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Abstract
The comprehension of microbial interactions is one of the key challenges in
marine microbial ecology. This study focused on exploring chemical interac-
tions between the toxic dinoflagellate Prorocentrum lima and a filamentous
fungal species, Aspergillus pseudoglaucus, which has been isolated from
the microalgal culture. Such interspecies interactions are expected to occur
even though they were rarely studied. Here, a co-culture system was
designed in a dedicated microscale marine-like condition. This system
allowed to explore microalgal–fungal physical and metabolic interactions in
presence and absence of the bacterial consortium. Microscopic observation
showed an unusual physical contact between the fungal mycelium and dino-
flagellate cells. To delineate specialized metabolome alterations during
microalgal–fungal co-culture metabolomes were monitored by high-
performance liquid chromatography coupled to high-resolution mass spec-
trometry. In-depth multivariate statistical analysis using dedicated
approaches highlighted (1) the metabolic alterations associated with
microalgal–fungal co-culture, and (2) the impact of associated bacteria in
microalgal metabolome response to fungal interaction. Unfortunately, only a
very low number of highlighted features were fully characterized. However,
an up-regulation of the dinoflagellate toxins okadaic acid and dinophysis-
toxin 1 was observed during co-culture in supernatants. Such results high-
light the importance to consider microalgal–fungal interactions in the study
of parameters regulating toxin production.

INTRODUCTION

In the marine environment, microalgae are in constant
interaction with other microorganisms, at both intra-
and inter-specific levels, which span from competition
over mutualism, symbiosis and parasitism to predation
(Zhang et al., 2018). This large diversity of biotic

interactions is governed by nutrient availability and
chemical communication mediated by diffusible signal-
ling metabolites (Brown et al., 2019; Puglisi
et al., 2014). Among those marine microalgae, toxic
dinoflagellates represent particular microorganisms that
can drastically impact marine ecosystems, for example,
reduction of fish and algal diversity as well as impacting
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human health through seafood contamination (Grattan
et al., 2016). Harmful algal blooms (HABs) are consid-
ered detrimental events, and HAB species are increas-
ingly observed in some ecosystems, especially in the
proximity of human activities (Stewart et al., 2008). One
HAB species involved in such threats is the marine
dinoflagellate Prorocentrum lima. This species is able
to produce toxins like okadaic acid (OA) and
dinophysistoxin-1 (DTX-1) associated with diarrheic
shellfish poisoning (DSP). Production of such toxins is
known to be potentially influenced by nitrogen levels,
light intensity, temperature and salinity (Lee et al.,
2016; Wang et al., 2015).

Prorocentrum lima has a benthic and typically epi-
phytic habitat (Nishimura et al., 2020). This microalga
was, thus, reported to grow on macroalgae such as
Enteromorpha spp., and marine plantae such as Zostera
and Ruppia spp. (Foden et al., 2005). Life on such sur-
faces implies multiple mechanisms to compete for nutri-
ents, light and space (Allen et al., 2016; Wang
et al., 2020). Currently, only little information is available
on microorganisms co-occurring with P. lima. Some
examples exist related to bacteria found in close associ-
ation with phytoplankton cells in nature and in culture,
such as α-Proteobacteria (including members of the
order Rhodobacterales), γ-Proteobacteria
(Alteromonadales), Bacteroidia (Flavobacteriales), as
well as Actinobacteria (Buchan et al., 2014; Tarazona-
Janampa et al., 2020; Traubenberg et al., 1995). How-
ever, as an epiphytic organism, P. lima may be part of a
complex microbial community frequently associated with
algae, involving other microalgae (Wang et al., 2020),
bacteria and fungi (Tourneroche et al., 2020). In addition,
P. lima can also interact with predators, such as small
crustacean (Ajuzie, 2007; Gu et al., 2019). In this con-
text, production of phycotoxins can be considered as a
defence mechanism (Ryderheim et al., 2021). Moreover,
the complex biosynthesis of such high-molecular-weight
molecules points out that these compounds should pro-
vide competitive advantages to their producers
(Chakraborty, 2019). For example, the exposure of
P. lima to Artemia salina chemical cues yielded OA
over-production, which impaired survival rates in this
predator population (Gu et al., 2019). However, it
remains unclear whether OA exerts a broad deterrence
effect spectrum, since only a small number of studies
directly linked OA exposure to negative predator out-
comes (Shaw et al., 1997). Besides predators, P. lima is
able to compete with other co-occurring dinoflagellates
(Wang et al., 2020). For instance, P. lima was shown to
produce a complex chemical mixture (including OA)
exhibiting growth inhibitory activity against co-occurring
dinoflagellate species (Sugg & VanDolah, 1999). There-
fore, P. lima seems equipped with various chemical sig-
nals suited to its survival or competition.

Various examples of microalgal interactions with
bacteria are reported in the literature (Cirri &

Pohnert, 2019); however, to our knowledge, very little
information is available on P. lima chemicals induced
by bacteria and/or fungi. Considering toxins, some bac-
teria are able to trigger toxin production, by direct com-
petition for nutrients at late culture stages, or
alternatively in early stages relying on chemical cues
(Wang, Sen, et al., 2018; Wang, Yao, et al., 2018).
However, other examples do not highlight such induc-
tion, suggesting the occurrence of particular regulation
mechanisms depending on bacterial-microalgal co-
culture (Green et al., 2004, 2010; Ho et al., 2006; Lu
et al., 2016; Prol et al., 2009; Uribe & Espejo, 2003).

Fungi are another group of micro-organisms fre-
quently encountered in the marine environment
(Hallegraeff et al., 2014; Li et al., 2017; Wang, Sen,
et al., 2018). In the laboratory, fungal genetic material
is frequently detected through sequencing using
eukaryotic primers during species identification of
microalgal cultures (Nicolas Chomérat, Ifremer, per-
sonal communication). This prompted us to investigate
the possibility of microalgal–fungal interactions. In sev-
eral initial studies focusing on benthic microalgae
(which present similar slow growth as many fungi), we
identified several fungal species present in cultures of
benthic microalgae (Bagot et al., 2016 unpublished;
Chaigne et al., 2017 unpublished). Therefore, we
focused in this study on one of the couples of
microalgal–fungal associations identified in these initial
studies, that is, the microalga P. lima and the fungus
Aspergillus pseudoglaucus.

Even though no literature explores P. lima in this
context, some examples exist with other microalgae
(see above and articles discussed in the studies by
Cirri & Pohnert, 2019). A first study described how chy-
trid zoospores detected diatom preys through their car-
bohydrate exudates (Scholz et al., 2017). In response,
the diatoms adapt their metabolism through the produc-
tion of polyenal lipids and associated aldehydes, thus
altering parasite life cycles (Pohnert, 2000). Beside this
example concerning parasitic fungi, to our knowledge,
no information is currently available in the literature on
the existence of interactions between saprophytic
marine fungi and microalgae, even though they are
expected to naturally occur, and as both organisms
may be present simultaneously. Such ‘interaction’ was
only reported artificially during specific bioprocesses
and led to microalgal aggregation thus improving bio-
mass harvesting (Wrede et al., 2014).

Microbial community structures are governed by
chemical signals that require the production of special-
ized metabolites (Ianora et al., 2006). However, only a
few studies highlight such molecules, mainly due to
technical difficulties, which appear in their isolation and
subsequent characterization (e.g. quantities) (Ji
et al., 2011). To overcome such challenge, microbial
interactions are usually studied in vitro in controlled
bipartite conditions using metabolomics approaches
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(Bertrand, Azzollini, et al., 2014; Bertrand, Bohni,
et al., 2014). Metabolomics, defined as a comprehen-
sive analytical approach for the identification and quan-
tification of metabolites in biological systems
(Wolfender et al., 2015), remains a method of choice to
highlight metabolic modifications induced by microbial
co-cultures (Arora et al., 2020; Wolfender et al., 2015).
Various examples already showed the induction of spe-
cific metabolites in microbial co-cultures (Arora
et al., 2020) through the expression of silent biosyn-
thetic gene clusters (BGCs) (Schroeckh et al., 2009).

To explore the chemical interactions between P. lima
and co-occurring fungi, a fungal strain isolation campaign
was initiated using the toxic and non-axenic P. lima PL4V
strain (Bravo et al., 2001). This provided various fungal
strains, among which A. pseudoglaucus MMS1589 was
selected due to an unusual physical contact with P. lima
PL4V cells highlighted by microscopy. A co-culture
experiment in treated (using antibiotics, see Experimental
Procedures) and non-treated conditions was performed
between the microalgae and the fungal strain using a
high-performance liquid chromatography coupled to high-
resolution mass spectrometry (HPLC-HRMS) metabolo-
mics approach. The aims of this study were to explore
(1) the presence of fungal strains within the microbiome
of this epiphytic dinoflagellate, (2) the chemical mediation
between P. lima PL4V and A. pseudoglaucus
MMS1589, (3) the impact of co-occurring bacteria on
such chemical mediation and (4) whether the fungus
influences microalgal toxin production.

EXPERIMENTAL PROCEDURES

Microalgae

Prorocentrum lima is a benthic dinoflagellate that may
be considered a species complex as there is both tem-
perate and tropical strains reported for this species
(Lassus et al., 2016). The P. lima strain PL4V was col-
lected in 1985 by colleagues from the Instituto Espanol
Oceanografico (IEO, Vigo) from mussel rafts in the Ria
de Pontevedra (Galicia, Spain) (Bravo et al., 2001), a
temperate area, and maintained since 1985 at the
French Research Institute for the Exploitation of the
Sea (IFREMER).

Culture media

All media used for fungal strain isolation were prepared
using Reef Crystal mixture at 36 g/L (enriched marine
salt from Aquarium Systems) to meet standard seawa-
ter salt concentrations and autoclaved at 121�C for
20 min. Chloramphenicol (50 mg/ml, Poly Labo, Paul
Block & Cie, Strasbourg, France) was only added to
the liquid or solid media used for fungal strain isolation,

to avoid bacterial growth. Malt extract (ME) liquid
medium was prepared with following concentrations:
glucose 20 g/L, peptone (Biokar Diagnostics, Beauvais,
France) 1 g/L, Malt Extract (Conda pronadisa, Madrid,
Spain) 30 g/L, copper sulfate 5 mg/L, zinc sulfate
1 mg/L. The Dextrose Casein (DC) medium was pre-
pared as follows: glucose 40 g/L, peptone 10 g/L. Solid
equivalent of these media were also prepared. Dex-
trose casein agar (DCA) used DCA mixture (Becton,
Dickinson and Company, Sparks, NV USA) 65 g/L and
the Malt Extract Agar (MEA, Biokar Diagnostics)
medium was composed of glucose 20 g/L, peptone 1 g/
L, Malt Extract mixture 45 g/L, copper sulfate 5 mg/L,
zinc sulfate 1 mg/L.

For the co-culture experiment, f/2 microalgal growth
medium, without silica addition, was used as previously
described (Guillard & Ryther, 1962). The solid f/2 glucose
agar medium (f/2 GA) was prepared using f/2 liquid
medium complemented by 20 g/L of agar and 2 g/L of glu-
cose. To grow microorganisms with limited bacterial devel-
opment, large spectrum antibiotics cocktail was added to
f/2 liquid medium to provide the following final concentra-
tion in the culture medium: ampicillin 500 μg/ml, gentamy-
cin 100 μg/ml, and kanamycin 200 μg/ml (Cho
et al., 2002). Either condition will further be named as ‘trea-
ted condition/sample’ or ‘non-treated condition/sample’
referring to the use of antibiotic cocktail or not, respectively.

Fungal isolation from microalgal biomass

To isolate fungal strains, P. lima PL4V biomass was
inoculated on several liquid and solid culture media
(ME, DC, MEA and DCA media). Fungal growth at
27�C was visually evaluated every day. When fungal
colonies were observed, each colony was further col-
lected and inoculated on DCA medium for storage and
morphological identification based on macroscopic and
microscopic features. The MMS1589 strain was further
identified based on molecular biology information (ITS
and β-tubulin sequencing) according to previously pub-
lished protocol (Rédou et al., 2015). The ITS and
β-tubulin sequences for the strain MMS1589 were
deposited in GenBank under accession numbers
MN134000.1 and MN164633.1, respectively.

Co-culture growth in miniaturized liquid/
solid environment

The miniaturized liquid/solid environment was prepared
in tilted 50 ml cell-culture flasks (75 cm2 surface,
CORNING) (Figure S1). First, 10 ml f/2 GA medium
were added to the flask. Subsequently, the strain
A. pseudoglaucus MMS1589 was inoculated by spik-
ing it into the middle of the f/2 GA medium. After 5 days
of fungal growth at 24�C under 12 h/12 h dark–light

252 BERRY ET AL.
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cycle using artificial light (DENNERLE Nano Light
11 watt, 6000 Kelvin, 900 lumen), 10 ml liquid f/2
medium (with or without antibiotic cocktail), and 15 ml
P. lima PL4V inoculum in f/2 medium at 30,600 cells/ml
were added to the flask. The co-culture was then incu-
bated for 6 days under 12 h/12 h dark–light cycle. In
parallel, the same design was used for both microor-
ganisms alone (monoculture), where only
A. pseudoglaucus MMS1589 or P. lima PL4V was
inoculated. In addition, blank samples were obtained by
preparing the miniaturized liquid/solid environment
(with and without antibiotics) without microorganism
inoculation in parallel to the co-culture growth.

Five replicates of each experiment were performed,
leading to 30 samples (with antibiotics: five co-cultures,
five A. pseudoglaucus MMS1589 and five P. lima PL4V
monocultures; without antibiotics: five co-cultures, five
A. pseudoglaucus MMS1589 and five P. lima PL4V
monocultures). Additional replicates were prepared in
parallel for further microscopic observations.

Microscopic observations were performed after
sampling the supernatant and/or microalgal/fungal colo-
nies on glass slides. Congo red dye (1% in ethanol)
was added to reveal fungal hyphae (Wood, 1980). Bin-
ocular and microscopic observations were performed
using, respectively, a Zeiss binocular magnifier and a
Leica microscope (with a �10 magnifying eyepiece,
combined with a �10 and �40 objectives, allowing for
�100 and �400 magnified observations, respectively).

Biomass extraction

After 6 days, for each growth experiment in liquid/solid
environment, the liquid overlaying phase was separated
from the solid phase (resulting f/2 GA medium, fungus
and/or microalgae biomass) and further centrifuged
(5 min at 134g) to remove any cellular debris (P. lima
PL4V cells and fungal spores’ traces) yielding the super-
natant. Each supernatant was extracted three times with
5 ml ethyl acetate (EtOAc), and the three resulting
extracts were pooled and dried under vacuum using a
SpeedVac™ concentrator (Savant SPD131DDA and
Savant RVT400, Thermo Scientific). The solid phase
was transferred to glass flasks and extracted twice with
5 ml EtOAc using an ultrasonic bath for 10 min prior to
centrifugation and discarding of pellet. This way, the
supernatant and solid phase extracts are expected to
contain the extra- and intra-cellular content, respectively.
All extracts were weighed after evaporation (Figure S2)
using a SpeedVac™ concentrator.

LC-HRMS profiling

Each extract was diluted to a concentration of 1 mg dry
weight/ml in HPLC-grade methanol (Biosolve Chimie,

Dieuze, France) and 5 μl were injected. LC-HRMS pro-
filing was achieved using an ultra-fast liquid
chromatography–electrospray ionization–ion trap–time
of flight–mass spectrometer (UFLC-ESI-IonTrap-
TOFMS) system (Shimadzu, Marne-la-Vallée, France)
according to a previously published protocol (Roullier
et al., 2016). Briefly, chromatographic separation was
achieved using a Kinetex™ C18 column (100 � 2.1 mm,
2.6 μm), at 40�C with a flow rate of 0.3 ml/min. The
mobile phase consisted in a gradient starting at 15%
acetonitrile + 0.1% formic acid (FA) (B) for 2 min, fol-
lowed by an increase to 100% over 23 min and further
maintained for 5 min, water + FA (A) completing the
dual solvent mobile phase. Mass detection was set
between m/z 100 and 1000 with fast switching between
positive and negative ionization mode (PI and NI), the
resolution of the mass spectrometer is 9200 (at m/
z 500).

In the sequences, samples and extracts of axenic
nutrient medium were injected randomly using a dedi-
cated Excel macro (Bertrand et al., 2013), while MeOH
blanks and QC samples were injected every 15 sam-
ples. The QC sample was prepared by mixing 30 μl of
all samples together. Using the same LC-HRMS
method, an OA standard (Diagnostic Chemicals Lim-
ited, Charlottetown, CA USA) was injected at 10 ng/ml
and was detected in positive ionization at retention time
(tR) 14.6 min as 827.463 [M + Na]+ (main ion). The
DTX-1 was detected at tR 17.1 min as m/z = 841.473
[M + Na]+. All data were deposited in Zenodo (http://
doi.org/10.5281/zenodo.7050181).

Data analysis

LC-HRMS data were exported as CDF files using LC
Solution (Shimadzu) to allow automatic peak picking
using MZmine 2 as described thereafter (Pluskal
et al., 2010). Briefly, mass detection was performed
using a centroid algorithm with a noise level of 15,000
arbitrary abundance units (AU), derived from visual
inspection of data. Chromatogram building used a mini-
mum time span of 0.03 min, group intensity threshold of
100,000 AU, again a minimal of intensity of 15,000 AU
and m/z tolerance of 30 ppm (Myers et al., 2017). Peak
deconvolution was performed using the baseline cut-off
algorithm with median m/z centre calculation, and a
peak duration range between 0.05 and 10 min. Chro-
matograms were deisotoped with m/z tolerance of
1 mDa, retention time tolerance of 0.1 min and maxi-
mum charge of 3. The peak list was aligned using the
Join-aligner algorithm with an m/z tolerance of 1 mDa
or 30 ppm (as used by MZmine), retention time toler-
ance of 0.2 min, using the same weight for retention
time and m/z importance. Subsequently, the gap-filling
step was performed with a peak-finder algorithm, inten-
sity tolerance of 1.0, m/z tolerance of 1 mDa or 30 ppm,

DECIPHERING MICROALGAL–FUNGAL CHEMICAL INTERACTION 253
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retention time tolerance of 0.2 min. The results were
exported as a.csv file containing all peaks observed
and referenced by their mass-to-charge ratio (m/z) and
retention time (tR) together with their respective peak
area in each sample. All peaks detected in both the
extracts of supernatant and solid phases were
concatenated for each of the five biological replicates,
generating the final data matrix. The final matrix was
therefore composed of peak information from both
extract types (with traceability of feature origin). In this
way, the metabolic modification of any feature within
the biological replicate was highlighted through statisti-
cal analysis.

The peaks detected in blanks were withdrawn from
the data matrix as background signal. The absence of
ions corresponding to antibiotics added for treated con-
ditions (ampicillin, gentamycin, and kanamycin) and
their possible anticipated metabolites using Biotransfor-
mer (Djoumbou-Feunang et al., 2019) (with phase I, II
CYP450 and microbiota transformation) were con-
firmed. Analytical consistency during batch analysis
was evaluated by principal component analysis (PCA)
(Want et al., 2010). As QC samples were grouped
within the PCA (Figure S3), no batch correction was
applied. As samples were diluted to obtain the same
concentration of dry weight of extract, the data matrix
containing 6627 features was transformed to reflect
actual metabolite content by multiplying each peak area
by the corresponding amount of dry extract.

Finally, all data from one culture were concatenated
to provide the final data matrix (accessible as supple-
mentary material S1), thus data from replicated sam-
ples contained features (m/z at tR with corrected peak
areas) obtained from supernatant extract profiles
(NI and PI) and from solid-phase extract profiles
(NI and PI). Such concatenation was performed to keep
track of feature origin (ionization and compartment).
Thus, all 30 samples were characterized by 13,254
features.

The final data matrix was statistically analysed
using R 4.0 (CRAN) with the PocheRmon function
(Wang & Bertrand, 2019). This function allows analysis
of co-culture data univariately using the Stats package,
and multivariately using both the ropls package
(Thévenot et al., 2015) and the Projected Orthogonal-
ized CHemical Encounter MONitoring (POChEMon)
approach (Jansen et al., 2015) encoded in R (CRAN).
The univariate data analysis was performed calculating
the fold-change between the monoculture and the co-
culture and the p-value for each metabolite according
to Student’s t-test. Features of interest were thus
selected if they were significant by comparison to both
monocultures, according to fold-changes >2 and
p value ≤ 0.05. The PCA and orthogonal projection to
latent structure discriminant analysis (OPLS-DA) were
performed after log-transformation of data and Pareto
scaling (van den Berg et al., 2006). The feature

selection using OPLS-DA was performed building two
different models comparing co-culture to each mono-
culture. Features of interest were selected if their Vari-
able Importance on the Projection (VIP) score was
higher than 2 in both models. The POChEMon
approach provided two different models (Jansen
et al., 2015). First, the mixing model highlighted differ-
ences between both monocultures and then provided
information about co-culture similarity to monoculture
by the projection of the latter samples within the model.
Then, the competition model focussed on analysing the
residue of the mixing model, thus highlighting the co-
culture sample specificity. POChEMon model was vali-
dated by leave-one-out strategy (Figure S4). Finally,
the features were selected according to SSrank value
(rank product sj in the original publication (Jansen
et al., 2015) and the top-20 features of interest were
selected). Features highlighted by the three feature
selection approaches were merged (Table 1) and con-
firmed manually in the raw LC-HRMS data to remove
false peaks detected during the automated peak
picking step.

Annotation of statistically relevant features

Highlighted features (Table 1) were further annotated
using traditional de-replication strategy (Wolfender
et al., 2019) based on mass and spectral accuracy of the
MS spectra. Accurate masses (up to 30 ppm for smaller
peaks) were searched taking into consideration adduct
mass correction ([M + H]+, [M + Na]+, [M � H]�, [M
+ Cl]� and [M + formic acid-H]�; Nielsen et al., 2011) for
compounds reported to be produced by either Prorocen-
trum sp. and Aspergillus sp. (also considering its teleo-
morph Eurotium sp., Chen, Hubka, et al., 2017) in the
Dictionary of Natural Products® (CRC Press, v.29.2)
(Chen, de Bruyn Kops, & Kirchmair, 2017). This corre-
sponds to level 3 annotation based on Metabolomics
Standard Initiative (MSI) (Sumner et al., 2007). Further-
more, OA standard (Diagnostic Chemicals Limited, Char-
lottetown, CA USA) was also injected in the LC-HRMS
run sequence and was detected at tR 14.62 min m/z
803.4683 [M-H]�. This corresponds to level 1 annotation
based on MSI (Sumner et al., 2007).

RESULTS

Filamentous fungi were isolated from
Prorocentrum lima biomass

To evaluate the presence of fungi in P. lima micro-
biome, biomass from PL4V strain was used as inocu-
lum for cultivation in a fungal adapted medium
(Sallenave-Namont et al., 2000). Antibiotic (chloram-
phenicol) was added in the culture to avoid bacterial
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TAB LE 1 Co-culture associated features using univariate and multivariate data analyses using PocheRmon package

Detected m/z
(ionization
mode)

tR
(min) Matrix Antibiotics

Statistical
method

Presence in
monoculture
(MC)

Molecular
formula
(error, ppm)

Putative annotations with
reported biological
sources and adductsa

243.7550 (�) 1.0 A Both OPLS-DA F, M

254.9880 (+) 1.1 A Both OPLS-DA F, M

433.0163 (�) 9.0 Both No Ttest,
POChEMon

ND

435.0291 (+) 9.0 L No Ttest ND

433.0172 (�) 8.4 L No Ttest (∞),
POChEMon

ND

273.0787 (�) 11.0 Both No Ttest (∞) ND

564.3306 (+) 11.0 L No OPLS-DA ND

311.2244 (�) 12.1 A Yes POChEMon F C18H32O4

(5 ppm)
Sporogenic Psi Factor Cα

(Mazur et al., 1991) or
QMZ37-I (Qiao et al.,
2011) (Aspergillus) [M-H]-

418.0254 (�) 13.0 L No POChEMon ND C15H17N3O5S2

(�12 ppm)
Glionitrin B (Park et al., 2011)

(Aspergillus) [M + Cl]�

329.1390 (�) 14.0 L Yes Ttest ND C19H22O5

(�2 ppm)
Arahypin 2 or Arahypin 3

(Sobolev et al., 2011)
(Aspergillus) [M-H]�

415.0061 (�) 13.2 L No Ttest (∞),
POChEMon

ND

544.3293 (+) 11.5 L Yes Ttest (∞) M

442.2601 (+) 14.2 L Yes Ttest M

606.3650 (�) 15.2 L Yes Ttest ND

522.5520 (+) 16.1 L No Ttest NDb

634.3363 (�) 16.1 L No OPLS-DA ND

506.3265 (�) 16.1 L No POChEMon ND

509.2905 (�) 17.0 Both No OPLS-DA M

544.4092 (�) 17.0 L No OPLS-DA ND

581.3034 (�) 16.3 L No Ttest F, M

486.2516 (�) 16.3 L No OPLS-DA ND C28H37NO4

(21 ppm)
Dodecahydro-11a-

(1H-indol-3-yl)-
1,3a,4,9-tetramethyl-
8,11c-methano-11cH-
benzo[ef]furo[3,2-c][1]
benzoxepin-3,8a(8H)-diol
(Forseth et al., 2012)
(Aspergillus) [M + Cl]�

580.3630 (�) 17.2 L No Ttest ND

563.3460 (�) 17.2 A No OPLS-DA M

514.9216 (�) 12.8 L No Ttest,
POChEMon

ND

417.0203 (�) 13.7 L No Ttest (∞),
POChEMon

F C19H14N2O5S
(�27 ppm)

4-Methylether-40-sulfate-
xanthocillin X (Antibiotic
BU 4704) (Takatsuki
et al., 1968) (Aspergillus)
[M + Cl]�

419.2678 (�) 16.4 A No OPLS-DA M

508.3407 (+) 16.4 L No OPLS-DA ND

485.0060 (�) 12.9 L No Ttest (∞) ND

516.9162 (�) 12.9 L No Ttest (∞),
POChEMon

ND

(Continues)
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growth and thus to allow fungal mycelium development.
Cultivation was achieved either in liquid or solid condi-
tions (Table S1). After few weeks, fungal colonies were
observed and isolated (Figure S5). All strains were
identified based on fungal morphology resulting in the
isolation of two Penicillium sp. strains (MMS1593,
MMS1596) and three Aspergillus sp. strains
(MMS1589, MMS1591, MMS1594).

Performing a microbial co-culture experiment to
highlight metabolic modifications according to recent
guidelines (Arora et al., 2020) represents a rather com-
plex challenge. As no studies report examples of dino-
flagellates grown together with fungi, it was decided to
select one fungal strain among the five isolated to per-
form a microbial co-culture experiment. Among various
isolates, one strain (MMS1589) possessed an unusual
morphology with cleistothecia and conidia simulta-
neously observed (Figure S6), whereas no cleistothe-
cia were observed in the other fungal strains isolated

from P. lima. This simultaneous presence of the sexual
and asexual reproduction is quite rarely observed in
fungi and therefore attracted our attention to further
study this strain. After Congo red coloration and micro-
scopic observation, strain MMS1589 revealed a hyaline
septate mycelium and conidiophores, bearing uniseri-
ate totally covered vesicles. Conidia were round in
shape. Globose cleistothecia were also visible, and sci
and ascospores were present next to them. Phyloge-
netic analyses were performed based on the genes
encoding for the fungal small subunit ribosomal RNA
(SSU rRNA), internal transcribed spacer 1 (ITS) and
β-tubulin of MMS1589 (all sequences were deposited in
GenBank: MN134000.1 and MN164633.1). The
MMS1589 ITS partial gene had 99% of identity with the
A. pseudoglaucus strain FJAT-31014 SSU rRNA (par-
tial sequence) and the MMS1589 β-tubulin partial gene
had 99% of identity with the A. pseudoglaucus benA
gene for β-1 and β-2 tubulin (partial sequence). Finally,

TAB LE 1 (Continued)

Detected m/z
(ionization
mode)

tR
(min) Matrix Antibiotics

Statistical
method

Presence in
monoculture
(MC)

Molecular
formula
(error, ppm)

Putative annotations with
reported biological
sources and adductsa

417.0222 (�) 12.9 L No Ttest,
POChEMon

F C19H14N2O5S
(�23 ppm)

4-Methylether-40-sulfate-
xanthocillin X (Takatsuki
et al., 1968) (Aspergillus)
[M + Cl]�

419.0378 (+) 12.9 L No Ttest,
POChEMon

ND

464.2782 (�) 14.8 L No OPLS-DA ND

507.3061 (+) 18.4 L No OPLS-DA ND

566.3484 (�) 15.8 L No POChEMon Mb

509.2915 (�) 17.6 L No OPLS-DA ND

542.9179 (+) 15.9 Both No Ttest (∞),
POChEMon

ND

542.9179 (�) 15.9 L No POChEMon ND

523.3067 (�) 18.6 A No OPLS-DA M

444.4044 (+) 22.2 L No Ttest ND

509.9216 (�) 16.9 L No POChEMon ND

509.7083 (�) 16.9 L No POChEMon ND

509.2918 (�) 18.7 A No OPLS-DA ND

542.4092 (+) 18.8 L No OPLS-DA ND

655.5283 (+) 27.2 L No OPLS-DA M

545.3470 (�) 24.8 A Both Ttest ND

802.6100 (+) 26.7 L Yes POChEMon M

584.4907 (+) 26.8 L No OPLS-DA ND

566.4814 (�) 27.8 L No OPLS-DA ND

568.4942 (+) 27.8 L No OPLS-DA ND

Note: Features highlighted using Ttest method correspond to top 20 ones with fold changes higher than 2 with Student’s t-test p value below 5%. The OPLS-DA
method select up-regulated features with variable importance in the projection (VIP) value higher than 2. Finally, the POChEMon method highlights features with
SSrankProduct higher than 0.995. The drastic variable selection yielded low number of features highlighted by different analysis.
Abbreviations: A, detected in Agar; L, detected in Liquid medium; MC, monoculture; ND, not detected in any monoculture replicates; OPLS-DA, orthogonal projection
to latent structure discriminant analysis; POChEMon, Projected Orthogonalised CHemical Encounter MONitoring; ∞, de novo induced features according to Ttest.
aLevel 3 annotation quality was based on Metabolomics standard initiative (MSI; Sumner et al., 2007)—which correspond to an annotation based on mass and
spectral accuracy of the MS1 spectrum and biological source consistency.
bDetected in bacterial extracts.
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this strain was identified as A. pseudoglaucus, formerly
known as Eurotium repens (Chaigne, Bertrand,
et al., 2017; Chen, Hubka, et al., 2017).

A specific microscale marine-like
environment was designed for co-culture

The study of chemical interactions between P. lima
PL4V and A. pseudoglaucus MMS1589, involved the

challenging design of a suitable micro-environment for
microalgal–fungal co-culture since both species have
specific requirements for their growth. On one hand,
growth of the benthic dinoflagellate P. lima requires a
liquid medium (f/2 medium) without stirring, without
organic carbon source and with a light source for night-
and-day cycle (Moreira-Gonz�alez et al., 2019). As
P. lima is a benthic species, it grows as a biofilm on the
bottom of the culture flask. On the other hand, fungal
growth requires either liquid or solid media with an

F I GURE 1 Experimental design of microscale co-culture experiments of marine benthic chemical interactions (6 incubation days). Notice the
clarity of the aqueous supernatant when microalgal inoculum is treated with antibiotics. L, liquid; S, solid
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organic carbon source. However, A. pseudoglaucus
growth in liquid medium without stirring yielded fungal
colonies floating over the liquid media, avoiding any
contact with the benthic dinoflagellate. Thus, it was
decided to culture the fungus on a solid medium (con-
taining a low level of glucose, 2 g/L) prior to the addition
of a liquid medium in the culture flask and inoculation of
P. lima.

When both organisms were cultivated separately in
the composite liquid/solid environment with light
(12 h/12 h night-and-day cycle), the following observa-
tions were made (Figure 1): (1) increase of the fungal
colony size at the bottom of the flask (on the surface of
the agar layer) and (2) formation of P. lima mucus cellu-
lar aggregates. During P. lima culture, bacterial devel-
opment was observed leading to a cloudy culture
medium (Figure 1), as confirmed by microscopic obser-
vation. Thus, to study microalgal growth with a very lim-
ited bacterial development, a cocktail of antibiotics
(ampicillin, gentamycin and kanamycin) was added in
parallel (Cho et al., 2002).

Besides bacterial development in the supernatant,
the morphology of both microorganisms in monoculture
was similar in absence (non-treated monocultures) or
presence (treated monocultures) of antibiotics. In the
case of P. lima PL4V, typical aggregation was
observed. Visual examination of co-cultured samples
did not highlight any morphological difference of the
microorganisms in comparison to monocultures. How-
ever, a biofilm of P. lima PL4V was formed within and
around the A. pseudoglaucus MMS1589 colonies.
Only a limited number of free P. lima PL4V cells in this
biofilm stuck directly to the agar layer while most of the
biofilm was found directly in contact with fungal struc-
tures (Figure 2A,B), possibly using its filaments as
anchor to stick to the solid phase at the bottom of the
flask or to the mycelium (Figure 2A,B). The mycelium of
A. pseudoglaucus MMS1589 seemed to connect to the
dinoflagellates at the flagella location. The red colora-
tion of the connecting organelle indicated its fungal ori-
gin, as Congo Red dye is known to stain in red fungal
membranes (Figure 2C,D).

Co-culture of Aspergillus pseudoglaucus
MMS1589 with Prorocentrum lima PL4V
induces specific metabolites

A co-culture experiment was carried out with P. lima
PL4V and A. pseudoglaucus MMS1589 in the pres-
ence and absence of antibiotics (Cho et al., 2002). To
unravel early response to co-culture, the experiment
was stopped after 6 days. Then, solid agar phase (bot-
tom part) and supernatant were collected and extracted
separately to detect features in each compartment. The
solid phase contained fungal mycelium and dinoflagel-
late cells, while the supernatants contained

extracellular compounds, possibly secreted by both
organisms. Dry weights of extracts of either compart-
ment (solid or liquid) obtained under different culture
conditions did not show any impact of the presence of
antibiotics (Figure S2). While the presence of antibi-
otics in the co-culture tended to reduce the dry weight
of the extract, this effect was not significant, with a
p value above 0.05 (Student’s t-test). To obtain a clear
view of metabolites present in both types of extracts,
they were profiled by LC-HRMS (Roullier et al., 2016).

To get a global overview of the chemical differences
in this metabolomics experiment, a quick look at base
peak chromatograms (Figures S7 and S8) was con-
ducted and the number of detected features in each
condition was determined (Figure S9). It appeared that
monocultures and co-cultures conditions were not
affected by antibiotics presence or absence in the num-
ber of detected peaks (statistically insignificant,

F I GURE 2 Observation of microalgal–fungal interaction.
(A) Binocular observation of co-culture with aggregated cleistothecia
(1) and conidia (2) from Aspergillus pseudoglaucus, and
Prorocentrum lima cells (3). (B) Microscopic observation of co-culture
using Congo red staining (�100) highlighting cleistothecia (1) and
asexual sporogenic spores (2) of A. pseudoglaucus, and P. lima cells
(3). (C, D) Microscopic observation of co-culture with Congo Red dye
(1% in ethanol) (�400). The fungal mycelium is indicated (black
arrows) at proximity of the apex of the microalgae where the physical
interaction occurs.
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(A)

(B)

(C)

F I GURE 3 Unsupervised data analysis (n = 5) of LC-HRMS data showing differences between Prorocentrum lima, Aspergillus
pseudoglaucus and their co-culture samples, in absence or presence of antibiotics. (A) Principal component analysis (log transformed data,
pareto scaling); (B) Mixing model using Projected Orthogonalised Encounter Monitoring (POChEMon) data analysis (Jansen et al., 2015). In the
mixing model, the size of the co-culture samples reflects the amount of their unexplained variance within the mixing model (the larger the point,
the higher the unexplained variance); (C) Competition model using Projected Orthogonalised Encounter Monitoring (POCheMon) data analysis.
The grey zone corresponds to the projected co-culture domain within the competition model.
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p value > 0.05 by Student’s t-test), although base peak
chromatograms tended to show an effect on fungal
monocultures. This might be due to differences in the
dry extract weight, while the injected quantities were
identical during the HLPC-HRMS analysis. Co-culture
base peak chromatograms appeared as the combina-
tion of both monoculture conditions base peak chro-
matograms. Therefore, while searching for differences,
it should not be neglected that there are only several
dozen intense peaks that can be observed in the base
peak chromatograms while there are over 6600 fea-
tures present in the data matrix. Some of these, while
minor in intensity, may play an important role in the
chemical interaction between P. lima PL4V and
A. pseudoglaucus MMS1589. Thus, an in-depth com-
parison of the full profiles using a metabolomics strat-
egy was mandatory to highlight chemical variations
related to co-culture. For this in-depth exploration, the
data matrix resulting from MZmine 2 peak picking work-
flow (see Data Analysis section) was subjected to
unsupervised statistical analysis through PCA, to
assess the self-organized metabolome differences
between P. lima PL4V and A. pseudoglaucus
MMS1589 under monocultures and co-culture condi-
tions (Figure 3A). The first two components of the
resulting PCA model corresponded to 22.1% (PC1) and
11.3% (PC2) of explained variance. This model clearly
highlighted the presence of three clusters related to
P. lima PL4V, A. pseudoglaucus MMS1589 and their
co-culture. The first component (PC1) was related to
the differences between the P. lima PL4V and
A. pseudoglaucus MMS1589 monocultures, and the
second component clearly differentiated between
monocultures and co-culture conditions.

The PCA scores plot (Figure 3A) also highlighted a
clustering of samples according to the non-treated
xenic and axenic treated status for each culture condi-
tions, with a smaller difference within
A. pseudoglaucus MMS1589 monoculture condition
(as observed on the PCA with a tight clustering). As
signals related to antibiotics were removed from the
data, the antibiotic clustering effect was mainly linked
to a metabolome alteration due to the influence of bac-
teria on P. lima PL4V metabolome (chemical and/or
physical influences). In the presence of antibiotics, the
chemical profiles of the P. lima PL4V monoculture cor-
responded almost only to compounds produced by the
dinoflagellate, while without antibiotics the chemical
profiles reflected the metabolome of the microalgae
with its associated bacteria as a whole.

Considering addition of antibiotics, greater differ-
ences between P. lima PL4V metabolomes under xenic
non-treated and treated axenic conditions were
observed in comparison to fungal ones under both con-
ditions (Figure 3A), suggesting that the presence of
antibiotics altered the microalgal metabolite profiles
(also considering the disappearance of potential

bacterial metabolites) with greater significance than the
fungal ones (A. pseudoglaucus MMS1589 being
already in axenic condition without antibiotics). This dif-
ference in the case of microalgal metabolite profiles
can also be explained by the relative absence of bacte-
rial metabolites. Furthermore, an even greater impact
of the non-treated condition was observed within co-
cultures. According to the presence or absence of anti-
biotics, co-culture replicates appeared even more dif-
ferentiated across the first component axis. This
reflected the impact of each participant of the co-culture
on the metabolome of the other participant. The
absence of antibiotics shifted co-cultured replicates
towards the P. lima PL4V monoculture samples
(Figure 3A). This highlighted the mutual metabolic
changes induced by co-culture on A. pseudoglaucus
MMS1589 and on P. lima PL4V with its associated bac-
teria. Such conditions, without antibiotics, tended to
alter chemical profiles of the co-culture to resemble
more those of the microalgae (and associated
bacteria).

This unsupervised analysis did not point out the
specific metabolome alteration induced by fungal pres-
ence as it encompassed every variation (microbiome-
or antibiotics-derived variations). Thus, a more co-
culture centric data mining strategy was used
(Bertrand, Azzollini, et al., 2014; Bertrand, Bohni,
et al., 2014), called Projected Orthogonalised CHemical
Encounter MONitoring (POChEMon) (Jansen
et al., 2015). Such an approach uses an unsupervised
mixing model, obtained by statistically mixing data from
chemical profiles corresponding to strains grown alone
whether antibiotics are added or not. This yielded an in
silico co-culture model in absence of co-culture-related
biotic stress. Then, projection of co-culture samples
within this mixing model allowed, as for the PCA, to
compare chemical profiles of the co-culture to those of
monocultures (Figure 3B). This approach further con-
firmed results from the PCA, showing that in absence
of antibiotics the co-culture metabolome is dominated
by the P. lima PL4V one (Figure 3B). Similarly, the
presence of antibiotics made the chemical profiles of
the co-culture resemble more to the fungal profiles, the
chemical signature of A. pseudoglaucus being more
present in the extracts. Additionally, the POChEMon
approach provided a global comparison between all co-
culture experiments using the residual information (sta-
tistical residue not represented in the mixing model)
(Figure 3B). The size of the co-culture samples
(Figure 3B) when represented was directly related to
unrepresented variance in the mixing model (Jansen
et al., 2015). The size of this residual information (unre-
presented variance in the mixing model) was directly
related to the amount of information within the dataset
related to metabolic alteration during co-culture for
each co-culture sample. Here, this provided a strategy
of unsupervised comparison between the two co-
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culture conditions (with or without antibiotics). Clearly,
in the non-treated condition, the size of residual infor-
mation of the co-culture sample (statistical residue not
represented in the mixing model) was larger than in
treated condition (Figure 3B), which means more chem-
ical alteration due to co-culture in absence of
antibiotics.

The co-culture induction patterns can be explored
by interpreting the POChEMon competition model
(Figure 3C) (Jansen et al., 2015). This representation
corresponded to the unsupervised analysis through
PCA of the co-culture sample residue when co-culture
data were projected in the mixing model. Thus, the
POChEMon approach allowed to identify co-culture
related metabolome up-regulation in every sample
(considering de novo induction as a specific case of up-
regulation). In Figure 3C, two co-culture induction pat-
terns (in presence or absence of antibiotics) were
observed and well separated according to the second
axis. Interestingly, the overall variability among co-
culture replicates was 10 times lower in presence of
antibiotics in comparison to their absence (based on
PC1 and PC2 sample distribution).

Identification of co-culture up-regulated
compounds highlighted Prorocentrum lima
toxin induction

As co-culture induction is a complex mechanism, differ-
ent complementary supervised statistical approaches
were used to highlight induced features (Saccenti
et al., 2014). Data were analysed univariately using
Student’s t-test and multivariately using both OPLS-DA
and the POChEMon approach (Jansen et al., 2015).
The first two methods (univariate and OPLS-DA) were
based on the comparison of the co-culture to the mono-
culture independently. Those two approaches selected
variables that were significant in both comparisons.
Alternatively, the POChEMon approach selected fea-
tures responsible for the differences between an in
silico mixture of both organisms and the co-culture pro-
files. This approach has the advantage to highlight fea-
tures of specific groups of replicates (Jansen
et al., 2012, 2015). This is particularly appropriate for
analysing simultaneously treated and non-treated pro-
files. In all cases, the top 20 most relevant features
obtained by each statistical method were selected and
non-redundant ones were reported in Table 1 along
with their retention time, m/z value and the statistical
approach used to highlight them. Due to the drastic
selection of features, low redundancy between statisti-
cal approaches was observed (Figure S10). Finally, a
set of 49 features was selected as over-produced
(or de novo induced) during co-culture. Among those
features, 12 were detected in the P. lima PL4V extracts
(M), 6 in the A. pseudoglaucus MMS1589 extracts

(F) and 34 were not detected in any of the monocul-
tures (ND) (Table 1). Considering these 49 features, the
following distribution was obtained: 8 and 37 features
were observed specifically in agar and liquid media,
respectively, the remaining 4 features were common to
both media (Figure S10). A majority of features was
found in non-treated conditions (39/49 features). As
observed in Table 1, most of those features were
highlighted in the supernatant (32 out of the previously
selected 39 features). Additionally, six features were
only regulated when antibiotics were added, hence con-
firming a microalgal–fungal interaction-related chemical
induction. Finally, none of the highlighted features were
pointed out in three or all four conditions.

Based on high mass and spectral accuracy of the
MS1 data, the highlighted features were putatively
annotated (Table 1) along with annotation accuracy
based on MSI (Sumner et al., 2007). Considering the
most significant features, none of the highlighted fea-
tures was successfully annotated as Prorocentrum
spp. metabolites. Furthermore, fungal metabolites
annotation was only possible by extending the search
to the clade Aspergillus section restrictii. As expected,
only a very low number of features were identified
(Level 3 annotation based on MS1 spectrum and bio-
logical source consistency).

Besides the previously highlighted features
(Table 1), the two known toxins OA and DTX-1 produced
by P. lima PL4V were also studied. Both toxins were
found induced in co-culture in the liquid phase using uni-
variate data analysis (Figure 4). OA (main ion detected
at tR 14.6 min as m/z = 827.458 [M + Na]+ � 827.456
for C44H68O13Na) was significantly up-regulated in co-
culture only without antibiotics (not detected in any
blanks). In comparison, DTX-1 (main ion detected at
tR 17.1 min as m/z = 841.473 [M + Na]+ � 841.471 for
C45H70O13Na) was up-regulated in co-culture with or
without antibiotic addition to the culture medium (not
detected in any blanks). No significant variation was
observed in the solid medium profiles (Figure 4) and in
between blank samples spiked with OA and DTX-1
(Figure S11).

DISCUSSION

The functional roles of fungi are relatively underex-
plored in the marine environment (Amend et al., 2019;
Worden et al., 2015). In the ocean, epiphytic fungi were
regularly reported associated with algae (Pasqualetti
et al., 2020), and can also, more specifically, interact
with dinoflagellates (Gémin et al., 2020; Pasqualetti
et al., 2020). In such an environment, interactions
between microorganisms are highly complex. Beside
the presence of microalgae and fungi, bacteria may
also play key roles in the algal microbial community
(Egan et al., 2013; James et al., 2020).
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The present study focused on interactions
between the toxic dinoflagellate P. lima PL4V and an
associated fungal strain. In fact, various fungal
strains from the Penicillium and Aspergillus genera
were isolated from the P. lima PL4V strain. Based on
the available information, we cannot assert the origin
of the fungi. This strain was either isolated as part of
the natural microbiome associated with P. lima PL4V
since its collection in 1985 (Bravo et al., 2001) or
rather the result of a contamination. However, we
expect they may co-occur as such taxa are com-
monly isolated from marine samples (Amend
et al., 2019; Chaigne, Bertrand, et al., 2017; Chen,
Hubka, et al., 2017; Nguyen et al., 2020; Sallenave-

Namont et al., 2000). The A. pseudoglaucus strain
MMS1589 was selected to further explore chemical
mediation between microalga and fungi. Thus, a sim-
ple marine microcosm, compatible with fungal and
benthic dinoflagellate life style, was designed to
study such interaction. Production of specialized
metabolites during co-culture was studied using an
LC-HRMS metabolomics approach after 6 days of
growth. Such rather short growth time corresponded
to the beginning of the exponential phase of P. lima
PL4V (Moreira-Gonz�alez et al., 2019) and the
moment when co-culture metabolite induction started
to be observed (Azzollini et al., 2018; Bertrand,
Azzollini, et al., 2014; Bertrand, Bohni, et al., 2014).

F I GURE 4 Okadaic acid (OA) [M + Na]+ (m/z = 827.463) and dinophysistoxin 1 (DTX-1) [M + Na]+ (m/z = 841.473) corrected peak area
(peak area corrected by amount of extract) detected within LC-HRMS data in positive ionization mode according to the type of samples where it
was detected. (ND: not detected; variation significance based on student test: *p-value ≤ 0.05, ** p-value ≤ 0.01)
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The differences in chemical alteration between
P. lima PL4V treated and non-treated conditions clearly
emphasized the effect of associated bacteria in the
microalgal-fungal interaction (Figure 3). Interactions
between P. lima and bacteria were shown to alter algal
metabolites (Tarazona-Janampa et al., 2020), and it is
thus expected that in the present study the bacterial
presence (absence of antibiotics) also significantly
impacted the metabolite profile. Finally, this showed
that, in addition to dinoflagellate signals, the micro-
biome metabolism was also altered. However, one may
wonder if the effect observed here was only related to
the addition of antibiotics, which resulted in reduced
bacterial abundance. Such a cocktail had already been
evaluated for Isochrysis galbana and no growth modifi-
cation was observed (Cho et al., 2002). In addition,
careful examination of toxin production did not show
any significant alteration of the toxin production related
to the presence of antibiotics (Figure 4 and
Figure S11). Thus, the metabolic alteration highlighted
in the present study was mostly related to co-culture
alteration in presence and reduced abundance of co-
occurring bacteria. Up to now, chemical induction was
mostly reported in fungal–fungal, bacterial–bacterial
and fungal–bacterial co-cultures (Arora et al., 2020).

The chemical signals were tentatively identified con-
sidering they were produced by P. lima PL4V and/or
A. pseudoglaucus MMS1589. Among the putative
annotations for compounds produced in mono-cultures,
Xanthocillin X was reported to possess antiviral activi-
ties (Takatsuki et al., 1968), and 5S,8R-dihydroxy-
9Z,12Z-octadecadienoic acid (m/z = 311.2244 at tR
12.11 min) was previously reported as psi Cα sporo-
genic factor of Aspergillus spp. (Mazur et al., 1991),
which could reflect a fungal biotic stress adaptation
behaviour. Unfortunately, among the features
highlighted in co-cultures only a very limited number of
compounds was putatively annotated. The reason may
be that (1) frequently, microbial co-culture induces pre-
viously unreported compounds (Arora et al., 2020;
Bertrand et al., 2013) and that (2) metabolomes of toxic
dinoflagellates are still largely unexplored except toxins
(Zendong et al., 2016). Thus, a large effort in studying
the metabolome of such organisms will be of great
value to better understand their metabolism. Still, two
induced compounds were unequivocally identified, OA
and DTX-1, produced by P. lima PL4V. This is particu-
larly interesting, as these toxins are largely involved in
seafood contamination (Bauder et al., 2021; Lawrence
et al., 2021). In the present study, chemical signals
from A. pseudoglaucus MMS1589 and/or physical con-
tact induced the up-regulation of OA and DTX-1 in the
surrounding liquid environment. Similar results were
reported with the domoic acid producer Pseudo-nitz-
chia where variation in bacterial community altered
toxin levels (Kobayashi et al., 2009; Sison-Mangus
et al., 2014). However, the role of fungi in the

modulation of algal toxins remains unknown. Thus, they
should be considered to potentially play a significant
role in such regulation. Interestingly, OA and its deriva-
tives (DTX-1 and 7-deoxyokadaic acid) are known to
inhibit Aspergillus niger growth in a paper-disc assay
(Nagai et al., 1990). Thus, OA and DTX-1 over-
production may reflect that P. lima PL4V may control
the fungal growth. Such inhibition was already
observed during P. lima interaction with other microal-
gae (Windust et al., 1996). Thus, toxins produced by
P. lima may be part of its global defence mechanism.

During the P. lima PL4V and A. pseudoglaucus
MMS1589 interaction, aggregation was also observed
(Figure 2A,B). Similar aggregation followed by floccu-
lation was previously reported in biotechnology-
focused microalgal–fungal co-cultures (Leng
et al., 2021). Such aggregation also corresponds well
to the epiphytic nature of P. lima which needs to attach
to substrate to form a biofilm (Lawrence et al., 2021).
This may also suggest the occurrence of nutrient
exchange between both organisms, as it could be
facilitated by their very close proximity. However, such
explanation needs more in-depth study to be proven.
A similar idea was recently explored in the synthetic
association between the microalga Chlamydomonas
reinhardtii and the yeast Saccharomyces cerevisiae
(Hom & Murray, 2014). In this specific association, the
two species were forced, under specific conditions, to
mutually support each other’s growth. In a recent
study, during the tripartite interaction between
C. reinhardtii, Aspergillus nidulans and Streptomyces
iranensis, the fungal partner was demonstrated to
physically defend the microalga from the bacterial algi-
cidal compound azalomycin F by forming a protective
lipid coat as observed by microscopy (Krespach
et al., 2020).

Besides aggregation, and very unexpectedly, the
microscopic observation of the interaction between
P. lima PL4V and A. pseudoglaucus MMS1589
showed a very unusual physical contact between both
organisms. Formerly, the fungal mycelium seemed con-
nected to the dinoflagellate at the flagella location
(Figure 2). Such synthetic structured community forma-
tion is rather unusual in the literature probably due to
the difficulties to observe such type of interaction within
the open environment. However, one may consider
such contact as a very early stage of lichen formation
(Ahmadjian et al., 1978; Trembley et al., 2002). Lichens
are classified as a microalgal–fungal symbiosis har-
bouring various other species to form complex ecosys-
tems (Hawksworth & Grube, 2020). Aspergillus
pseudoglaucus was not previously mentioned as a
lichen forming fungus (Honegger, 2009); however,
some Aspergillus sp. were reported as endolichenic
species having antimicrobial properties (Dou
et al., 2014; Padhi et al., 2020; Prateeksha
et al., 2020).
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To conclude, this study raised many questions
about microalgal–fungal interactions in the marine envi-
ronment, especially in the context of toxic microalgae.
Further studies are still needed to identify many of the
metabolites induced either by A. pseudoglaucus
MMS1589 or P. lima PL4V and thus better understand
their role in their chemical interaction. For example, it
would be of interest to identify the metabolites responsi-
ble of OA induction in P. lima PL4V to clarify toxin pro-
duction regulation. It also would be interesting to
understand the function of this unusual physical contact
between both partners: is it beneficial for the microal-
gae as a substrate to fix on/or as a feeding source
(i.e. mixotrophy), or beneficial for the fungi through car-
bon exchange? Thus, exploring this difference of car-
bon use and flux between the mixotroph dinoflagellate
(Johnson, 2015) and the heterotroph fungi during their
co-culture may highlight the still underexplored role of
fungi in the marine environment (Worden et al., 2015).

Finally, one may consider the impact of some fungi
in the marine environment as a potential risk of microal-
gal toxicity increase, as demonstrated here, they may
act as toxin inducers by chemical mediation or as
potential toxin effectors (Ruiz et al., 2010). This should
be taken into consideration in regard to recent reports
of fungal blooms in the marine environment
(Hallegraeff et al., 2014; Hayashi et al., 2016).
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