Plant Soil (2023) 493:115-136
https://doi.org/10.1007/s11104-023-06217-x

RESEARCH ARTICLE

®

Check for
updates

Isolation and characterization of soil cyanobacteria
and microalgae and evaluation of their potential as plant

biostimulants

Jéssica Roque - Angela Brito - Mariana Rocha - Joao Pissarra -
Telma Nunes - Marcia Bessa - Jorge Vieira - Cristina P. Vieira - Paula Melo -

Paula Tamagnini

Received: 20 February 2023 / Accepted: 3 August 2023 / Published online: 25 August 2023

© The Author(s) 2023

Abstract

Background and Aims Biocrusts are found on soil
surface resulting from an association between soil
particles and microorganisms. Photoautotrophic
cyanobacteria and microalgae are pioneers on
biocrusts formation, promoting soil stability, nutrients
availability and water retention, leading to the devel-
opment of other communities. This work aimed at
isolating and characterizing cyanobacteria/microalgae
from biocrusts (Central Portugal) and to assess their
potential as plant biostimulants, as well as obtaining
an insight into their mechanism(s) of action.
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Methods Microorganisms were isolated through
successive spread plating/serial dilutions and charac-
terized using genetical analysis/morphological traits.
An initial screening was performed using exudates
from each microorganism and two plant species,
Arabidopsis thaliana and Lolium multiflorum. Sub-
sequently, the selected microorganisms were tested as
a consortium in hydroponic systems. Biometric and
biochemical parameters were evaluated for both plant
species.

Results The consortium microorganisms belong to
genera often found in soils/biocrusts: Trichocoleus,
Nodosilinea, Microcoleus (filamentous cyanobacteria),
Nostoc (diazotrophic heterocystous cyanobacteria), and
Klebsormidium (filamentous microalga), and some of
them have the capacity to produce phytohormones and/
or siderophores. The consortium showed biostimu-
lant potential in hydroponic cultures, promoting plant
growth and enhancing physiological productivity related
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parameters. Stress related parameters revealed that the
microorganisms did not lead to a stressful situation.
However, a significant increase in proline was observed,
endorsing a role of this molecule in this process.
Conclusion This study contributes to the knowledge
on the biodiversity of cyanobacteria and microalgae
from Portuguese soils and highlights their potential as
biostimulants, constituting a step forward towards under-
standing the molecular mechanisms behind this effect.

Keywords Biocrusts - Biostimulants -
Cyanobacteria - Microalgae - Plant growth

Introduction

Biological soil crusts (or biocrusts) are found in the
upper millimeters of the soil and result from an inti-
mate association between soil particles and different
proportions of photoautotrophic (e.g. cyanobacteria,
algae, lichens, bryophytes) and heterotrophic (e.g.
bacteria, fungi, archaea) organisms (Weber et al.
2022). These biocrusts have crucial roles on soil eco-
systems by regulating soil hydrology, promoting soil
stabilization, conferring protection against erosion
and increasing soil fertility (Ferrenberg et al. 2017).
The biocrust succession starts with the colonization
of the bare soil by the photoautotrophic microor-
ganisms to form cyanobacterial/algae crusts. Sub-
sequently, the soil stability and carbon and nitrogen
levels increase allowing further successional stages,
namely the appearance of lichen and moss crusts
(Bao et al. 2019; Rossi et al. 2017; Yang et al. 2022;
Zhang et al. 2018). From this point onwards, the con-
ditions for the development of other communities
(such as shrubs and trees) are established, allowing
the implementation of a stable ecosystem (Chamizo
et al. 2012; Ferrenberg et al. 2017).

Over the last years, and since cyanobacteria and
microalgae are the pioneers for biocrusts’ formation,
several studies focusing on the inoculation of soils
with these microorganisms (cyanobacterization/algali-
zation) have been carried out (Cakirsoy et al. 2022;
Chamizo et al. 2018, 2020; Chi et al. 2020; Giraldo-
Silva et al. 2019; Kholssi et al. 2022; Rossi et al. 2017).
The microbial biomass can improve soil structure and
promote water retention, and stimulate plant growth
by increasing the availability of nutrients or by releas-
ing biologically active compounds (such as osmolytes,
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phenolics, proteins, vitamins, carbohydrates, amino
acids, polysaccharides and phytohormones) that can
act as natural biostimulants and or mitigate biotic and
abiotic stresses (Alvarez et al. 2021; Kapoore et al.
2021; Ronga et al. 2019; Santini et al. 2021). Neverthe-
less, the interactions between these beneficial microor-
ganisms and plants are still poorly understood and the
mechanisms of action remain widely unknown.

The main goal of this work was to isolate and char-
acterize several cyanobacteria and microalgae from
biocrusts collected at Mortagua, Central Portugal,
and to assess their potential as plant biostimulants.
The best performing native microorganisms were
tested as a consortium and insights into their mecha-
nisms of action were obtained.

Materials and methods
Sampling, isolation and culture conditions

The cyanobacteria and microalgae isolated in this study
were collected from soil biocrusts (Municipality of Mor-
tagua, Viseu, Central Portugal) on April 16™ 2019, from
two different sites: Sampling site 1—area surrounding a
wood pellets factory (40°22'43.8"N; 8°11'13.1"W), and
Sampling site 2—vacant land plot from the municipality
(40°2525.3"N; 8°11'20.3"W) (Fig. 1).

Soil biocrusts were observed using the Leica Zoom
2000 Stereo Microscope (Leica Microsystems, Wetzlar,
Germany), detached from the soil, and inoculated into
BGI1 or BG11;, medium (Stanier et al. 1971). For the
isolation of cyanobacteria and microalgae from the ini-
tial mixed cultures, an aliquot was transferred to solid
medium [BG11/BG11,, supplemented with 1.5% (w/v)
Difco® Agar Noble, 0.3% (w/v) sodium thiosulfate and
10 mM TES-KOH buffer (pH 8.2)], and the microor-
ganisms isolated through successive spread plating and
serial dilutions (Temraleeva et al. 2016). Cultures were
observed under a light microscope throughout the iso-
lation process and transferred to liquid medium when
unicyanobacterial or unialgal cultures were obtained.
Liquid cultures were kept at 25 °C, under a 16 h light
(15—25 pmol photons m~2 s~')/8 h dark regimen, with
or without agitation (200 rpm). The six microorganisms
selected for consortium are deposited at LEGE Culture
Collection, CIIMAR (Matosinhos, Portugal) under the
identifications LEGE 191162 to 191166 (cyanobacteria)
and LEGE 191161 M (microalga).
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Fig. 1 Mortagua Munici-
pality, Viseu, Central
Portugal location (a), and
view of the two sampling
sites: Sampling site 1—area
surrounding a wood pellets
factory (b) and Sampling
site 2—a vacant land plot
from the municipality (c).
Representative soil biocrust
observed under the stereom-
icroscope (d)

Light microscopy and transmission electron
microscopy (TEM)

Cells were observed directly using an Axio Lab.Al
light microscope (ZEISS, Oberkochen, Germany) and
micrographs were acquired with an Axiocam ERc 5 s
camera (ZEISS, Oberkochen, Germany) using the
ZEN 2.6 software (ZEISS, Oberkochen, Germany).

For TEM, cells were collected by centrifugation
and processed as previously described by Santos et al.
(2021). Ultrathin sections were examined using a
JEM-1400Plus (Jeol, MA, USA) electron microscope
operating at 80 kV.

DNA extraction, PCR amplification and sequencing

Genomic DNA was extracted using the Plant/Fungi
gDNA Isolation Kit (NYZtech, Lisbon, Portugal)
according to the manufacturer’s instructions. For PCR
amplification of regions within the 16S rRNA gene,
the internal transcribed spacer (ITS), the 23S rRNA
gene (for cyanobacteria), or the 18S rRNA gene, ITS1-
5.8S-1TS2, and 28S rRNA gene (for the microalga) the
oligonucleotide primers listed in Table S1 were used.
Each PCR reaction was performed in a final volume of

20 pL: 10 pL of Supreme NZYTaq II 2x Green Mas-
ter Mix (NZYTech, Lisbon, Portugal), 1 uL of each
primer (10 uM), and 5 -10 ng of DNA. The PCR pro-
files included an initial denaturation at 95 °C for 5 min,
followed by 35 cycles at 95 °C for 1 min, 50 °C for
1 min, 72 °C for 1 min, and a final extension at 72 °C
for 7 min. PCR products were separated by agarose gel
electrophoresis. DNA fragments were isolated from
gels using the NZYGelpure Kit (NZYTech, Lisbon,
Portugal), according to the manufacturer’s instructions
and sequenced at STAB Vida (Lisbon, Portugal). Each
DNA fragment was sequenced at least three times to
mitigate errors that could be introduced by the poly-
merase. Sequence data were deposited in the GenBank
database under the accession numbers OK161231,
OK161232, OK161253, OK161269, OK161270
(cyanobacteria) and OQ320396 (microalga).

Phylogenetic analysis

For the phylogenetic analysis, the cyanobacte-
rial 16S rRNA and the microalgal 18S rRNA gene
sequences were independently searched against
the NCBI BLASTn database (October 2022) and
their first 10 hits (ordered by the expect value),
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were retrieved. In addition, selected sequences
from relevant taxa, encompassing reference strains,
were included in these analyses to obtain a reli-
able backbone representation of the cyanobacteria
and microalgae diversity. Two phylogenetic trees
based on the 16S rRNA gene (for the filamentous
non-heterocystous and heterocystous cyanobacte-
ria) and one based on the 18S rRNA gene (micro-
algae) were constructed using the following proce-
dure: sequences were aligned using Clustal Omega
(Sievers et al. 2011) and phylogenetic relationships
were inferred using the Maximum-Likelihood (ML)
and 1000 resamples [FastTree (Price et al. 2010)].
In FastTree, it was implemented the General Time
Reversible model with a proportion of invariant
sites and a gamma distribution (GTR +1+ G). When
using the Akaike Information Criterion (AIC), as
implemented in jModeltest2 (Darriba et al. 2012),
this was the best model for all three datasets, out
of 24 candidate models. Using MEGA X (Kumar
et al. 2018), the filamentous and heterocystous
cyanobacteria phylogenies were rooted using Gloeo-
bacter violaceus PCC 7421, while the microalgae
phylogeny was rooted with Chlorella vulgaris and
Nephroselmis olivacea. The Docker images avail-
able at the pegi3s Bioinformatics Docker Images
Project for these programs (https://pegi3s.github.
io/dockerfiles/; Lopez-Fernandez et al. 2022) were
used to perform the analyses.

Detection of indole-3-acetic acid (IAA) and
siderophores production

The TAA production was measured using the condi-
tioned medium (microorganism exudate) from cells
grown for about 4 weeks in standard conditions (see
above) using the Salkowski’s reagent (0.5 M FeCl3 in
35% perchloric acid) (Gordon and Weber 1951) and
determined using a calibration curve made with an
IAA standard (Duchefa biochemie) with concentra-
tions from O to 10 uyg mL™".

For siderophores detection the microorganisms
were grown in BG11 medium without ferric ammo-
nium citrate for 4 weeks at 25 °C, under a 16 h light
(15—25 pmol photons m~2 s')/8 h dark regimen, with
agitation (70 rpm). The chrome azurol S (CAS) assay
was performed using 300 puL of 10Xconcentrated con-
ditioned medium (microorganism exudate). The plates
were prepared using 30.24 g of piperazine-1,4-bis
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(2-ethanesulfonic acid) (PIPES), 72.9 mg of cetyltrimeth-
ylammonium bromide (CTAB), 1 mM of FeCl;.6H,0O in
10 mM HCI, 60.5 mg of CAS, and 1% (w/v) agarose as
gelling agent per L (Schwyn and Neilands 1987).

Petri dish plant cultures

Liquid cultures of each isolated microorganism (one
month old) were centrifuged for 2 min at 10,000 g,
and 2 mL of the supernatants were spread into square
sterile Petri dishes containing solid Hoagland medium
(Sigma), with 1.6% (w/v) agar (Labkem), or solid
Hoagland medium supplemented with NaCl (100 mM
or 125 mM). For the controls 2 mL of BG11 medium
(Stanier et al. 1971) were used.

Seeds of Lolium multiflorum cv. Diamond T. (Ore-
Gro Seeds Inc.) and Arabidopsis thaliana ecotype
Col-0 (Nottingham Arabidopsis Stock Center) were
superficially sterilized with 10% (v/v) commercial
bleach, washed and soaked in distilled water, and ger-
minated in the previously prepared Petri dishes. This
experiment had two controls: plants grown on solid
Hoagland medium (control) and plants grown on
solid Hoagland medium with NaCl (control + NaCl).
The plants growth occurred under controlled con-
ditions [16 h light (100 umol m~2 s7') / 8 h dark at
23 +2 °C]. After 10 (L. multiflorum) or 21 (A. thali-
ana) days, the plant biometric parameters (number of
leaves, root length and fresh weight) were evaluated.

Hydroponic plant cultures

The seedlings of L. multiflorum and A. thaliana
seeds grown for 10 or 21 days, respectively, in Petri
dishes with Hoagland medium supplemented with
1.6% (w/v) agar, were detached and transferred to
hydroponic systems (Hydro 60, GroHo). Initially
the seedlings were covered with cling film that was
progressively removed after 3—7 days. Ten liters
of Hoagland solution were used to fill each of the
growth medium reservoir of the hydroponic systems
and, in one of the systems, the Hoagland solution
was supplemented with the microorganism’s consor-
tium (0.6 mg of chlorophyll a). Every week, the ten
liters volume was adjusted with Hoagland solution to
counterbalance the evaporation. Each of the consor-
tium microorganism was grown independently for at
least one month and the consortium was established
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A. Isolates from Sampling site 1

Fig. 2 Light micrographs of the cyanobacteria and microalgae
isolated from soil biocrusts collected from Sampling site 1 (a)
and Sampling site 2 (b) (for details see Fig. 1). Sampling site
1: Unicellular cyanobacterium: isolate 1.9C (a,), filamentous
cyanobacterium: isolate 1.9A (a,), heterocystous cyanobac-
terium: isolate 1.11 (a3), unicellular and filamentous microal-

gae: isolate 1.1 (ay) and 1.5 (as), respectively. Sampling site
2: Filamentous cyanobacteria: isolate 2.1A (b;) and 2.2B (b,),
heterocystous cyanobacterium: isolate 2.7 (b;), unicellular
and filamentous microalgae: isolate 2.1.4 (by) and 2.1B (bs),
respectively
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«Fig. 3 Effect of the microorganisms’ exudates on Arabidopsis
thaliana and Lolium multiflorum growth under standard condi-
tions. A. thaliana (a, b, ¢) and L. multiflorum (d, e, f) plantlets
were grown in Petri dishes with Hoagland medium supple-
mented with the respective microorganism exudate (except for
the control). The number of leaves (a, d), root length (b, e) and
fresh weight (c, f) were evaluated. The results are expressed
as means+ SE. One-way ANOVA tests were performed with
Dunnett’s multiple comparison, comparing all datasets to
the control. * indicates statistically significant differences
(p<0.05). Unicel. — unicellular: Fil. —filamentous; Het. — het-
erocystous

just to the application in the hydroponic culture. The
plants were grown for 2 months under environmental
conditions in a greenhouse during spring [12 h light
(25+2 °C)/ 12 h dark (18 +£2 °C), and subsequently
the plant biometric parameters (number of leaves,
root length and root and shoot fresh weight) were
evaluated. The plant material was preserved using
liquid nitrogen and stored at -80 °C for biochemical
analysis.

pH and electrical conductivity measurements

pH and electrical conductivity were measured using a
Consort 3030 Multiparameter analyzer.

Plant biochemical determinations

Proline, glutathione, H,0, and lipid peroxidation
levels, as well as the activity of the enzymes Glu-
tamine Synthetase (GS), Catalase (CAT) and Ascor-
bate Peroxidase (APX), were quantified as previously
described (Brito et al. 2022).

For the quantification of chlorophyll a (Chl a)
and b (Chl ) 200 mg of plant material were macer-
ated in 8 mL of 80% (v/v) acetone and centrifuged
for 10 min at 4000 g, at room temperature and
protected from light. The absorbance of the super-
natant was measured at 647 nm and 663 nm and
the chlorophyll concentration calculated accord-
ing to the equations provided by Lichtenthaler and
Buschmann (2001).

For the quantification of starch and soluble sug-
ars 40 mg of plant material were homogenized in
5 mL of ethanol 80% and left at 80 °C for 1 h. After
vortex and centrifugation at 5000 g, for 10 min at
4 °C, both pellet and supernatant were collected.
The supernatant was used for the quantification of
the soluble sugar contents by reaction with anthrone

in accordance to the protocol described in Irigoyen
et al. (1992), adapted to microplates. The pellet was
resuspended in 3 mL of perchloric acid 30%, incu-
bated at 60 °C for 1 h, centrifuged at 10,000 g for
10 min at 4 °C and the supernatant was used for the
quantification of the starch content by reaction with
anthrone following the protocol provided by Osaki
et al. (1991), adapted to microplates.

Statistical analysis

For the Petri dish experiments at least three inde-
pendent assays, using three dishes with 10-20 plant-
lets, were performed. For the hydroponic experi-
ments three independent assays were conducted
using 10-20 plants each. For the biochemical quan-
tification each hydroponic experiment was treated
as a pool, and at least 3 independent technical rep-
licates were made, with the results expressed as
mean =+ standard error (SE). The results were tested
for normality by the Shapiro—Wilk test and homo-
geneity of variances by Levene’s test, and then the
comparisons between the treatments and the control
were made using two types of tests: unpaired t-test
with Welch’s correction (p<0.05) for analysis of
only two datasets and One-Way ANOVA, followed
by Dunnett’s multiple comparison test (p <0.05), for
comparing several datasets to the control group, both
performed using the GraphPad® Prism 7 software
(GraphPad Software Inc., USA). A significance level
(a) of 0.05 was used in all analyses.

Results

Isolation of cyanobacteria and microalgae from soil
biocrusts

Soil biocrusts samples were collected in the Munici-
pality of Mortagua (Viseu, Central Portugal, for
details see Fig. 1, Materials and methods) and sev-
eral cyanobacterial strains and microalgae species
were isolated leading to six unicyanobacterial cul-
tures (1 unicellular, 3 filamentous and 2 heterocyst-
ous) and four unialgal cultures (2 unicellular and 2
filamentous) (Fig. 2).

Since it is well documented that soil microorgan-
isms can produce bioactive substances that promote
plant growth and/or tolerance to abiotic stresses
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«Fig. 4 Effect of the microorganisms’ exudates on Arabidop-
sis thaliana and Lolium multiflorum growth under high salin-
ity conditions. A. thaliana (a, b, ¢) and L. multiflorum (d, e,
f) plantlets were grown in Petri dishes with Hoagland medium
supplemented with the respective microorganism exudate
(except for the control) and in the presence of 125 mM (A.
thaliana) or 100 mM (L. multiflorum) NaCl. The number
of leaves (a, d), root length (b,e) and fresh weight (c,f) were
evaluated. The results are expressed as means=+ SE. One-way
ANOVA tests were performed with Dunnett’s multiple com-
parison, comparing all datasets to the control with NaCl (Con-
trol+NaCl). * indicates statistically significant differences
(p<0.05). Unicel. — unicellular: Fil. — filamentous; Het. — het-
erocystous

(Kapoore et al. 2021; Santini et al. 2021), an initial
experiment using the exudates (conditioned medium)
from our isolates was performed.

Effect of the microorganisms’ exudates on plant growth

To evaluate the effect of the microorganisms’ exu-
dates on plant growth, seeds of two plant species,
the dicotyledonous Arabidopsis thaliana and the
monocotyledonous Lolium multiflorum, were ger-
minated in Petri dishes containing nutritive medium
supplemented with each of the microorganism’s
exudates. Moreover, to understand if the microor-
ganisms’ exudates have a protective effect under
high salinity conditions the plants were grown with
medium supplemented with NaCl (100 mM for L.
multiflorum and 125 mM for A. thaliana, consider-
ing the species sensibility). The number of leaves,
root length and fresh weight of the plantlets were
evaluated (Figs. 3 and 4).

Under standard conditions, most of the
microorganisms’ exudates had positive effects or did
not affect A. thaliana growth, except isolate 1.5 that
causes plant death after 10 days. Five microorganisms
stood out as enhancers of most of the biometric
parameters, namely the filamentous cyanobacteria
1.9A and 2.2B, the heterocystous cyanobacteria
1.11, 2.7, and the microalga 1.1. Regarding L.
multiflorum the filamentous cyanobacterium 2.2B,
the two heterocystous cyanobacteria (1.11, 2.7)
and the filamentous microalga 2.1B had positive
effects, while the unicellular cyanobacterium 1.9C,
the unicellular microalga 2.1.4, and the filamentous
microalga 1.5 had negative effects in most of the
biometric parameters evaluated.

Under high salinity conditions, the impairment
of A. thaliana growth caused by the salt stress was
attenuated in the presence of several exudates,
namely from the unicellular cyanobacterium 1.9C,
the filamentous 1.9A, the heterocystous 1.11 and
2.7, as well as from the unicellular microalga 2.1.4.
Regarding L. multiflorum, the filamentous cyano-
bacteria 2.1A and 2.2B and the microalgae 1.5 and
2.1B reduced the growth impairment in some of the
parameters assessed.

Considering the Petri dish experiment results, the
microorganisms with a widespread negative effect on
plant growth were excluded, namely the microalga
1.5 as result of a lethal effect on A. thaliana, and the
unicellular cyanobacterium 1.9C and the unicellular
microalgae 1.1 and 2.1.4, due to their negative effects
on L. multiflorum. Considering together the results
obtained here and in a previous study (Gongalves
et al. 2022), the other six microorganisms were
selected for subsequent studies: The filamentous
cyanobacterium 1.9A due to the extensive positive
effects on A. thaliana growth and protection against
salinity stress, as well as for a clear effect on soil
rehabilitation (Gongalves et al. 2022); The two
heterocystous cyanobacteria (1.11 and 2.7) for
improving growth of the two-plant species under
standard conditions, and for protecting A. thaliana
from salt stress; The two filamentous cyanobacteria,
2.1A and 2.2B and the filamentous microalga 2.1B,
because they did not show any deleterious effect on
the plants’ growth and two of them even stimulated
soil rehabilitation (Gongalves et al. 2022).

Characterization of the six microorganisms selected
Filamentous non-heterocystous cyanobacteria

Isolate 1.9A exhibits trichomes slightly curved or
entangled together (Fig. 5al) with highly variable
cell lengths typically longer than wide or isodiametric
(Fig. 5a2). The sheath is clearly visible in the trans-
mission electron micrographs, as well as the parietal
arrangement of the thylakoids (Fig. 5a3). Regarding
the molecular analyses, a sequence comprising most of
the 16S-ITS-23S rRNA region was obtained and used
to perform a BLASTn search using the NCBI database
(October 2022), showing 97.68% similarity to Trichoc-
oleus desertorum SBC54 (MW403955.1). In addition,
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«Fig. 5 Light and electron transmission micrographs of the
six microorganisms selected for the consortium: filamentous
cyanobacteria (a-c), heterocystous cyanobacteria (d, e), and
filamentous microalga (f). Filaments of Trichocoleus sp. (iso-
late 1.9A) entangled together (a;, insert) and its ultrastructure
showing the parietal arrangement of the thylakoids (th) and the
sheath (sh) (a,,a3). Microcoleus sp. (isolate 2.1A) where it is
possible to observe the extremities of the trichomes with the
distinct morphology at the ends (“head” and “tail”) (b;,b,)
and TEM micrographs (bs,by) where is evident the irregular
arrangement of the thylakoids (th). Nodosilinea sp. (isolate
2.2B) (c;) with the characteristic spirals formed by twisted fila-
ments (insert). The deeply constricted cross-walls (arrows), the
parietal arrangement of the thylakoids (th), the sheath (sh), the
conical shape of the apical cell (t), and a nodule detail (insert)
can clearly be observed in the TEM micrographs (c,,¢3). Nos-
toc sp. (isolate 1.11) with the heterocysts indicated by arrow
heads (d,). The coiled filaments are surrounded by an extra-
cellular polysaccharidic matrix, the thylakoids (th) have an
irregular arrangement, and the heterocysts can be intercalated
or terminal (insert) (d,,djz). Nostoc sp. (isolate 2.7) with het-
erocysts indicated by arrow heads (e;) and TEM micrographs
(e,.e3) showing trichomes embedded in a mucilaginous mate-
rial, as well as the irregular arrangement of the thylakoids (th).
Microalga Klebsormidium sp. (isolate 2.1B) where it is possi-
ble to observe the chloroplasts along the filaments’ cells (f;).
TEM micrographs (f,.f;) showing chloroplasts (ch), pyrenoid
(p), nuclei (n), and vacuoles (v)

the phylogenetic analysis, based on 16S rRNA gene
sequences, showed that isolate 1.9A was positioned
within a coherent cluster comprising Trichocoleus
strains supported by a strong bootstrap value (Fig. 6).

Isolate 2.1A exhibits straight or slightly curved tri-
chomes with a distinct morphology at the ends (Fig. 2b1)
with one extremity displaying an apical rounded cell
while the other capitate end is yellowish with several
adjacent cells (Fig. 5b1-b4). The TEM revealed that the
thylakoids form fascicle-like aggregations arranged irreg-
ularly (Fig. 5b3,b4), and that the disk-shaped cells are
consistently wider than long with the formation of new
cell walls perpendicularly to the trichome axis (Fig. Sb4).
The BLASTn search showed the 16S-ITS-23S rRNA
region sequence for this isolate has 97.82% similarity to
Microcoleus vaginatus HSN0O3 (CP031705.1). In the
phylogenetic analysis, isolate 2.1A was placed within a
cluster, containing mainly Microcoleus strains, with a
strong bootstrap support (Fig. 6).

Isolate 2.2B exhibits trichomes with differ-
ent curvatures (straight, tangled together or twisted
forming spirals) (Figs. 2b2 and 5cl), cells are usu-
ally longer than wide or isodiametric, and barrel
shaped with sharp constrictions at the cells’ junc-
tions (Fig. 5¢2,c3). The trichomes are surrounded

by a colorless sheath (Fig. 5cl-c3). TEM micro-
graphs revealed the parietal arrangement of the thy-
lakoids, the conical shape of the apical cells, and
the occurrence of nodules (short and convoluted
trichomes within a bounding sheath) (Fig. 5c3 and
insert). The BLASTn search analysis showed the
16S-ITS-23S rDNA sequence obtained has 97.16%
similarity to Nodosilinea cf. signiensis NN-3—1-CD
(MT946555.1). In the phylogenetic analysis the iso-
late 2.2B is within a cluster with a strong bootstrap
support, mostly composed by Nodosilinea strains
(Fig. 6), including the type species N. nodulosa
UTEX 2910 (Perkerson et al. 2011).

Heterocystous cyanobacteria

Isolate 1.11 forms gelatinous colonies, with deeply
coiled trichomes surrounded by an extracellular poly-
saccharidic matrix (Figs. 2a3 and 5d2). The heterocysts
are spheric to oval and were observed at intercalary and
terminal positions (Fig. 5d1,d3 and insert). The rounded
vegetative cells are constricted at the cells’ junctions
and the thylakoids have a fascicular arrangement with
spherical formations (Fig. 5d2,d3). The sequence com-
prising the majority of the 16S-ITS rRNA region and
used to perform a BLASTn search showed 96.08% simi-
larity to Nostoc punctiforme PCC 73102 (CP001037.1).
The phylogeny placed the isolate 1.11 within a coherent
cluster, with a strong bootstrap value, containing Nos-
foc strains only, including the type species N. commune
EV1 KK1 (AY577536) (Fig. 7).

Isolate 2.7 displays vegetative cells with highly
variable shape/lengths (Fig. 2b3 and Fig. 5el) and more
or less spherical heterocysts in intercalary and terminal
positions (Fig. Sel). TEM micrographs showed trichomes
embedded in an extracellular polysaccharidic matrix
(Fig. 5e2) and fascicular arrangement of the thylakoids
with spherical formations (Fig. 5d2,d3). The 16S-
ITS rRNA region sequence showed 96.18% similarity
to Nostoc cf. commune SO-36 (AP025732.1). In the
phylogenetic analysis, the isolate 2.7 is within a cluster
comprising several Nostoc strains but not only (Fig. 7).

Filamentous microalga
Isolate 2.1B exhibits long unbranched uniseriated
filaments without the tendency to break and short to

elongated cylindrical cells (Figs. 2b5 and 5f1) with
a single parietal chloroplast encircling half to 2/3 of
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Fig. 6 Maximum likeli-
hood phylogenetic tree
based on partial 16S rRNA
gene sequences from
cyanobacteria. The three
filamentous non-hetero-
cystous strains isolated in
this study from biocrusts
collected at Mortagua,
Central Portugal (Microco-
leus sp. 2.1A, Trichocoleus
sp. 1.9A, and Nodosilinea
sp. 2.2B) are indicated in
bold and by the respective
GenBank accession number
(clades highlighted in blue).
Gloeobacter violaceus PCC
7421 was used as outgroup.
Numbers along branches
indicate bootstrap values
considering 1000 pseudo-
replicates: only those equal
or above 70% are shown
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100]

91

Fischerella sp. PCC 9339 (JH992898)

Nostoc punctiforme PCC 73102 (NC_010628)
Calothrix sp. PCC 7507 (NC_019682)

Oscillatoria kawamurae (AB298443)
Oscillatoria duplisecta ETS-06 (AM398647)

Oscillatoria princeps NIVA-CYA 150 (AB045961)
100

Phormidium cf. irriguum CCALA 759 (FN813343)
Trichodesmium erythraeum (AF013030)

Oscillatoria princeps CCALA 1115 clone B1 (MG255269)
Oscillatoria princeps CCALA 1115 clone 11 (MG255280)
90l Oscillatoria princeps CCALA 1115 clone B4 (MG255271)

Oscillatoria princeps CCALA 1115 clone K4 (MG255283)
Oscillatoria sp. 06981_00001 clone 6981N1 (KC854781)
1007 Oscillatoria princeps CCALA 1115 clone F3 (MG255277)
Oscillatoria princeps CCALA 1115 clone F4 (MG255278)

Microcoleus sp. 2.1A (OK161270)
7 Oscillatoria sp. CHAB TP201705.2 clone 02 (MT488145)
Oscillatoria sp. CHAB TP201705.1 clone 02 (MT488142)
871 - Microcoleus pseudautumnalis Ak1609 (LC486302)
8. Oscillatoria amoena CCAP 1459/39 (HF678512)
Microcoleus vaginatus KZ-23-1 (MK211228)
100 g3 Microcoleus sp. Luznice (KC633959)
Microcoleus anatoxicus PTRS2 (NR_172606)
Phormidium autumnale SAG 78.79 (EF654084)
Microcoleus sp. CCALA 882 (KC633953)
Microcoleus vaginatus CCALA 757 (KC633985)
Microcoleus vaginatus SRS1-KK2 (EF654078)
Microcoleus vaginatus PCC 9802 (CP031740)
Oscillatoria nigro-viridis PCC 7112 (NC019729)
Microcoleus vaginatus LSB44 clone 2 (MW403931)
78| 90l Microcoleus vaginatus LSB44 clone 4 (MW403932)

Tychonema sp. SAG 23.89 (KM019964)

99

Trichocoleus desertorum SIK27 clone 1 (MZ677347)
Trichocoleus desertorum SIK24 clone 4 (MZ677346)
Trichocoleus desertorum SIK24 clone 1 (MZ677345)
Trichocoleus desertorum SIK21 clone 1 (MZ677341)
2Trichocoleus desertorum SIK21 clone 4 (MZ677342)
Trichocoleus desertorum Mon69 clone D (MK478718)
Trichocoleus desertorum MON72 (MZ568652)
Trichocoleus desertorum BAR88 (MZ568651)
Trichocoleus desertorum LSB90 clone 3 (M\W403957)
Trichocoleus sp. 1.9A (OK161232)
94! Trichocoleus sp. WUC1295 (ON685828)

99 Trichocoleus desertorum ATA4-8-CV2 (KF307604)

Trichocoleus badius CRS-1 operon 1 (EF429296)
Trichocoleus badius CRS-1 operon 2 (EF429297)
Trichocoleus sp. TAA2-1HA2-30 (HM018681)
Trichocoleus desertorum ATA2-1-CV2 (KF307614)
Trichocoleus desertorum ATA14-3-RM35 (KF307601)
Trichocoleus desertorum WJT55-NPBG8 (KF307610)

100 Pantanalinema rosaneae CENA516 (KF246483)

Pantanalinema rosaneae CENA537 (KF246501)

100| Leptolyngbya boryana UTEX ‘B 485’ (AF132793)
Leptolyngbya boryana PCC 6306 (NZ_KB731324)
Oculatella subterranea ‘VRUC135Albertano 1985’ (X84809)

100

— Nodosilinea cf. signiensis NN-3-1-CD (MT946555)
34{— Nodosilinea nodulosa PCC 7104 (AB039012)

94| Nodosolinea nodulosa UTEX B 2910 (EF122600)

L Oscillatoriales cyanobacterium EcFYyyy400 (KC463194)
I Pseudanabaenaceae cyanobacterium DPG1-KK5 (EF654067)

Nodosilinea sp. 2.2B (OK161231)

Nodosilinea cf. signiensis NN-2-1-EE (MT946554)
Nodosilinea sp. SBC126 clone 4 (MW403960)
Nodosilinea sp. SBC127 clone 4 (M\W403959)

1do Nodosilinea sp. SIK1 clone 1 (MZ677355)

88 | Nodosilinea sp. LSB133 clone 2 (MW403961)
Nodosilinea sp. SBC127 clone 2 (MVWW403958)
Nodosilinea sp. OD-2-1-CH (MT946557)

91l Nodosilinea chupicuarensis PC471 (KX859298)

—t
0.050

%— Nodosilinea bijugata Kovacik (EU528669)

Nodosilinea epilithica Kovacik (HM018677)

Gloeobacter violaceus PCC 7421 (BA0O00045)
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Fig. 7 Maximum likeli-
hood phylogenetic tree
based on partial 16S rRNA
gene sequences from
filamentous heterocystous
cyanobacteria. The two
strains isolated in this study
(Nostoc sp. 1.11 and Nostoc
sp. 2.7) are indicated in
bold and by the respec-

tive GenBank accession
number (clades highlighted
in purple). Gloeobacter
violaceus PCC 7421 was
used as outgroup. Numbers
along branches indicate
bootstrap values consider-
ing 1000 pseudo-replicates:
only those equal or above
70% are shown

1| Nostoc calcicola VI (AJ630448)

Nostoc calcicola Il (AJ630447)

100 Fortiea laiensis HA4221-MV2 clone B4+p3D (HQ847570)
Fortiea laiensis HA4221-MV2 clone B4+p3C (HQ847569)
Nostoc desertorum CM1-VF14 (AY577537)

Nostoc lichenoides CNP-AK1 (AY577535)

91FVOStOC sp. ‘Peltigera membranacea UK194 cyanobiont’ (KF359703)

100

Nostoc commune EV1-KK1 (AY577536)
Uncultured Nostoc sp. clone AR5 (JQ007800)
ﬁ Nostoc sp. SKJ4 (EU022715)

Nostoc sp. ‘Peltigera neopolydactyla agg. UK150 cyanobiont’ (KF359702)
Nostoc sp. 1.11 (OK161269)

Nostoc sp. BKP_CS65 (MW383703)

Nostoc sp. BKP_CS66 (MW383704)

Nostoc sp. BKP_CS67 (MW383705)

Nostoc sp. BKP _CS70 (MW383708)

Nostoc sp. BKP_CS73 (MW383711)

80] o4 Nostoc sp. BKP_CS74 (MW383712)

Nostoc sp. BKP_SS65 (MW383841)

Rzl L Nostoc punctiforme PCC 73102 (NR_074317)

r Nostoc sp. Lukesova 40/93 (AM711528)

9_6| Nostoc sp. 2.7 (OK161253)

Nostoc minutum ACSSI 155 (KY283055)

Nostoc indistinguendum CM1-VF10 (AY577538)

Nostoc edaphicum X (AJ630449)

Nostoc carneum UAM 389 (JQ070065)

Roholtiella edaphica JOH39 (KM268878)

Roholtiella mojaviensis WJT36-NPBG5B (KM268893)
Mojavia pulchra JT2-VF2 (AY577534)

Mojavia dolomitestris CMT-3FDIN-NPC3 clone CN6_1 (KU161674)
Mojavia dolomitestris CMT-3FDIN-NPC3 clone CN6_4 (KU161676)
Mojavia aguilerae ATA2-1-KO23 (KU161650)

79

Desmonostoc muscorum (AM711524)

8 Desmonostoc danxiaense CHAB5868 (MH291266)

Roholtiella mojaviensis WJT36-NPBG10 (KM268891)
79 Parakomarekiella sesnandensis CO100088999 (MT044192)
o5|' Parakomarekiella sesnandensis COI00088998 (MT044191)
Cylindrospermum majus CCALA 998 (NR_125687)
Cylindrospermum catenatum CCALA 991 (KF052603)
Komarekiella atlantica CCIBt 3483 (KX638487)
100 | Komarekiella atlantica CCIBt 3307 (KX638483)
Komarekiella atlantica CCIBt 3481 (KX638484)
Halotia branconii CENA392 (KJ843312)
Halotia longispora CENA420 (KJ843313)
Halotia wernerae CENA391 (KJ843311)
Nodularia sphaerocarpa UTEX B 2093 (AJ781148)
Nodularia spumigena PCC 73104 (NR_115707)

99‘: Tolypothrix tenuis CCALA 197 (HG970655)
Tolypothrix distorta ACOI 731 (HG970652)

94

. Calothrix desertica PCC 7102 (KM019960)
E/othn’x elsteri CCALA 953 (NR_117190)

Gloeobacter violaceus PCC 7421 (BA000045)

the cell wall and varying the side in each cell. The
chloroplasts (Fig. 5f1) contain rounded pyrenoids and
a variable number of starch grains (Fig. 5f2,f3). The
sequence obtained for the 18S rRNA gene showed
99.45% similarity to Klebsormidium dissectum
SAG 2155 (EF372518.1). The phylogenetic analysis
placed isolate 2.1B within a cluster composed by
Klebsormidium strains only, including the type
species K. flaccidum, with a bootstrap support of
96% (Fig. 8).

Production of indole-3-acetic acid (IAA) and
siderophores by the selected microorganisms

In order to gain an insight into mechanisms that may
be involved in the beneficial interaction between the
microorganisms and the plants, the production of the
phytohormone TAA and the capacity to release sidero-
phores was determined.

One of the filamentous and one of the heterocyst-
ous cyanobacterial strains, Trichocoleus sp. (isolate
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Fig. 8 Maximum likeli-
hood phylogenetic tree
based on partial 18S rRNA
gene sequences from
microalga. The filamentous

microalga Klebsormidium 86
sp. 2.1B isolated in this 6
study is indicated in bold

and by the respective &

GenBank accession number
(clade highlighted in green).
Nephroselmis olivacea and
Chlorella vulgaris were
used as outgroup. Numbers

4

L Klebsormidium sp. 2.1B

100{ jebsormidium subtilissimum UTEX 462 (AF408241)

15[ Klebsormidium mucosum SAG 8.96 (EF372516)

Klebsormidium flaccidum isolate XFLZ928.8 (ON040657)

Klebsormidium subtilissimum SAG 384-1 (EF372517)

Klebsormidium elegans SAG 7.96 (AM490840)
Klebsormidium bilatum SAG 5.96 (AM490841)
Klebsormidium nitens isolate KL37 (AM490843)

along branches indicate
bootstrap values consider-
ing 1000 pseudo-replicates:
only those equal or above
70% are shown

100

74

87

78

Hormidiella att

100

~ Klebsormidium dissectum SAG 2155 (EF372518)

100 [ Klebsormidium nitens SAG 335-1a (AJ250112)

Klebsormidium nitens SAG 335-2b (AM490844)
Klebsormidium fluitans SAG 9.96 (AM490839)

L Klebsormidium sp. clone GOGrpn_K09 (KM116466)
Klebsormidium flaccidum UTEX LB 2017 (AF408240)
—— Interfilum massjukiae SAG 2102 (EU434038)

Interfilum paradoxum SAG 338-1 (EU434030)

99|

Interfilum paradoxum SAG 4.85 (EU434016)
Interfilum sp. SAG 2100 (EU434033)

L— Entransia fimbriata UTEX 2353 (AJ549226)

enuata CCAP 329/1 (AM419033)

Nephroselmis olivacea (X74754)

0.020

1.9A) and Nostoc sp. (isolate 1.11), secrete TAA
(Table 1), while both diazotrophic heterocystous

Chlorella vulgaris SAG 211-11b (X13688)

cyanobacteria were able to release siderophores
under iron limiting conditions (Fig. 9).

Table 1 Production of

; X N Isolate Organism TAA

indole-3-acetic acid (IAA) ug mL-!

Cyanobacteria Filamentous 1.9A Trichocoleus sp. 0.6

2.1A Microcoleus sp. n.d.

2.2B Nodosilinea sp. n.d.

Heterocystous 1.11 Nostoc sp. 1.3

2.7 Nostoc sp. n.d.

Microalga Filamentous 2.1B Klebsormidium sp. n.d.

n.d. not detectable
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Fig. 9 Detection of siderophores production using the Chrome
Azurol S (CAS) assay. A;: Trichocoleus sp. (isolate 1.9A);
A,: Microcoleus sp. (isolate 2.1); As: Nodosilinea sp. (isolate
2.2B); A4t Nostoc sp. (isolate 1.11); As: Nostoc sp. (isolate
2.7); Ag: Klebsormidium sp. (isolate 2.1B). The microorgan-
isms were grown in BG11 medium without ammonium ferric
citrate. 300 pL of 10Xconcentrated medium (microorgan-
ism exudate) was placed in each well. C™: Negative control,
10 x concentrated BG11 medium, C*: Positive control, 300 uL
of 2x concentrated medium from Streptomyces tsukubaensis
AsigG grown in iron limited conditions (Oliveira et al. 2020)

Effect of the selected microorganisms’ as consortium
on plant growth

The six microorganisms previously selected and char-
acterized were grown independently and then com-
bined according to Table 2 to be tested as a consor-
tium on plant growth. For this purpose, A. thaliana

and L. multiflorum were grown in hydroponic systems,
for one month, with nutritive medium (control) or
nutritive medium supplemented with the microorgan-
isms’ consortium and several biometric and biochemi-
cal parameters were evaluated.

As it can be observed in Fig. 10, the consortium
microorganisms promote both plant species growth.
While for A. thaliana the consortium significantly
increased the root length and shoot fresh weight, for
L. multiflorum a significant increase in all the param-
eters evaluated (number of leaves, root length, root
and shoot fresh weight) was noticed.

To gain insight into the microorganisms’
consortium mechanism of action, some plants’
biochemical parameters were analyzed, namely
antioxidant system and productivity related markers.
Concerning the antioxidant system, and as it can
be observed in Fig. 11, the lipid peroxidation and
H,0, content of the leaves, did not change in the
presence of the microorganisms for both plant
species (Fig. 1lal,a2,bl,b2). The proline content
increased with the presence of the consortium, while
a decrease in the activity of catalase and ascorbate
peroxidase was also observed for both species
(Fig. 11cl,c2,d1,d2,el,e2). Regarding the productivity
related parameters (Fig. 12), the soluble sugars content
and the activity of the enzyme glutamine synthetase
increased in A. thaliana (Fig. 12bl,cl), while the
levels of chlorophyll increased in L. multiflorum in the
presence of the consortium (Fig. 12a2).

In order to understand if there was a change on
the osmolarity of the hydroponic solution due to the
presence of the microorganisms’ consortium, the pH
and electrical conductivity were measured. Only a minor
difference in the electrical conductivity was detected
in the presence of the consortium (2,47 mS cm™)

Table 2 Microorganisms’
consortium

Isolate  Organism LEGE* Chlorophyll a

ID ratio (%)

Cyanobacteria  Filamentous
Heterocystous
Microalga Filamentous

191166 22.5
191162 22.5
191163 22.5
191164 5.0
191165 5.0
191161 M 225

1.9A Trichocoleus sp.
2.1A Microcoleus sp.
2.2B Nodosilinea sp.
1.11 Nostoc sp.

2.7 Nostoc sp.

2.1B Klebsormidium sp.

*LEGE Culture Collection (CIIMAR, Matosinhos, Portugal)
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Fig. 10 Effect of the microorganisms’ consortium on Arabi-
dopsis thaliana and Lolium multiflorum growth. A. thaliana
(a;-d,) and L. multiflorum (a,-d,) plants were grown in hydro-
ponic cultures with Hoagland medium (Control) or Hoagland
medium supplemented with the microorganisms’ consortium
(Consortium) (for details see Table 2). The number of leaves

compared to the control (2,38 mS cm™) after a week
(before the weekly refill of the Hoagland solution).

Discussion

Soil microbiota is pivotal for the maintenance of soil
structure, properties and functionality. Cyanobacteria
and microalgae are primary producers ubiquitously
present in soils and pioneers in the establishment of the
biocrusts (see for e.g. Chamizo et al. 2016; Ferrenberg
et al. 2017; Rossi et al. 2017; Weber et al. 2022), but
their biodiversity and characteristics remain largely
understudied compared to their aquatic counterparts.

@ Springer

(a;,a,), root length (by,b,), and shoot (¢;,¢;) and root (d.d,)
fresh weight were evaluated. The results are expressed as
means +SE. Unpaired Student’s t-tests, with Welch’s correc-
tion, were performed, comparing treated plants to the control.
* indicates statistically significant differences (p <0.05)

Here, several cyanobacteria and microalgae were
isolated from biocrusts collected at Mortagua (Central
Portugal), a region severely devastated by wildfires
in 2017. Thus, this work constitutes a stepping stone
into the development of a system for the rehabilitation
of burned soils based on the inoculation of native
photosynthetic microorganisms (GreenRehab project:
www.greenrehab.pt). To establish a consortium
that would benefit plant growth and/or improve soil
characteristics, an initial screening in Petri dishes
was performed using exudates from the isolated
microorganisms and two plant species native of the
Mediterranean flora, Arabidopsis thaliana and Lolium
multiflorum.
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Fig. 11 Effect of the microorganisms’ consortium on Arabi-
dopsis thaliana and Lolium multiflorum antioxidant system. A.
thaliana (a;-e;) and L. multiflorum (a,-e,) plants were grown
in hydroponic cultures with Hoagland medium (Control) or
Hoagland medium supplemented with the microorganisms’
consortium (Consortium) (for details see Table 2). The lipid
peroxidation expressed by the level of malondialdeyde — MDA

The isolates selected to integrate the consortium
were further characterized combining a genetical
analysis and morphological traits. The phylogenetic
analysis supported the assignment of the three
filamentous cyanobacteria (isolates 1.9A, 2.2B and
2.1A) to the genera Trichocoleus, Nodosilinea, and
Microcoleus, respectively. Cyanobacteria belonging
to these genera have been often found in soils/
biocrusts (Couradeau et al. 2019; Mehda et al.
2021; Miihlsteinova et al. 2014; Radzi et al. 2019;
Roncero-Ramos et al. 2019; Samolov et al. 2020),
for e.g. Trichocoleus strains are common in desert
soils (Miihlsteinové et al. 2014; Zhang et al. 2016),
Microcoleus is considered one of the cosmopolitan
biocrust key taxa (with M. vaginatus usually being
the dominant member of the biocrust) (Couradeau
et al. 2019; Mehda et al. 2021; Roncero-Ramos et al.
2019), and representatives of the genus Nodosilinea
have been also identified in soil/biocrusts, namely

(a;.a,), the H,0, content (b;,b,), the proline content (c;.¢,),
and the enzymatic activities of catalase — CAT (d;.d,) and
ascorbate peroxidase — APX (e;.e,) were evaluated. The results
are expressed as means=+ SE. Unpaired Student’s t-tests, with
Welch’s correction, were performed, comparing treated plants
to the control. * indicates statistically significant differences
(p<0.05). f.w. — fresh weight

in desertic and Antarctica regions (Mehda et al.
2021; Perkerson et al. 2011; Radzi et al. 2019).
The filamentous isolate 2.1B belongs to the green
algal genus Klebsormidium that has also been
found worldwide in various habitats and is a key
taxa in biocrusts (Borchhardt and Griindling-Pfaff
2020; Mikhailyuk et al. 2015; RySanek et al. 2016;
Samolov et al. 2019, 2020). The two heterocystous
nitrogen-fixing cyanobacteria (isolates 1.11 and
2.7) belong to the Nostoc genus, but most probably
to two different species. Many studies have shown
that Nostoc strains and other heterocystous
cyanobacteria are widely found in biocrusts (Mehda
et al. 2021; Roncero-Ramos et al. 2019; Zhang
et al. 2016). These cyanobacteria fix atmospheric
nitrogen, an important process that allow them to
supply significant amounts of combined nitrogen
to the ecosystem and their use in agriculture is well
documented (Chittora et al. 2020; Iniesta-Pallarés
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Fig. 12 Effect of the microorganisms’ consortium on Arabi-
dopsis thaliana and Lolium multiflorum productivity. A. thali-
ana (a;-¢;) and L. multiflorum (a,-c,) plants were grown in
hydroponic cultures with Hoagland medium (Control) or
Hoagland medium supplemented with the microorganisms’
consortium (Consortium) (for details see Table 2). The total

et al. 2021; Kollmen and Strieth 2022; Lee and Ryu
2021). Although our phylogenetic analysis may
suggest that some of the organisms characterized
here could be new species, further studies are
required to validate this claim.

@ Springer

chlorophyll (a;,a,) and soluble sugars (by,b,) content and
enzymatic activity of glutamine synthetase—GS (¢;,c,) were
evaluated. The results are expressed as means+ SE. Unpaired
Student’s t-tests, with Welch’s correction, were performed,
comparing treated plants to the control. * indicates statistically
significant differences (p <0.05). f.w. — fresh weight

Overall, growing evidence supports that the inocu-
lation of soils with filamentous photosynthetic micro-
organisms enhance biocrusts formation (Abinandan
et al. 2019), as demonstrated with inoculation with
M. vaginatus in desert soils (Wang et al. 2009), K.
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subtile in sandy soils (Lichner et al. 2013), and some
of our isolates (in particular the Trichocoleus sp.) in
microcosm experiments (Gongalves et al. 2022). They
also seem to have a pivotal role on the improvement
of soil conditions, due to the intertwined of the fila-
ments and the extracellular matrix (mostly composed
of exopolysaccharides) that aggregate soil particles
and enhance water retention (Abinandan et al. 2019;
Chamizo et al. 2018). This extracellular matrix is par-
ticularly evident for one of our Nostoc strains (isolate
1.11), that forms compact gelatinous colonies.

Here, the co-cultivation of plants with exudates from
Trichocoleus, Nodosilinea, Klebsormidium (filamentous)
and the Nostoc sps. (diazotrophic) revealed that the
biostimulation goes beyond their direct effect in soil. In
fact, it has been increasingly reported that cyanobacteria
and microalgae produce numerous compounds with
plant growth-promoting effects, and several Nostoc
and filamentous cyanobacterial strains have been
successfully used to boost crop growth, like corn wheat,
rice or bean, most probably due to the production of
phytohormones (for recent reviews see Alvarez et al.
2021; Kapoore et al. 2021; Mutale-Joan et al. 2023;
Santini et al. 2021). Here we demonstrated that two of
our isolates—Trichocoleus sp. (1.9A) and Nostoc sp.
(1.11)—secrete IAA which may contribute to some of
the beneficial effects observed. In addition, we could also
show that in limited iron conditions the two heterocystous
cyanobacteria (isolates 1.11 and 2.7) are able to produce
siderophores. The production of these low-weight,
high-affinity iron chelating molecules can represent an
advantage by promoting iron sequestration not only for
the microorganisms but also in the rhizosphere making it
available to the plants (Lurthy et al. 2021).

Consortia of cyanobacteria and microalgae with
different potential traits and synergistic effects on
soil properties and plant growth are currently seen
as a valuable strategy for increasing the performance
of biofertilizers (Kapoore et al. 2021; Renuka et al.
2018). Indeed, the consortium established in this
work showed biostimulant potential in hydroponic
cultures of the dicotyledonous A. thaliana and the
monocotyledonous L. multiflorum, increasing several
biometric parameters and enhancing physiological
productivity related parameters (such as chlorophyll,
sugar content and the activity of glutamine syn-
thetase), suggesting an improvement of plant vigour,
higher photosynthetic activity and nitrogen use effi-
ciency. Although the mechanisms of action are still

largely unknown, it was also recently reported that
tomato plants treated with cyanobacteria/microalgae
extracts showed increased chlorophyll levels, photo-
synthetic activity and nitrogen uptake (Mutale-joan
et al. 2020, 2021; Rachidi et al. 2020). The increase
in the activity of glutamine synthetase reported here,
is consistent with the increase in N uptake reported
by Mutale-joan et al. (2020), and the rise of other
nitrogen metabolism enzymes (Rachidi et al. 2020).
The higher chlorophyll content and photosynthetic
activity can be a consequence of the enhanced nitro-
gen metabolism or due to a protective effect that
impacts chlorophyll degradation (Mutale-joan et al.
2020; Santini et al. 2021). Here, the evaluation of
stress related parameters revealed that the presence
of the microorganisms did not lead to a stressful
situation as the cellular membrane oxidative dam-
age measured by the level of lipid peroxidation
(Alché 2019) and H,0, (Smirnoff and Arnaud 2019)
remained unchanged in both plant species. However,
an increase of the non-enzymatic antioxidant defen-
sive molecule proline (Ghosh et al. 2022; Szabados
and Savouré 2010), and a significant decrease of the
enzymatic anti-oxidant system, namely catalase and
aspartate peroxidase (Gill and Tuteja 2010) were
observed. The increase in proline may grant higher
protection to the plants, decreasing the need for the
enzymatic system. A strong correlation between pro-
line levels and electric conductivity of the nutritive
solution was shown by other authors (e.g. Pirlak and
Esitken 2004) but with an increment of 3 mS cm™!,
however here the increase in proline cannot be exclu-
sively attributed to an increase in the osmolarity of
the hydroponic solution induced by the presence of
the microorganisms, since only a minor difference
was detected. Increase in proline content was previ-
ously detected in lettuce and tomato plants co-culti-
vated with cyanobacteria or treated with microalgae-
cyanobacteria extracts, most probably contributing
to the observed mitigation of the effects of salinity
stress (Brito et al. 2022; Mutale-joan et al. 2021). In
addition, proline may act as a signal molecule con-
trolling plant development and promoting growth
and photosynthetic activity under non-stressful con-
ditions (Guan et al. 2019; Mattioli et al. 2009; Wang
et al. 2014; Ambreen et al. 2021). Therefore, the
increased levels of proline observed in this work may
play a role in the biostimulant effect triggered by the
microorganisms.
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In summary, the present study contributes to the
knowledge on the biodiversity of native cyanobacteria
and microalgae from Portuguese soils and shows their
potential as biostimulants. Furthermore, constitutes a
step forward towards understanding the effect of these
microorganisms/compounds released by these micro-
organisms on higher plants and shed light on the role
of proline in these interactions. Considering the results
obtained, this virtually untapped resource of native soil
microorganisms can, in the future, be used to boost crop
production and/or the recovery of damaged soils.
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