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Abstract

In the coming years biostimulants will play a key role in the sustainable intensification of agriculture due to their capacity to
improve crops quality, nutrient use efficiency and tolerance to abiotic stresses. Cyanobacteria are nowadays considered one
of the most promising sources of new biostimulants; however, in vivo studies using cyanobacteria are still scarce and often
limited to a few genera. In this work the biostimulant activity of five cyanobacterial hydrolysates was evaluated on Ocimum
basilicum L. grown in hydroponics. Plants were treated weekly with foliar applications of the cyanobacterial hydrolysates
and of two commercial products. Three of the tested cyanobacterial hydrolysates, administered at the concentration of 1 g
L', were effective in increasing plant growth (up to +32%), and number (up to +24%) and fresh weight (up to +26%) of the
leaves compared to controls. Moreover, the cyanobacterial hydrolysates performed better than the commercial biostimu-
lants. The biochemical characterization of the hydrolysates suggests that the observed bioactivity can be related to a high
carbohydrate content. Our results indicate that cyanobacteria-based biostimulants can be an effective tool for sustainably

enhancing plant growth and yields.
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Introduction

The greatest agricultural challenge of our century will be to
increase global food production in a sustainable way, reduc-
ing the massive use of chemical inputs typical of conven-
tional agriculture (Petersen and Snapp 2015). Fertilizer use
in modern agriculture is highly inefficient and over the years
has contributed to environmental pollution through green-
house gases production, ocean acidification and eutrophica-
tion, and soil salinization (Halpern et al. 2015). Therefore,
in recent years interest in biostimulants to improve the effi-
ciency of fertilization by enhancing crop nutrients uptake
and resilience, has increased exponentially and efforts have
been made to define and categorize these emerging products
(Du Jardin 2015).

According to the European Union (EU) fertilizer regu-
lation 2019/1009 biostimulants are defined as “a product
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containing any substance or microorganism stimulating plant
nutrition processes independently of its nutrient content,
with the sole aim of improving one or more of the follow-
ing characteristics of the plant or the plant rhizosphere: (a)
nutrient use efficiency; (b) tolerance to abiotic stress; (c)
quality traits; (d) availability of confined nutrients in the soil
or rhizosphere”. This definition encompasses a wide range
of raw materials including algal biomass. Seaweeds have
been largely exploited for the production of plant growth
biostimulants (Mutale-joan et al. 2019); to date seaweed
extracts represent 37% of the global biostimulant market
and are expected to register the fastest growth rate by 2025
(Grand View Research 2018).

Interest in the use of microalgae (including cyanobacteria)
has increased in many different sectors, such as food, feed, bio-
fuels, fertilizers production and wastewater treatment (Muller-
Feuga 2004; Bhatia et al. 2020; Ganesan et al. 2020; Chai et al.
2021; Swain et al. 2021), while studies on the biostimulant
activity of these microorganisms are scarce and often limited
to a few genera. In particular, with regard to cyanobacteria,
over half of the research articles published in this field concerns
Arthrospira, which is the most widely cultivated cyanobacte-
rium in the world, with about 15,000 t of biomass produced
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per year (Hu 2019). Since cyanobacterial biodiversity is very
high, this microbial group represents a resource worth to be
explored for plant growth promoting applications (Norton et al.
1996; Suganya et al. 2016). The biostimulant potential of these
microorganisms is becoming evident, as many strains have
been proved to produce a wide range of bioactive molecules
capable of positively affecting plant growth and resistance to
abiotic stresses, such as phytohormones (auxins, cytokinins,
gibberellins, abscisic acid), vitamins, aminoacids, betaines,
antioxidants, polyamines and polysaccharides (Ordog and Pulz
1996; Sergeeva et al. 2002; Hajimahmoodi et al. 2010; Chaikla-
han et al. 2013; de Morais et al. 2015; Borowitzka 2016; Mégor
et al. 2018; Mutale-joan et al. 2019). Moreover, compared to
seaweeds, that are typically harvested from natural environ-
ments, cyanobacteria are cultivated in artificial systems (open
ponds and photobioreactors) which improve standardization of
the raw material quality and offer the possibility to optimize the
conditions for the production of large amounts of the bioactive
molecules (Santini et al. 2021). In fact, it has been demon-
strated that the chemical composition of seaweeds varies with
age, environmental conditions, nutrient availability and time of
harvesting (Shukla et al. 2019; Stirk et al. 2020; Ali et al. 2021),
thus risking modification of the biostimulant activity and the
active doses of the final product (Garcia-Vaquero et al. 2017).

This work aimed to broaden the knowledge on the biostimu-
lant properties of cyanobacteria through a screening of five
hydrolysates obtained from five different cyanobacterial strains
on basil (Ocimum basilicum L.) grown in hydroponics, coupled
with a first characterization of the hydrolysates to search for the
molecules potentially responsible for the bioactivity on plants.
Basil, a popular fresh culinary herb that constitutes a compo-
nent of the Mediterranean diet (Simon et al. 1999), was chosen
as a model species to test biostimulant activity due to its rapid
life cycle and easiness of cultivation in hydroponics (Sgherri
et al. 2010; Bulgari et al. 2017). In particular, the cultivation of
basil in hydroponic systems in controlled environments allows
year-round production and higher yields and quality (Sgherri
et al. 2010). Two widely used commercial biostimulants were
also tested: a hydrolysate from the brown seaweed Ascophyllum
nodosum and a protein hydrolysate of animal origin. All the
hydrolysates have been applied to plants by foliar spraying as
this method allows the use of lower doses of product compared
to basal application, thus improving the economic sustainability
of treatments (Santini et al. 2021).

Materials and Methods
Cyanobacterial hydrolysates and plant material
The hydrolysates, obtained from five different cyanobacte-

ria: Nostoc sp., Anabaena sp. and Tolypothrix sp., belong-
ing to the Nostocales; Leptolyngbya sp., belonging to the
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Synechococcales; Arthrospira sp., belonging to the Oscil-
latoriales, were provided by Fotosintetica & Microbiologica
S.r.l. (Florence, Italy). Cyanobacterial biomasses were pro-
duced in bubble column reactors with a surface-to-volume
ratio of about 50 m™!. The hydrolysates were obtained by
heating at 70 °C overnight the freeze-dried biomasses resus-
pended in water. Aliquots of the hydrolysates were dried in
an oven at 100 °C until constant weight to determine the
hydrolysate dry weight and then calculate the appropriate
dilutions to be applied in the trials.

Rooted basil (Ocimum basilicum L. cv. Genovese) plants
were used for the hydroponic growth assays. Basil seeds were
sown in Petri dishes on inert rockwool substrate, irrigated
with distilled water, and placed in a growth chamber under a
16:8 h light:dark photoperiod at an average light intensity of
280 pmol photons m™ s!. Once germinated (5 days after sow-
ing) uniform seedlings were transferred to pots with univer-
sal soil (COMPO SANA, Compo Italia srl) inside a growth
chamber under constant temperature of 22 °C, 70% relative
humidity and the lighting conditions described above. After
18 days from germination, uniform seedlings were transferred
to the hydroponic system after gently washing away soil resi-
dues from the roots. At the time of transplanting the plants
had 5-6 leaves, corresponding to two nodes, were about 6 cm
high and presented an average fresh weight ranging from 1.08
to 2.06 g in the different trials (Table 1).

Overall, three different trials were performed as shown in
Table 1. The first and second trials lasted 21 days each. The
commercial biostimulants were tested in the first trial, and the
Arthrospira and Nostoc sp. hydrolysates in the second trial.
In the third trial, lasting 28 days due to the lower fresh weight
of the transplanted seedlings, the Tolypothrix, Anabaena and
Leptolyngbya sp. hydrolysates were tested. In each trial, a
control sprayed with deionized water was also set up.

Hydrolysates analysis

The cyanobacterial hydrolysates and the commercial
biostimulants were analyzed for their macro- and microele-
ment content. The elemental composition was determined
using a CHNSO Analyzer (Flash EA, 1112 Series, Thermo
Electron Corporation, USA) (Gnaiger and Bitterlich 1984)
for nitrogen (N) and carbon (C) content and by inductively
coupled plasma-optical emission spectroscopy (ICP-OES;
iCAP 7400 DUO, Thermo Fisher Scientific, USA) for K,
P, Ca, Na, S, Mg, Fe and for heavy metals (Pb, Hg, As, Cd,
Ni, Cr).

Furthermore, all the hydrolysates were analyzed for pro-
tein, carbohydrate and lipid content. Total carbohydrate was
determined according to Dubois et al. (1956) and lipid fol-
lowing Marsh and Weinstein (1966). Crude protein was
calculated from the nitrogen content by multiplying for a
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Table 1 Treatments applied in

. Treatments Plant fresh weight (g) N° of leaves Height Experimental
the three trials and length of (cm) period (days)
the experimental period (days). _
Average plant fresh weight (g), 1* trial ~ Control 1.81 + 1.01 6+1 561211 21
number of leaves and height A. nodosum hydrolysate
(cm) of basil plants at the time Animal protein hydrolysate
of transplanting to hydroponics — yug 101 Copgrol 2.06 +0.59 541 578 +098 21
are also indicated for each trial. Arthrospira sp. hvdrolvsate
Data are reported as means Nost ¢ p ' h S-roly ‘atey‘

(n=45 for the 1% and the 2™ 0stoc Sp. hydrolys
trials; n=60 for the 3 trial) + 3" trial  Control 1.08 +£0.19 6+0 6.88 £0.36 28

standard deviation.

Tolypothrix sp. hydrolysate
Anabaena sp. hydrolysate

Leptolyngbya sp. hydrolysate

nitrogen-to-protein conversion factor of 4.44 (Gonzalez Lopez
etal. 2010).

Hydroponic cultivation trials

Plants were cultivated in a deep flow hydroponic system
placed in a growth chamber under the environmental con-
ditions described above and under uniform conditions of
mineral fertilization.

The system consisted of polystyrene sheets supporting
five plants each and floating in plastic tanks filled with 15 L
of half-strength Hoagland nutrient solution (Hoagland and
Arnon 1950) containing 3 mM KNO;, 2 mM Ca(NO;),-H,0,
1 mM NH,H,PO,, 0.5 mM MgSO,-7H,0, 20 pM Fe-
NaEDTA, 1 uM KCl, 25 yM H;BO;, 2 pM MnSO,-H,0,
2 uM ZnSO,-7H,0, 0.1 pM CuSO,-5H,0 and 0.1 pM
(NH,)¢Mo,0,,-4H,0. The nutrient solution was continu-
ously air-bubbled so as to maintain the oxygen concentra-
tion above 6 mg L!. The experimental set-up consisted of
three randomly distributed tanks per treatment for a total of
15 plants per treatment.

Every week the water lost by evapotranspiration was
replenished with distilled water and the pH and the electrical
conductivity (EC) of the culture medium were monitored.
The pH fluctuated between 5.5 and 6.3 and the EC at the
beginning of the trials was on average 883 + 6.7 pS cm™,
while at the end it was on average 459 + 16.3 uS cm!, with
no significant differences recorded between treatments and
control within each trial.

Plant treatments

Plants were cultivated for 21 (1% and 2" trial) or 28 (3™ trial)
days, depending on the fresh weight of the seedlings at the
time of transplanting (Table 1), and were treated every week
with foliar applications of the hydrolysates. The cyanobac-
terial hydrolysates were applied at the concentration of 1 g
(dry weight) L™ and volumes were progressively increased
from 3 to 8 mL per plant to follow the increase in plant size.

Treatment volumes were determined as the minimum vol-
ume needed to obtain a uniform wetting of the leaves for each
application.

For treatments with commercial biostimulants the same
protocols were adopted, except for the concentrations
applied, that were those recommended on the label for hor-
ticultural crops, equal to 1 g (dry weight) L™! for the A. nodo-
sum hydrolysate and 1.77 g (dry weight) L™! for the animal
protein hydrolysate. In each trial 15 plants were sprayed with
deionized water (controls).

Biometric parameters

On a weekly basis, plants were temporarily removed from
hydroponics, excess water from roots was gently wiped, then
plants were weighed and measured to determine fresh weight
and height, and number of leaves and nodes. The measure-
ments made during the trials were non-destructive. At the
end of the trial plants were harvested and roots, stem and
leaves were weighed separately. All samples were then oven-
dried at 80 °C until constant weight, and dry weight (DW)
was measured. Plant growth was calculated as the difference
between the fresh weight (FW) at the time of harvesting and
the fresh weight at the time of transplanting to hydropon-
ics. FW and DW of the whole plant recorded at the time of
harvesting were used to calculate plant water content (WC)
as (FW-DW)/FW.

Due to the differences in the initial fresh weights of the
plants and the different length of the trials (Table 1), the
biometric parameters recorded in each trial were compared
to the respective controls. All measured parameters are
presented as means =+ standard error.

Statistical analysis
Statistical analyses were conducted using Statgraphics. One-

way ANOVA coupled with Tukey’s test was used to assess
significant differences compared to the control within each
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trial. Significance level was P < 0.05. ANOVA tables and
results of Tukey’s multiple comparisons test are reported in
the supplementary material (files S1, S2 and S3).

Results

Effect of cyanobacterial hydrolysates on plant
biometric parameters

Three of the tested cyanobacterial hydrolysates, those from
Nostoc sp., Tolypothrix sp. and Leptolyngbya sp., signifi-
cantly increased (P < 0.05) the fresh weight of the plants
starting from the 14™ day after transplanting (Fig. 1), when

70
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Hydrolysates:
= A. nodosum
Animal protein

Plant fresh weight (g)

t
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709 C
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Anabaena sp.
+ Leptolyngbya sp.

40~
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Fig.1 Average fresh weight of basil plants (n=15 per treatment)
measured weekly during the first (a), second (b), and third (c) trial.
Growth increase (n=15 per treatment) of treated plants at the end
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the second foliar treatment was applied. At the end of the
trials, the highest increase in plant growth compared to con-
trol was recorded in plants treated with the hydrolysate from
Leptolyngbya sp. (+34.4%). Hydrolysates from Tolypothrix
sp. and Nostoc sp. led to an increase of 31.8 and 28.7%,
respectively (Fig. 1d). The Anabaena sp. and Arthrospira
sp. hydrolysates increased plant growth by 21.3 and 8.0%,
respectively, but the increase was not significant (Fig. 1d).
Treatments with Tolypothrix sp. and Leptolyngbya sp.
hydrolysates had similar effects on shoot and root fresh
weight. In particular, at the end of the trial, an average
increase of 30% for shoot and 36% for root fresh weight
with respect to control was observed (Fig. 2). The treatment
with Nostoc sp. hydrolysate exhibited a predominant effect
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of the trials compared to their respective control (d). Bars represent
standard error. * indicates significant differences between treatments
and controls at P < 0.05. For ANOVA results see tables in S1.
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on root development, producing a 53% increase in root fresh
weight and a 27% increase in shoot fresh weight (Fig. 2)
leading to a significant higher value of the root/shoot ratio
(0.34 + 0.02) compared to that of the control (0.28 + 0.01).

Except for Arthrospira sp., all the treatments with
cyanobacterial hydrolysates displayed significant effects
on the number of leaves (Fig. 3). Plants treated with Nos-
toc sp., Tolypothrix sp. and Leptolyngbya sp. hydrolysates
presented at the end of the trials one node more than the
control and the number of leaves increased by about
24% (Fig. 3). In the same treatments, the fresh weight
of the leaves at harvest increased by an average of 26%
compared to the control (Fig. 3). Comparable effects on
the number of leaves and nodes were observed with the
application of Anabaena sp. hydrolysate, which how-
ever did not significantly affect the fresh weight of the
leaves (Fig. 3) nor the overall fresh weight of the plants
(Fig. 1d). The application of the Anabaena sp. hydrolysate
produced a lower average leaf weight (220 mg per leaf)
and root fresh weight (14.5 g) compared to the effective
treatments in the same trial (on average 240 mg per leaf
and 16.4 g of root fresh weight, respectively), which was
reflected in a lower and not significant overall biostimu-
lant activity on the plant.

Only two of the tested hydrolysates (from Tolypothrix
sp. and Anabaena sp.) affected plant height, increasing it
by 20% compared to the control. No significant differences
were found between controls and treatments with respect
to plant water content, which ranged from 92 to 95% in
all the trials.
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Fig. 2 Increase in shoot (a) and root (b) fresh weight (n=15 per treat-
ment) with respect to the controls recorded at the end of the trials.
Bars represent standard error. * indicates significant differences at P
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Fig. 3 Increase in number and fresh weight of leaves (n=15 per treat-
ment) at harvest time compared to controls. Bars represent standard
error. * indicates significant differences at P < 0.05; ** indicates sig-
nificant differences at P < 0.01. For ANOVA results see tables in S3.

None of the commercial biostimulants tested produced
significant effects on basil growth. The application of the A.
nodosum hydrolysate produced a slight and not significant
increase in plant fresh weight (Fig. 1d) and number and fresh
weight of leaves (Fig. 3) compared to the control. In plants
treated with the animal protein hydrolysate a non significant
decrease in plant growth (Fig. 1d) and no effect on the num-
ber of leaves (Fig. 3) were observed. Moreover, the two com-
mercial biostimulants did not affect the height of the plants.
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< 0.05; ** indicates significant differences at P < 0.01. For ANOVA
results see tables in S2.
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Hydrolysates characterization

Figure 4a shows the biochemical composition of the five
cyanobacterial hydrolysates and the two commercial
biostimulants used in the trials. Arthrospira sp. and Ana-
baena sp. hydrolysates showed a high protein (>65%) and a
low carbohydrate (about 17%) content. Nostoc sp., Tolypo-
thrix sp. and Leptolyngbya sp. hydrolysates had lower pro-
tein (from 25 to 48%) and higher carbohydrate (from 36 to
60%) content. The animal protein hydrolysate showed 70%
protein with an extremely low carbohydrate (1%) content.
Lipids were very low in all the cyanobacterial hydrolysates
as well as in the two commercial products (Fig. 4a). The
largest fractions of unidentified compounds, which com-
prises ashes, were found in the hydrolysates from marine
species (Leptolyngbya sp. and A. nodosum) and in that
obtained from animal residues (Fig. 4a).

The cyanobacterial hydrolysates contained all the macro-
and microelements required for plant nutrition; nitrogen con-
tent was higher in Arthrospira sp. and Anabaena sp. hydro-
lysates, corresponding on average to 15% of the hydrolysate
dry weight (Fig. 4b). In the A. nodosum hydrolysate nitrogen
and phosphorus content (1.6 and 0.1%, respectively) was
lower than in the cyanobacterial hydrolysates, while potas-
sium content (11.2%) was higher (Fig. 4b). Leptolyngbya sp.
and A. nodosum hydrolysates had the highest sodium content,
on average 3%, among the tested hydrolysates. Iron was not
detectable in the A. nodosum hydrolysate. The animal pro-
tein hydrolysate showed a high nitrogen content, similar to
that of Arthrospira sp. and Anabaena sp. hydrolysates, while
phosphorus, potassium, magnesium and iron were extremely
low or not detectable. The unidentified fraction, comprising
oxygen and hydrogen that were not analyzed, ranged between
33 and 55% in all the tested hydrolysates, with the highest
values being recorded in Leptolyngbya sp. and A. nodosum
hydrolysates (50 and 55%, respectively) (Fig. 4b).

In all the hydrolysates, the maximum amounts of heavy
metals were below the limit values set by the European regu-
lation 2019/1009 (Table 2). Mercury was not detected in
any of the tested hydrolysates. Arsenic was not detected in
the cyanobacterial hydrolysates and in the animal protein
hydrolysate, whereas a high content (36 ppm on dry weight)
was found in the A. nodosum hydrolysate, although below
the limit allowed by the EU regulation 2019/1009 (40 ppm)
(Table 2).

Discussion
The results of this study show that foliar applications of

cyanobacterial hydrolysates can have high and significant
stimulation effects on basil growth. In particular, three
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hydrolysates, obtained from Nostoc sp., Tolypothrix sp.
and Leptolyngbya sp., have been able to enhance vegetative
growth of basil by more than 30% compared to the controls.

The Nostocales are among the most well-known photo-
synthetic microorganisms used in agriculture, due to their
ability to fix atmospheric nitrogen and improve soil structure
and water retention capacity (Hegazi et al. 2010; Sahu et al.
2012). Recently, their ability to produce biologically active
molecules able to stimulate growth and defence responses in
plants has also been demonstrated (Singh et al. 2011; Singh
2014; Priya et al. 2015; Shariatmadari et al. 2015; Sharma
et al. 2020). Nostoc piscinale biomasses subjected to freeze-
drying and sonication and administered at concentrations of
0.3 and 1 g DW L 'by foliar application on winter wheat,
significantly increased grain yield by 27 and 38%, respec-
tively, compared to control sprayed with tap water (Takacs
et al. 2019). In the present study two Nostocales strains out of
the three tested significantly increased the commercial yield
(i.e., leaf weight) of basil by an average of 26% compared to
the controls.

Few studies are currently available on the in vivo biostim-
ulant activity of Synechococcales. According to Toribio et al.
(2020), basal irrigation with an aqueous extract of a Leptol-
yngbya strain did not significantly affect growth of cucumber
seedlings while in our work, treatment with the hydrolysate
from Leptolyngbya sp. was among the most effective. How-
ever, it is to consider that in our experiments foliar spraying
was used instead of basal application.

Application of Nostoc sp., Tolypothrix sp. and Leptolyn-
gbya sp. hydrolysates enhanced root fresh weight by more
than 35% over the controls. A larger root system increases
drought tolerance and improves mineral uptake (Mutale-joan
et al. 2020), which in turn influences photosynthetic effi-
ciency and plant growth (Makino et al. 2000). This could
suggest a potential role of hydrolysates in improving plant
tolerance to abiotic stresses.

The maximum root fresh weight increase was obtained
with Nostoc sp. hydrolysate, which also led to a significant
increase in the root/shoot ratio (+21%) compared to the
control. These results are in agreement with those found
by Toribio et al. (2020), in whose work a Nostoc strain was
able to increase the root/shoot ratio in cucumber seedlings
by 20% compared to control plants.

Arthrospira is one of the most studied cyanobacteria for
biostimulant applications and many works report positive
effects of Arthrospira on various plant species (Hegazi et al.
2010; Singh et al. 2011; Aghofack-Nguemezi et al. 2015; Tuhy
et al. 2015; Godlewska et al. 2019; Mutale-joan et al. 2020),
while in other species such as chili pepper and strawberry
the stimulatory effect on vegetative growth was weak and not
significant (Jufri and Sulistyono 2016; Soppelsa et al. 2019).
According to our knowledge, to date there are no studies on
the effect of extracts or hydrolysates from cyanobacteria,
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Arthrospira sp. Nostoc sp.
Other o, K 0.4%
34.4% K1.4%
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Fig.4 Biochemical composition (a) and elemental composition (b) of the five cyanobacterial hydrolysates and the two commercial biostimulants
used in the trials. Data are expressed as % of hydrolysate dry weight
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Table2 Maximum amounts of heavy metals detected in the cyano-
bacterial hydrolysates and in the commercial biostimulants used in
the trials in comparison with limit values listed in the European regu-
lation 2019/1009. Data are expressed in ppm of dry weight. nd: not
detected.

Cyanobacterial A. nodosum Animal protein Limit values *
hydrolysates hydrolysate  hydrolysate

Pb 1.8 nd nd 120

Cd 1.0 0.7 0.4 1.5

Ni 0.6 nd 2.0 50

Cr 05 nd nd 2

As nd 36 nd 40

Hg nd nd nd 1

*limit values set by the EU regulation 2019/1009

including Arthrospira, on basil. The Arthrospira sp. hydro-
lysate tested in the present study did not produce effects on
basil growth. Since the effectiveness of a cyanobacterial spe-
cies can vary among different plant species and even different
cultivars of the same species (Santini et al. 2021) we cannot
exclude that the Arthrospira sp. hydrolysate we have tested
would be effective if applied on a different plant.

In our work, the animal protein hydrolysate caused a
slight depression of plant growth and, in some cases, leaf
yellowing. Repeated foliar treatments with protein hydro-
lysates obtained by chemical hydrolysis, one of the most
common method for animal waste (Colla et al. 2015), are
reported to be phytotoxic due to the abundance of free amino
acids with high levels of racemization (Lisiecka et al. 2011).

The weekly foliar and basal application of Ascophyllum
nodosum extracts were found to increase leaf number, weight
and plant height in mint and basil (Elansary et al. 2016),
while in the present study, at the tested doses, no signifi-
cant differences with respect to the control were detected in
these parameters. Although the beneficial effects of seaweed
extracts are known since the early 1940s (Craigie 2011), sev-
eral researches have highlighted the variable nature of these
products, which frequently do not have reproducible effects
on plants (Chojnacka et al. 2012; Sharma et al. 2012; Goiii
et al. 2016; Yakhin et al. 2017; Boukhari et al. 2020). Accord-
ing to a recent transcriptomic study, two extracts obtained
from A. nodosum resulted in dysregulation of 4.47 and 0.87%
of the transcriptome of Arabidopsis thaliana, which implies
an important variability in the responses elicited (Gofii et al.
2016). Moreover, in nature seaweeds can accumulate heavy
metals (Besada et al. 2009), as observed in this work for the
A. nodosum hydrolysate, that contained arsenic in quantities
just below the maximum value set by the European regulation.

The A. nodosum hydrolysate used in the present work
showed a considerably lower carbohydrate content than that
reported in literature for brown seaweeds (Yuan and Mac-
quarrie 2015). This may be explained by seasonal variations
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in A. nodosum biomass composition (Tabassum et al. 2016),
and by the fact that the phenol-sulfuric acid method may
not detect all types of fibers without sample pretreatment.
In our study, protein and lipid content in A. nodosum was
in line with literature data (Craigie 2011; Blanco-Pascual
et al. 2014). Furthermore, the A. nodosum hydrolysate had
a larger fraction of unidentified compounds compared to the
other hydrolysates tested. This may be due, besides to the
high content of fiber (MacArtain et al. 2007), to mineral
residues present in the collected biomass and derived from
alkaline hydrolysis.

According to the results of the present study, the raw
composition of a hydrolysate might influence its efficacy. In
the most active cyanobacterial hydrolysates, carbohydrates
were the major component (on average 47%), followed by
proteins (35%) and lipids (5%), while the hydrolysates that
did not produce significant effects on plant growth pre-
sented the highest values of proteins (on average 66%).
Many cyanobacteria are known to contain high amounts
of carbohydrates in the form of intracellular monosaccha-
rides, polymeric reserve a-glucans and structurally complex
extracellular polysaccharides (Rossi and De Philippis 2016).
The potential use of cyanobacterial polysaccharides as foliar
biostimulants was recently reported (Elarroussi et al. 2016,
2018; Rachidi et al. 2020). The polysaccharides extracted or
released from cyanobacteria (A. platensis) and microalgae
(Dunaliella salina and Porphyridium sp.) showed growth
promoting effects in tomato and pepper (Elarroussi et al.
2016, 2018; Rachidi et al. 2020).

Despite carbohydrates are one of the major components
of the cyanobacterial hydrolysates and may contribute to the
observed effects, other bioactive molecules may also work as
plant growth promoters (Rouphael and Colla 2018). Cyano-
bacteria are able to synthesize phytohormones, mainly auxins
(Sergeeva et al. 2002; Hashtroudi et al. 2013), but also cyto-
kinins (Hussain et al. 2010), abscisic acid (Zahradnickova
etal. 1991; Marsalek et al. 1992; Esch et al. 1994) and poly-
amines (Moégor et al. 2018) which are known to play crucial
roles in plant development. Macro- and microelements of the
hydrolysates can also take part in the biostimulation process.
For instance, it has been reported that potassium in seaweed
extracts has a positive effect in regulating water status and
enhancing plant photosynthesis and meristematic growth
(Hernandez-Herrera et al. 2014). In the present study we have
observed that cyanobacterial hydrolysates contain macro- and
microelements that can be readily absorbed by leaves through
stomata and cuticle hydrophilic pores. However, taking into
consideration their low concentrations in the hydrolysate, the
amount of hydrolysate and the number of doses applied, as
well as the nutrient sufficient growth condition of the basil
plants, we could rule out the contribution of macro- and
microelements in the cyanobacterial hydrolysates to plant
growth through fertilization. In fact, according to the doses
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applied (on average 20 mg of hydrolysate dry weight per
plant for the whole cycle), treatments with the nitrogen rich-
est hydrolysates, namely Arthrospira sp. and Anabaena sp.
hydrolysates, provided on average 3 mg of nitrogen per plant,
treatments with Nostoc sp., Tolypothrix sp. and Leptolyngbya
sp. hydrolysates provided on average 1.6 mg per plant, while
half-strength Hoagland medium supplied 252 mg per plant.
Therefore, the nitrogen contribution of the cyanobacterial
hydrolysates amounted to 0.6-1.2% of the total nitrogen pro-
vided to plants. In addition, the cyanobacterial hydrolysates
provided on average 1.2% of Fe, 1.1% of S, 1% of Mg, 0.21%
of P, 0.02% of K and 0.08% of Ca with respect to the total
amount of nutrients supplied with the half-strength Hoagland
medium.

Conclusions

The present study reveals the remarkable biostimulant prop-
erties on basil plants of three cyanobacterial hydrolysates,
which performed much better than two commercial prod-
ucts in the given experimental conditions. These results,
together with those already available in the literature, candi-
date cyanobacteria to become a sustainable raw material for
the development of a new category of plant biostimulants.
However, not all the cyanobacterial hydrolysates tested had
a significant effect on plant growth, which suggests that the
biostimulant properties of cyanobacteria might be species-
specific and might depend on the metabolites produced under
the experimental conditions adopted. In particular, the most
efficient hydrolysates exhibited a high carbohydrate con-
tent, suggesting the importance of this class of molecules
in biostimulation. The results obtained are a first step and
further studies are needed to determine the contribution of
carbohydrates in biostimulation and to characterize compo-
nents of this fraction as well as other bioactive molecules
(e.g., phytohormones) in the hydrolysates.
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