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ABSTRACT

Photosynthetic organisms like microalgae can collect solar energy and transform it into biochemical compounds
as other forms of energy that can be utilized in metabolic processes. In nature, microalgae coexist with bacterial
communities and may maintain a symbiotic relationship. In the current study, a heterotrophic bacterium,
Stenotrophomonas maltophilia was isolated from the phycosphere of a cold-adapted green microalga Mono-
raphidium sp. (further abbreviated as Monoraphidium). By using advanced liquid chromatography-high-resolution
tandem mass spectrometry (LC-HRMS/MS), we were able to detect homoserine lactones (HSLs): 30HC12-HSL,
30HC10-HSL, 30HC14-HSL, C10-HSL, C8-HSL, and OC14-HSL, produced by S. maltophilia. Further, the role of
this bacterium in establishing intricate relationships and its implication on biotechnological potential was
evaluated. Significant improvements were found in the lutein production of the Monoraphidium culture with
bacterial supplements, achieving about 19.3 + 0.88 mg g~* DW of this carotenoid compared to 13.7 + 1.87 mg
¢! DW in the control, which represents an increase of about 40 %. Furthermore, the biostimulant potential of
Monoraphidium was evaluated using the germination tests with tomato and barley seeds. A higher germination
index was observed with improvements of 55 % in tomato and 110 % in barley, respectively, as compared to the
control culture, which was related to the microalgae’s growth stage. The role of the bacterium was evaluated in
how the intricate relationships with the microalgal culture can affect its biotechnological potential (e.g., bio-
stimulant activity and lutein production). The current work expands our knowledge towards designing an effi-
cient polyculture based on complementary traits and metabolic potential to maximize the yield and bioactivity in
algal biotechnology.

1. Introduction

significantly contributing to the planet’s carbon cycle [1-3]. Recently,
microalgae have become important sources of essential compounds such

Microalgae (predominantly eukaryotic unicellular microorganisms) as lipids, proteins, carbohydrates [3], and other bioactive metabolites
represent a diverse group of photosynthetic microorganisms found in [4,5]. Most of the biotechnological studies are aimed at optimizing
habitats such as oceans, lakes, and soils. They play a vital role in Earth’s abiotic factors such as light, temperature, and nutrients, thus improving
ecosystems by producing oxygen through photosynthesis and biochemical composition [6,7].
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In nature, microalgae are always associated with heterotrophic
bacteria embedded in their mucilage or phycosphere, forming a habitat
with intense interactions [8-10] that can range from mutualism to
antagonism [11]. These relationships are not static but develop
depending on factors like the partner’s life cycles [12]. Lately, the co-
cultivation of microalgae with other organisms, such as bacteria, has
attracted attention due to its potential for increasing the production of
valuable compounds [13,14]. Several studies have focused on the
mechanism of microalgae-bacteria interactions. These interaction can
play a vital role in enhancing the production of valuable compounds
through various mechanisms: competition or exchange of nutrients,
where bacteria can utilize organic carbon provided by microalgae and,
in turn, provide microalgae inorganic nitrogen [15]; enhancement of
growth by providing vitamin B12 or indole-3-acetic acid, which have
been shown to positively affect Chlorella vulgaris growth [16]; enhance
metabolism by stimulating microalgal metabolism leading to increase in
synthesis of lipids, carbohydrates and pigments [17]; stress tolerance by
providing certain metabolites to microalgae in coping with extreme
conditions [18]. Still, few have focused on understanding the role of
these bacteria in the net production rates of biotechnologically relevant
compounds.

Co-culture of microalgae and bacteria has also shown positive effects
on the synthesis of valuable compounds [19], making it a promising
approach in biotechnology [20]. Engineered mutualistic consortia have
been proposed as a strategy to enhance the production of valuable me-
tabolites such as lipids [21] and pigments [22], paving the way for novel
bioproduction platforms [23]. Designing these consortia involves the
selection of microalgae and bacterial strains with the desired traits to
promote these beneficial interactions. This was demonstrated by Wang
and coworkers where the co-culture of Chlorella vulgaris together with a
bioflocculant-producing bacteria was optimized in terms of the inocu-
lation ratio between bacteria and microalgae, initial glucose concen-
tration and co-culture times to reach higher harvesting efficiency as well
as lipid content [24]. This synergy has also been leveraged in waste-
water treatment systems, where its efficiency in the removal of nutrients
and high organic matter from wastewater has been demonstrated [25], i.
e., in the creation of harsh environments for fecal coliforms [23], or
other pathogenic organisms, which can also be of use in aquaculture
facilities [26]. Liang et al. reported on how a consortium of C. vulgaris
and Bacillus licheniformis outperformed systems with only this microalga
and this bacterium in the removal of NH; from wastewater [27]. You
et al. also showed how a Chlorella vulgaris and Rhodobacter sphaeroides
consortia outperformed each separate individual in the recovery effi-
ciencies of ammonia nitrogen, total phosphorus, chemical oxygen de-
mand and total nitrogen of a mixture of piggery wastewater and a
carbon-rich starch wastewater [28].

In agricultural biotechnology, microalgae-bacterial consortia have
been gathering interest in their application as biostimulants for plants
[29,30]. Microalgae and bacteria are known to produce important
compounds such as phytohormones, enzymes, and antibiotics that have
been shown to improve general plant health and resilience by improving
their growth, protection against pathogens, or improving nutrient
bioavailability [13,29]. In the soil, a large and diverse number of in-
teractions occur in the rhizosphere, thus positing that microbial con-
sortia can lead to more consistent and positive results for the plant [31].
Culture-driven and culture-free approaches have led to remarkable ad-
vances in understanding bacterial diversity in the phycosphere. The
main uncertainty lies in the causality between those effects and the
observed ecosystem behaviour. This can be illustrated by the known
example of the interactions between Emiliana huxleyi and Phaeobacter
gallaeciensis, with the latter being able to either provide a growth-
enhancing effect on that microalga or an algicidal compound, which
ultimately leads to its death [32]. Understanding a microbiome’s active
functionality is complicated, even with modern methods such as meta-
genomics due to factors such as functional redundancy, when more than
one microorganism performs similar functions; and temporal and spatial
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variability, when other environmental factors can affect its composition
[33,34] When a shift in the environment leads to a decrease in one
population, another one better prepared can take its place, leading to a
change in pre-established relations [33]. Associations between marine
phytoplankton and microbial epibionts reflect mutualistic interactions
mediated by infochemicals [9,35]. On the other hand, microalgae and
their epibionts were studied, especially in terms of their possible role in
metabolite production. An in-depth investigation of the exchanges of
infochemicals can permit a bottom-up reconstruction of the multipartite
interactions and underlying processes [36,37]. This can lead to the
identification of key biochemical exchanges, understanding community
dynamics, and developing predictive models of ecological interactions
[5].

The role of quorum sensing, which is widely studied in bacteria, is
also important, with evidence supporting the idea that it plays a role in
the communication between microalgae and bacteria [38]. Quorum
sensing communication systems rely on diverse small, secreted signaling
molecules called autoinducers (Als) that belong to different categories:
the well-studied N-acylated homoserine lactones (AHLs), sometimes
referred to as autoinducer-1 (AI-1), used by many Gram-negative bac-
teria; oligopeptide-based signals, used by Gram-positive bacteria; and a
shared furanone-based system (autoinducer-2, AI-2), used by both
Gram-negative and Gram-positive bacteria [39]. A varied number of
AHLs are possible to be identified from microalgae-associated bacteria,
which can affect microalgae differently. Stock et al. showed in their
work how the diatom Seminavis robusta responded to different AHLs
[40]. This diatom had its growth promoted by C14-HSL and inhibited by
0x0-C14-HSL [40]. The authors showed that in the treatment with the
growth-promoting AHL, a great number of genes involved in intracel-
lular signaling were upregulated; in turn, when exposed to the growth-
inhibiting oxo0-C14-HSL, they found that the lipid metabolism was
increased towards fatty acid degradation [40]. Some AHLs can undergo
a rearrangement to produce tetramic acids. The tetrameric acid deriv-
ative of the AHL OC12-HSL has been shown to have antibiotic properties
against bacteria [41], showing how quorum sensing can also play a role
in defensive mechanisms against certain pathogens. In the present study,
a culture-driven approach was used to isolate heterotrophic bacteria
from the phycosphere of the green microalga Monoraphidium collected
in Antarctica, which has been reported as a high producer of lutein
[41,42]. The intention was to screen and select the isolated bacteria
based on their ability to produce HSLs and then evaluate how these
bacteria can influence the production of lutein, a biotechnologically
relevant carotenoid, taking advantage of already established relations.
Furthermore, the enhancement in the biostimulant activity of Mono-
raphidium was also investigated when it was grown with bacterial cell
exudates.

2. Materials and methods
2.1. Algal strain and bacterial isolation

The green microalga Monoraphidium sp. (class Chlorophyceae;
hereafter abbreviated as Monoraphidium) used in this study was pro-
vided by Prof. Josef Elster from the Institute of Botany, Tfebon, Czech
Republic [41]. Originally, it was collected in Antarctica and is reported
to have high lutein content [41,42]. A culture-dependent method was
used to isolate the bacteria from the phycosphere of Monoraphidium. The
microalgal cultures were maintained in vertical glass column photo-
bioreactors (inner diameter: 35 mm,; length: 500 mm; working volume:
350 mL within a 400 mL cylindrical column) at 20 °C, under continuous
illumination at an intensity of 66 pmol photons m~2 s~1. Light panels
were positioned at a 90° angle to the columns. The cultures were mixed
using a stream (30 mL min’l) of air + 1 % CO4 (v/v) from the bottom of
the column. Once the cultures reached the late exponential phase of
growth, a volume of 1 mL was inoculated in heterotrophic cultivation
media to grow the bacterial population in the dark at 28 °C for 24-48 h.
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Three different cultivation media were used: Luria Broth (LB), composed
of tryptone (10 g/L), yeast extract (5 g/L), and NaCl (10 g/L); Nutrient
Agar containing peptone (5 g/L), beef extract (3 g/L), and agar (15 g/L);
and Tryptic Soy Broth, consisting of tryptone (15 g/L), soy peptone (5 g/
L), and NaCl (5 g/L). All media were purchased from HiMedia (India).

2.2. Bacterial culture and crude extract preparation

Morphologically differentiated bacterial colonies, in terms of colour,
size, shape and margin, were randomly selected and transferred onto
agar plates to obtain a pure culture. To determine the purity of the
desired strain, no dilution was applied before cultivation on agar plates;
instead, the microalgal culture was directly streaked onto the plates.
Selection was carried out through successive subcultures and serial
dilution on agar plates. Further, each isolate was precultured in 20 mL of
Tryptic soy broth overnight (100 rpm shaking and at 28 °C). Cell-free
supernatant was collected after centrifugation and then vacuum
filtered through a 0.22 pm pore size filter (VWR®, Bottle-Top Vacuum
Filtration Systems). The crude extract was prepared using the solid
phase extraction (SPE) technique. Briefly, the filtered supernatant was
passed through an SPE column (Discovery DSC-C18, 10 g) and finally
eluted with 5 mL of methanol and dried under vacuum, which was then
weighed and resuspended in methanol (LC-MS grade) to obtain a con-
centration of 100 mg mL ™}, to have it standardized throughout the ex-
periments. Further, for LC-HRMS/MS, the cell-free supernatant of the
Monoraphidium culture was extracted and concentrated using the same
procedure to evaluate the presence of quorum sensing signaling
molecules.

2.3. HPLC-HRMS/MS analysis

To identify the presence of quorum sensing signaling molecules in
the crude extract, crude extract stock was diluted to obtain 1 mg/mL of
the concentration, and then 5 pL of this concentration was injected into
Thermo Scientific Dionex UltiMate 3000 UHPLC equipped with a diode-
array detector (DAD) and high-resolution mass spectrometry with
electrospray ionization source (ESI-HRMS; Impact HD Mass Spectrom-
eter, Bruker). High-performance liquid chromatography (HPLC) sepa-
ration was performed on a reversed-phase Kinetex Phenomenex C18
column (150 x 4.6 mm, 2.6 pm) with HyO/acetonitrile acidified with
0.1 % HCOOH as a mobile phase. The flow rate during analysis was 0.6
mL min~!. The gradient sequence was as follows: HoO/acetonitrile 85/
15 (0 min), 85/15 (1 min), 0/100 (20 min), 0/100 (25 min), and 85/15
(30 min). The HPLC was connected to a high-resolution mass spec-
trometer (Bruker Impact HD) with the following settings: drying tem-
perature of 200 °C, gas flow 12 L min~}, nebulizer 3 bar, capillary
voltage 4500 V, and endplate offset 500 V. The spectra were collected in
the range of 20-2,000 m/z with a rate of 2 Hz, and the CID was set as a
ramp from 20 to 60 eV on masses 200-1,200, respectively. Internal
calibration was performed using sodium acetate (CHsCOONa) cluster
ions introduced at the beginning of each analysis. Additionally, a
mixture of commercially available synthetic homoserine lactones (HSLs,
C4-HSL, C6-HSL, 3-0-C6-HSL, C8-HSL, 3-O-C8-HSL, 3-OH-C8-HSL, C10-
HSL, 3-O C10-HSL, 3-OH-C10-HSL, C12-HSL, 3-0-C12-HSL, 3 OH-C12-
HSL, C14-HSL, 3-O-C14-HSL, 3-OH-C14-HSL, C16-HSL, 3-O-C16-HSL,
3-OH-C16-HSL, C18-HSL, 3 0-C18-HSL, and 3-OH-C18-HSL) was pre-
pared, each with a concentration of 10 pg mL ™! [43]. The amount of 5 pL
of this mixture was injected.

2.4. Molecular networking analysis

The raw data files obtained from HPLC-HRMS/MS analysis were
converted to mzXML format using MSConvert from the ProteoWizard
suite (http://proteowizard.sourceforge.net/tools.shtml). The molecular
network was created using the Global Natural Products Social Molecular
Networking (GNPS) online workflow [44]. The data were filtered by
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removing all MS/MS peaks within +17 Da of the precursor m/z. MS/MS
spectra were window-filtered by choosing only the top 6 peaks in the
+50 Da window throughout the spectrum. The data were then clustered
using MS-Cluster with a parent mass tolerance of 0.1 Da and an MS/MS
fragment ion tolerance of 0.025 Da to create consensus spectra. Further,
consensus spectra that contained fewer than two spectra were discarded.
A network was created where edges were filtered to have a cosine score
above 0.65 and more than four matched peaks. Further edges between
two nodes were kept in the network if and only if each node appeared in
the other’s top 10 most similar nodes. The spectra in the network were
then searched against GNPS’ spectral libraries. The library spectra were
filtered in the same manner as the input data. All matches kept between
network spectra and library spectra were required to have a score above
0.7 and at least 4 matched peaks. Analogue search was enabled against
the library with a maximum mass shift of 200 Da. Further, the result was
visualized in Cytoscape (version 3.10.2).

2.5. 16S rRNA identification

The bacterial sample isolated from the microalgal culture was grown
on an LB agar plate, collected and washed with distilled water, and then
identified by 16S rRNA amplification using universal primers: 5-
AGAGTTTGATCMTGGCTCAG-3 (27F) and 5-GGTTACCTTGTTAC-
GACTT-3' (1492R). FastPure Bacterial DNA isolation Mini Kit (Nanjing
Vazyme Biotech Co., Ltd) was used for gDNA extraction following the
manufacturer’s instructions. The PCR reaction mix contained 0.54 pM of
each primer, 1x of Phusion hot start II high-fidelity PCR master mix
(Thermo Scientific), and 50-100 ng of template gDNA in a total reaction
volume of 50 pL. The temperature program consisted of an initial
denaturation at 98 °C for 30 s, 30 cycles (98 °C for 10 s, 57 °C for 20 s,
72 °C for 45 s), and a final polymerization at 72 °C for 5 min. The PCR
product was purified using the Wizard® SV Gel and PCR clean-up system
kit (Promega) and sequenced by a commercial facility Eurofins Geno-
mics, Germany, using the dideoxynucleotide Sanger sequencing method.
The pairwise nucleotide sequence similarity values for the obtained 16S
rRNA gene sequence (1407 bp) were calculated with the robust global
sequence alignment algorithms in the EzTaxon server (https://www.
ezbiocloud.net/) [45]. Phylogenies were inferred by the GGDC web
server [46] available at http://ggdc.dsmz.de/ using the DSMZ phylo-
genomics pipeline [47] adapted to single genes. A multiple sequence
alignment was created with MUSCLE [48]. Maximum likelihood (ML)
and maximum parsimony (MP) trees were inferred from the alignment
with RAXML [49] and TNT [50], respectively. For ML, rapid boot-
strapping in conjunction with the autoMRE bootstopping criterion [51]
and subsequent search for the best tree was used; for MP, 1000 boot-
strapping replicates were used in conjunction with tree-bisection-and-
reconnection branch swapping and ten random sequence addition rep-
licates. The sequences were checked for a compositional bias using the
X2 test as implemented in PAUP* [52].

2.6. Microalgae cultivation enrichment

2.6.1. Cultivation for the feeding experiment

To explore the bacterial-mediated regulation of metabolism, the
following feeding experiment was performed to evaluate the induction
of lutein production at optimized cultivation variables. Briefly, the
Monoraphidium culture was grown in BG-11 medium bubbled with air +
1 % CO4 (v/v) at 20 °C. Once the culture reached its exponential phase,
it was diluted to an optical density (ODys50) of 0.5 - which is sufficient not
to be overstressed by the sudden increase of light intensity in the
experimental culture - and cultivated in vertical glass column photo-
bioreactors (i.d. 26 mm, height 200 mm, working volume 80 mL culture)
with a continuous light of 66 pmol photons m~2 571,

Crude extracts prepared from bacterial exudates were exogenously
added to the culture of Monoraphidium. First, the optimal concentration
of the crude extracts (2.5, 5, 10, 20, and 40 mg dried extract per litre)
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was determined by monitoring the microalgae growth. Once the con-
centration of the crude extract was optimized, it was fed to the diluted
microalga cultures (350 mL of ODys5¢ of 0.5) in glass column photo-
bioreactors. The extracts were added every other day until the cultures
reached the stationary phase. Extracts were added to the cultures every
other day until they reached the stationary phase. On each sampling
day, specifically days 1, 4, 6, 8, 11, 13, 15, and 18, 30 mL culture
samples were collected 6 h after extract addition to ensure consistency.
Between days 11 and 18, 5 mL aliquots from the collected samples were
freeze-dried and stored at —20 °C until lutein content analysis was
performed. All the experiments were performed with three biological
replicates.

2.6.2. Cultivation for plant biostimulation potential

The selected bacterial isolate was cultivated in 1 L of LB for 1 day.
The cell-free supernatant was collected and sterilized by filtration in a
Media Bottle filtration unit, with a pore size of 0.2 pm using poly-
ethersulfone membrane (VWR). The filtrate was used to test its optimal
dilution to the microalga culture regarding biomass production. Three
dilutions of this spent medium in the BG-11 medium - 5, 10 and 15 % (v/
v) - were tested against the control (only BG-11 medium). The Mono-
raphidium cultures (500 mL) were supplemented with the bacterial cell-
free supernatant in BG-11 medium in 1.5 L glass columns. Cultivation
variables were as previously described, except for the aeration with no
CO, supplementation at a laboratory temperature of 21 °C. Sampling
was carried out every other day until the cultures reached the stationary
phase.

2.7. Growth monitoring

2.7.1. Photosynthesis measurements

The photosynthetic activity of the cultures was monitored ex-situ
using two fluorescence techniques: saturation pulse analysis of fluores-
cence quenching to record rapid light-response curves and fast fluores-
cence induction kinetics as described previously [53]. Samples (14 mL)
were collected daily at the same time at each sampling point. Immedi-
ately, after collection, they were incubated in a water bath at the same
temperature as in the cultivation units, in the dark for 10 min to allow
the re-oxidation of the PSII complex for measurement of the maximum
photochemical yield (Fy/Fy). Separately, 0.5 mL of sample was
collected for total chlorophyll measurement (refer to Section 2.9).
Samples were diluted with distilled water to achieve the same amount of
total chlorophyll as recorded on the first day of measurement. The
photosynthetic activity of the cultures was estimated using a saturation
pulse analysis of fluorescence quenching (fluorimeter PAM-2500, H.
Walz) to construct rapid light-response curves (RLC). Analysis of RLCs
was used to estimate changes in the actual photochemical yield through
PSII, Y(ID), in terms of dependence on light intensity. The relative elec-
tron transport rate (rETR) was calculated by multiplying the actual PSII
photochemical yield by the corresponding PAR intensity (Epagr). The
RLCs were fitted by non-linear least-squares regression, using PamWin3
software to estimate the maximum electron transport rate (rETRmax).

2.7.2. Dry weight measurement and specific growth rate estimation

Biomass density (presented as g of DW L) was measured by
filtering 5 mL of culture samples on pre-weighed glass microfiber filters
(VWR, pore size 1.3 pm) as described previously [54]. The cells were
washed twice with deionized water on a filter to wash away extracel-
lular substances and salts, dried in an oven at 105 °C overnight, and
finally transferred to a desiccator and weighed. The specific growth rate
was calculated as follows:

p=(nX, —InX)/at [d"'],

where X is the biomass and t is the period of time.
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2.7.3. Cell number determination

For the cell number determination, an aliquot of microalgal sus-
pension was fixed with glutaraldehyde to a final concentration of 2.5 %
and kept at —4 °C until the measurements were performed. Cell counting
was carried out using a Multisizer4 Coulter Counter (Beckman Coulter,
Inc.), and the resulting histogram-like data was evaluated using Beck-
man Coulter Multisizer 4 software version 4.01. The most frequent cell
size (modal I diameter) was determined, and the cell count was quan-
tified from the first convex point of the histogram at 1 pm to the final
measured cell size of 20 pm, to ensure all the Monoraphidium cells
(maximum size around 12 pm) were recorded. Biovolume (pL) was
calculated from the modal cell diameter (volume of a sphere) multiplied
by cell count.

2.7.4. Flow cytometry

The cytoplasmic membrane integrity and enzymatic activity of the
microalgal cells were monitored by flow cytometry (FC). A CytoFLEX
flow cytometer (Beckman Coulter Life Sciences) equipped with a 488 nm
argon laser was used. Forward (FSC) and Side Scatter (SSC) detectors
were used to distinguish cells with different sizes and internal com-
plexities, respectively. Fluorescence channel FITC (Fluorescein isothio-
cyanate, green) was used to collect data on cell viability and esterase
enzymatic activity of microalgal cells using the viability dye carboxy-
fluorescein diacetate succinimidyl ester (CFDA). The fluorescence
channel PC5.5 (PerCP-Cyanine5.5, red) was used to distinguish between
microalgal and bacterial communities since it collects chlorophyll
fluorescence. The samples were previously sonicated (Transsonic T 660/
H, Elma, Germany) for 10 s to disintegrate the cellular aggregates, but
without destroying the integrity of the cells. Samples of the different
cultures were diluted with distilled water to obtain 800 to 1000 events
s~!. Dye incubation conditions were optimized with these dilutions by
testing different concentrations and incubation times. A working stock
solution of CFDA (Invitrogen, Waltham, CA, USA) was prepared at 10
mg mL ™! using pure acetone. Samples were stained with 0.1 mg mL™}
CFDA and incubated in the dark at laboratory temperature for 30 min.
Microalgal populations were selected using high chlorophyll auto-
fluorescence by a PC5.5/SSC density plot. Microalga cell viability was
assessed by gating active and inactive cells for esterase enzymatic ac-
tivity from CFDA-stained samples using a FITC/FSC density plot. The
cell concentration of each population was quantified (cells mL™!) and
the mean/median of the active microalgal population was used to
describe the degree of esterase activity. Cytograms were analysed using
the software CytoFlex v2.4.

2.8. Lutein analysis

To determine lutein content, 5 mg of dry biomass of Monoraphidium
was extracted with 2.5 mL of an optimized mixture of n-heptane:
ethanol:water in a volumetric ratio of 0.01:1.80:0.69 (v/v), as described
[55,56]. The resulting crude extract was analysed to determine the
lutein content by HPLC (Agilent 1100 series, Germany) with a DAD. A
reversed-phase column (Luna® C8, 100 x 4.6 mm, 3 pm) was used for
chromatographic separation at a constant temperature of 30 °C. The
mobile phase consisted of a mixture of water (A) and methanol (B) with
a flow rate of 0.8 mL min~!. A linear elution gradient was used ac-
cording to a previously described method [57], which consisted of the
following steps: 0-20 min, 20 %-0 % A; 20-25 min, 0 % A; 25-27 min, 0
%-20 % A; 27-30 min, 20 % A. Samples were measured at 440 nm. A
calibration curve with five concentration points was generated using a
commercial lutein standard (Extrasynthese, France) to quantify the
amount of lutein in the samples. The regression equation obtained was:

¥ =49.837X+16.026 (R*> = 0.9999)

where x is the lutein concentration (mg/L) and y is the peak area.
The extraction efficiency (%) was determined using:
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Lutein content from extraction

Extraction efficiency (%) = -
y (%) Lutein content from reference method

where Lutein content from extraction means the measured amount of
lutein (mg g~ dry biomass) obtained from the extraction process used in
this study and analysed by HPLC and Lutein content from reference
method means the maximum lutein concentration (mg g~ dry biomass)
determined using the reference extraction method (e.g., Bligh-Dyer
method) [57-59].

2.9. Chlorophyll determination

Total chlorophyll (chl) concentration was determined spectropho-
tometrically in methanol extracts as described previously [42]. Samples
of 0.5 mL were collected in 2 mL Eppendorf tubes and centrifuged at
13,000 rpm for 3 min (centrifuge Minispin, Eppendorf). The pellet was
re-suspended in 0.5 mL of 100 % methanol, 0.1 mL of sea sand was
added, and the tubes were put into a laboratory ultrasound bath for 2
min. The slurry was cooled down on ice and centrifuged at 10,000 rpm
for 1 min. The absorbance of the supernatant was measured at 652.4,
665.2, and 770 nm using a high-resolution spectrophotometer (UV 2600
UV-VIS, Shimadzu, Japan, slit width of 0.5 nm). The total concentration
of Chl was obtained as a sum of chlorophyll a and b calculated using the
equation described previously [60].

2.10. Biostimulant activity

2.10.1. Seed germination

The seed germination experiments were carried out in triplicate in
120 mm square Petri dishes using cherry tomato (Solanum lycopersicum
var. cerasiforme) and barley (Hordeum vulgare) seeds. Each Petri dish was
covered with 2 layers of filter paper, where 5 seeds of each plant were
placed. For each plant species, four treatments were carried out: Control
(distilled water), synthetic treatment (GA: Gibberellic Acid) and two
cultures of the Monoraphidium (Control and 5 % dilution) at different
growth stages — initial (Lag), exponential (Log) and stationary (Sta)
phases. In each Petri dish with the seeds, a 5-mL volume of the indi-
vidual treatment solution was applied and wrapped in tin foil to
germinate in the dark. All samples were incubated in a growth chamber
(FITOCLIMA S600 PL) at 21 °C in the dark for 7 days.

2.10.2. Root growth

The seedlings were carefully separated after 7 days of treatment, and
root length was measured. Results were evaluated to compare the plants
treated with the microalgal cultures, the control population with
distilled water and the synthetic GA.

2.10.3. Germination index
The germination index (GI) of each sample was determined accord-
ing to Zucconi et al. [61] by the following equation:

GxL

G x LW>< 100

GI (%) =

where G and L are the number of germinated seeds and the root length in
the case of the microalgal extracts and G, and L, are the same variables
for the control (distilled water).

2.11. Statistical analysis

Most of the trials were carried out in triplicate, except the concen-
tration determination trial, which was carried out in duplicate. Sigma
Plot 11.0 was employed to determine significant differences between
treatments using one-way ANOVA and the Holm-Sidak test for every
binary combination of data. p values lower than 0.01 were considered
significantly different.
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3. Results and discussion

3.1. Isolation of heterotrophic bacteria from the phycosphere of
Monoraphidium sp.

In the current study, a xenic culture of Monoraphidium was grown in
the BG-11 medium. Once it reached the exponential growth phase, 1 mL
was used to inoculate the heterotrophic bacteria medium. A total of 13
colonies (isolates 1-13) were randomly selected based on their size,
shape and colour to be tested for their effect on the microalgal cultures,
more specifically, their impact on the lutein production and bio-
stimulant activity (on plants) using two approaches: supplementation of
the microalgal culture with the crude extract of the bacterial superna-
tant, or the direct addition of the bacterial supernatant to the growth
media (BG-11).

3.2. Identification of the autoinducer-producing isolate

The untargeted metabolomics approach was used to annotate known
or unknown AHLs present in the bacterial and cell-free extracts of
Monoraphidium. A molecular network was generated using high-
resolution mass spectrometry (HRMS) data for natural products’
global social molecular networking (GNPS) workflow using a mixture of
synthetic AHLs and crude extracts. GNPS algorithm automatically
aligned and compared each spectrum against the available online
spectral library and then further grouped them by assigning a cosine
score (0 to 1). A network of 43 clusters comprising 218 nodes (excluding
single nodes) was generated (Fig. S1). Further, careful examination of
the network revealed that isolates no. 4 and 9 potentially produce AHL.
Another molecular network was created by taking HRMS spectra data of
isolates 4 and 9, the cell-free supernatant of Monoraphidium sp., and the
AHL standard mixture only. Three AHLs, C4-HSL, C6-HSL, and 3-O-C6-
HSL, were annotated as single nodes and thus were removed from the
network. Manual curation for each detected AHL was also performed by
identifying the characteristic homoserine lactone product ion at m/z
102.05, which, once extracted from the chromatogram, we could trace
the generating AHLs. In addition to the fragment peak at m/z 102.05 in
each AHL’s HRMS/MS spectrum, the diagnostic peak due to the acyl
moiety was also monitored. A network of 11 clusters containing 43
nodes and 60 edges was created, depicting the production of 30HC12-
HSL (m/z 300.228, [M+H]™) by both 4 and 9 isolates (Figs. 1 and S4).
However, isolate no. 4 was able to produce four more variants of AHLs;
30HC10-HSL (m/z 272.186, [M+H]"), 30HC14-HSL (m/z 328.248,
[M-+H] ™), C10-HSL (m/z 256.191, [M+H] ") and C8-HSL (m/z 228.161,
[M+H]") (Figs. 1 and S5-8). Another variant of HSl, OC14-HSL (m/z
326.232, [M+H]") (Fig. S9) was detected in low amounts through
careful manual annotation of the spectra.

Recent studies have shown the importance of microalgae’s micro-
biome, which is crucial in nutrient cycling. These microbiomes can vary
widely between various microalgae genera. Still, these communities
tend to be conservative within the same genus [62], showing slight
variation over time during laboratory cultivations since the organic
material released by the host may act as the driving force behind these
established relationships [63]. Gammaproteobacteria (after Alphapro-
teobacteria) are the second most identified bacterial class in the
microbiomes of biotechnologically important microalgae [64,65]. These
bacteria are known to produce vitamins B1 and B12, posited as a reason
for their common identification [65]. 16S rRNA identification detected
the autoinducer-producing isolate no. 4 as Stenotrophomonas maltophilia
(further abbreviated as Stenotrophomonas) with 100 % similarity to the
Stenotrophomonas maltophilia CSM2, belonging to class Gammaproteo-
bacteria (Fig. S3). Bacteria from this class are known to possess quorum
sensing genes, with divergent sequences but functionally like the LuxI/
LuxR genes [66]. Stenotrophomonas has a quorum sensing system based
on the diffusible signal factor (DSF) [67]. Although we could not identify
the presence of a DSF signal molecule in the crude extract of our isolated
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strain, the production of 30HC12-HSL, 30HC10-HSL, 30HC14-HSL,
C10-HSL, and C8-HSL was detected (Fig. 1), and thus selected for
further experiments hereafter. Whilst there are no published works
about 30HC12-HSL and 30HC14-HSL, to the best knowledge of the
authors, the other two have been identified and studied before. Khider

Growth [g DW L]

08

Maxim fluorescence Fv/Fm

0.0

06

04

02}

NH\”/\/\/\/\/CHS
o

E Isolate no. 4

326.232( )

312.253()

C14-HSL

D Synthetic standards

OC14-HSL

256.191
C10-HSL

E Isolate no. 9

Fig. 1. Molecular network was generated from the extract of isolates no. 4, 9 and the synthetic standards of the HSL mixture.

Algal Research 91 (2025) 104250

(" )298.201
OC12-HSL

et al. observed that 30OHC10-HSL led to the non-development of biofilm
production in Aliivibrio salmonicida, indicating an indirect effect on the
interactions occurring in the culture, as it can affect how the community
is structured; C8-HSL was identified by Zhang et al. as part of the
signaling molecules identified as being produced by the quorum sensing
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Fig. 2. (a) Growth of Monoraphidium cultures vs. addition of bacterial extract expressed as dry matter; (b) changes of lutein content in biomass of Monoraphidium
cultures induced by various additions of bacterial extract: control (0), 2.5, 5, 10, 20 and 40 mg/L on day 15; (c) changes of photosynthetic activity of Monoraphidium
cultures measured as the maximum photochemical yield of PSII, Fy/Fy and (d) the maximum electron transport rate, rETRmax. The values are presented as a mean
+ standard deviation (n = 3), and those designated by the same letter did not differ significantly from each other (p > 0.01). (Note: The control and various
treatments were compared at the same time, and statistical differences were determined.)
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bacteria in their study [68,69]. They studied, as well as the present
work, the effect of the bacteria, which produce several AHLs, suggesting
there is a dynamic at play between the production of the different AHLs
during the growth of both populations [72]. To the best of the authors’
knowledge, this is the first report of HSL production by Steno-
trophomonas, which needs further evaluation by genome sequencing and
mining for the HSL synthase gene.

3.3. Effect of the bacterial extract supplementation on the microalgal
growth and lutein content

Five concentrations of the bacterial extract — 2.5, 5, 10, 20, and 40
mg/L — were tested against the control to determine any possible AHL-
mediated bacterial effect on lutein production in the Monoraphidium
culture. These trials did not show any significant inhibitory effect on the
microalgal growth, although their effect on its growth varied (Fig. 2).
The control treatment and extract supplementation with 40 mg/L ach-
ieved the highest biomass density (about 5 g DW L (Fig. 2a). The
other treatments achieved lower values. Specific growth rates (i) ranged
marginally between 0.15 d~* and 0.17 d ™! for all the cultures. The lutein
content varied between 10.6 mg g ! DW in the Control and 17.7 mg g~}
DW in the culture treated with 20 mg/L of bacterial extract (Fig. 2b). To
evaluate extraction efficiency in this study, the Bligh-Dyer method was
used as the reference, as described in Section 2.8. The lutein content
obtained using the extraction method in this study and the Bligh-Dyer
method from representative biomass was 14.15 mg g~! and 14.85 mg
g7}, respectively. Therefore, the extraction method employed in this
study demonstrated an efficiency exceeding 95 %.

There were relatively minor differences in the Fy/Fy values (Fig. 2¢),
with some variations at the beginning of the experiment. Some changes
in the maximum values of the relative electron transport rate ETRmax
throughout the experiment were found (Fig. 2d). The general trend was
that the values were high on day 1, between 530 and 693 pmol e m 2
s~L. Then it decreased to the end of the trial to 240-350 pmol e~ m ™2
s71, i.e. by about 45 %. The control and the culture with the addition of
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40 mg/L extract showed significantly higher activities than the other
groups, about 240-440 pmol m~2 s™1, Hence, according to these results,
the crude extract concentration of 20 mg/L was chosen as a suitable
supplement to treat the Monoraphidium culture in further trials to better
control the effects of this supplementation on the microalga’s growth
and lutein content.

Once the suitable concentration was found, the feeding experiment
was started, adding the crude extract of 20 mg/L. The cultures exhibited
a similar growth pattern during the early exponential phase, with the
supplemented culture showing a slightly slower growth from day 8. At
the end of the cultivation trial, both cultures reached their stationary
phase when a biomass density of about 3.1 g/L (Fig. S10). The cultures
showed a growth rate () of about 0.13 d~! and biomass productivity of
about 0.17 g DW L 1q! (Fig. S11). During this experiment, the values
of the maximum PSII photochemical Fy/Fy (Fig. 3a) were found be-
tween 0.66 and 0.72, and only slight differences between the control and
the treated cultures, meaning that all cultures were in a good physio-
logical state. Throughout the cultivation trials, the ETRmax (Fig. 3b)
showed a decrease, coinciding with the increasing values of the V; and
Vi inflexions in fast fluorescence induction curves as the cultures were
getting denser (Fig. 3c and d). It indicated an increasing reduction of the
plastoquinone pool, i.e., a delay of the electron transport through the
PSII complex.

As concerns lutein contents, it varied on various cultivation days
(Fig. 4a). The supplemented cultures showed higher values of lutein
content towards the last day of the trial, which showed a difference by
about 40 % compared to the control (19.31 + 0.88 mg g~ DW vs.13.67
+ 1.87 mg g~! DW, respectively). This difference was even more
apparent when considering the lutein’s productivity when the supple-
mented culture reached 60.6 mg/L at the end of the trial while the
control value was 43 mg lutein L™ (Fig. 4b). These results correlate with
the data obtained through the measurements of the photosynthetic ac-
tivity, i.e., ETRmax and the V; and V; variables, indicating a slowing
down of the electron transport. Thus, the microalgal cells need to cope
with the excess energy by inducing lutein synthesis to quench reactive
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Fig. 3. (a) The changes in the maximum quantum yield of PSII (Fy/Fyy); (b) the maximum electron transport rate, rETRmazx, (c) the Vj and (d) Vi variables, calculated
during the 18-day cultivation trial of Monoraphidium treated with the crude bacterial extract. Values were calculated and are presented as mean =+ standard error (n
= 3); those designated by the same letter did not differ significantly from each other (p > 0.01).
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Fig. 4. (a) Changes in the Lutein content (ug/L, mg g~* DW) for days 11 to 18 of the 18-day cultivation trial with the Monoraphidium culture treated with the crude
bacterial extract (20 mg bacterial extract per litre of the culture); and (b) total lutein content in the culture in those days. Values were calculated and are presented as
mean + standard error (n = 3); those designated by the same letter did not differ significantly from each other (p > 0.01).

radicals, which is indicated by non-photochemical quenching processes.

The results suggested that the supplementation with bacterial crude
extracts affected the microalgal cultures depending on their concentra-
tion and experimental conditions. For most extract concentrations, only
the highest of 40 mg/L showed slightly increased growth compared to
the control (Fig. 2a), whereas the highest lutein concentration was
observed at a concentration of 20 mg/L (Fig. 2b). The Monoraphidium
culture was not axenic; nevertheless, we suppose that mainly Steno-
trophomonas was contributing to the growth, or at least we can mimic
the presence of Stenotrophomonas by exogenously providing the me-
tabolites they produced. Lutein production by Monoraphidium was
increased by supplementation with the bacterial crude extract, and there
was a probable trade-off between biomass growth and pigment
production.

There is also evidence showing that bacteria can play a role in the
biosynthesis of lutein. De-Bashan et al. reported that the microalga
Chlorella vulgaris saw an increase in its lutein content when co-
immobilized in alginate beads with Azospirillum brasilense [70]. Lopez
et al. also observed the same effect by Azospirillum brasilense on Chlorella
vulgaris, linking it to the riboflavin and lumichrome exuded by the
former [71]. Similar results as in our trials were shown by Liao et al.
when they applied exogenously the AHLs to an algae-bacteria system
[72]. Using several concentrations of the synthetic lactone C6-HSL, the
algal culture showed a variable chlorophyll content, depending on the
tested concentrations. In one of the studies, various concentrations of
C10-HSL present in the crude extract were tested in Chlorella culture and
showed increased cell numbers [71]. However, unlike in the present
study, Doe et al. showed higher Fy/Fy and ETR values [73]. The effect of
several AHLs on the diatom Seminavis robusta was tested, causing growth
enhancement as a direct effect of C14-HSL [40], another AHL present in
the crude extract used in this study. These results suggest that the
exogenous AHLs present in the crude extract act partly on the micro-
algae, as seen from the increase in cell numbers (Fig. S1). The mecha-
nism for this effect remains unclear. It was shown that bacteria can have
both an inhibitory and stimulating effect on microalgae growth [74]. We
hypothesise that the reason may lie in the mixture of AHLs present in the
bacterial extract and their relative concentrations. The increased growth
could be using these AHLs as an external energy source [40]. Liao et al.
argue that AHLs are also stressors to microalgae, as adding C6-HSL to
Chlorella and Scenedesmus resulted in stress indicators [72]. In our study,
the same indication was observed in the higher lutein content, a carot-
enoid involved in protecting the photosynthetic apparatus against
photooxidative damage [75]. Furthermore, the rETR values in the sup-
plemented culture were lower than the control (Fig. 3b). However, it
was only significantly lower on day 13 due to the presence of a stressor,
which then led to the synthesis of that carotenoid. This also highlights
the importance of microalgal microbiomes in protecting against

unfavourable conditions, e.g. high irradiance [76]. As the Mono-
raphidium strain used in the experiments presented here was collected in
Antarctica, it should be tolerant to low temperatures, having the ca-
pacity to produce lutein as a protection against light in excess, as not all
the energy of sunlight can be used due to slower enzymatic reactions in
the Calvin cycle. Under the synergism of low temperature and high
irradiance, the dark reactions of photosynthesis are slowed down,
increasing the need to protect the photosynthetic apparatus against
excess energy input [77-79].

3.4. Effect of enrichment of microalgal cultures with bacterial cell-free
supernatant

The 5 % addition of the bacterial cell-free supernatant to the Mon-
oraphidium culture resulted in a faster growth rate than the control, as
shown by the increase in biomass concentration (by about 30 %) and cell
numbers (by about 20 %) (Fig. 5a, b), albeit showing only a statistical
difference in the latter. An inhibitory effect was observed at a higher
addition rate, even leading to culture collapse in the case of the highest
addition (15 %) tested. This event could have been caused by the higher
NaCl concentration from the bacterial supernatant. The data suggests
that the 5 % addition of the bacterial supernatant to the Monoraphidium
culture can be a way to improve growth, as on day 10, it was about 34 %
faster than in the control culture. When comparing the growth courses
between the supplementation of the bacterial crude extract with the
addition of the bacterial supernatant, it was possible to find differences
in biomass productivity. Whilst both trials showed higher cell numbers,
in the cultures in which the bacterial supernatant was added, higher
biomass density was found compared to the control throughout the
experiment. In the study by Peng et al., the culture supernatant of
Agospirillum sp. used in axenic cultures of Chlorella sorokiniana increased
biomass production [80]. The authors suggested that this indicated the
existence of symbiotic factors present in the bacterial supernatant.
Sharma et al. identified genes that promote auxin biosynthesis, nitrogen
assimilation and siderophore biosynthesis, oxidative stress tolerance
and salt tolerance in Stenotrophomonas, which suggested that these can
be the synergistic symbiotic factors at play [81]. This highlights the
importance of the mode by which the microalgal cultures were treated in
our study. By adding the bacterial supernatant, some compounds that
are absent from the bacterial extract may be supplemented. These may
be water-soluble and are washed during the preparation of the extract in
the SPE column.

The metabolic activity of the cells was tested using flow cytometry.
The various treatments showed different responses on esterase activity
throughout the experiment (Fig. 6a). The control culture had a relatively
variable esterase activity during the experiment, with a tendency for a
decrease in the final days. The culture with a 5 % supplement of
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complexity. The values are presented as a mean + standard error (n = 3), and those designated by the same letter did not differ significantly from each other (p >
0.01). (Note: The control and various treatments were compared at the same time, and statistical differences were determined.)

bacterial supernatant tended to show a lower esterase activity
(compared to the culture with 10 % addition), especially at the end of
the trial, when it was lower than the other groups. Surprisingly, the
culture with the 10 % addition of bacterial supernatant showed a
decrease in the growth rate and the cell number, but not as substantial as
in the case of the 15 % supplement. The culture with the 10 % addition
of bacterial supernatant eventually started to recover its cell numbers at
the later phase of the cultivation trial as cell numbers started to increase
(Fig. 5b). Importantly, this culture showed the highest esterase activity
among all treatments (Fig. 6a), most significantly between days 3 and 6;
then it started to decline, although still high and comparable to the

Control. The culture with 15 % addition of the bacterial supernatant
showed an increasing esterase activity until day 6, when this treatment
was terminated due to declining cell numbers. This implies that the
culture, even though it was showing some activity, but no viability [82].
High esterase activity was also reported before as being related to
maintenance metabolism when cells face adverse conditions [83], such
as in the case of the 10 % and 15 % addition, with the former being able
to endure it and eventually rebound. Esterase activity is affected by
several factors such as irradiance, nutrient availability and growth phase
[82]. Pikula et al., while studying the effect of several fullerrene on
Porphyridium purpureum reported similar results in their esterase activity
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[84]. With increasing concentration of this compound, they found an
increase in esterase activity when the concentration increased to 10 mg/
L, and from this point it started to decrease [84]. This suggests the
presence of a stressor to which the microalga tries to adapt by shifting its
metabolic activity. It suggests that the stressor present in the culture, in
the case of the 5 % dilution, was outweighed by the presence of one or
more stimulatory factors, as it, for most of the trial, showed lower values
than the control. Here, the decrease of esterase activity occurred when
cell numbers indicated that the microalgae culture had already reached
the stationary phase (Fig. 6a), suggesting that it reduced its metabolic
activity when conditions were less favourable, i.e., under nutrient
depletion [83]. This was also observed in the control treatment, but at a
lower rate. Considering that cold-tolerant microalgae adopt mitigation
strategies to persist in harsh climatic conditions [85], this decrease in
metabolic activity may indicate an energy-saving strategy when the
environmental conditions are unfavourable. The values of chlorophyll
autofluorescence measurements were the lowest in the culture with the
15 % addition of bacterial supernatant suggesting that it had much
lower chlorophyll content than the other treatments; it confirms the
unsuitability of this treatment for the culturing (Fig. 6b). Chlorophyll
fluorescence of the Control culture and that with and 5 % bacterial su-
pernatant addition had no significant differences. The culture with 10 %
addition showed a chlorophyll fluorescence increase by day 3, and then
it remained stable, comparable with the other control treatments and 5
% addition treatments.

The culture supplemented with 10 % bacterial supernatant also
showed higher SSC and FSC values, about 10-40 % higher than other
treatments (Fig. 6b, c), indicating higher cellular complexities and sizes,
respectively [86]. It is known that under stress conditions, microalgae
can start to accumulate storage compounds, making this a possible
reason for these results. The culture with the 15 % bacterial supernatant
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addition showed decreased cell sizes throughout the trial (Fig. 6¢), with
some, but not a significant increase, in cellular complexity compared to
the control (Fig. 6b). The control and the 5 % dilution cultures showed
stable and comparable SSC values, which together with the chlorophyll
values are an indication of the absence of an inhibitory effect that would
cause the collapse of the culture with this mode of cultivation. The
reason for such behaviour after the addition of the 10 % and 15 %
bacterial supernatant is unclear. As proposed earlier, it might be due to
the presence of various growth-affecting promoting compounds pro-
duced by Stenotrophomonas, which can influence the Monoraphidium
culture.

3.5. Effect on biostimulant activity of the microalgal culture when
supplemented with bacterial cell-free supernatant

As defined, a germination index (GI) of 100 % corresponds to the
control samples, where seeds are treated with distilled water. Therefore,
only microalgal cultures leading to a GI higher than 100 % are consid-
ered to have biostimulant activity. By measuring the GI values, it was
found that, for the tomato’s seeds, the microalgal culture with a 5 %
addition of the bacterial supernatant had a positive effect on their
germination when applied in the Log and Sta phases of growth (day 6
and 13 respectively) (Fig. 7a) with values of about 55 % and 50 % higher
than control, respectively. These values are higher than those obtained
before by Ferreira et al. with different microalgae species, indicating a
higher biostimulant effect from this method [87]. The other treatments
had no significant advantage compared to water. For barley (Fig. 7b),
the microalgal culture with the 5 % addition of bacterial supernatant in
the Log phase showed a biostimulant effect, with a GI of 110 % higher
than the control. However, this was more pronounced with the micro-
algal control in the Log and Sta phases (176 % and 239 % higher,
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Fig. 7. Assay of germination indexes (%) of tomato (a) and barley (b), and measurements of root lengths of tomato (c) and barley (d). Tests were performed with
distilled H,O as the control culture (100 %) (horizontal dashed line in graphs a and b), the culture treated with Gibberellic Acid (Gib Ac) as the synthetic standard,
and the unsupplemented microalga cultures (AC) and the cultures supplemented with 5 % of bacterial supernatant (AD) which were collected at the Lag, Logarithmic
(Log) and Stationary (Sta) phases of growth. The values are presented as a mean + standard error (n = 3), and those designated by the same letter did not differ

significantly from each other (p > 0.01).
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respectively). In both barley and tomato trials, the biostimulant effect
seems to be dependent on the growth stage of the microalgal culture
taken for the treatment. This could be justified as the presence of more
microalgal biomass leads to a higher amount of plant-growth promoting
compounds known to be present in these cultures, such as auxins, gib-
berellins and abscisic acid [88].

The Monoraphidium cultures also showed their biostimulant effect
when assayed by root expansion test using tomato and barley seeds,
either in non-supplemented culture (control) or with the addition of the
bacterial supernatant (Fig. 7c, d). In the rooting tests, using tomato
seeds, the biostimulating effect was more pronounced when the added
bacterial supernatant was collected from the cultures in the Log and Sta
phases, with an average of about 5 cm. In the case of barley, it was the
control culture in the Log and Sta phases that showed a significantly
greater length, with values of about 11 cm.

In some reports, the bacterium Stenotrophomonas has been shown
before to protect wheat against abiotic and biotic stressors [81,89]. The
authors also reported that it improved seed germination under high
salinity, besides providing them protection against pathogens due to its
antibiofilm activity. Bacterial products as a part of tomato plants’
rhizosphere were found to positively impact their growth through the
production of indole-3-acetic acid (IAA) [90]. This compound is the
most common naturally occurring plant hormone of the auxin class. It
has a wide range of positive effects on plant growth and development
[91]. It can also exert adverse effects depending on its concentration
[92,93]. Whilst IAA is known for its potentially inhibitory effect on
germination [94], it has a stimulating effect on GA regulation, seed
germination, root development, and reaction to biotic and abiotic
stimuli [95].

The data from the germination trials carried out in this study showed
that both the microalga control and the supplemented cultures had
negligible differences after the GA treatment, suggesting that there was
insufficient IAA to inhibit germination. However, since the values were
not lower than the synthetic treatment (GA), they still proved to be a
biological alternative to it. Two crucial aspects of IAA bacterial
biosynthesis are the availability of tryptophan, which can be sourced
from microalgae [96] being at the beginning of most IAA biosynthesis
pathways, and the growth stage [92,97]. The results in this work suggest
that Stenotrophomonas bacteria present in the cultures may be producing
IAA in quantities that were beneficial to the roots once the microalgal
cultures reached their exponential growth phase. The data also indicated
that tomato plants potentially benefited more from higher IAA con-
centrations supplied in the treatment, as evidenced by the higher
microalgal biomass concentrations. In contrast, the higher IAA levels
appeared to be less beneficial for barley. Whilst there was a higher
positive effect on root development in the non-supplemented control
culture - i.e. without the addition of the bacterial supernatant - in the
supplemented cultures, the roots were not able to grow as much, being
similar to the values from the water treatment, suggesting an inhibitory
effect from those higher levels [89]. Meta-analysis on biostimulant ac-
tivity provided support for this idea as the amount of nutrients and
biostimulating compounds present in the microalgal culture, such as
IAA, play an important [98]. Evidence suggests that lower amounts of
those biostimulating compounds can avoid growth inhibition caused by
overdose [98]. Although there was no inhibition in the germination, the
expected higher concentration of biostimulating factors in the culture
diluted with the bacterial supernatant was negligible. Also, according to
Duca et al. the biostimulation effect of bacterial IAA depends on the
amount already present in the plant [92]. This supports the idea that the
concentrations present in the control were more optimal for the tomato
seeds than those of barley.

4. Conclusions

In this study, the symbiotic relationship between a heterotrophic
bacterium and a cold-adapted green microalga was investigated. The
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presented data contribute to the current knowledge of the relations in-
side the microalgae phycosphere. The presented research demonstrates
that the microalgae phycosphere can be improved for its applications,
particularly by enhancing lutein accumulation and biostimulant effects.
The exploration of the microalgal phycosphere was shown to be ad-
vantageous due to the absence of exogenous compounds, like synthetic
compounds, or the construction of synthetic ecological ties. A new
alternative to synthetic-based biostimulants was found in the microalga,
and in this mode of cultivation. The role of the bacterium Steno-
trophomonas was evaluated in terms of the relationships with the
microalgal culture and its biotechnological potential in the biostimulant
or lutein production. However, in this emerging field, further work is
needed to better understand the molecular mechanisms and dynamics at
the interplay among microalga-bacteria-plant to be used in biotech-
nology applications.
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