
Biotechnology Reports 26 (2020) e00449
Prospection of cyanobacteria producing bioactive substances and their
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A B S T R A C T

This work clarifies some of the substances involved with the biostimulant effect shown by 28
cyanobacteria isolated from different aquatic environments. The production of salicylic acid, cytokinins,
siderophores and phosphate solubilization were analyzed in vitro, as well as the phytostimulant/
phytotoxic effect on watercress seeds at two different extract concentrations (0.5 and 0.2 mg mL�1). The
most prominent plant growth promoting cyanobacteria were verified in vivo at two different doses (0.5
and 0.1 mg mL�1). 21.4 % and 7.1 % of the tested strains produced siderophores or phosphate
solubilization, respectively. The production of salicylic acid was stood out for the strains Calothrix SAB-
B797, Nostoc SAB-B1300 and Nostoc SAB-M612, while Nostoc SAB-M251 and Trichormus SAB-M304 were
noticeable regard to cytokinin production. The highest values of germination occurred when the extracts
were applied in low dose (0.5 mg mL�1). Nostoc SAB-M612 provoked the stimulation of aerial and
radicular growth in cucumber seedlings.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

At present, due to the increase of the world population and the
environmental damages caused by the rapid industrialization,
there is a greater demand for food. To meet this requirement, the
world needs to significantly improve agricultural productivity in a
sustainable and ecological way, since the increase in cultivable
land is unfeasible. Therefore, many of the existing agricultural
practices must be replaced, as is the case of pesticides and chemical
promoters of plant growth. Currently, the best alternative to these
harmful crop management has been the use of plant growth
promoting bacteria (PGPB). Traditionally, rhizospheric bacteria [1]
and symbiotic rhizobia [2] have been highlighted as PGPB agents.
However, in recent years, cyanobacteria have attained great
importance due to the fact that they have not only been classified
as beneficial bio-agents based on their capability to produce
biomass for bio-fuels, food supplements (super foods), and bio-
fertilizers for safe agriculture, but also for their role in regulating
plant productivity [3]. In fact, cyanobacteria are photosynthetic
prokaryotes, exceptionally well adapted to a wide array of
environments [4]. These organisms have been reported to be
beneficial for soil fertility and crop production, because of their
ability to fix atmospheric nitrogen, solubilize phosphate and
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produce plant growth regulators. This type of bacteria releases
varied amounts of phytohormones (auxins, gibberellins, cytoki-
nins), polypeptides, amino acids [5], polysaccharides [6] and
siderophores [7], for the growth and development of plants,
together with ammonia and small nitrogenous polypeptides
during the active cell growth, as well as other secondary
metabolites after death and decomposition [8]. These types of
substances have been described as important factors with
stimulating effects in plants [9].

Logically, the approach of a new form of doing agriculture,
named as Good Agricultural Practices (GAP), involves the
knowledge of the communications between the plants and the
microorganisms of their environment (rhizosphere and phyllo-
sphere) [10,11]. For that reason, cyanobacteria are gaining
importance as biofertilizers [12], which implies reducing the
polluting effects of synthetic fertilizers in favor of an agriculture
that is environmentally friendly and economically viable [13]. Last
decades, beneficial effects of cyanobacterial inoculation have been
reported in different crops, especially for cereals [14] but only few
studies have characterized the chemical constituents responsible
for plant growth promotion.

The general aim of this work was to study the potential of a
group of 28 cyanobacteria, isolated from different aquatic environ-
ments, as plant growth promoter clarifying the potential bio-
stimulant substances involved. In order to carry out this study, the
following goals were established: (i) to analyse the production of
biotic factors related to plant stimulation, such as phosphate
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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solubilization, salicylic acid, cytokinins and siderophores; (ii) to
determine the germination index of each strain, which will allow to
discard those with phytotoxic effect and (iii) to evaluate the plant
growth promoting effect in planta under controlled conditions
using cucumber plants. This work could provide relevant
information on the role of cyanobacteria as significant biostimu-
lant agents to promote environmentally sustainable agricultural
practices, especially in horticultural systems.

2. Materials and methods

2.1. Cyanobacteria collection and preparation of extracts

A total of 28 cyanobacteria strains isolated from freshwater and
sea were studied in this work (Table 1). All of them were supplied
in lyophilized form from two recognized culture collections:
Mosonmagyaróvár Algal culture collection (MACC) and Spanish
Bank of Algae (SBA).

To carry out all the in vitro and in vivo tests, lyophilized biomass
was subjected to a quick sonication process (Branson Sonicator
150, Amplitude 40 %, 30 s), in order to obtain aqueous extracts at
different concentrations (see later sections). In order to eliminate
particles in suspension, extracts were precipitated after sonication
at 1000 rpm during 5 min.

2.2. In vitro Production of bioactive substances

The protocol used for the detection of siderophores (Sid) was a
modified method of Schwyn and Neilands [15]. The sonicated
extracts of cyanobacteria, at concentrations of 10 mg mL�1 (DM:
dry matter), were inoculated in culture medium prepared with the
following components (composition per liter): Chrome Azurol S,
60.5 mg; Hexadecyltrimethylammonium (HDTMA), 72.9 mg;
Pipes, 30.24 mg; Agar, 15 g. The medium was adjusted to pH 7.2
Table 1
Prospection of cyanobacteria producing siderophores, salicylic acid, cytokinins, phosph
values significantly different in a Fisher’s Least Significant Difference test (LSD) at P < 

Code Genera Source1 Bioactivity2 Salicylic acid (m

SAB-B0070 Gloeocapsa FW – 5.94 bc 

SAB-B797 Calothrix FW – 8.40 d 

SAB-B866 Dolichospermum FW – 5.80 bc 

SAB-B912 Anabaena FW Sid+ 5.50 bc 

SAB-B974 Trichormus FW – 5.65 bc 

SAB-B1211 Leptolyngbya FW – 5.83 c 

SAB-B1267 Leptolyngbya FW – 6.87 c 

SAB-B1269 Cyanobacteria FW Sid+ 5.76 bc 

SAB-B1300 Nostoc FW – 8.23 d 

SAB-B1328 Lyngbya FW Sid+ 5.55 bc 

SAB-B1356 Nodularia FW Sid+ 4.71 b 

SAB-B1572 Anabaena FW – 5.19 bc 

SAB-B1579 Synechococcus FW Sid+ 1.93 a 

SAB-M128 Trichormus SW – 4.54 b 

SAB-M132 Nostoc SW – 4.81 b 

SAB-M134 Trichormus SW – 4.84 b 

SAB-M150 Nostoc SW – 4.88 b 

SAB-M189 Nostoc SW – 4.99 b 

SAB-M205 Tolypothrix SW – 5.14 bc 

SAB-M221 Trichormus SW Sid+ 5.07 b 

SAB-M251 Nostoc SW – 5.21 b 

SAB-M304 Trichormus SW – 4.76 b 

SAB-M307 Anabaena SW – 4.68 b 

SAB-M405 Calothryx SW – 5.27 bc 

SAB-M465 Tolypothrix SW – 4.95 bc 

SAB-M612 Nostoc SW – 8.76 d 

SAB-M661 Nostoc SW P-sol+ 5.40 b 

SAB-M683 Nostoc SW P-sol+ 5.38 b 

1 Source: Freshwater (FW); Seawater (SW).
2 Bioactivity: production of siderophores (Sid) or phosphate solubilization (P-sol).
3 GI: Germination Index.
before the addition of 10 mL of 1 mM FeCl3.6H2O solution. After 14
days of incubation at 30 �C the presence of siderophores was
detected by a change of color from blue to brown-orange.

Phosphate solubilization (P-sol) activity was demonstrated by
growing the strains in culture medium containing 2.5 % tricalcium
phosphate. A zone of clearance of the medium was detected in the
case of phosphate solubilizing colonies after 14 days of incubation
at 30 �C [16].

Quantification of salicylic acid (Sal) and cytokinins (Cyt) was
performed from sonicated extracts of cyanobacteria prepared at
the concentration of 100 mg mL�1 and 25 mg mL�1, respectively.
The quantification of both phytohormones was carried out by
immunodiagnostic tests (Plant Cytokinin CYT ELISA Kit, MyBio-
source MBS269996; Plant Salicylic acid SA ELISA Kit, MyBiosource
MBS9314138). The absorbance of the samples was finally carried
out at a wavelength of 450 nm, in a Thermo Scientific Multiskan FC
spectrophotometer.

2.3. Germination index bioassays

The phytotoxic effect of the extracts of cyanobacteria was
verified in 100 watercress seeds at concentrations of 2 and
0.5 mg mL-1 (DM: dry matter), by the technique described by
Zucconi [17]. The germination index calculation was made taking
into account the percentage of germination of the seeds and the
lengthening of the radicles, based on the following formula:

GI= (GSs% * REs) / (GSdw% * REdw)

Where:
GI: Germination Index
GSs%: percentage of germinated seed in the presence of the

sonicated sample
GSdw%: percentage of germinated seed in the presence of

distilled water
ate solubilization and watercress germination promotion. Different letters indicate
0.05.

g mL�1) Cytokinins (ng mL�1) GI3 (0.5 mg mL�1) GI (2.0 mg mL�1)

2.63 ab 92.95 a 77.03 ab
3.05 abc 95.80 a 103.03 bc
3.41 abc 94.44 a 75.22 ab
2.18 a 102.75 ab 120.81 c
2.13 a 99.45 a 95.98 ab
2.71 a 100.76 ab 111.97 c
2.49 a 92.91 a 79.72 ab
2.06 a 101.53 ab 83.02 ab
3.54 abc 94.70 a 90.21 ab
3.52 abc 103.42 ab 101.80 bc
4.19 abc 97.46 a 102.04 bc
3.57 a 101.84 ab 72.61 ab
2.64 ab 67.85 a 24.90 a
5.54 cd 80.82 a 48.84 a
3.83 abc 71.94 a 59.64 a
5.27 cd 94.26 a 52.66 a
5.53 cd 97.02 a 70.65 ab
4.65 abc 92.24 a 74.26 ab
4.31 abc 90.83 a 80.49 ab
5.76 cd 83.87 a 65.77 ab
6.39 d 87.95 a 66.98 ab
6.46 d 74.43 a 19.08 a
5.93 cd 88.67 a 85.31 ab
3.15 abc 93.99 a 78.14 ab
5.52 bcd 94.32 a 84.60 ab
4.94 abc 108.60 b 83.37 ab
4.28 abc 99.63 a 87.39 ab
3.24 abc 102.59 ab 106.55 bc
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REs: mean of radicle elongation (mm) in the presence of the
sonicated sample

REdw: mean of radicle elongation (mm) in the presence of
distilled water

2.4. In vivo evaluation of phytostimulant activity

The best strains of cyanobacteria selected from the previous
experiments were analysed in vivo. The objective in this case was to
determine its potential as growth promoting agents in cucumber
seedlings. A randomized experimental design consisting of 2
treatments at different concentrations of extract, 0.5 and
0.1 mg mL�1 (DM: dry matter), was established. 1 L of each extract
subjected to ultrasound was prepared to irrigate 30 cucumber
seedlings placed in pots with a standard mixture prepared from
organic substrate and vermiculite (ratio 3: 1 v / v). A set of
cucumber seedlings was used as a control experiment (non-
inoculated plants). Plants were kept in a greenhouse at a controlled
temperature of 25 � 1 �C and a photoperiod of 12 h. After 40 days,
the effect of the phytostimulants was evaluated, as described
previously [18]. Parameters measured to evaluate the promoter
effect in vivo were stem and root length, stem diameter, ratio root /
stem, leaf number and fresh weight.

2.5. Statistical analyses

The data obtained was subjected to statistical analysis using the
Statgraphics Centurion XVII program. The selection of the best
phytostimulant strains was carried out by applying a multivariate
analysis of variance (ANOVA) and a Fisher multiple comparison
test (least significant difference test) at P < 0.05. A linkage between
groups was used as a grouping method for the variables analysed in
vitro. The interval measured in this case was the Euclidean distance
squared. In addition, principal components were analysed to
identify similarities or differences between the best strains, as well
as groups of closely related variables. Finally, both in vitro and in
vivo variables were correlated by calculating the Pearson correla-
tion coefficient.

3. Results and discussion

3.1. In vitro bioprospection of plant growth promoting cyanobacteria

3.1.1. Production of siderophores, phosphate solubilization, salicylic
acid and cytokinins

All the cyanobacteria were tested to detect the presence of
different metabolites or capacities of agronomic interest. By one
hand, production of siderophores and phosphate solubilization
were investigated by qualitative protocols. Table 1 shows that 21.4
% and 7.1 % of the strains were capable to produce siderophores or
solubilizate phosphate, respectively. The diversity of the cyano-
bacteria capable of producing siderophores was noticeable while
only 2 strains of Nostoc spp. (SAB-M661 and SAB-M683) were
described as phosphate solubilizing. However, other Nostoc strains
did not show this capability (SAB-B1300, SAB-M132, SAB-M150,
SAB-M189, SAB-M251 and SAB-M612), therefore phosphate
solubilizing is independent from the genera and it could be
probably a subespecific character.

Siderophores are organic compounds produced by micro-
organisms which help to chelate ferric iron under iron deficient
conditions, and make them available to the microbes and plants
[19]. It has been described that cyanobacterial species such as
Anabaena flos-aquae and Anabaena cylindrica have the ability to
produce siderophores for chelating micronutrients such as Fe or Cu
[20,21]. In this work, several strains of Anabaena spp. were capable
of producing siderophores, though other genera were also involved
in this phenomena such as Cyanobacteria, Lyngbya, Nodularia,
Synechococcus and Trichormus (Table 1).

It has been traditionally considered that cyanobacteria could
remove available phosphorus in soil by incorporating it into cell
constituents or by absorbing it in excessive amounts, and then
gradually releasing it to plants by exudation, autolysis or microbial
decomposition of dead cells [21]. Some authors have described
that cyanobacteria are able to store polyphosphate bodies to
overcome short periods of P-starvation. Polyphosphate granules
are used as an intracellular P-reserve and are generally present in
exponentially growing cells under P-rich conditions. They can
accumulate at high levels in N2-fixing cells and degrade in P-
deficient cells [22]. More recently, it has also been suggested that
cyanobacteria can improve the bioavailability of phosphorus to the
plants by solubilizing and mobilizing the insoluble organic
phosphates present in the soil with the help of phosphatase
enzymes [23].

Regarding the production of phytohormone like-bioactive
substances, several strains highlighted due to the production of
salicylic acid and cytokinins (Table 1). Strains named Calothrix SAB-
B797, Nostoc SAB-B1300 and Nostoc SAB-M612 were noticeable in
relation to the production of salicylic acid, while Nostoc SAB-M251
and Trichormus SAB-M304 produced the most quantities of
cytokinins.

Cyanobacteria play a significant role in providing phytohor-
mones that promote plant growth. Cytokinins are involved in the
activation of the functions of cell division, organogenesis and late
senescence of plants, meanwhile, salicylic acid is directly related to
the activation of the defensive plant response. Some authors
described the production of cytokinins by the genera Arthronema
and Calothrix or auxins by Oscillatoria and Chlorogloea [24]. Their
structural–functional plasticity confers great versatility and
enables them to adapt and inhabit a wide range of environments
and niches. In addition, they establish symbioses with different
members of the plant kingdom [25,26] and are capable of
colonizing roots and eliciting growth promotion and defence
responses in plants [27,28].

3.1.2. Screening of plant growth promoter strains based on
germination index assay

In order to narrow search, phytostimulation test was carried
out. Those strains which presented or exceeded 100 % of
Germination Index (GI) were considered as phytostimulant at
0.5 and / or 2.0 mg mL�1. Thus, 7 strains reached GI values equal to
or greater than 100 % when they were tested at 0.5 mg mL�1 while
6 of them were higher than 100 % when the extracts were applied
at 2 mg mL�1 (Table 1). On the one hand, strain Nostoc SAB-M612
was the best growth promoter in watercress seeds after applying at
low dose (GI = 108.6 %); Anabaena SAB-B912 and Leptolyngbya SAB-
B1211 were the most phytostimulant strains at 2.0 mg mL�1 of
extract (120.81 % and 111.97 % respectively). On the other hand,
four of them were the most phytotoxic strains, Synechococcus SAB-
M1579 and Trichormus SAB-M304 (Table 1).

The diagram of relative frequencies revealed that the results
were most homogeneous when the extracts were applied at low
dose, since around 70 % of the strains showed GI values around 90–
110 % (Fig. 1). Contrary to detected at low dose, the most extreme
results in terms of phytotoxicity and phytostimulation were
detected when those were applied at higher dose (2.0 mg mL�1).

As seen in Fig. 2, there is an important link between
germination data and salicylic acid production by cyanobacteria.
On the other hand, the production of cytokinins and siderophores
could also be decisive during the germination and root elongation
phase, although less important than salicylic acid. Both facts could
reveal that, although the effect of salicylic acid, cytokinins and
siderophores could have more weight in the early stages of plant
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Fig. 3. Measurement of plant growth parameters after application of selected cyanobacteria extracts in cucumber seedlings. Data are represented as the percentage of
increase or decrease based on the control plants not treated with cyanobacteria. Mean of 30 replicates was used in each case (*: asterisk indicates values significantly different
in a Fisher’s Least Significant Difference test at P < 0.05).
* significantly higher values at P < 0.05.
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development, the same does not occur with the ability solubilize
phosphate (Fig. 2), which character is founded farthest in the
dendrogram and could be more important during advanced phases
of plant growth.

3.2. Application of the best selected cyanobacteria as growth
promoters in cucumber seedlings

One of the main criteria taken into account for the selection of
the best plant growth promoting strains was the Germination
Index. In this way, the possible phytotoxic effect that cyanobacte-
rial extracts could have on bioassays performed on cucumber
seedlings was ruled out. Thus, based on the results shown in
Table 1, the selected strains were SAB-B912, SAB-B1211, SAB-M612
and SAB-M683. Bioactivity (phosphate solubilization and produc-
tion of siderophores) and the ability to produce phytohormones
from these strains were important aspects to consider, but they
were not considered for this preliminary selection.

In order to objectively evaluate the results derived from the
bioassay performed on cucumber seedlings, the plant growth
promotion was expressed as the percentage of increase / decrease
of all the variables analysed, based on the data observed in the
control plant set (plants not inoculated with extracts of
cyanobacteria).

As indicated above (see the Materials and Methods section),
bioassays in cucumber seedlings were carried out from two
different extract concentrations (0.5 and 0.1 mg mL�1). Taking into
account that the statistical analyses did not show significant
differences between both treatments (data not shown), Fig. 3
represents the mean values for each variable analysed, regardless
of the treatment applied at 0.1 mg mL�1. In this way, the results
obtained revealed a clear growth promoting effect after the
application of the sonicated extracts of the strains Anabaena SAB-
B912 and Nostoc SAB-M612. However, only the strain named Nostoc
SAB-M612 was capable of increasing the Root / Stem ratio in
relation to what was observed in the set of control plants. This fact
was due to the remarkable increase in the length of the root of the
treated plants (more than 60 % increase in root growth). In
addition, extracts of SAB-M612 increased the stem length (50 %),
leaf production (30 %), fresh weight (close to 50 %) and thickness of
the treated plants (more than 20 %) in relation to untreated plants
(Fig. 3). A more discrete promoting effect was detected after the
application of the strains SAB-B912 and SAB-M683. On the other
hand, strains SAB-B912 and SAB-B1211 slightly promoted the aerial
plant growth but not the radicular development.

The Principal Component Analyses revealed the presence of
two main components (PC1 and PC2) that explained more than 60
% of the data variability (Fig. 4). This analysis was performed
bearing in mind both in vivo growth parameters (root and stem
length, leaf number, fresh weight and stem diameter) and in vitro
phytohormone production. In view of the results shown in the
dispersion diagram (Fig. 4a), clear significant differences were
established between SAB-M612 and the rest of the tested strains.
With respect to the Principal Component graphic, PC1 proved to
have a greater influence on the production of phytohormones and
the growth parameters concerning the plant weight (Fig. 4b).
While the production of cytokinins and salicylic acid was
positively related with the Germination Index at 0.5 mg mL�1

and the Root / Stem Ratio, other parameters concerning the plant
size and weight were linked to Germination Index at 2.0 mg mL�1

(Fig. 4b).
The relationship between the in vitro and in vivo variables

analysed is shown by a Pearson correlation analysis (Fig. 5). Taking
into account that Pearson's R value oscillated between -1 and +1,
negative relationships between variables are represented in dark
grey, while positive relationships are indicated in light grey.

In view of the results shown in Fig. 5, it should be noted the
positive relationship between the variable Fresh weight and other
parameters related to the plant size (Root and stem length, as well
as stem diameter). It is also worth noting the direct relationship
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between the leaf number and the capacity of the strains selected to
produce salicylic acid and cytokinins (R2 = 0.4216 and 0.6034,
respectively).

The strong positive relationship between the production of
salicylic acid and cytokinins was especially surprising (R2 = 0.9147).
Nonetheless, the excess of salicylic acid and cytokinins in the
germination phase could be phytotoxic, as was detected in the
germination tests on cress seeds (Table 1, Figs. 1 and 5). This effect
was specifically detected when some of the sonicated extracts of
cyanobacteria were applied at 2 mg / mL�1 and tended to decrease
when the applied concentration of the sonicated extracts was
lower.

The production of both phytohormones correlated negatively
with the plant weight (Fig. 5) and the production of siderophores.
Surprisingly, the production of salicylic acid was inversely related
to the ability to solubilize phosphates (R2 = -0.4098), while the
production of both cytokinins was negatively correlated with the
stem length.
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It was noticeable the link between the production of side-
rophores and the parameters concerning to plant size and weight.
However, contrary to expectations, P-solubilization negatively
correlated with the rest of plant growth parameters (Fig. 5); this
effect could be related with phenological state of the cucumber
seedling.

In this work, it was evident that these cyanobacterial strains
release varied quantities of phytohormones for plant growth and
development together with other secondary bioactive metabolites.
In view of the results obtained in this work, it is worth highlighting
the influence of the production of both phytohormones in the
germination phase. However, this effect was beneficial mainly at
the lowest dose used since it was phytotoxic when higher extract
doses were applied.

Recent studies also showed that cyanobacterial inoculation
leads to modulation of the rhizosphere microbiome, leading to
alterations in the structure and abundance of microbial commu-
nities involved in the mineralization and solubilization of
nutrients [29–31]. Concretely, some studies have shown that
the inoculation of cyanobacterium Calothrix elenkinii significantly
brought about beneficial changes in the plant and rhizosphere
microbiome [30–32]. Therefore, the effect provoked by the
cyanobacteria results from the collaborative action among them
and other microbial groups or species inhabiting in the soil
rhizosphere.
4. Conclusions

Cyanobacteria are a group of photosynthetic organisms that can
easily survive with the minimum requirement of light, carbon
dioxide and water. They are phototrophic and appear naturally in a
multitude of agroecosystems distributed throughout the world.
They fix nitrogen and produce some bioactive compounds, which
improve the nutritional status of the soil, promote the growth of
crops and protect them from plant pathogens. Due to their natural
diversity, the capacity of cyanobacteria to grow in a variety of
locations could be exploited for their commercial application as
plant growth promoters.

However, the beneficial effects of cyanobacteria by treating
with crude extracts on some vegetables, herbaceous and crops
plants have already been well established, only few studies have
characterized the chemical constituents responsible for plant
growth promotion. In this work, it was surprising that the
parameters related to the size and weight of the plant (with the
exception of the number of leaves) correlated negatively with the
production of salicylic acid and cytokinins, as well as with
phosphate solubilization, contrary to what was detected in the
case of siderophores production. This fact leads us to think that
during the initial stages of germination and elongation of the root it
is essential to establish the balance between salicylic and
cytokinins, while in the later stages of seedling, the presence of
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siderophore-like chelating agents is decisive for the optimal
development of the plant.
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