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Abstract
Microalgae and cyanobacteria could play an important role in crop protection, since they produce bioactive substances that 
promote plant growth and/or trigger the plant resistance mechanisms. The present study focuses on the control of bacterial 
canker caused by Clavibacter michiganensis subsp. michiganensis on tomato plants by using sonicated extracts from cyano-
bacteria and microalgae of the genera Leptolyngbya, Nostoc, Chlorella, and Scenedesmus. For the development of this study, 
8 strains were firstly tested for their capacity to inhibit the growth of C. michiganensis subsp. michiganensis in vitro, as well 
as to produce cytokinins and salicylic acid. In order to discard those more phytotoxic strains, the germination index was 
also estimated in watercress seeds. Scenedesmus-677 and Leptolyngbya-1267 strains were selected in this first phase based 
on their pesticide and phytostimulant capacity in vitro. Subsequent bioassays on tomato seedlings showed that root applica-
tion of Scenedesmus-677 could be more aimed at controlling the disease caused by C. michiganensis subsp. michiganensis, 
while foliar and root application of Leptolyngbya-1267 seems to be more related to the strengthening of the plant through 
the salicylic acid route. These preliminary results could serve as the basis for a deeper characterization of the biopesticidal 
and biostimulant effect of both strains, as well as to reveal the benefits derived from the combination of both capacities.

Keywords Cyanobacteria · Microalgae · Biopesticide · Biostimulant · Clavibacter michiganensis subsp. michiganensis · 
Phytohormones

Introduction

Plant diseases are an important threat to many agricultural 
and horticultural crops. However, the indiscriminate use 
of pesticides and synthetic fertilizers during decades has 
caused serious problems to human and animal health and 
the environment. These include the reduction of soil fertil-
ity, the increase in the solubility of toxic heavy metals, and 
the development of new pathogens that devastate crops and 
cause enormous economic losses worldwide (Kumar and 
Verma 2013; Raymaekers et al. 2020). Considering that the 
use of soil fumigants is being restricted in Europe and other 
areas of the world, alternative methods for plant pathogen 
control are needed (Termorshuizen et al. 2006).

In this last scenario, the damage caused by the bacterium 
Clavibacter michiganensis subsp. michiganensis, responsible 
for the bacterial canker in tomatoes (Lycopersicon 
esculentum), should be highlighted. The main host of 
economic importance for that pathogen is tomato but natural 
infection also has been reported on Capsicum annuum 
(Latin et  al. 1995). Clavibacter michiganensis subsp. 
michiganensis is an aerobic, non-motile, Gram-positive, 
non-sporing, curved rod that is internationally considered 
a quarantine organism worldwide distributed (EPPO 2016). 
Infection of the plant by this bacterium occurs by the entry 
of the pathogen through natural openings or wounds in 
roots, stems, and leaves (Nandi et al. 2018). The symptoms 
described so far are variable and influenced by plant age, 
cultivar type, and environmental factors. In the field, the 
first symptom is desiccation of the edge of the leaflets. The 
plant slowly desiccates, with or without exhibiting wilting 
(Gleason et al. 1991). Under greenhouse conditions, the 
first symptom is a reversible wilting of leaves during hot 
weather, later becoming irreversible. The whole plant then 
desiccates. Leaves may show white interveinal areas, turning 
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brown and necrotic generally before wilt symptoms appear 
(Gitaitis et al. 1991). Unilateral wilting or withering of 
leaflets on one side of the leaf, and bird’s eye-spot lesions 
on the fruit surface are the outstanding features for diagnosis 
of tomato bacterial canker. In advanced infection, vascular 
discoloration is seen as brown streaks on the stem and 
petiole. Once it is detected, chemical control is practically 
impossible. Moreover, there are no hybrids or tomato 
cultivars with acceptable genetic resistance on the market 
against C. michiganensis subsp. michiganensis. This could 
be due to the genetic complexity and the genomic instability 
of this microorganism, the micro-evolutionary changes in the 
host–pathogen system, as well as the emergence of highly 
resistant biotypes derived from the continued use of large 
amounts of chemical pesticides (Khaliluev and Shpakovskii 
2013). Therefore, prevention is the most effective control 
of bacterial canker, based on the reduction of the inoculum 
and the use of healthy seeds and seedlings (De León et al. 
2011; EFSA 2014).

Biological control of plant diseases is the suppression of 
plant pathogens populations by living organisms (Heimpel 
and Mills 2017; Lenteren et al. 2018). In this sense, bio-
logical control constitutes an excellent alternative or com-
plement to agrochemicals for disease management, since it 
aims to reduce the density or activity of the pathogen caus-
ing the disease, by enhancing one or several autochthonous 
biological antagonists, or by introducing or inoculating 
strains previously described as biological control agents. In 
addition, these agents can provide an extra benefit for the 
plant, improving growth and development and even inducing 
resistance mechanisms in the plant itself (Köhl et al. 2019).

Regarding bacterial canker of tomato, several Plant Growth 
Promoting Rhizobacteria (PGPR) having antagonistic activi-
ties towards C. michiganensis subsp. michiganensis have 
been isolated and studied (Deng et al. 2015; Aksoy et al. 
2017). Thereby, seed treatments with both Pseudomonas and 
Bacillus strains improved the tomato plant quality and nota-
bly decreased the bacterial canker incidence in field studies 
(Umesha 2006; Kasselaki et al. 2011).

Today, manufacturers and researchers have paid special 
attention to the biotechnological applications of microal-
gae and cyanobacteria. The great diversity and plasticity of 
these microorganisms make them a good potential source of 
high-value bioactive compounds. In recent years, cyanobac-
teria and microalgae 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 
biofuels, food supplements, and bio-fertilizers for safe agri-
culture, but also for their role in regulating plant productivity 
(Singh et al. 2016). Among the most interesting applications 
of algae and cyanobacteria are their antimicrobial properties, 
their fertilizer capacity, and their use as food preservatives 
(Mendiola et al. 2007; Alsenani et al. 2020). These type of 

microorganisms not only do not compete negatively with the 
microbiota associated with the plant-soil system, but also 
potentially favor the beneficial activity attributed especially 
to the rhizo-microbiota, in addition to improving soil fertil-
ity, seed germination, plant growth, nutritional value, and 
crop yield (Renuka et al. 2018). Some bioactive compounds 
produced by them are represented by siderophores, alka-
loids, amides, fatty acids, and indoles, or antifungal, anti-
viral, and antibacterial substances such as lipopeptides and 
polyketides (Singh et al. 2017; Meena et al. 2017).

The control of plant pathogens through the application 
of commercial products based on microalgae and cyanobac-
teria is still in a very preliminary stage (Singh et al. 2016). 
However, the potential of these microorganisms denotes the 
interest of researchers in continuing to deepen this path. 
Photosynthetic microbes have the advantage of being organ-
isms with minimal nutritional requirements and rapid growth 
rates (Herrero and Flores 2008). Along with having a mul-
titude of adaptations to extreme situations, especially in the 
case of cyanobacteria, that allow them to be competitive 
against high temperatures, UV radiation, dryness, and saline 
and water stress (Singh et al. 2010). In fact, this metabolic 
plasticity has made it possible to find them in most soils 
and to maintain a high level of diversity and abundance in 
different ecosystems, including agro-ecosystems (Araujo 
et al. 2018).

Nevertheless, the formulation and subsequent inoculation 
of these agents will depend on various aspects. For instance, 
the microbial state (live microorganism or metabolic extract; 
fresh or dry biomass), mode of application (aerial, root, 
seed), as well as the moment in which is applied. In this last 
case, a preventive method could be used prior to the pres-
ence of the pathogen, or curative, after the outbreak of the 
infection (Han et al. 2012; Palaniyandi et al. 2013).

Several cyanobacterial strains of Oscillatoria, Anabaena, 
Nostoc, Nodularia, and Calothrix, isolated from different 
soils are known as antifungal agents against plant pathogens 
such as Alternaria alternate, Botrytis cinerea, or Rhizopus 
stolonifer (Kim 2006). Exo-metabolites from the cyanobac-
teria Nodularia harveyana and Nostoc insulare show anti-
bacterial and antifungal activities (Volk and Furkert 2006). 
Extracellular diterpenoids of Nostoc commune also exhibit 
antibacterial properties (Jaki et al. 2000). Moreover, microal-
gae possess molecules that can act as biopesticides, thus pro-
tecting the plant against pathogens, mainly fungi or bacteria. 
Specifically, the production of antibiotics and siderophores 
from Chlorella and Scenedesmus and other marine or fresh-
water microalgae has been previously described (Mendiola 
et al. 2007; Lee et al. 2020; Alsenani et al. 2020). However, 
although the use of ultrasound for the control of cyanobac-
terial and microalgal blooms has been widely studied, the 
application of sonicated extracts for phytostimulation and 
plant disease control is a novel topic for which only very 
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recent references are available. In this sense, recent stud-
ies have shown that the inoculation of some cyanobacterial 
extracts from Calothrix sp., Nostoc spp. or Trichormus sp. 
significantly brought about beneficial changes in cucumber 
seedlings as well as the control of some plant pathogens 
(Toribio et al., 2020, 2021).

Based on the above, the main aim of this study was to 
evaluate the potential bioprotective and biostimulant effect 
of a collection of sonicated extracts from 5 microalgae 
and 3 cyanobacteria against the pathogenic bacterium C. 
michiganensis subsp. michiganensis (tomato canker) in 
tomato seedlings. Both effects were evaluated by using 
in  vitro and in  vivo methods and considering different 
forms of plant treatment (root irrigation and foliar spray). 
This study will lay the foundations for future research 
on the use of cyanobacteria and microalgae as important 
agro-biotechnological tools, not only for their recognized 
biofertilizing capacity but also for the management of 
devastating phytopathogenic bacteria.

Materials and methods

Microorganisms

Phytopathogenic agent

A lyophilized sample of the strain Clavibacter michiganensis 
subsp. michiganensis CECT 790 was supplied by the Span-
ish Type Culture Collection (CECT, Valencia, Spain) and 
then reconstituted in Nutrient Agar plates (NA, CM0003, 
Oxoid Ltd. UK) and kept in slant at 4 °C.

Collection of cyanobacteria and microalgae and getting 
extracts

Five microalgae, Chlorella sp.-1, Chlorella sp.-361, 
Chlorella sp.-519, Chlorella sp.-568, and Scenedesmus 
sp.-677 and three cyanobacteria, Nostoc sp.-150, Nostoc 
sp.-251, and Leptolyngbya sp.-1267 were provided as 
lyophilized biomass from the Mosonmagyaróvár Algal 
culture collection (MACC, Mosonmagyaróvár, Hungary) 
and the Spanish Bank of Algae (SBA, Gran Canaria, Spain). 
For extract preparation, a stock solution was prepared by 
suspending 100 mg of lyophilized biomass (LB) from each 
cyanobacterium and microalgae strain in 1 mL of sterile 
distilled water. The solution was subjected to a sonication 
process at 40% amplitude for 3 min (Branson Digital Sonifier 
SFX 150). The extracts were centrifuged at 4,000 × g for 
5 min and the supernatants were kept in a cold chamber 
at 4 °C until use. Following the recommendations of some 
authors (Navarro-López et al. 2020; Carneiro et al. 2021; 
Masojídek et al. 2021), the stock extracts were subsequently 

diluted in sterile distilled water at 25, 10, 2, 0.5, and 
0.1 mg  mL−1 depending on the bioassays to be performed.

In vitro bioassays

Antibacterial activity against Clavibacter michiganensis 
subsp. michiganensis

Once the cyanobacteria and microalgae biomasses were son-
icated and diluted to 10 mg  mL−1, their biological activities 
were tested against C. michiganensis subsp. michiganensis 
by a well diffusion assay following the protocol described 
by Suárez-Estrella et al. (2019). First, 2% water agar (WA) 
plates were prepared. Over the solidified agar, four 8 mm 
diameter steel cylinders were placed equidistant from the 
edge of the Petri dish. A second layer of NA was added on 
the WA plates. Once NA had solidified, the cylinders were 
removed. A 48 h old C. michiganensis subsp. michiganensis 
culture prepared in 5 mL of Nutrient Broth (NB, CM0001 
Oxoid Ltd. UK) and incubated at 30 ± 1 °C under dark con-
ditions was spread over the surface of the double layer of 
culture medium with a sterile swab previously soaked in the 
bacterial culture. The wells were filled with 70 μL of the 
different extracts. Four replicates were considered for each 
extract-C. michiganensis subsp. michiganensis combination, 
each corresponding to one well of the same Petri dish. A 
Petri dish inoculated only with the phytopathogenic bac-
terium and confronted with distilled water inside the wells 
was considered a negative control of the assay. The whole 
experiment was repeated twice. Finally, inhibition of in vitro 
growth of C. michiganensis subsp. michiganensis was meas-
ured after incubating the plates at 30 ± 1 °C under dark con-
ditions for 48 h. The inhibition index (I) was expressed as 
the percentage of C. michiganensis subsp. michiganensis 
growth inhibition in the presence of the antagonistic strain 
using the following formula:

where I, inhibition index (%); G, growth of the phytopath-
ogenic agent in absence of the antagonistic extract (in this 
case it would be 90 mm, since the bioassays were carried 
out in 90 mm Petri dishes); D, diameter of growth inhibition 
around the wells in presence of antagonistic extracts (mm).

Determination of salicylic acid and cytokinins in sonicated 
extracts

Sonicated, centrifuged, and filtered extracts of cyanobacte-
ria and microalgae for quantification of salicylic acid (SA) 
and cytokinins (CKs) were used at the concentration of 
100 mg LB  mL−1 and 25 mg LB  mL−1, respectively. The 
quantification of both phytohormones was carried out by 

I = 100 − [G − (D − 8)∕90] × 100



3820 Journal of Applied Phycology (2021) 33:3817–3829

1 3

immunodiagnostic tests according to the supplier’s instruc-
tions (Plant Cytokinin CYT ELISA Kit, MyBiosource ref. 
MBS269996; Plant Salicylic acid SA ELISA Kit, MyBio-
source ref. MBS9314138). The absorbance of the samples 
was measured at 450 nm, in a Thermo Scientific Multis-
kan FC spectrophotometer and three replicates were taken 
into account for the analysis of the results. SA content was 
expressed in µg  mL−1, while CKs was expressed in ng  mL−1.

Effect of sonicated extracts on germination of watercress 
seeds

The bioassay to evaluate the stimulating effect of extracts 
on watercress seed germination was previously described by 
Zucconi et al. (1981). Promotion effect was tested on four 
replicates of 25 seeds for each cyanobacterial and microal-
gae extract prepared at 2 and 0.5 mg LB  mL−1. To calculate 
germination index (GI), percentage of seed germination 
and elongation of the radicle (mm) were taken into account, 
based on the following formula:

where GI, germination index (%); Ge%, percentage of ger-
minated seeds in presence of extract; Gdw%, percentage of 
germinated seeds in presence of distilled water; REe, mean 
of radicle elongation (mm) in presence of extract; REdw, 
mean of radicle elongation (mm) in presence of distilled 
water.

In planta bioassays: treatment of tomato 
seedlings with sonicated extracts of cyanobacteria 
and microalgae

Protective effect of the cyanobacteria and microalgae 
extracts by foliar and vascular application towards C. 
michiganensis subsp. michiganensis on tomato seedlings

The most effective cyanobacterial and microalgae extracts 
selected from preliminary experiments (in vitro) were in vivo 
assayed by foliar and root application to evaluate the preven-
tive effect towards C. michiganensis subsp. michiganensis. 
For this purpose, a sterile substrate mixture was initially 
prepared (peat:vermiculite at 3:1 ratio). The substrate was 
spread out on seedling trays with 77 alveoli and then regu-
larly irrigated. A tomato seed (Solanum lycopersicum var. 
San Pedro) was sown in each alveolus and germinated for 
3 weeks (up to two true leaves) at 25 °C, 60% humidity, and 
a 12-h photoperiod in a climate control chamber (ERIS 615 
HR, Equitec). Then, the extracts were prepared as described 
in the “Material and methods” section (the “Collection of 

GI = (G
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% × RE

e
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% × RE
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cyanobacteria and microalgae and getting extracts” section), 
but in this case, only the 0.1 mg  mL−1 dilution was applied.

The root treatment was carried out by watering the sub-
strate at the rhizosphere level of each seedling with 25 mL 
of the sonicated, centrifuged, and filtered extract. In parallel 
but in different plant sets, the foliar treatment was carried 
out by spraying 1 mL of the extracts on the leaf surface of 
the seedling. Both treatments were carried out in random 
blocks. Three blocks of 30 seedlings each were evaluated per 
treatment. Blocks of 30 untreated plants (negative controls) 
were also evaluated in parallel.

Protocol for inoculation of tomato seedlings with C. 
michiganensis subsp. michiganensis and monitoring 
of infection status

A C. michiganensis subsp. michiganensis culture was 
incubated in 50 mL NB for 48 h, at 28 °C and shaking at 
120 rpm. After incubation, 20 mL of the culture was centri-
fuged for 20 min at 2800 × g, the supernatant was removed, 
and the precipitate was washed twice with 5 mL of 0.9% 
NaCl. Finally, the pellet was washed with 5 mL of sterile 
distilled water and the cell density was adjusted to approxi-
mately  105 cfu  mL−1 by counting in a Neubauer chamber.

One week after foliar and root application with the 
sonicated extracts of cyanobacteria and microalgae, 
tomato seedlings were artificially infected with the C. 
michiganensis subsp. michiganensis inoculum. The 
inoculation method was adapted from Fatmi and Schaad 
(2002). In this case, twenty micro-wounds were made in 
the stems of tomato seedlings at the level of the second 
or third true leaf using a sterile needle. Artificial infection 
of the plants was carried out with the help of a sterile 
swab soaked in about 500 µL of the previously prepared 
suspension of the phytopathogenic bacteria  (105 cfu  mL−1 
of Cmm). A block of 30 plants not previously treated with 
any extract (positive controls) was also infected with Cmm. 
Another block of uninfected and untreated thirty plants was 
considered the negative control of the bioassay.

The typical symptoms of C. michiganensis subsp. 
michiganensis were periodically monitored over 3 weeks, 
taking into account the visual aspect of the infected 
plants. At 20-day post-infection, the level of affection of 
the plants was evaluated by applying a scale from 0 to 4, 
depending on the presence or absence of symptoms, being 
0 = healthy plant, 1 = local lesions in the stem, 2 = mild 
wilting or decay, 3 = wilting and marginal necrosis on 
leaves, and 4 = death plant. After monitoring symptoms, 
stem portions from infected and negative control plants were 
surface-disinfected with ethanol for 5 s and rapidly flamed, 
macerated, and plated on Yeast Dextrose Carbonate Agar 
(YDC: yeast extract, 10 g; glucose, 20 g;  CaCO3, 20 g; Agar, 
15 g; distilled water, 1000 mL) to confirm the presence of 
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typical C. michiganensis subsp. michiganensis colonies. This 
protocol was used to establish the infectivity index, which 
was expressed as the percentage of plants from which the 
pathogen bacterium was detected on YDC agar medium.

Evaluation of foliar and root application of cyanobacterial 
and microalgae extracts on tomato seedlings

Blocks of plants not infected with C. michiganensis subsp. 
michiganensis but previously treated by foliar and vascular 
route with extracts of cyanobacteria and microalgae were 
evaluated. The objective in this case was to establish the 
capacity of these extracts to stimulate the development of 
tomato seedlings according to the different treatments. The 
phytostimulant effect was evaluated as previously described 
by Santoro et al. (2011). Thereby, the following parameters 
were measured to evaluate the plant vigor: stem and root 
length (cm), stem diameter (mm), fresh and dry weight (g), 
and root/stem ratio (R/S ratio).

Statistical analyses

The data obtained were subjected to statistical analysis 
using the Statgraphics Centurion XVII program. The nor-
mal distribution of the data was confirmed by means of 
Royston’s test and the determination of the kurtosis index 
(Royston 1983; Svantesson and Wallace 2003). A dendro-
gram was used to examine the merging of hierarchical clus-
ters (Schonlau 2004; Johnson and Wichern 2007). Thus, a 
linkage between groups was used as a grouping method for 
the variables analyzed in vitro. The interval measured in 
this case was the Euclidean distance squared. In addition, 
in vitro variables were also correlated by calculating the 
Spearman correlation coefficient at P < 0.05. The selec-
tion of the best phytostimulant and biopesticide strains was 
finally carried out by applying a multivariate analysis of 
variance (ANOVA) and a Fisher multiple comparison test 
(least significant difference test) at P < 0.05.

Results

In vitro bioassays

Antibacterial activity against Clavibacter michiganensis 
subsp. michiganensis

The effects of the sonicated microbial extracts from cyano-
bacteria and microalgae were analyzed in vitro against the 
growth of C. michiganensis subsp. michiganensis (Cmm), 
the agent responsible for bacterial canker in tomato plants. 
A set of tests was performed using the previously described 

well diffusion assay (see the “Antibacterial activity against 
Clavibacter michiganensis subsp. michiganensis” section).

Results suggested the capability of some of the tested 
strains to inhibit significantly the growth of C. michiganensis 
subsp. michiganensis in  vitro (Fig.  1a), especially 
Leptolyngbya-1267, and Scenedesmus-677, which exhibited 
a remarkable inhibitory effect against C. michiganensis 
subsp. michiganensis (17 and 20%, respectively) (Fig. 1a). 
On the contrary, a more discrete antagonistic effect was 
detected for the rest of the strains, being almost insignificant 
in the case of Nostoc-150 (less than 3%). For this reason, 
Leptolyngbya-1267 and Scenedesmus-677 were considered 
powerful candidates to be further evaluated in planta 
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Fig. 1  a In vitro antagonistic effect of sonicated extracts of microalgae 
and cyanobacteria against the growth of Clavibacter michiganensis 
subsp. michiganensis (CMM). Bars indicate standard error. The letters 
above the bars indicate different homogeneous groups with statistically 
significant differences (Fisher’s LSD test, P < 0.05). b Cytokinins (CKs, 
ng  mL-1) and salicylic acid (SA, μg  mL-1) concentration in sonicated 
extracts of microalgae and cyanobacteria. Bars indicate standard 
error. Asterisks show different homogeneous groups with statistically 
significant differences (Fisher’s LSD test, P < 0.05)
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bioassays against C. michiganensis subsp. michiganensis 
infection.

Determination of salicylic acid and cytokinins in sonicated 
extracts

All the cyanobacterial and microalgal extracts were tested 
for the production of cytokinins (CKs) and salicylic acid 
(SA). In the case of CKs, the values ranged between 5 and 
7 ng  mL−1 in most of the extracts analyzed. However, the 
lowest significant value of CKs was shown in the extract 
from Leptolyngbya-1267 strain (3 ng  mL−1) (Fig. 1b). The 
data related to the production of salicylic acid (SA) ranged 
between 5 and 7 µg  mL−1. In this case, the values were sig-
nificantly higher in the extract from Leptolyngbya-1267 
(Fig. 1b). It should be noted that the SA/CK ratio in all the 
extracts analyzed was lower than 1000, except for the strain 
Leptolyngbya-1267 whose SA/CK ratio was close to 3000 
(SA concentration is expressed as µg  mL−1 while for CK it 
is in ng  mL−1).

Effect of sonicated extracts on germination of watercress 
seeds

The sonicated extracts from the collection of cyanobacteria 
and microalgae were evaluated to determine their phytotoxic 
or phytostimulant effect by in vitro application on watercress 
seeds (Fig. 2).

According to Zucconi et al. (1981), a GI value above 
70–80% indicates the absence of phytotoxicity, while a value 
close to or greater than 100% is indicative of a plant growth 

promoting effect. As shown on Fig. 2, almost all extracts 
applied at 0.5 mg  mL−1 were positioned at GI values between 
80 and 110%, showing an average GI value higher than 90%. 
Still, it should be noted that the highest phytostimulant 
potential was shown by the extracts of Leptolyngbya-1267 
and Scenedesmus-677 at a concentration of 0.5 mg  mL−1. 
In contrast, the results derived from the extracts applied at 
2.0 mg  mL−1 showed an apparently negative effect. In this 
case, GI values ranged between 18 and 70%, corresponding 
to potentially phytotoxic extracts. Only the GI value from 
Leptolyngbya-1267 extract stayed out the range of phytotox-
icity at a concentration of 2.0 mg  mL−1.

Clustering and correlation analyses

A clustering analysis was performed based on all the param-
eters measured in vitro, which were inhibition index (%), 
phytohormone production (CKs and SA), and germination 
index (%) in watercress seeds at different extract concentra-
tions. This analysis allowed to observe the grouping of the 
strains according to the biopesticidal and phytostimulant 
profile shown in each case. The Y axis in Fig. 3a represents 
distance between groups. From this analysis, two large clas-
sification groups were established. On the one hand, a group 
formed by all the Chlorella strains could be observed, which 
corresponded to a medium–low level of inhibition against 
C. michiganensis subsp. michiganensis (Fig. 1a), a SA/CK 
ratio lower than 1000 (Fig. 1b), and a notable degree of 
phytotoxicity on the germination when extracts were used 
at high concentrations (Fig. 2). This criterion also served to 
differentiate, in turn, two subgroups: one of them formed 
by those strains that were phytotoxic at the two concen-
trations tested (Chlorella-361 and Chlorella-519), and 
another one formed by those others that were phytotoxic 
only when applied at high concentrations (Chlorella-1 and 
Chlorella-568) (Fig.  3a). Nostoc-150, Nostoc-251, and 
Scenedesmus-677 clustered in another separated group, 
characterized by a high level of antagonism against C. 
michiganensis subsp. michiganensis (Fig. 1a), a SA/CK 
ratio less than 1000 (Fig. 1b) and unremarkable germina-
tion indices, except in the case of Scenedesmus-677, when 
it was applied at a low extract concentration (Fig. 2). This 
last strain was selected for subsequent tests due to its special 
relevance as an antagonism agent against C. michiganensis 
subsp. michiganensis as well as for its ability to promote the 
seed germination in vitro. Finally, Leptolyngbya-1267 was 
grouped independently of the others (Fig. 3a). Considering 
the distance that separates this strain from the others in the 
dendrogram, it can be deduced that its biopesticidal and phy-
tostimulant capacity makes it a strain with special potential 
to be used as a biological control agent. This strain shows 
a remarkable antagonistic power against C. michiganensis 
subsp. michiganensis (Fig. 1a) and favors the germination 
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of watercress seeds, without showing phytotoxicity prob-
lems (Fig. 2). Furthermore, the SA/CK ratio is around 3000, 
showing a significant level of SA production compared to 
the other strains tested (Fig. 1b). It should be noted that 
this substance is considered an important regulator of plant 
growth with great impact on the increase of the root system 
(Larqué-Saavedra et al. 2010), as well as on the activation 
of the salicylic acid-dependent resistance pathway in plants 
(Chaturvedi and Shan 2007).

Figure 3b shows a Spearman correlation analysis for all 
the parameters previously analyzed in vitro. It was possible 
to establish a very strong and significant negative relationship 
between the GI at 2 mg  mL−1 and the production of CKs 
(r =  − 0.778). However, the correlation between GI at 
2 mg  mL−1 and SA production was significant and strongly 

positive (r = 0.762). Therefore, the importance of the SA/
CK ratio in the analyzed extracts must be highlighted, 
since higher values of this parameter could lead to less 
toxicity of the extracts in the germination phase. On the 
other hand, a very interesting (but not significant) positive 
correlation was detected between the GI at 0.5 mg  mL−1 
and the value of the inhibition index against Cmm (Fig. 3b). 
This fact could be indirectly related to the high production 
of SA by Leptolyngbya-1267. However, this explanation 
is not sufficient to justify the notorious antagonistic effect 
against C. michiganensis subsp. michiganensis in the case 
of Scenedesmus-677. Scenedesmus spp. appear to be a rich 
source of new antimicrobial substances. In fact, Marrez et al. 
(2019) reported the antimicrobial activity of several species of 
Scenedesmus against different pathogenic bacteria. Therefore, 
other bioactive metabolites are suspected to be responsible for 
the antagonistic activity in the case of the latter strain.

In planta bioassays: treatment of tomato 
seedlings with sonicated extracts of cyanobacteria 
and microalgae

Protective effect of the cyanobacteria and microalgae 
extracts by foliar and root application towards C. 
michiganensis subsp. michiganensis on tomato seedlings

From the results described above, strains Leptolyngbya-1267 
and Scenedesmus-677 were selected as possible biological 
control agents against C. michiganensis subsp. michiganensis. 
In order to evaluate its effectiveness in planta, a bioassay 
was developed based on two different preventive application 
protocols: foliar and root. One week after the treatment with 
the sonicated extracts, the tomato seedlings were artificially 
infected with C. michiganensis subsp. michiganensis. 
After a reasonable time to ensure the appearance of disease 
symptoms, approximately 3–4  weeks, the plant health 
condition was measured taking into account a score from 0 to 
4 (see the “Protocol for inoculation of tomato seedlings with 
C. michiganensis subsp. michiganensis and monitoring of 
infection status” section). Based on the collected data, the health 
condition in plants root pre-treated with Scenedesmus-677 and 
then infected with C. michiganensis subsp. michiganensis was 
less than 2, according to the scale mentioned above (Fig. 4a). 
This involved the appearance of very mild symptoms. The rest 
of preventive pretreatments did not cushion significantly the 
symptoms provoked by C. michiganensis subsp. michiganensis 
under the application conditions used. Only the treatment with 
Leptolyngbya-1267 via foliar achieved a weak mitigation of 
the most severe symptoms, showing a moderate yellowing of 
the plant. The seedlings destined for Positive Controls of C. 
michiganensis subsp. michiganensis, had a health condition 
around 3, showing wilting and leaf marginal necrosis, as well 
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as stem damage. Negative controls (without pre-treatment nor 
Cmm) did not show typical symptoms of bacterial canker (data 
not shown).

On the other hand, Fig. 4b shows the percentage of plants 
from which C. michiganensis subsp. michiganensis was 
isolated. In this case, the percentage of infected plants was 
evaluated by means of a parameter named infectivity index 
(see the “Protocol for inoculation of tomato seedlings with 
C. michiganensis subsp. michiganensis and monitoring 
of infection status” section). Both strains chosen for the 
in vivo assay were able to reduce the infectivity index in 
the plant-blocks previously treated and infected with C. 
michiganensis subsp. michiganensis. Nevertheless, only 
when Leptolyngbya-1267 and Scenedesmus-677 was applied 
by root and foliar way respectively, a significant decrease of 
infectivity index was detected (Fig. 4b). The most effective 
treatment corresponded to Scenedesmus-677 via root, showing 
an infectivity index around 10% (approximately 90% lower 
than in the Cmm-infected control plant block). The next most 
important extract due to its biopesticidal effect was that of 
Leptolyngbya-1267 applied by foliar application, showing a 

decrease in infectivity of around 50%, compared to what was 
observed in the positive controls (Fig. 4b).

Evaluation of foliar and root application of cyanobacterial 
and microalgae extracts on tomato seedlings

In addition to the protective effect against the disease caused 
by C. michiganensis subsp. michiganensis, a bioassay was 
developed to examine the in vivo biostimulant ability of 
extracts from the two previously selected microorganisms, 
Leptolyngbya-1267 and Scenedesmus-677. The foliar and 
root pretreatments were applied according to the protocol 
described in the “Evaluation of foliar and root application 
of cyanobacterial and microalgae extracts on tomato seed-
lings” section. After 3 weeks from the application of both 
treatments, different parameters associated with the plant 
growth were evaluated.

In general terms, both treatments improved the vegetative 
(aerial) growth of the plants as well as the development of 
the roots. Specifically, data related to plant size and aerial 
growth were noticeable when foliar treatment was applied 
from both microbial extracts. The data concerning length 
and diameter of the stem, and fresh and dry weight were 
significantly higher than those detected in the control plants 
when the foliar treatment was carried out with both extracts 
(Fig. 5a, d, e, f). In this case, Leptolyngbya-1267 extracts 
applied via foliar were better over the root application. On 
the other hand, regarding the development of the roots, no 
significant differences were globally detected between both 
treatments (foliar and root application). However, a higher 
root size was suspected in the case of root application, espe-
cially with Leptolyngbya-1267 extracts (Fig. 5b, c).

When looking at the data collected in Fig.  5 as a 
whole, the relevant role of Leptolyngbya-1267 and 
Scenedesmus-677 extracts in promoting plant growth 
becomes evident. In this sense, the foliar application of the 
extracts was positioned as the most effective biostimulant 
treatment to improve the development of the aerial part of 
the plant, while the root application was more efficient in 
improving the radicular development. Therefore, the plant 
growth-promoting effect seems to be closely related to the 
mode of application of the extracts. Nonetheless, there is no 
doubt that these are two promising strains with a marked 
biostimulant effect on tomato seedlings.

Discussion

In vitro bioassays

Antimicrobial compounds from cyanobacteria and 
microalgae are involved in the biological control of 
diseases that affect vegetable crops. This is the case of 

*

0

10

20

30

40

50

60

70

In
fe

c�
vi

ty
 in

de
x (

%
)

*

0

1

2

3

4

Sy
m

pt
om

s

a)

b)

Fig. 4  Protective effect of Leptolyngbya-1267 and Scenedesmus-677 
by foliar and root application towards Clavibacter michiganensis 
subsp. michiganensis on tomato seedlings: a symptoms and b infec-
tivity index (%). Bars indicate standard error. Asterisks show different 
homogeneous groups with statistically significant differences (Fish-
er’s LSD test, P < 0.05)



3825Journal of Applied Phycology (2021) 33:3817–3829 

1 3

chlorine-containing antibiotics detected in Scytonema 
spp., majusculamide in Anabaena laxa, or benzoic acid 
in Calothrix spp. (Natarajan et al. 2012; Singh 2014). 
Moreover, in many cases, cyanobacteria enhance the 
defensive activities of plants by promoting the production 
of enzymes and other bioactive substances (Prasanna et al. 
2008). In fact, some strains of Anabaena spp. and Calothrix 
spp. are associated with the production of chitosanase and 
endoglucanase like-enzymes, showing similarity with 
other plant growth promoting microorganisms (El-Mougy 
and Abdel-Kader 2013; Gupta et  al. 2013; Natarajan 
et  al. 2013). On the other hand, green microalgae 
such as Coccomyxa onubensis (Navarro et  al. 2017), 
Tetraselmis suecica (Austin et al. 1992), and Chlorella 
minutissima (Katharios et al. 2005) are also reported to 
have antimicrobial properties. Thus, some extracts from 
microalgae also contain bioactive compounds such as 

polyphenols, tocopherols, carbohydrates, proteins, oils, 
and pigments with antimicrobial properties, which can 
be helpful in pathogen control against soil borne diseases 
(Michalak and Chojnacka 2015).

However, there is no relevant background that highlights 
the role of cyanobacteria and microalgae specifically 
against bacterial canker caused by C. michiganensis subsp. 
michiganensis in tomato. Therefore, the results obtained 
in this work were surprising. These results suggest that 
some compounds derived from Leptolyngbya-1267 and 
Scenedesmus-677 could be considered a promising and 
sustainable alternative for the treatment of seeds, seedlings 
or soils against C. michiganensis subsp. michiganensis.

On the other hand, phytohormones play an important role 
in germination and plant growth. Many strains of microal-
gae and cyanobacteria are associated with the production 
of phytohormone-like substances (Gupta and Lata 1964; 

Fig. 5  Plant growth promoting 
effect by foliar and root applica-
tion of Leptolyngbya-1267 and 
Scenedesmus-677 extracts. a 
Stem length (cm); b root length 
(cm); c R/S ratio; d stem diam-
eter (mm); e fresh weight (g); 
f dry weight (g). Bars indicate 
standard error. The letters 
above the bars indicate different 
homogeneous groups with sta-
tistically significant differences 
(Fisher’s LSD test, P < 0.05)
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Stirk et al. 2002). Some of them are located intracellularly, 
while others are excreted into the surrounding environment 
(Mazur et al. 2001; Sergeeva et al. 2002; Lu and Xu 2015; 
Romanenko et al. 2015). Many reports have highlighted the 
use of phytohormones from microalgae and cyanobacteria 
for the in vitro plant regeneration, as well as for their use 
as plant growth-promoting substances in numerous crops 
(Hussain and Hasnain 2011; Jäger et al. 2010; Gayathri 
et al. 2015). Some of these studies have demonstrated the 
positive correlation between phytohormones produced by 
cyanobacteria and microalgae (cytokinin and auxin) and 
different plant growth parameters such as germination 
index, shoot length, root length, or seedling weight. Even 
more, an increase in the level of phytohormones around the 
rhizosphere has been attributed to the plant-cyanobacteria 
interaction or plant-microalgae interaction (Hussain and 
Hasnain 2011).

The phytohormones studied in this work have been 
selected not only for their important role in plant develop-
ment but also for their direct or indirect involvement and 
relevance in plant resistance induction processes. On the 
one hand, CKs affect different physiological processes such 
as morphogenesis, apical dominance, senescence of leaves, 
development of chloroplasts, and seed inactivity (Hwang 
et al. 2012). Furthermore, CKs play a relevant role in the 
stimulation of the effector-triggered immune response and 
the signaling of salicylic acid (Igari et al. 2008). On the 
other side, nowadays, SA molecule is considered a plant 
growth regulator, favoring the rooting process, increasing 
root length and area, as well as the foliar area and the stem 
diameter in tomato plants (Larqué-Saavedra et al. 2010). 
This molecule is also involved in the physiological response 
to pathogens by the activation of the Systemic Acquired 
Resistance (SAR) in plants (Chaturvedi and Shan 2007).

The characterization of the tested extracts based on their 
ability to promote germination or to produce some type of 
bioactive substances (such as CKs and SA) could indirectly 
provide indications of the mode of action that a given micro-
bial extract exerts on the control of a specific pathogen or on 
plant growth at different development phases. Some authors 
have highlighted that controlling or inhibiting the develop-
ment of diseases caused by phytopathogens is related to a 
phenomenon of direct suppression, through the secretion 
of allelochemicals or secondary metabolites, or indirectly, 
through the induction of systemic resistance in the plant. In 
this last case, it would be possible the production of sub-
stances similar to phytohormones, inducers, or enzymes 
related to pathogenesis (β-1,3 endoglucanase, chitinases, 
catalases, peroxidases, polyphenol oxidases, or phenylala-
nine ammonia lyase) (Gayathri et al. 2015; Attia et al. 2016).

Concerning the effect of sonicated extracts on germina-
tion of watercress seeds, results obtained in this work in 
general supported that the elongation of the radicle is lower 

when the concentration of the sonicated extracts of cyano-
bacteria and microalgae increases. This agrees with results 
published by other authors that confirmed the positive effect 
of the application of cyanobacteria at low extract concentra-
tions (Dmytryk et al. 2014; Aghofack-Nguemezi et al. 2015; 
Godlewska et al. 2019), as well as the phytotoxic effect of 
excessively high concentrations of seaweed extracts on seed 
germination (Kumar and Sahoo 2011; Hernández-Herrera 
et al. 2013). Some authors have shown that the immersion 
of seeds in extracts of cyanobacteria and microalgae can 
improve their quality, by stimulating the germination and 
root elongation (Kumar and Sahoo 2011; Hernández-Herrera 
et al. 2013; Ibrahim 2016; Barone et al. 2018). In this sense, 
the results described here are promising in relation to the 
potential use of microalgae and cyanobacterial extracts in 
seed biopriming techniques.

In planta bioassays

Recent studies have shown the benefit of the inoculation of 
plants with phototrophic microorganisms, as promoters of 
plant growth (Ordög et al. 2004; Toribio et al. 2020). The 
results shown in this work confirm that certain strains of 
microalgae and cyanobacteria could be developed for use in 
the agro-biotechnology sector due to their enormous versa-
tility to produce a wide range of metabolites involved in the 
protection and promotion of plant growth.

In view of the results observed in this work, the selec-
tion of strains carried out during the in vitro tests has been 
successful, since the biopesticidal effect detected in vitro 
against C. michiganensis subsp. michiganensis has been also 
validated in tomato seedlings infected with the pathogenic 
bacteria (Fig. 4). It should not be forgotten that the suc-
cess of any biological control agent is a consequence of the 
interaction between the pathogen-plant and the rhizospheric 
microbial community (Weller et al. 2002; Moustaine et al. 
2019). Therefore, it is not always possible to successfully 
reproduce the biopesticidal effect in vitro in other bioassays 
more in line with the reality of a pathological system.

Some authors argue that the use of this type of microor-
ganisms as biofertilizers fundamentally affects the water 
regulation mechanisms of plants, contributing to the increase 
of chlorophyll in the leaves, delaying aging, improving seed 
germination, and benefiting the plant-soil system (Hegazi 
et al. 2010). Others directly relate the previously described 
biostimulant effect with the bioprotective capacity of the 
extracts in pretreated plants with cyanobacteria and microal-
gae. The application with this type of extracts could cause an 
increase in the absorption of nutrients, the accumulation of 
plant defenses against biotic stresses and the improvement of 
the performance in the treated plants (Prasanna et al. 2013). 
Some of the improvements above described could be due to the 
presence of some amino acids such as tryptophan and arginine 
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in such extracts, which is associated with a significant increase 
in the plant growth and yield. It should be noted that both 
amino acids are the metabolic precursors of key phytohor-
mones which are indispensable in the growth processes that 
lead to the formation of roots, stem, leaves, flowers, and fruits 
(Colla and Rouphael 2015). Moreover, the ability to produce 
polysaccharides attributed to microalgae could contribute to 
their enormous potential to be used as biostimulating agents, 
since such compounds have been shown to improve plant 
growth in Solanaceae crops (Elarroussi et al. 2016).

Despite the satisfactory results obtained in this work, it 
will be necessary to proceed with caution, given the lack of 
previous studies on the control of bacterial canker through 
the application of cyanobacteria and microalgae extracts. 
Therefore, the in  vivo efficacy of the selected extracts 
against the disease caused by C. michiganensis subsp. 
michiganensis, as well as their effect on seed germination 
and seedling growth, should be analyzed in depth.

Conclusions

In view of the results obtained, it can be concluded that 
the application of cyanobacteria and microalgae to protect 
tomato crops from bacterial cankers provoked by Clavibacter 
michiganensis subsp. michiganensis could be of great agro-
nomic interest. The biopesticidal effect demonstrated by the 
Leptolyngbya-1267 and Scenedesmus-677 strains could be 
closely related to their ability to promote plant growth as well 
as root development of tomato plants. According to the most 
relevant results, the root application of Scenedesmus-677 
could be more aimed at controlling the disease, while the 
foliar and root application of Leptolyngbya-1267 seems more 
related to the strengthening of the plant and therefore, with an 
improvement in the plant defensive response. These results, 
although preliminary, will serve as a basis for further char-
acterization of the sonicated extracts of Leptolyngbya-1267 
and Scenedesmus-677, as well as for improving the extraction 
of bioactive substances from these samples and optimizing 
the protocols applied for biosafety and phytostimulation of 
tomato crop.
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