the genomic DNA of the 
microalgae was isolated using the PureLink™ Plant Total DNA Purifi
cation Kit (Invitrogen), following the manufacturer's recommendations. 
The obtained DNA was used as a template for the amplification of the 
18S rRNA gene using primers P2 (5′-CTGGTTGATTCTGCCAGT-3′) and 
P4 (5′-TGATCCTTCYGCAGGTTCAC-3′) [16]. PCR was performed using 
about 10 ng of DNA, 500 nM of each primer, 250 nM dNTP, 1.5 mM 

MgCl2 and 1 unit of Platinum™ Taq DNA Polymerase (Invitrogen). The 
parameters used in the thermal cycle were denaturation at 94 ◦C for 5 
min, followed by 35 cycles of denaturation at 94 ◦C for 30 s, annealing at 
55 ◦C for 30 s, and extension at 72 ◦C for 2 min, followed by a final 
extension of 10 min at 72 ◦C [17]. In order to amplify the ITS regions, 
primers ITS1f (5′-AGGAGAAGTCGTAACAAGGT-3′), ITS2r (5′- 
GCTGCGTTCTTCATCGATGC-3′), ITS3f (5′-GCATCGATGAA
GAACGCAGC-3′), and ITS4r (5′-TCCTCCGCTTATTGATATGC-3′) [18] 
were used. The conditions applied for the PCR were denaturation at 
94 ◦C for 5 min, followed by 35 cycles of denaturation at 94 ◦C for 30 s, 
annealing at 55 ◦C for 30 s, and extension at 72 ◦C for 1 min, followed by 
a final 10 min extension at 72 ◦C [19]. The obtained PCR products were 
sequenced by the Sanger method and compared with the sequences 
available in the National Center for Biotechnology Information (NCBI) 
database, using the BLASTN tool (2.0.5). The sequences obtained were 
deposited at the NCBI and are available via accession numbers 
OQ473921, OQ473922, OQ564605-OQ564626, and OQ564627- 
OQ564649. 

2.3. Microalgae cultivation and growth curve 

The microalgae were inoculated into 10 mL of BBM, BG11, and TAP 
liquid media, and then incubated in a growth chamber (Marconi) with a 
light/dark cycle of 16 h/8 h, and light irradiance of 80–120 μmol/m2/s 
at 25 ◦C for 3 days, with vortexing once a day. After 2 days, 10 mL of the 
microalgae culture were inoculated into a new broth supplemented with 
glucose (10 g/L), for a final volume of 50 mL. The flasks were incubated 
under the same conditions of light and temperature mentioned above, 
however, with agitation at 170 rpm. Growth was monitored by cell 
counting in a Fuchs-Rosenthal chamber [20]. When the cultures reached 
the intermediate exponential phase, a 10 mL aliquot of the inoculum (5 
% v/v) was transferred to a 500 mL volume, exposed to photosynthet
ically active radiation (PAR, 400–700 nm) and light irradiance of 150 
μmol/m2/s, 16 h/8 h light/dark at 25 ◦C with agitation. The cell counts 
and the determination of the optical density of the microalgae culture 
were made from the inoculation of the microalgae in a volume of 1 L. 
The growth of the culture was determined every 24 h, over 5 days. The 
48 h growth time was used to calculate the generation time using a 
methodology adapted from Schlegel [21]. With this methodology, the 
number of divisions per hour is first calculated (Eq. (1)). 

v (h) =
log N − log N0
log2*(t − t0)

(1)   

v (h) = division rate per hour. 
N0 and t0 = starting count and time, respectively. 
N = obtained count at each evaluated time. 
t = evaluated time. 

Subsequently, the generation time is calculated (Eq. (2)). 

g(h) = 1/v(h) (2)  

2.4. Production of exopolysaccharides, indole compounds and 
siderophores 

The production of exopolysaccharides was determined by a meth
odology adapted from Sasaki [22]. The microalgae were cultivated for 7 
days in the ideal agar for their growth. A small amount of the cells was 
then inoculated in liquid medium and stained with India ink 50 % (v/v). 
The presence of extracellular polysaccharides was visualized by phase 
contrast microscopy under an optical microscope. The production of 
indole compounds was evaluated using the colorimetric test developed 
by Glickmann and Dessaux [23]. The strains were cultured for 7 days at 
25 ◦C with constant agitation at 170 rpm in King B culture medium 
(glycerol 15 g, peptone 20 g, K2HPO4 1.15 g, MgSO4⋅7H2O 1.5 g, 
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tryptophan 0.5 g, distilled water enough amount to 1 L) [24]. After this 
period, the culture was centrifuged at 10,000 rpm for 10 min, and 50 μL 
of cell-free supernatant was added to 50 μL of Salkowsky's reagent (FeCl3 
120 g/L + H2SO4 421 mL/L) and incubated in the dark for 30 min. The 
reading of the colorimetric reaction was performed on a Spectramax 
spectrophotometer (Molecular Device), at a wavelength of 520 nm. The 
obtained readings were compared to those obtained in a standard curve 
with known concentrations of indole-butyric acid (0 to 200 μg/mL). The 
produced siderophores were evaluated using 50 μL of the same super
natant described above, with the addition of 50 μL of CAS (Chromium 
Azurol S) reagent [25], incubated for 30 min in the dark at room tem
perature. The colorimetric reading was performed in a spectrophotom
eter at 630 nm, using only King B broth with CAS solution as a control. 

2.5. Preparation of microalgal extract and plant material 

Four strains of microalgae were selected based on the results of 
exopolysaccharide determination, production of indole compounds and 
siderophores, and generation time. These four strains were used to 
evaluate biostimulant effect in rice plants, in the germinative, vegeta
tive, and reproductive stages. The generated microalgal biomass after 7 
days of growth was centrifuged at 5000 rpm for 30 min, and the pellet 
was collected and dried in an oven with air circulation at 40 ◦C (adapted 
from Navarro-López et al. [26]). The microalgae extracts were prepared 
with cells lysed in distilled water, both for rice seed inoculation and 
foliar application. 

Rice seeds (Oryza sativa ssp. indica cv. IRGA 421) were disinfected, 
placed in containers with two sheets of germitest paper and incubated at 
25 ◦C for 7 days for germination. Nine treatments were evaluated: 
control condition (seeds moistened with 10 mL of distilled water), and 
eight treatments (four selected microalgae isolates, at two cell concen
trations - 0.1 and 0.5 g/L) (Fig. 1a and b). The seeds treated with the 
microalgae isolates were maintained in contact with the aqueous extract 
for 24 h. 

2.6. Determination of the germination index 

The germination index (GI) was determined according to the meth
odology described by Navarro-López et al. [26] (Eq. (3)), where G rep
resents the number of germinated seeds and L represents the root length 

in the treatments. GW and LW represent the same parameters in the 
control condition (adapted from [26]). 

GI (%) =
G × L

GW × LW
× 100 (3)  

2.7. Evaluation of the biostimulant effect in rice plants at the vegetative 
phase 

After 7 days of germination, approximately 25 plants were used to 
determine root and shoot length using a ruler and digital caliper (DIG
IMESS-100.172). Another 25 plants were transferred to a hydroponic 
system with nutrient solution [27] and kept for another 23 days in a 
growth room with controlled lighting and temperature (25 ◦C and 
photoperiod 16 h/8 h light/dark). Leaf spraying of 1.5 mL of microalgal 
solution (0.1 or 0.5 g/L) was carried out on plants with 20 days of 
development, with the aid of an airbrush (Model 977,055 - Worker). At 
30 days, root and shoot length were evaluated, in addition to chloro
phyll concentration. Subsequently, the plants were dried for 5 days at 
60 ◦C, to determine the dry weight. 

2.8. Chlorophyll quantification 

Total chlorophyll concentration was determined for the plants after 
30 days of growth by the Falker chlorophyll index using a chlorophyll 
meter (ClorofiLOG CFL1030 - FALKER). 

2.9. Evaluation of the biostimulant effect in rice plants at the reproductive 
phase 

In an independent experiment, 20 rice plants of each condition were 
grown as described above. Thirty-day-old plants were transferred to 
greenhouse conditions (plastic buckets containing 5 L of non-sterile 
sand:organic compost (3:7, w/w) and water). When necessary, the 
moisture was maintained with water addition. In this experiment we 
tested 50 % (3.75 g NPK (4–17-27), 2.5 g urea at the tillering initiation, 
and 1.25 g urea at the booting stage) and 100 % of the recommended 
fertilization dose (doubling NPK and urea amounts), and 20-day-old 
plants were only treated with 0.5 g/L microalgal solution. At the full 
maturity stage, the seed production was evaluated. 

2.10. Statistical analysis 

All data were submitted to the Shapiro-Wilks normality test. Data 
that demonstrated normal distribution were compared by One-Way 
ANOVA followed by Scott-Knott (p < 0.05 or p < 0.01). Data that did 
not demonstrate normal distribution were compared by Kruskal-Wallis 
followed by Bonferroni (p < 0.05 or p < 0.01), using the Infostat soft
ware version 2017.1.2. Principal component analysis (PCA) was per
formed using the Past3 software, and included the results of germination 
index (%), shoot and root length at 7 and 30 days, shoot and root dry 
weight, and concentration of total chlorophyll in the nine evaluated 
treatments. 

3. Results and discussion 

3.1. Strain selection and identification 

Among the microalgae species with potential application in agri
culture, the genera Chlorella, Scenedesmus, Chlamydomonas, Euglena, 
Dunaliella and Nannochloropsis are the most investigated, and some are 
already used as commercial biostimulants [4]. In this work, 30 isolates 
of axenic microalgae were obtained. According to morphological char
acteristics, 13 isolates belonged to the genera of interest (Fig. 2). These 
isolates were evaluated to determine the production of biostimulant 
compounds, evaluation of generation time, and molecular identification 

Fig. 1. (a) Experimental design to evaluate the stimulating effect in the 
germination stage. (b) Process from germination to the establishment of adult 
plants. Light blue: germination chamber phase; dark blue: growth room phase. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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of the genus (Table 1). 
Sequencing of the 18S rRNA and ITS markers showed that isolates 

with morphological characteristics similar to the genus Scenedesmus 
belonged to the genus Desmodesmus. This genus of microalgae was 
classified as a subgenus until 1999. Taxonomists showed that Scene
desmus lacked spines, while the new genus Desmodesmus presented said 
characteristic. However, many works still present these organisms under 
the old classification, which makes scientific research with strains of 
Desmodesmus more difficult [28,29]. This genus is characterized by the 
presence of unicellular individuals or in groups (coenobia), in addition 

to having a fourth layer of sporolenin in the cell wall, which enables the 
formation of spines and other ornamentations (ribs, warts, denticles or 
rosettes - [30]). In our work, most isolates belong to the genus Chlorella, 
followed by Desmodesmus and Chlamydomonas (Table 1). Fig. 2 shows 
the morphological characteristics of the isolated microalgae. Chlorella 
cells are spherical, approximately 0–10 μm in diameter, without fla
gellum, and the cell wall is rigid and thin [31]. Cells of the genus 
Chlamydomonas are large ovoids, mobile by two isocontus flagella 
inserted apically from two dilated zones, with intraplastid stigma and 
contractile vacuoles in the apical zone [32]. 

The identified genera in this work are common in freshwater envi
ronments. A study by Bonett et al. [33] isolated a strain of Desmodesmus 
sp. and several strains of the genus Chlorella spp. of lakes in the region of 
Minas Gerais, Brazil. In another study carried out in the same region, 
isolates of Chlorococcum sp., Coelastrum sp., Monoraphidium caribeum 
and Nitzschia sp. were identified [34]. Microalgae from freshwater 
sources in the Amazon Forest, Cerrado and Pantanal Biomes were 
collected by Hadi et al. [35]. Biodiversity was assessed through the 
analysis of Ribulose Bisphosphate Carboxylase Large subunit (rbcL) and ITS 
markers, and the authors identified the same genera found in the present 
work. 

The bioactive metabolites produced by Chlorella sp., Desmodesmus sp. 
and Chlamydomonas sp., as well as the effects they have on plants, are 
extremely diverse [4]. Studies have shown that these microalgae pro
duce phytohormones such as auxins, gibberellins, cytokinins, abscisic 
and jasmonic acids [36], in addition to polyamines [37], poly
saccharides [38], amino acids and carotenoids [39]. The physiological 
effects comprise the control of cell division, promotion of protein and 
chlorophyll synthesis, elongation of stems and roots, initiation of seed 
germination, growth of buds, fruits and flowers, in addition to tolerance 
to biotic and abiotic stresses [4,40]. 

3.2. Production of exopolysaccharides, indole compounds and 
siderophores 

Considering their ability to produce bioactive molecules such as fatty 
acids, osmolytes, phytohormones and polysaccharides, microalgae can 
be exploited in agriculture as a renewable bioresource to produce plant 
biostimulants [3,41]. Thus, the selected microalgae after microscopic 
evaluation were evaluated for their ability to produce bioactive com
pounds. In this work, the production of exopolysaccharides (EPS) by 
microalgae was verified by the formation of a clear halo around the cells 
(Fig. 3). EPS are carbohydrates produced and excreted by microalgae 
that differ from cell wall polysaccharides and intracellular starch in that 
they have a more complex chemical structure, often with 9–12 different 
monosaccharides and several non-glycosylated substituents. Depending 
on the species of microalgae, the synthesis of EPS can occur in the 
exponential or stationary growth phase [42]. EPS can be released into 
the culture medium, accumulate inside the cells, or be connected to the 
cell wall of microalgae, forming a capsule-like structure [43,44]. Syn 16, 
29 and 90 strains showed the highest amount of these compounds, with 
a capsule-like cluster with a thick, viscous layer associated with the cell 
surface (Fig. 3). Sasaki et al. [22] also visualized this thick layer around 
the cells of Parachlorella sp. BX1.5 cultured in different culture media. 
The production of polysaccharides is closely associated with the amount 
of nitrogen available in the culture medium [45]. Mahesh et al. [46] 
induced EPS synthesis in microalgae cultivated with nitrogen reduction 
and found that deprivation of this nutrient resulted in maximum pro
duction (236 mg/L) and yield (37 mg/g) of EPS produced by Scene
desmus abundans. The two-fold increase in N and P concentrations in the 
Chlorella sp. promoted a reduction in the concentration of EPS [47]. 
Studies show that an increase in the C/N ratio can also trigger an in
crease in EPS production [42,48,49]. However, this may vary according 
to the microalgae species. The increase in NaNO3 concentration from 
100 to 422 mg/L in the Chlamydomonas reinhardtii culture medium 
increased the EPS production from 382 to 628 mg/L [50]. Changes in the 

Fig. 2. Optical microscopy images of the isolated strains, separated by their 
respective genera. 1000× magnification. 

Table 1 
Molecular identification and biochemical characterization of the 13 isolated 
microalgae strains. Generation time of isolated microalgae strains was calcu
lated after 48 h of growth.  

Strain Genus Production of 
indolic 

compounds (μg/ 
mL) 

Production of 
siderophores 

(%) 

Generation 
time (h) 

Syn 7 Chlorella sp. 1.44 - 8.49 
Syn 

13 
Chlorella sp. 1.70 1.60 13.72 

Syn 
16 

Chlamydomonas 
sp. 52.55 5.06 9.24 

Syn 
25 

Desmodesmus sp. 0.91 2.04 17.40 

Syn 
26 

Desmodesmus sp. 1.44 4.24 52.67 

Syn 
29 Chlorella sp. 1.70 1.65 14.20 

Syn 
40 Desmodesmus sp. 1.17 5.67 14.41 

Syn 
46 

Chlorella sp. 2.22 12.76 10.60 

Syn 
49 

Chlorella sp. 2.75 12.49 13.61 

Syn 
60 Desmodesmus sp. 0.13 0.72 15.04 

Syn 
90 Desmodesmus sp. 14.81 4.46 9.60 

Syn 
197 Chlorella sp. 0.13 1.27 17.95 

Syn 
222 

Chlamydomonas 
sp. 4.06 14.14 9.32 

(-) non-producer. 
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formulation of microalgae culture media can favor the production of 
EPS, which can add even more value to products applied in agriculture. 
These compounds can provide organic C for the development of bene
ficial microorganisms, leading to the formation of biofilms in the 
rhizosphere. This association can help solubilize nutrients in the rhizo
sphere and trigger signaling cascades to activate the plant's defense 
response against biotic and abiotic stresses [7,51]. In addition, EPS can 
increase soil organic C, helping to prevent erosion and improving its 
structure [52]. 

Another evaluation of the potential production of biostimulant 
compounds was related to the concentration of indole compounds in the 
culture supernatant. The Syn 90 (Desmodesmus sp.) and Syn 16 (Chla
mydomonas sp.) strains stood out in relation to the others, producing 
14.81 μg/mL and 52.55 μg/mL of indole compounds (Table 1). The 

presence of auxins in cells, extracts and in supernatants of microalgae 
cultures vary greatly depending on the studied microalgae isolates. 
Among the indole compounds is the indole acetic acid (IAA), which 
plays an important role in the development of chlorophyll organisms, in 
addition to indole-3-butyric acid (IBA), indole-3-propionic acid (IPK) 
and indole-3-acetamide (IAM), compounds already found in 46 species 
of microalgae belonging to the Cyanophyta and Chlorophyta divisions 
[53]. Indole compounds from cultures of cyanobacteria belonging to the 
genera Anabaena and Nostoc were extracted, and IBA production was 
detected in the range of 140 to 2146 ng/g of fresh weight, in addition to 
small amounts of IAA (2.2 to 9.9 ng/g of fresh weight) [54]. Recently, an 
increase of 11 % in the production of microalgal biomass and of 16 % in 
the concentration of lipids was verified when 10 mg/L of IAA was added 
[55]. In addition, the authors pointed out that this can be an important 

Fig. 3. Optical microscopy images of the isolated strains. (a) Cells at 1000× magnification. (b) Cells at 1000× magnification stained with India ink. The red arrows 
point to the presence of exopolysaccharides (EPS). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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tool for improving microalgae cultivation, increasing the produced 
biomass and the amount of compounds of interest. Lu and Xu [56] 
highlight the importance of manipulating hormone levels in the culture 
medium as a way to improve microalgal development, with IAA being 
responsible for increasing growth rate and tolerance to stresses such as 
drought and salinity. Thus, the phytohormones produced by microalgae 
can be applied to stimulate plant growth. Do et al. [57] demonstrated 
that the Chlorella sorokiniana TH01 strain is capable of endogenously 
producing phytohormones. The effect of the extract of this strain was 
evaluated in seeds, and an advance in the germination of rice and tomato 
was verified, which germinated in just 48 and 24 h, respectively. It is 
noted that algae capable of producing IAA and excreting it in the su
pernatant can be interesting tools to stimulate plant growth. Therefore, 
the evaluation of the production of indole compounds carried out in our 
study was important for the selection of microalgae aiming at a bio
stimulant effect. An effect analogous to the phytohormone auxin was 
detected after application of aqueous extract of the microalgae Micrac
tinium pusillum on the development of mung bean roots. The effect of 
extract application was compared to IBA standards tested (0.3–0.7 mg/ 
L), promoting plant growth through increased elongation and cell di
vision [58–60]. 

Another evaluation of the potential production of biostimulant 
compounds was related to the ability to make Fe available through the 
production of siderophores. Only the Syn 46, 49 and 222 isolates showed 
the ability to produce low siderophore concentrations (Table 1). Studies 
on siderophores in microalgae are scarce, since most authors describe 
the production of these compounds in microalgae cultures in consortium 
with bacteria, showing mutual benefits through this association [61]. 
However, in our study, the cultivation of all analyzed microalgae was 
axenic, and a low production of siderophores was detected. The schiz
okinen (SK) compound, a hydroxamic acid functionally related to a 
citric acid and resulting from the formal condensation of the primary 
amino group of N-(3-aminopropyl)-N-hydroxyacetamide with the car
boxy groups at positions 1 and 3 of citric acid, was isolated from a 
culture of the cyanobacterium Anabaena sp. with low Fe concentration 
[62]. SK is a siderophore produced by the species Bacillus megaterium 
and Anabaena sp. and plays a role as a siderophore and bacterial 
metabolite. Akers et al. [63] also isolated SK in soils where rice was 
grown, a fact associated with the colonization of cyanobacteria from the 
Nostocaceae family, which are common inhabitants of flooded rice fields. 
It is suggested that the presence of SK results from the degradation or 
displacement of SK produced by algae during the flood period. Thus, 
further studies are needed to evaluate the production of siderophores by 
green microalgae, since these compounds have a high affinity for 
insoluble Fe molecules, removing Fe from environmental stocks and 
increasing its solubility, thus making it available for the plants [61]. 

3.3. Microalgae growth curve 

For a sustainable production, we first need to overcome challenges in 
the production of microalgae. One of the most challenging and crucial 
issues is enhancing microalgae growth rate [64]. The isolates studied in 
this work showed different generation times, ranging from 8.49 to 52.67 
h (Table 1). According to Thangavel et al. [65], the generation time 
varies according to the microalgae species, and the shortest generation 
time when evaluating eight different types of algae was found for 
cyanobacterium Tolypothrix sp. PBGA1 (1.0 ± 0.12 days). Whereas 
microalgae double in an average time of 26 h [66], Chlamydomonas 
reinhardtii can be considered a species with a relatively fast doubling 
time (around 8–12 h) [67]. 

Considering the strains that presented the best results in the evalu
ations of production of biostimulant compounds and generation time, 
we selected strains Syn 90 (Desmodesmus), Syn 16 (Chlamydomonas), and 
two strains of the genus Chlorella (Syn 46, which showed higher levels of 
siderophores; and Syn 7, which had the shortest generation time). 

3.4. Evaluation of the biostimulant effect at the germinative, vegetative, 
and reproductive stages 

3.4.1. Germination index (GI) 
No increase in seed germination index (GI) was detected in any of the 

treatments (Fig. 4). However, treatments inoculated with Syn 7, Syn 16 
and Syn 46 reduced the GI at both tested concentrations (0.1 and 0.5 g/ 
L). Ferreira et al. [68] evaluated the GI in cucumber, barley, wheat, 
soybean, watercress and tomato seeds inoculated with Synechocystis sp. 
(PCC 6803), Tetradesmus obliquus (ACOI 204/07), Chlorella proto
thecoides (strain 25) and Chlorella vulgaris (INETI 58). In general, it was 
observed that all studied microalgae showed a positive effect on the GI 
of the tested seeds, with emphasis on C. vulgaris, which presented the 
most promising results in cucumber, wheat and tomato seeds; and 
T. obliquus, which presented better results in barley and watercress 
seeds. This study evaluated the aqueous extract of lysed microalgae 
cells, which can increase the concentration of bioactive molecules 
naturally present inside the cells. In another study, high germination 
rates were verified in watercress seeds by inoculation of intact cells of 
microalgae biomass [26]. According to the authors, intact biomass 
already has a high concentration of amino acids and/or polyamines, 
phytohormones and other bioactive compounds that influence physio
logical processes. When the biomass is subjected to cell disruption, the 
concentrations of these compounds can reach even higher levels, which 
may result in the inhibition of seed germination. The biostimulant po
tential of Chlorella vulgaris extracts (Beijerinck, CCAP 211/11C) and 
Scenedesmus quadricauda was evaluated in beet seeds [69]. Considering 
the amount of organic carbon (Corg) in the extracts, it was found that the 
lowest concentrations (1 and 2 mg Corg/L) promoted the highest 
germination rates, in addition to increasing root length. The effect of the 
aqueous extract of the seaweed Sargassum wightii Greville was also 
studied in seeds of Triticum aestivum var. Pusa Gold [70]. The application 
of the extract at a 20 % concentration stimulated germination, in 
addition to providing greater growth and seed yield. 

Our results allow us to infer that the GI was not affected only by the 
Syn 90 strain (Desmodesmus sp.) (Fig. 4). This fact may be associated 
with the concentration of bioactive compounds, but it is not possible to 
confirm such a statement without evaluating the concentration of 
bioactive compounds in the extract. It should be noted that even at the 
highest concentration (0.5 g/L) the result did not differ from the lowest 
tested concentration (0.1 g/L), suggesting that the different composi
tions, and not just the concentration of the bioactive compounds, are 
related to the different effect on the GI. 

3.4.2. Physiological and biochemical parameters at the vegetative stage 
Root and shoot length were checked in seedlings 7 days after 

germination (Fig. 5a and c) and 30 days after germination (Fig. 5b and 
d). The shoot length of rice seedlings 7 days after germination was 
higher in the treatment with the microalgae Syn 16 at both tested con
centrations (0.1 and 0.5 g/L). The application of Syn 7 and Syn 46 at a 
concentration of 0.5 g/L reduced seedling length, which did not exceed 
4 cm. In the other treatments, there was no change when compared to 
the control condition (Fig. 5a). Root length 7 days after germination 
showed a reduction with the inoculation of Syn 7, 16 and 46 strains, 
regardless of the applied concentration (Fig. 5c). The Syn 90 strain 
showed results similar to the control condition. The shoot length of 
plants 30 days after germination increased with the application of Syn 
16 and Syn 90 strains, regardless of the tested concentration (Fig. 5b). 
The roots of the 30-day-old plants showed higher length with the 
application of the strain Syn 16 (at both concentrations) and Syn 90 (at a 
concentration of 0.1 g/L) (Fig. 5d). The application of strains Syn 7 and 
Syn 46 did not differ from the control condition (Fig. 5b and d), 
regardless of the tested concentration. It was verified that extracts of 
microalgae Chlorella vulgaris and Scenedesmus quadricauda (both at 1 and 
2 mg Corg/L) applied in hydroponic medium increased the total length 
and surface area of sugar beet roots 36 h after treatment [71]. It was also 
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Fig. 4. Effect of microalgae extract application (0.1 and 0.5 g/L) on rice seed germination index, 7 days after seed soaking. Different letters indicate statistically 
significant difference (One-Way ANOVA followed by Scott-Knott - p < 0.05). 

Fig. 5. Effect of microalgae extract application (0.1 and 0.5 g/L) on shoot (a) and root (c) length of rice plants 7 days after germination. Different letters indicate 
statistically significant difference (One-Way ANOVA followed by Scott-Knott - p < 0.01). Effect of microalgae extract application (0.1 and 0.5 g/L) on shoot (b) and 
root (d) length of rice plants 30 days after germination. Different letters indicate statistically significant difference (One-Way ANOVA followed by Scott-Knott - p 
< 0.05). 
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seen an increase in the expression of genes related to the acquisition of 
nutrients, certainly improving the growth and vigor of the plants. These 
findings indicate the biostimulating effects promoted by microalgae, as 
observed in our study. 

The dry weight of roots and shoots of plants after 30 days of culti
vation was also investigated (Fig. 6). The Syn 16 strain proved to be the 
most efficient, generating the highest values of shoot (Fig. 6a) and root 
(Fig. 6b) dry weight, regardless of the tested concentration. The dry 
weight of shoots increased by 22 and 36 % with the application of the 
Syn 16 strain at concentrations of 0.1 and 0.5 g/L, respectively (Fig. 6a). 
Also, root dry weight increased by 38 and 43 % with the application of 
the two Syn 16 concentrations (Fig. 6b). Another strain that proved to be 
efficient was Syn 90, whose application at a concentration of 0.5 g/L 
increased the dry weight of shoots and roots by 27 and 36 %, respec
tively, when compared to the control condition (Fig. 6a and b). In a 
similar study, the foliar application of hydrolyzed extracts of Scene
desmus almeriensis (CCAP 276/24) and Arthrospira platensis (strain 
BioVeg-F025) increased 49 % the dry weight of the roots and 20 % the 
dry weight of the flowers of Petunia × hybrida compared to control plants 
[36]. 

Regarding total chlorophyll concentration, there was no significant 
difference in any of the treatments, regardless of concentration (data not 
shown). Fresh cells of the microalgae Chlorella vulgaris S45 were applied 
to Swiss chard, causing an increase in the concentration of chlorophyll 
and carotenoids, quantified 7 days after the second foliar application 
[72]. According to the authors, the response of the plants is generally 
faster in the application via foliar spraying since the foliar absorption 
and translocation of nutrients/solutes is quite fast. In our study, the 
determination of the chlorophyll concentration was carried out 10 days 
after the foliar spraying. Thus, it would be interesting to verify the 
chlorophyll concentration a few days earlier. 

In general, our results agree with previous studies. The effect of soil 
application of extracts obtained by acid hydrolysis of microalgae of the 
genus Chlorella sp., Chlamydomonas sp., Aphanothece sp., Scenedesmus 
sp., Tetraselmis sp., Porphyridium sp., Arthrospira platensis, Spirulina 
maxima, Dunaliela salina, Nannochloropsis gaditana and Isochrysis galbana 
was verified in tomato plants with 40 days of cultivation [73]. The 
application of the extract increased the length/dry weight of roots and 
shoots, chlorophyll concentration, and absorption of NPK. The higher 
absorption of P and K was related to the increased root size, while the 
increases in N and chlorophyll were related to shoot and root dry 
weights. These inoculated plants also accumulated higher levels of fatty 
acids (palmitic, linolenic and stearic), as well as pyridine-3- 
carboxamide, an active form of vitamin B3 amide. These results indi
cate a stimulus in biosynthetic pathways that lead to the production of 

lipids and plant hormones. The biostimulant capacity of the strains Syn 
16 and Syn 90 in rice plants during both germinative and vegetative 
stages evidences the presence of bioactive compounds in the extract. 

The produced biostimulant compounds differ between algal species 
and isolates. Therefore, the combination of different species of micro
algae can potentiate the effects on plants [4,74]. The biofertilizing po
tential of the microalgae Chlorella sp. (KP972095) and Scenedesmus sp. 
(KR025877) was evaluated individually and in consortium, when 
applied in tomato cultivation soil [75]. This inoculant stimulated plant 
development, increased shoot and root fresh and dry weight, improved 
N, P, K, Ca, Mg and Fe composition, and increased productivity (174 % 
compared to control plants). Another study inoculated the biomass of 
microalgae Scenedesmus sp. in the rice cultivation soil, at doses of 50 and 
100 % of the N recommendation [76]. The rice plants did not show any 
impairment in development, and the general cost of production was 
lower using microalgal biomass. In addition to economic viability, the 
combination of fertilizers (chemical and organic) resulted in an 
increased grain production/quality compared to isolated treatments at 
an equivalent dose. 

Another factor that contributes to enhancing the effects provided by 
biostimulants in plants is the form of application, since foliar application 
is more effective in conditions of high relative humidity and when the 
stomata are open, facilitating the permeability and absorption of the 
formulation [7,77]. In a study carried out by Garcia-Gonzalez and 
Sommerfeld [78], it was verified that tomato seeds treated with the 
aqueous extract of Acutodesmus dimorphus (LARB-0414) at concentra
tions >0.75 g/mL germinate two days earlier than the control group. 
The aqueous extracts were also applied as foliar fertilizers on tomato 
plants, with the 50 % extract (3.75 g/mL) resulting in increased plant 
height and number of flowers/branches per plant. The authors also 
applied dry biomass (50 and 100 g) to the cultivation substrate, and 
found an increase in the number of branches/flowers in comparison with 
the control group, and with the treatments where the biofertilizer was 
applied to the substrate at the time of transplanting. These results sug
gest that early application is necessary for biomass to be decomposed 
and nutrients to become available for plant uptake. 

In order to visualize the combined effect of all evaluated character
istics, principal component analysis (PCA) was performed. This analysis 
explained 87.57 % of the total variability, with PC 1 explaining 64.04 %, 
and PC 2 explaining 23.53 % (Fig. 7). PCA revealed that the germination 
index and root length 7 days after germination are related to the Syn 90 
application at both concentrations. This analysis also demonstrated that 
the root/shoot dry weight, the shoot length 7 and 30 days after germi
nation, as well as the root length 30 days after germination, are related 
to the Syn 16 application at both concentrations. Therefore, we can say 

Fig. 6. Effect of microalgae extract application (0.1 and 0.5 g/L) on shoot (a) and root (b) dry weight of rice plants 30 days after germination. Different letters 
indicate statistically significant difference (One-Way ANOVA followed by Scott-Knott - p < 0.01). 
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that these two microalgae (Syn 90 and Syn 16) showed more promising 
results in seed germination and growth promotion of rice plants. 

3.4.3. Seed production 
The seed production was checked in rice plants at the full maturity 

stage. Using 50 % of the recommended fertilization dose, the number of 
seeds per panicle was 11 % higher in rice plants treated with the strain 
Syn 46 when compared with the control condition (Fig. 8). On the other 
hand, Syn 7 application decreased the number of full seeds per panicle. 
Other agronomic parameters, as percentage of full seeds per plant, 
weight of 1000 full seeds, and seed length presented no change when the 
strains were compared to control condition (data not shown). Using the 

full fertilization dose, we were not able to detect beneficial effects with 
the application of strains (data not shown). This result is not unexpected, 
since it is already known that fully nourished plants do not take 
advantage of the potential use of microorganisms/biofertilizers in such 
conditions [79]. 

It is interesting to note that the most effective strains in the vegeta
tive stage (Syn 16 and Syn 90) did not present beneficial effects in seed 
production, evidencing that different species/strains can stimulate 
different plant responses at distinct developmental stages. This is an 
important question when considering the use of more than one organism 
to formulate a biostimulant product, as a consortium [80]. As far as we 
know, this is the first report of increased seed production in rice plants 
treated with microalgae strains, evidencing the innovative character of 
this study. 

4. Conclusions 

In general, our results show that the inoculation of rice seeds, as well 
as the foliar spraying with the aqueous extract of microalgae of the 
genus Chlamydomonas sp. Syn 16, Desmodesmus sp. Syn 90, and Chlorella 
sp. Syn 46 provided several beneficial effects on development, stimu
lating rice seed germination, plant growth, and seed production. This 
indicates that extracts from these microalgae have bioactive compounds 
capable of causing a biostimulating effect, resulting in more vigorous 
plants. Our efforts are now focused on identifying the bioactive com
pounds of these microalgae that can stimulate plant development and 
yield, as well as on elucidating the role of these compounds in inducing 
tolerance to environmental stresses. 
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growth and photosynthetic pigment content in Swiss chard (Beta vulgaris L. subsp. 
cicla), Pol. J. Microbiol. 69 (2) (2020) 235–238, https://doi.org/10.33073/pjm- 
2020-023. 

[73] C. Mutale-joan, B. Redouane, E. Najib, K. Yassine, K. Lyamlouli, S. Laila, 
Y. Zeroual, E.A. Hicham, Screening of microalgae liquid extracts for their bio 
stimulant properties on plant growth, nutrient uptake and metabolite profile of 
Solanum lycopersicum L, Sci. Rep. 10 (1) (2020), https://doi.org/10.1038/s41598- 
020-59840-4. 

[74] A.L. Alvarez, S.L. Weyers, H.M. Goemann, B.M. Peyton, R.D. Gardner, Microalgae, 
soil and plants: a critical review of microalgae as renewable resources for 
agriculture, Algal Res. 54 (2021), 102200, https://doi.org/10.1016/j. 
algal.2021.102200. 

[75] S. Silambarasan, P. Logeswari, R. Sivaramakrishnan, A. Incharoensakdi, P. Cornejo, 
B. Kamaraj, N.T.L. Chi, Removal of nutrients from domestic wastewater by 
microalgae coupled to lipid augmentation for biodiesel production and influence of 
deoiled algal biomass as biofertilizer for Solanum lycopersicum cultivation, 
Chemosphere 268 (2021), 129323, https://doi.org/10.1016/j. 
chemosphere.2020.129323. 

[76] M. Nayak, D.K. Swain, R. Sen, Strategic valorization of de-oiled microalgal biomass 
waste as biofertilizer for sustainable and improved agriculture of rice (Oryza sativa 
L.) crop, Sci. Total Environ. 682 (2019) 475–484, https://doi.org/10.1016/j. 
scitotenv.2019.05.123. 

[77] J.C.A. Braun, L.M. Colla, Use of microalgae for the development of biofertilizers 
and biostimulants, BioEnergy Res. (2022), https://doi.org/10.1007/s12155-022- 
10456-8. 

[78] J. Garcia-Gonzalez, M. Sommerfeld, Biofertilizer and biostimulant properties of the 
microalga Acutodesmus dimorphus, J. Appl. Phycol. 28 (2) (2015) 1051–1061, 
https://doi.org/10.1007/s10811-015-0625-2. 

[79] P. Chen, Q. Wei, Y. Yao, J. Wei, L. Qiu, B. Zhang, H. Liu, Inoculation with 
Azorhizobium caulinodans ORS571 enhances plant growth and salt tolerance of 
switchgrass (Panicum virgatum L.) seedlings, Biotechnol. Biofuels Bioprod. 16 (1) 
(2023) 35, https://doi.org/10.1186/s13068-023-02286-3. 
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