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Abstract

Synthetic multi-species consortia provide valuable insights into the ecological and structural
dynamics of complex microbial biofilms. However, the specialized functional contributions
of individual components under severe nutrient limitations remain poorly understood. This
study investigated the population dynamics, matrix biogenesis and metabolic potential of a
synthetic ‘protolichen biofilm’ model comprising Asterochloris microalgae, Gordonia bacteria,
Thelebolus filamentous fungi and Occultifur yeast. The biofilms were cultivated under strict
carbohydrate-deficient conditions for 30 days. Population changes, extracellular polymeric
substance (EPS) matrix formation, and the concentrations of extracellular DNA (exDNA)
and proteins (exProt), as well as potential dehydrogenase activity (via iodonitrotetrazolium
reduction), were evaluated across monocultures, binary, ternary and quaternary consortia.
Under carbon starvation, the photoautotrophic microalgae dominated the consortium,
driving an 11-fold increase in population size in the four-component system and serving as
the primary source of exDNA, which increased by up to three orders of magnitude by day 30.
The Gordonia sp. exhibited a tenfold expansion by actively localizing to fungal hyphae and
microalgal cell walls. This was directly correlated with a sharp increase in metabolic activity.
By contrast, Thelebolus sp. initially provided the structural framework via EPS production,
but exhibited limited metabolic activity over time. Meanwhile, the Occultifur sp. yeast
population was severely suppressed, adopting a sit-and-wait ecological strategy. Spearman
correlation analysis revealed that multi-species integration stabilized the community and
triggered significant emergent effects in exDNA accumulation and metabolic potential,
but only when microalgae were present. These findings demonstrate that microalgae
and bacteria primarily drive metabolism and regulation within the protolichen consortia
investigated, while fungi and yeast play structural or opportunistic roles. This provides a
robust framework for understanding complex symbiotic interactions.

Keywords: multi-species biofilms; synthetic consortia; protolichen model; extracellular
DNA; metabolic potential; interspecific competition; Cladonia arbuscula

1. Introduction
Lichens are complex multiorganism entities. When thalli form from spores rather

than soredia or isidia, the initial stages of self-organization occur at the level of biofilms
consisting of fungal mycelium (mycobionts), algae and associated microorganisms such as
bacteria, yeasts and free-living fungi. These microbial biofilms play a key role in ecosystem
function and the stabilization of complex microbial community functions [1–3].
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Molecular exchange processes in biofilm structures differ from those in planktonic
cultures [4]. This is a consequence of the formation of a matrix, the role of which in the
functioning of biofilms is the subject of ongoing research [5], as is the spatial stabilization
of cells [6,7]. Lichens are well-structured 3D biofilms [8,9], combining features of a super-
organism (holobiont) and an ecosystem [10,11]. In their mature state, the secondary thalli
(podetia) of lichens form clearly distinguishable morphotypes, the formation mechanism
of which remains poorly understood in the study of lichen physiology and ecology. In the
early stages of development, prior to the formation of mature podetia, the binary biofilm
forms a scaly primary thallus that resembles a mature binary biofilm more closely. The
formation of the secondary thallus is triggered by environmental factors such as drying and
wetting, and by secondary metabolites produced by the fungus and alga. These metabolites
likely play a decisive role [12].

Reconstructing lichen symbioses is a complex task that has been the subject of research
for many years. The field was pioneered by Ahmadjian’s group [12–15]. Today, as in the
past, attempts to artificially recreate the lichen thallus persist [16,17]. The as-yet-unknown
mechanisms of chemical and ‘immune’ interactions between the mycobiont and photobiont
that lead to stable symbiosis stand in the way of solving this problem, as do the difficulties
associated with maintaining the mycobiont in an axenic culture. However, data from
metagenomic and metatranscriptomic analyses are beginning to emerge which attribute
a leading role in forming the symbiotic relationship to enzymes, polysaccharides and
secondary metabolites [16,18,19].

Nevertheless, the question of which processes occur during the formation of complex
biofilms involving fungi, algae and bacteria remains unanswered.

Microorganisms that are associated with thallus formation and that are almost always
present in lichen thalli have been isolated [20–22]. The localization of these associated
microorganisms can vary, with them being either epibionts or microorganisms located
within the thallus [23–25]. These include Gram-positive and Gram-negative bacteria [26],
filamentous fungi [27,28], algae [29] and yeasts [25]. As with any complex system, an
increase in the number of components leads to changes in metabolism and an increase
in communication channels, primarily chemical, between the various components of the
system [30,31]. The increasing complexity of a system comprising a multidomain complex
of species can result in an emergent effect, whereby the characteristics of the complex
system differ from those of its individual components [32,33].

As culturing the mycobiont of a lichen can be challenging and the reconstruction of
the lichen thallus unpredictable, an alternative approach is to co-cultivate the photobiont
alongside microorganisms isolated from the thallus’s internal structures (e.g., endolichenic
fungi, bacteria and yeasts). Such cultures are characterized by stable growth, and the
biofilms they form can serve as (albeit imperfect) models of the biofilms formed with the
participation of mycobionts [34]. Several conditions are necessary to simulate those under
which the biofilms that form primary thalli develop. Firstly, the mycobiont and photobiont
must work together to form a matrix by synthesizing extracellular polymers. Secondly, the
growth rates and temperature conditions of all components must be consistent. Thirdly,
the accompanying microorganisms must also meet these conditions, namely a low growth
rate and a similar optimal temperature. Finally, the mineral composition of the dense
medium or solid surface should replicate natural conditions, with a low concentration of
free inorganic ions, an optimal pH and a low concentration of organic compounds. All
components of the biofilm must be capable of growing on nutrient-limited media.

Traditional methods of assessing biofilm development include measuring biofilm
density, structure, degree of microbial cell aggregation and matrix composition and den-
sity [35,36]. Key characteristics for assessing biofilm development include the concentration
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of extracellular nucleic acids and proteins, as well as dehydrogenase (respiration) activity.
Comprehensive assessments of biofilm morphology are performed using scanning electron
microscopy and fluorescence (confocal) microscopy [37–39].

During the preliminary stages of our research [25,40], we isolated cultures of fungi,
algae, bacteria and yeast from the lichen species Cladonia arbuscula. We selected the fila-
mentous fungus Thelebolus sp., the microalga Asterochloris sp., the bacterium Gordonia sp.
and the yeast Occultifur sp. from the cultures that met the aforementioned conditions for
biofilm formation. These species were further characterized by sequencing specific genes
(ITS, 18S rRNA and 28S rRNA for fungi; 23S mitochondrial rRNA for algae; and 16S rRNA
for bacteria) to support their taxonomic assignments. Additional selection criteria included
Thelebolus sp.’s ability to form a dense extracellular polymeric matrix with a gel-like con-
sistency, the hydrophobicity of Gordonia sp. cells and reports that Occultifur yeasts are
frequently associated with lichens due to their mycophily and mycoparasitism [41].

This study aimed to reconstruct and investigate the growth rate and metabolic activity
of monospecific and complex biofilms, and to examine their morphology and structure
over time, transitioning from early (5-day) to mature (30-day) stages. The main objective
was to elucidate the role of individual components in biofilm development and function,
as well as to identify emergent properties within complex, multidomain systems.

2. Materials and Methods
2.1. Culture Isolation and Maintenance

The formation of biofilms was achieved through the use of bacterial, yeast, fungal and
algal cultures that had been isolated from the lichen Cladonia arbuscula (Wallr.) Flot. collected
in Naryan-Mar, Russia [40]. These included the bacterium Gordonia sp. strain NM9-41,
the yeast Occultifur sp. strain 7.1.2.11, the filamentous fungus Thelebolus sp. strain 7.1.2.4,
and the microalga Asterochloris sp. strain 11A1 (Figures 1 and S1–S4). Axenic cultures of
the bacteria, yeast, and fungi were grown on FA+ medium [40] at 20 ◦C. The algae were
maintained on Bold’s Basal Medium [42] at 20 ◦C under a 12:12 h light/dark cycle.

2.2. Culture Identification

The cultures were identified using standard molecular methods with primers previ-
ously described for fungi [43–45], bacteria [46], and algae [47]. Sanger sequencing was
performed on a 3730 DNA Analyzer (Applied Biosystems, Waltham, MA, USA). We as-
sembled the sequence data into contigs using UGENE (version 52.0). Subsequent sequence
alignment, trimming, marker gene analysis, and phylogenetic tree construction were car-
ried out in MEGA X [48]. Phylogenetic trees were inferred using the Maximum Likelihood
method based on the Jukes–Cantor model, with topological support evaluated via bootstrap
analysis (1000 replications). The GenBank accession numbers were PZ807577, PZ834537,
PZ807174 and PZ838513 for the bacterium Gordonia, the yeast Occultifur, the filamentous
fungus Thelebolus, and the microalga Asterochloris, respectively.

2.3. Preparation of Microbial Suspensions

The key steps of the sample preparation workflow are illustrated in Figure 2. Suspen-
sions were prepared using cultures of specific ages: 5 days for bacteria and yeast, 10 days
for fungi, and 20 days for algae. For biomass collection, either two bacteriological loops
(V = 2 µL) of material (for bacteria, yeast, and algae) or half of a fungal mycelial colony
(1 cm in diameter) were transferred into 1 mL of sterile deionized water (dH2O). The
mixture was homogenized using a Bioprep-6 homogenizer (Allsheng, Hangzhou, China) at
6 m/s for 30 s (two cycles with a 30-s interval). The resulting homogeneous mixtures were
transferred to 15 mL Falcon tubes, and the total volume was adjusted to 4 mL with dH2O.
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These stock suspensions were used to prepare specific dilutions for biofilm inoculation. For
monocultures, the dH2O-to-suspension ratio was 1:3 (v/v); for binary and ternary biofilms,
the ratios were 1:1 and 3:1 (v/v), respectively. For quaternary biofilms, undiluted stock
suspensions were deployed. Finally, the mixtures were vortexed using a Vortex V-3 (20 s,
3000 rpm) and applied onto hydrophilic nylon filters (25 mm diameter, 0.45 µm pore size;
Merck Millipore, Darmstadt, Germany, HNWP02500).

 

Figure 1. Light microscopy morphology of microbial cultures used for biofilm formation. Images
captured using distinct illumination techniques: (a) Asterochloris sp. strain 11A1 and (c) Thelebolus sp.
strain 7.1.2.4 visualized under bright-field microscopy with oblique (off-axis) illumination; (b) Gordo-
nia sp. strain NM9-41 and (d) Occultifur sp. strain 7.1.2.11 visualized under phase-contrast microscopy.
Samples were prepared as native wet mounts. Scale bars: (a,c) =10 µm; (b,d) =5 µm.

 

Figure 2. Schematic workflow of sample preparation for biofilm analysis. The procedure is divided
into two main stages: (I) desorption of biofilms from filters and homogenization, leading to super-
natant fractionation for extracellular polymeric substances (EPS) analysis (exDNA and exProtein
isolation); and (II) processing of the remaining cell pellet, including incubation with iodonitrote-
trazolium chloride (INT-Cl) for metabolic activity assessment. The resuspension step in stage II is
performed using liquid FA+ medium according to [40].
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2.4. Biofilm Inoculation and Cultivation

For all experimental variants, a fixed total volume of 120 µL of microbial suspension
was inoculated onto each nylon filter. This total volume was divided equally among
the respective constituents: 120 µL for monospecific biofilms, 60 µL per constituent for
binary biofilms, 40 µL for ternary biofilms, and 30 µL for quaternary biofilms. The multi-
component mixtures were pre-assembled in 1.5 mL tubes before being pipetted onto the
filters. The filters were placed in Petri dishes containing agar-solidified media. All biofilm
variants were prepared in triplicate. The composition of the culture medium was as
follows (g/L): (NH4)2SO4, 0.05; KH2PO4, 0.05; MgSO4 × 5H2O, 0.025; NaCl, 0.015; glu-
cose, 0.05; microelements (mg/L: MnSO4 × H2O, 5; FeSO4 × 7H2O, 5; CoCl2 × H2O, 2;
ZnSO4 × 7H2O, 2; CuSO4 × 5H2O, 1; Na2MoO4 × 2H2O, 1; NiCl2 × 6H2O, 0.1); vitamins
(µg/L: p-aminobenzoate, 40; biotin, 5; nicotinic acid, 50; thiamine-HCl × 2H2O, 40; pyri-
doxamine, 125; cyanocobalamin, 50; pantothenic acid, 12); and agar-agar for microclonal
plant propagation and microbiology, 1000 g/cm2 (Angel Yeast Co., Yichang, China), 10 g/L.

2.5. Incubation and Sampling

The biofilms were incubated at 20 ± 2 ◦C under a 12:12 h light/dark cycle for 30 days.
Illumination was provided by a FITO-18W-PL LED lamp (ERA, St. Petersburg, Russia;
wavelengths: 445–450 nm and 660 nm; photon flux: 36 µmol/s). To minimize moisture
loss from the agar medium, the Petri dishes were enclosed in ventilated plastic bags;
the total weight loss of the dishes due to evaporation did not exceed 8% over the entire
incubation period. Biofilm samples were harvested for analysis on days 5, 10, 20, and 30 of
the experiment.

2.6. Biofilm Desorption and Homogenization

Each filter was removed from the agar plate using sterile forceps and transferred to
a 2 mL microcentrifuge tube, ensuring the biomass-free side faced the tube wall. Next,
1 mL of ice-cold (4 ◦C) 5 mM Na4EDTA × 4H2O solution (pH 8.0) was added. Biomass
desorption was performed using a Bioprep-6 homogenizer (Allsheng, Hangzhou, China) at
6 m/s for two 30-s cycles. Complete cell removal was verified visually; when necessary, the
homogenization cycle was repeated.

The tubes were placed in an ice bath and incubated for 30 min. The filters were then
carefully removed, and the remaining suspensions were centrifuged (3 min, 6700× g, 4 ◦C)
to pellet the cells and fungal mycelium. The pellet was resuspended, and the total volume
was adjusted to 2 mL with ice-cold 5 mM Na4EDTA × 4H2O. Following a second round of
centrifugation under the same conditions, the sample was split into aliquots: 300 µL was
collected for nucleic acid analysis, and the same volume was allocated for protein assay
(further subdivided into three 100 µL technical replicates). The remaining volume was
stored at −20 ◦C.

2.7. Processing of the Cell Pellet and Metabolic Activity Assay

The resulting cell pellet was resuspended and homogenized in 500 µL of liquid FA+
medium [40] using a Vortex V-3 mixer (ELMI, Riga, Latvia) (3000 rpm, 1 min). Droplets
adhering to the tube walls were collected by brief centrifugation (200 rpm, 10 s). A 100 µL
aliquot of this suspension was transferred to a 1.5 mL tube, mixed with 105 µL of chilled
−20 ◦C 96.6% ethanol (1000 rpm, 20 s), and stored at −20 ◦C until further use.

The remaining 400 µL of the suspension was centrifuged (6700× g, 3 min), and the
supernatant was discarded. The remaining pellet was resuspended in 400 µL of liquid
FA+ medium containing 0.5 mg/mL iodonitrotetrazolium chloride (INT-Cl; Merck) and
mixed thoroughly (2000 rpm, 30 s). The samples were then incubated at 25 ◦C for 16 h in
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the dark. After incubation, the samples were prepared for the colorimetric determination
of formazan concentration.

2.8. Intracellular Activity Assay via INT-Cl Reduction

Following incubation with INT-Cl, the cell suspensions were centrifuged (3 min,
6700× g), and the supernatant was discarded. The resulting pellet was resuspended in
400 µL of 100% DMSO (molecular biology grade; AppliChem, Darmstadt, Germany) by
vortexing (30 s, 2000 rpm). Formazan extraction was allowed to proceed for 15 min at
room temperature. The suspension was vortexed again and centrifuged under the same
conditions to pellet cell debris. The supernatant containing the extracted formazan was
transferred to a 96-well plate (200 µL per well). Absorbance was scanned at 440, 458, 666,
and 788 nm using a Feyond A300 microplate reader (Allsheng, Hangzhou, China). Since
the maximum absorbance peak was detected at 458 nm, this wavelength was selected for
all subsequent quantitative analyses.

2.9. Microscopy, Cell Counting, and Mycelium Volume Estimation

Following vigorous homogenization in the Bioprep-6 system, a 1 µL aliquot of the
fixed sample was withdrawn from the 200 µL stock and mixed with 9 µL of distilled water
pre-dispensed onto the well (6 mm diameter) of a Teflon-coated microscope slide. The
mixture was evenly spread across the well area using a titanium loop (1 mm diameter) and
air-dried at room temperature. For cell counting, a drop of Vaseline oil was applied to each
well, and the slide was enclosed with a coverslip.

Microscopic evaluation was conducted under transmitted light and phase-contrast
modes using an Axio Imager D1 microscope (Carl Zeiss, Oberkochen, Germany). Micro-
graphs were captured at a total magnification of 630× using a digital camera operated via
the VideoZavr software package (v. 2.4, St. Petersburg, Russia). The field of view was
18,115 µm2. The number of cells per filter was calculated using the following conversion
formula: ((2.83 × 107 × N)/18,115) × 1000, where N is the number of cells or the mycelium
volume within the field of view. The mycelium volume was calculated using the cylinder
volume formula after measuring its average total length and diameter (AxioVision Rel.
4.8). Bacterial and yeast cells were counted in 20 fields of view per replicate. The algal cell
count, as well as the mycelium length and volume, was determined in 40 fields of view for
each of the three biological replicates. Mycelium volume was converted to biomass using
previously described formulas [49]. All culture images were acquired using a fluorescence,
bright-field, phase-contrast and oblique (off-axis) illumination-equipped Axio Imager D1
microscope (Carl Zeiss, Oberkochen, Germany).

2.10. Preparation of Filters for Scanning Electron and Fluorescence Microscopy

Biofilms sampled at 5 and 30 days were analyzed. Biofilm fixation was performed
according to the method described by Wells et al. [50], with minor modifications. The filter
containing the biofilm was immersed in a 2.5% glutaraldehyde solution for four hours.
It was then carefully rinsed with distilled water via pipetting to prevent cells from being
dislodged from the filter surface. Any excess moisture was then removed using filter paper
and the filter was dehydrated through a graded ethanol series (50%, 70% and 100%). The
resulting specimens were then allowed to air-dry completely.

2.10.1. Scanning Electron Microscopy (SEM)

For SEM analysis, a fragment of the biofilm was gold-sputtered using a JEOL Fine
Coat Ion Sputter JFC-1100 (JEOL, Tokyo, Japan). The sample stubs were then loaded into
the chamber of a JEOL JSM-IT200 scanning electron microscope (JEOL, Tokyo, Japan), and
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the specimen surfaces were imaged using the bundled SEM Center/SMILE VIEW™ Lab
software (v. 1.07/v. 1.0.2).

2.10.2. Fluorescence Microscopy

For fluorescence microscopy, the specimens were stained with an aqueous solution
of acridine orange (0.1 mg/mL). A saturated solution of Sudan Black B in 70% ethanol
was then applied to minimize background autofluorescence. After air-drying, the filter
containing the biofilm was mounted on a microscope slide, sealed with a mixture of paraffin
and petroleum jelly, and covered with a coverslip. Standard filter sets (sets 10 and 16, Carl
Zeiss, Oberkochen, Germany) were used for microscopy.

2.11. Determination of Extracellular DNA Content by Fluorimetric Method

Each of the three biological replicates was analyzed in three technical replicates. In
brief, the supernatant obtained after cell desorption from membrane filters, followed by
centrifugation, was dispensed into the wells of a 96-well plate (100 µL per well) for fluores-
cence measurements. Immediately prior to measurement, 1 µL of an ethidium bromide
solution (0.5 mg/mL in 5 mM Na4EDTA) was added to each well. The plate was then
incubated in the dark with shaking and scanned using a CLARIOstar Plus multimodal
microplate reader (BMG LABTECH, Ortenberg, Baden-Württemberg, Germany) in fluores-
cence scanning mode at an excitation wavelength of 520 nm and an emission wavelength of
605 nm. Quantification was performed using a calibration curve constructed from standard
DNA solutions prepared from lyophilized E. coli K12 DNA resuspended in buffer. The
standard solutions covered concentrations of 1, 0.1, 0.01, 0.001 and 0.0001 mg/mL.

2.12. Determination of Protein Content Using Fluorescamine

For the fluorescence measurements, 75 µL of the sample and 25 µL of a 0.2 mg/mL
fluorescamine solution (Abcam, Cambridge, UK) in dimethyl sulfoxide (DMSO) were
added to each well of a 96-well plate according to the manufacturer’s protocol (Fluorescein
Protein Assay Kit, Abcam, ab324117). The plate was then incubated with shaking in the
dark for 3 min at room temperature using a CLARIOstar Plus multimodal microplate reader
(BMG LABTECH, Ortenberg, Baden-Württemberg, Germany). The fluorescence signal
was measured at excitation and emission wavelengths of 380 and 470 nm, respectively. A
calibration curve was constructed under the same conditions using a bovine serum albumin
(BSA, 1 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) standard at concentrations of 100, 10,
1, 0.1 and 0.01 µg/mL.

2.13. Calculation of the Specific Activity of Biofilm Cultures

To assess the synergistic effects of co-culturing bacteria, yeast, algae, and fungi in
binary and multispecies biofilms, the specific activity index (SAI) was calculated according
to Corte et al. [51]. This index reflects the relative change in the biomass or respiratory
activity of the consortium compared to isolated monocultures. The specific metabolic
capacity (SMCm) of the monocultures was calculated using Equation (1):

SMCm =
ODINT(cul)

Ncul
(1)

where SMCm is the specific metabolic capacity of the monoculture, ODINT(cul) is the optical
density of the formazan solution, and Ncul is the cell count in the biofilm.

The expected (additive) activity for composite biofilms ODexp was calculated using
Equation (2):

OD exp = (SMCcul1 × Ncul1_mix) + (SMCcul2 × Ncul2_mix) (2)
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where ODexp is the expected metabolic capacity; SMCcul1 and SMCcul2 are the specific
metabolic capacities of monocultures 1 and 2, respectively; and Ncul1_mix and Ncul2_mix are
the cell counts of cultures 1 and 2 in the mixed biofilm.

The final specific activity index (SAI) was calculated using Equation (3):

SAI =
ODINT(mix)

ODexp
(3)

2.14. Statistical Analysis and Data Visualization

Preliminary data processing was conducted using Microsoft Excel 2019. Subsequent
statistical analysis and data visualization were performed using Orange Data Mining
(v. 3.38.1), supplemented with custom Python (v. 3.11) scripts. Data normality was
assessed using both Excel and Orange. For non-normally distributed data, correlations
were evaluated using Spearman’s non-parametric rank correlation, with coefficients and
p-values calculated via Orange workflows. Data for population dynamics, biomass, and
extracellular matrix component concentrations are expressed as Mean ± Standard Error (SE)
based on three biological replicates. No inferential hypothesis testing was performed for
sequential time-point or between-treatment comparisons of these parameters; differences
are described using strictly quantitative and descriptive terminology. To evaluate the
synchronicity of temporal trends, Spearman rank correlation coefficients (rs) were calculated
across the pooled sequential data series (N = 12). The statistical significance of each rs

value was determined using the Student’s t-distribution approximation, with differences
considered statistically significant at p < 0.05. Mean values and standard errors of the
mean (SEM) for time-series datasets were calculated in Excel based on both technical and
biological replicates. Correlation coefficient heatmaps were generated in Orange using
integrated Python scripts.

3. Results
3.1. Morphology and Phylogeny of the Strains

The experimental strains were identified to the genus level based on molecular markers
and morphological characteristics (Figure 1).

The microalgae were assigned to the genus Asterochloris; their cells displayed typ-
ical morphological traits (Figure 1a) and aligned phylogenetically with related species
(Figure S1). The bacterial isolate belonged to the genus Gordonia (Figure S2) and exhibited
a cellular morphology characteristic of this taxon (Figure 1b). The fungal strain was iden-
tified as a member of the genus Thelebolus (Figure S3), with its mycelium demonstrating
the distinct morphological features described for this genus by Mukhopadhyay et al. [52]
(Figure 1c). Lastly, the yeast isolate was identified as belonging to the genus Occultifur
(Figures 1d and S4).

3.2. Population Dynamics of Individual Groups in Monospecific Biofilms

Mono- and mixed cultures (biofilms) formed on nylon filters under identical conditions
and within similar spatial limits. Visual assessment indicated that coverage of the filter
surface area was approximately 50–70% (Figure 3).

With the exception of the yeast monoculture, cell counts and projected coverage in-
creased throughout the experiment across all monospecific biofilms (Figures 4 and 5). The
Asterochloris sp. microalgal population increased 65-fold (Figure 4c), while the Thelebolus sp.
mycelial biomass increased threefold (Figure 4d). Bacterial cell counts increased by approx-
imately half an order of magnitude, whereas the yeast cell count remained close to baseline
(Figure 4a,b).
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Figure 3. (Left) Thallus fragment of Cladonia arbuscula. (Remaining panels) Formation of mono-
and mixed microbial biofilms on nylon filters (25 mm diameter) in various experimental combi-
nations. Component designations: B—bacteria (Gordonia sp.), Y—yeasts (Occultifur sp.), F—fungi
(Thelebolus sp.), and A—microalgae (Asterochloris sp.). Letter combinations indicate co-cultivation of
the corresponding organisms. Images I and II were obtained using a stereomicroscope; the remaining
images were captured using digital macro photography. (I)—binary biofilm FA; (II)—binary biofilm
BA. Scale bar = 2 mm.

 
Figure 4. Dynamics of changes in the abundance of bacteria (a), yeasts (b), algae (c), and fungal
biomass (mg) (d) over 30 days. Designations: B—bacteria (Gordonia sp.), Y—yeasts (Occultifur sp.),
F—fungi (Thelebolus sp.), A—algae (Asterochloris sp.). Combinations of abbreviations indicate artificial
consortia of these organisms. Data are presented as mean values ± standard error of the mean (SEM),
n = 3.
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Figure 5. Micrographs of 4-component combined biofilms (Gordonia sp., Occultifur sp., Thelebolus sp.,
and Asterochloris sp.): (a,c)—5 days of exposure; (b,d)—30 days. Scanning electron microscopy.
Magnification and scale bars: (a)—220×, 100 µm; (b)—200×, 100 µm; (c)—550×, 20 µm; (d)—500×,
50 µm.

Biofilm development was accompanied by the synthesis of an extracellular polymeric
substance (EPS) matrix that encapsulated the cells (Figure S5a,b). In mature Asterochloris
biofilms, young cells—specifically aplanospores—predominated (Figure S6). In mature
Thelebolus sp. biofilms, the mycelium formed coiled rings, anastomoses, clusters and
dense hyphal networks embedded within the EPS matrix (see Figure S7a). These fungi
exhibited two distinct hyphal morphologies: thickened and thin (Figure S7b). The thick-
ened hyphae were actively involved in matrix production, whereas the younger, actively
growing hyphae colonized vacant zones on the membrane filter surface. Notably, the
EPS matrix in Asterochloris monospecific biofilms was less pronounced than in biofilms
containing Thelebolus sp. (Figure S5). In contrast, no significant population changes or
matrix production were observed in the bacterial and yeast monocultures.

3.3. Population Dynamics of Individual Groups in Binary Biofilms

In binary biofilms, Asterochloris sp. counts dropped 5- to 6-fold compared to its mono-
culture (Figure 4c), while Thelebolus sp. biomass decreased slightly (Figure 4d). Conversely,
co-culturing Gordonia sp. with either Asterochloris sp. or Thelebolus sp. stimulated bac-
terial growth 10-fold (Figure 4c). Additionally, Gordonia sp. induced a fourfold increase
in Thelebolus sp. biomass (Figure 4d). SEM analysis confirmed this bacterial expansion in
Thelebolus biofilms, showing Gordonia cells localized on the EPS matrix, directly on fungal
hyphae (Figure S8a), and forming a dense mat on the filter membrane (Figure S8b). This
suggests independent bacterial survival on low-glucose medium and potential utilization
of fungal metabolites. In Occultifur sp. yeast binary combinations, only the mycelial fungi
showed a slight biomass increase, while microalgal growth rates decreased, and other part-
ner abundances remained at baseline levels. Crucially, the yeast population itself remained
stable across all binary combinations throughout the 30-day incubation period (Figure 4b).
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3.4. Population Dynamics of Individual Groups in Three- and Four-Component Biofilms

By day 30 in three-component biofilms, microalgal abundance peaked in the Aster-
ochloris–Gordonia–Thelebolus consortium, while fungal biomass peaked in the Asterochloris–
Occultifur pair (15-fold increase). Gordonia sp. counts rose markedly with Asterochloris sp.
and Occultifur sp., though this microalgal stimulation was lower than in binary systems,
suggesting fungi and yeast limited bacterial growth through competition. Conversely, yeast
counts remained at baseline or dropped twofold. Microscopic analysis confirmed yeast
cells localized exclusively on the filter surface and within the matrix without forming micro-
colonies on hyphae or microalgae (Figure S9). In the Asterochloris–Thelebolus binary control,
microalgal growth was stimulated during the first 20 days before stabilizing (Figure 4).
Fungal biomass significantly increased with bacteria or yeast during the first 20 days,
peaking on day 10 when paired with microalgae. Concurrent bacterial and fungal presence
slowed microalgal proliferation after day 10, or after day 20 when yeast was also added,
highlighting heterotrophic dependence on the autotrophic partner. In four-component
biofilms, Gordonia sp. abundance increased 10-fold, while Asterochloris sp. rose 11-fold,
stabilizing at (8–9) × 109 cells after 10 days. Fungal biomass remained low near baseline
values, contrasting with its 2.5-fold increase in monoculture. Yeast counts progressively
declined 5-fold between days 5 and 30, with cells becoming virtually undetectable by SEM
on day 30 (Figure S10a). Concurrently, abundant bacterial growth occurred on the outer
microalgal layers and fungal hyphae walls, with microcolonies localizing predominantly
on young microalgal aplanospores (Figure S10a).

3.5. Changes in the Concentration of Extracellular DNA and Proteins in Biofilms

Upon homogenization, it was hypothesized that all unbound extracellular DNA
(exDNA) would be quantitatively transferred into a Na4EDTA × 4H2O solution (pH 8.0).
Because a 5 mM sodium EDTA solution effectively chelates divalent metal cations, perform-
ing the extraction and subsequent handling of the supernatant at a low temperature (~4 ◦C
on ice) ensured minimal DNA degradation. Furthermore, 5 mM Na4EDTA × 4H2O does
not interfere with the intercalating binding of ethidium bromide (EtBr) to double-stranded
DNA. Most water-soluble proteins also exhibit high solubility in a 5 mM Na4EDTA × 4H2O
solution at pH 8.0 [53]. At pH 8.0, protein aggregation is minimized because the operational
pH is sufficiently distant from the isoelectric points (pI) of the majority of these proteins,
thereby maintaining electrostatic repulsion [54].

3.5.1. Changes in Extracellular DNA Concentration

In the monocultures, the concentration of exDNA ranged from 0.05 to 130 µg per total
biofilm sample. In the Asterochloris sp. biofilm, the exDNA concentration increased progres-
sively during incubation as cell counts rose, shifting from 0.74 to 131.64 µg, reflecting active
culture growth and matrix development (Figure 6). In contrast, the exDNA concentration
in the other monoculture variants changed only marginally.

In binary biofilms, microalgae were the primary source of exDNA (Figure 6a). The
nucleic acid concentration increased by two orders of magnitude exclusively in co-cultures
containing this autotrophic component. In contrast, the exDNA concentrations in binary
biofilms composed strictly of heterotrophs (e.g., yeast, bacteria and fungi) remained com-
parable to those observed in their respective monocultures.

In the ternary biofilms, exDNA concentrations increased as the systems aged
(Figure 6b). In the four-component biofilm comprising fungi, microalgae, bacteria and
yeast, the exDNA concentration remained virtually unchanged during the first ten days
of incubation. However, it increased by one order of magnitude by day 20 and by nearly
three orders of magnitude by day 30 (Figure 6b).
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Figure 6. Dynamics of extracellular DNA concentration (a,b), extracellular protein concentration
(c,d), and optical density (OD458) of formazan solution (e,f) during 30 days of incubation of mono-
cultures and binary biofilms (a,c,e), as well as three- and four-component consortia (b,d,f). Desig-
nations: B—bacteria (Gordonia sp.), Y—yeasts (Occultifur sp.), F—fungi (Thelebolus sp.), A—algae
(Asterochloris sp.). Combinations of abbreviations indicate artificial consortia of these organisms. Data
are presented as mean values ± standard error of the mean (SEM), n = 3.

3.5.2. Changes in Extracellular Protein Concentration

Extracellular proteins (exProt) and exDNA are integral structural components of the
biofilm matrix. However, proteins secreted by heterotrophic organisms often perform vital
enzymatic functions beyond this structural role.

A distinct increase in extracellular protein concentration was observed in the mono-
cultures on day 10 of incubation for both the fungal and yeast biofilms (Figure 6c: F, Y).
Meanwhile, protein concentrations decreased noticeably in binary biofilms containing
yeast and bacteria, and to a lesser extent in those containing the mycelial fungus. As with
the trends observed for exDNA, the maximum absolute increase in extracellular protein
concentration occurred in the Asterochloris sp. monoculture. In this microalgal biofilm,
proteins were actively released into the extracellular medium between days 0 and 20 of the
experiment (Figure 6c: A), whereas a sharp increase in exDNA secretion occurred after day
10 (Figure 6a). By contrast, extracellular proteins in bacterial monocultures remained at
consistently low concentrations throughout the experiment (Figure 6c: B).
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In binary biofilms, the fungus–microalgae complex dominated extracellular protein
synthesis, with concentrations increasing threefold between days 0 and 30 (Figure 6c: FA).
Notably, the peak in protein production observed on day 10 persisted in the binary biofilm
containing both yeast and microalgae, mirroring the pattern seen in the single-species yeast
culture (Figure 6c: Y, YA).

At the same time, the concentration of extracellular proteins increased gradually in
binary biofilms based on fungi (Figure 6c: BF, YF), but decreased in BA and BY systems
(Figure 6c). All three-component biofilms exhibited an upward trend in protein levels.
While the bacteria–yeast–microalgae consortium exhibited only a marginal increase, the
other multi-species combinations matched the accumulation kinetics and final concen-
trations after 30 days of the mycelial fungus–microalgae binary culture (Figure 6d). The
four-component biofilms followed this overall accumulation trend, except for a sharp de-
cline on day 20. This fluctuation mirrored that observed in yeast-containing biofilms, where
protein concentrations dropped from an initial 16–18 µg to 3 µg (yeast monoculture), 9 µg
(binary microalgal co-culture) and 12 µg (four-component biofilm). In three-component
biofilms, these fluctuations were absent or masked. These findings suggest that microalgae
primarily drive extracellular protein accumulation. However, unlike exDNA dynamics,
which are modulated by bacteria, yeast regulates secretion and stabilizes the extracellular
protein pool. The expansion of the matrix pool may be further driven by yeast autolysis
induced by nutrient deprivation [55].

3.6. Level of Metabolic Potential in Biofilms

As the experimental design involved evaluating metabolic performance in the pres-
ence of exogenous energy sources (liquid FA+ medium), the findings from these assays
reflect the potential metabolic activity of the systems. The rate of iodonitrotetrazolium
(INT) reduction varied depending on the specific community composition and culture age
of both the monocultures and multi-species biofilms (Figure 6e: F). Consortia combining
bacterial and microalgal components consistently exhibited the highest potential activ-
ity. Accordingly, binary and ternary cultures featuring this bacterium–microalgae pairing
achieved maximum metabolic outputs. Conversely, the Gordonia–Occultifur (BY) and Oc-
cultifur–Thelebolus (YF) binary systems demonstrated the lowest overall activity, mirroring
the baseline profiles of the yeast and fungal monocultures. The metabolic dynamics of
the Gordonia–Thelebolus (BF) binary system were comparable to those of the Gordonia sp.
monoculture (Figure 6e): both exhibited a gradual decline in activity over time. This implies
that the bacterial component predominantly contributed to the overall metabolic output of
this pairing.

The lowest metabolic levels were observed in consortia that consisted entirely of
heterotrophic organisms. In these systems, intense substrate competition likely suppressed
metabolic performance overall against a backdrop of nutrient depletion from external
sources. In contrast, metabolic activity remained high in three-component consortia, driven
primarily by the bacterial and microalgal components. In the four-component biofilm,
metabolic activity increased proportionally with biofilm maturity (Figure 6f). This progres-
sive increase was strongly correlated with the expansion of the autotrophic component
(Asterochloris sp.), which is the system’s primary producer—a finding supported by both
population abundance data (Figure 4) and scanning electron microscopy observations
(Figure 5).

3.7. Specific Activity of Components in Composite Biofilms

To test the hypothesis that biofilm metabolic performance depends directly on the
abundance or biomass of its individual components, the specific activity index SAI was
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calculated using the equations detailed in Section 2.13. An index value greater than
1 indicates metabolic synergy within the system, whereas a value less than 1 denotes
metabolic inhibition.

Assessment of the SAI index revealed distinct phases of both synergistic activation
and metabolic suppression across the studied consortia. These phases varied markedly
depending on biofilm composition and incubation period (Figures 7 and S11). A sharp
peak in the SAI parameter on day 10 was characteristic of the BY (2.21), BF (2.55) and BA
(2.40) binary systems, indicating a pronounced respiratory burst during which the cells’
respiration rates accelerated. By days 20–30, however, these indices had fallen below 1. In
the case of the BF and BA binary biofilms, they had dropped to critically low levels (0.09
and 0.17, respectively). This sharp decline indicates a transition into a phase of profound
metabolic inhibition, suggesting a rapid transition of the cells into a zero-growth phase.

 
Figure 7. Specific activity index (SAI) of binary, three-, and four-component biofilms depending
on the consortium composition and incubation time. Designations: B—bacteria (Gordonia sp.),
Y—yeasts (Occultifur sp.), F—fungi (Thelebolus sp.), A—algae (Asterochloris sp.). Letter combinations
indicate artificial consortia of these organisms. Sampling points: 1 (blue)—day 5; 2 (green)—day 10;
3 (yellow)—day 20; 4 (orange)—day 30.

Given the high baseline activity of Gordonia sp., these synergistic effects are primarily
associated with a substantial increase in metabolic output by the bacterial component. This
is supported by contrasting behaviors observed in YA and FA binary biofilms. While these
two systems remained stable on days 5 and 10 of the experiment, they both reached peak
activity by day 30 (SAI > 1.4), signalling a prolonged synergistic effect coupled with an
increase in microalgal cell counts. In contrast, within the strictly heterotrophic YF system,
the index fluctuated within a narrow, stable range below the reference baseline (0.40–0.63)
throughout the experiment. This indicates persistent metabolic suppression in the absence
of sharp ecological or metabolic shifts at the cellular level. In the three-component consortia
(BFA, BYA and YFA), the specific activity of the cells generally decreased over time. How-
ever, a distinct stabilizing effect was noted specifically for the BYA consortium. Conversely,
metabolic inhibition in the BFA system was the most pronounced of all the studied biofilms,
remaining far below 1.
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The delayed shift observed in the YFA biofilm was characterized by a smooth, linear
increase in activity. Starting from a highly inhibited state of 0.22, it rose towards the
additive threshold of 0.90 by the end of the experiment. Ultimately, the combination of these
population factors minimized the initial antagonistic effects. Thus, while high, oscillating
specific activity is fundamentally driven by bacterial dynamics, a smooth, gradual increase
in this parameter is closely tied to microalgal population growth and the strengthening
of physical interactions between distinct components as overall biofilm density increases
(Figure 5).

An early plateau of stable activity near the additive threshold was observed within
the four-component biofilm. Unlike the binary and ternary systems, the BYFA consortium
exhibited consistently stable baseline activity during the initial stages, achieving values
of 0.98 on day 5 and 0.97 on day 10. However, by day 20, a sharp metabolic transition
occurred, during which the index decreased twofold to 0.46, indicating a shift towards
metabolic inhibition. This sudden drop suggests an ecological state transition, wherein
the increased structural complexity and specific density of the ageing biofilm trigger
metabolic restructuring, driving the community towards a more energy-efficient, yet stable,
metabolic state.

3.8. Synergistic Effects in Mixed Biofilms

To evaluate the extent to which multi-species biofilms differed from single-species
controls in terms of exDNA secretion, protein release and potential metabolic activity, the
values for these parameters were summed for individual monocultures and then compared
with the values obtained from the mixed consortia. The final values were then expressed as
a percentage of the combined baseline sum of exDNA and protein concentrations, as well
as the optical density of the formazan solution, in the monocultures (Figure 8).

The release of exDNA and proteins into the extracellular space is an indicator of two
processes: passive cell autolysis, where intracellular contents are released into the surround-
ing medium, and directed secretion, which establishes intercellular communication and
deploys functional extracellular enzymes. In most binary biofilms, the cumulative concen-
tration of exDNA resulting from the two species was lower than the total sum of exDNA
calculated from the corresponding monospecific controls (Figure 8a,b). A significant syner-
gistic effect was exclusively observed on day 10 within the FA binary biofilm, coinciding
with the period of active mycelial growth and microalgal reproduction. Conversely, on
days 20 and 30, this synergistic trend decreased as spatial constraints within the matrix
became limiting.

A weak synergistic effect was observed in the BF biofilm on day 5, which was likely
driven by initial matrix development and the adaptation of the components to spatial
co-localization. Within the three-component biofilms YFA and BYA, the cumulative exDNA
concentration rose progressively from day 5 to day 30 (Figure 8b), ultimately exceeding
several hundred percent relative to the single-species controls. Indeed, across the majority
of the three-component biofilms, the final exDNA concentrations significantly surpassed
the 100% baseline, with the sole exception of the BFA biofilm on day 30.

In contrast, within the four-component biofilms, the cumulative concentration only
slightly exceeded the monoculture sum on days 10 and 30 of the experiment. This trend
reflects a diminished structural role for exDNA in matrix consolidation, likely due to the
extensive production of alternative EPS by the fungal mycelium and microalgae (Figure 8b).
Consequently, the synergistic accumulation of exDNA is primarily characteristic of three-
component systems where heterotrophic cultures comprise either the entire community or
at least two-thirds of the total species pool.
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Figure 8. Evaluation of synergism in binary (a,c,e) and multi-component (b,d,f) biofilms based on
extracellular DNA concentration (a,b), extracellular protein concentration (c,d), and optical density
(OD458) of formazan solution (e,f) during 30 days of incubation. Data are presented on a logarithmic
scale as a percentage of the total indicators of the respective monocultures. The red horizontal
line indicates the 100% baseline (theoretical additive effect). Numbers 1–4 indicate sampling times:
1 (blue)—day 5; 2 (green)—day 10; 3 (yellow)—day 20; 4 (orange)—day 30. Designations: B—bacteria
(Gordonia sp.), Y—yeasts (Occultifur sp.), F—fungi (Thelebolus sp.), A—algae (Asterochloris sp.). Combi-
nations of abbreviations indicate artificial consortia of these organisms.

This trend is likely driven by elevated autolysis rates in these purely heterotrophic
systems, which lack autotrophic primary producers. This signifies accelerated cell mortality
due to nutrient starvation. Extracellular proteins are also critical components of the biofilm
matrix. As well as playing a structural role, the matrix and intercellular spaces contain
actively secreted peptides and functional enzymes, as well as proteins and amino acids
released from cells undergoing autolysis. In virtually all multi-species combinations, no
synergistic effect was observed; the cumulative concentration of the resulting protein was
lower than the theoretical sum calculated from the individual monocultures. A synergistic
increase in protein concentration was exclusively observed in select mature biofilms on
days 20 and 30 (Figure 8c,d). Specifically, this effect was noted in the YF binary co-cultures
on day 20 (albeit weakly), and in the BYA ternary biofilms on days 20 and 30. These results
closely replicate the synergistic trends observed for exDNA.

Metabolic synergy was most evident on days 5 and 10 of the biofilm incubation period,
as determined by the rate of formazan reduction (Figure 8e,f). Overall, the metabolic
activity of the multi-species biofilms exceeded that of the individual monocultures by
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120–300%, with this effect being particularly pronounced in binary systems. Exceptions
to this trend included two binary biofilms (BY and FA) and the four-component biofilm.
In these consortia, the level of metabolic activity remained below 100% of the sum of the
monocultures on day 5, declining further on days 20 and 30. As the biofilms matured, the
level of cumulative metabolic activity gradually approached or fell below the baseline total
activity of the individual monocultures (Figure 8e,f).

3.9. Magnitude of Change in Measured Parameters

To evaluate the overall dynamics of biofilm development, the fold change of each
parameter was calculated by dividing the final value on day 30 by the corresponding
baseline value on day 5 (Table 1). The greatest increase in exDNA concentration was
observed in multi-species biofilms containing Asterochloris sp., while the lowest fold changes
for this parameter were recorded in Thelebolus sp. monocultures, YF binary co-cultures and
BFA three-component biofilms. Meanwhile, exDNA concentrations declined over time in
heterotrophic monocultures and binary biofilms that included the bacterial component.

Table 1. The fold change in the optical density of the formazan extract (F-OD450), the concentration
of extracellular DNA (exDNA) and extracellular protein (exProt) on day 30 relative to day 5.

Cultures F-OD458 exDNA exProt

B 2.1 0.3 0.8
Y 3.4 0.1 8.1
F 2.1 3.5 2
A 24.7 177 2.3
BY 0.7 0.4 1.5
BF 1.3 0.6 3.3
BA 1.8 468 0.9
YF 1 3.2 2.4
YA 3.3 457.4 2.9
FA 12 235 3.2

BFA 2.1 16.8 5.1
YFA 4.3 162.6 3.8
BYA 2.6 2541.3 2.1

BYFA 3.3 1150.4 4.4

The greatest increase in metabolic activity was observed in the Asterochloris sp. mono-
culture and in its binary association with Thelebolus sp. By contrast, the least significant
increase in activity, or even a decrease, was observed in the heterotrophic biofilms BY, BF
and YF. Furthermore, within biofilms containing a bacterial component, the fold change in
exProt concentration was minimal; however, the presence of yeast and filamentous fungi
significantly contributed to an increase in this parameter. The most significant increase
in extracellular protein concentration was observed in the yeast monoculture. Given the
highly stable cell population size, this trend likely indicates accelerated cell mortality
induced by nutrient starvation and subsequent autolysis.

3.10. Correlations Between Abundance, exDNA Concentration, exProtein Concentration, and
Potential Metabolic Activity

The dynamics of changes in the abundance parameters of unicellular microorganisms
and the mycelial biomass of filamentous fungi were compared against the cumulative
metabolic activity of the biofilms, as well as their respective extracellular DNA and protein
concentrations. It is important to note that, since these variables change simultaneously
over the course of exposure, the observed correlations reflect parallel temporal trends and
do not demonstrate direct causality. To evaluate the synchronization of these parameters’
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temporal trends across the studied microbial groups and their consortia, a Spearman
rank correlation analysis was performed using the pooled replicates across all sequential
time points (N = 12). The significance of each association was assessed based on the
corresponding p-value (see Figures 9 and 10). Initial evaluations focused on comparing the
correlations among the concentrations of exDNA, exProt, and formazan (Figure 9).

Figure 9. Heatmaps of Spearman rank correlation coefficients (rs) and corresponding p-values reflect-
ing the relationship between: (a) extracellular DNA and extracellular protein concentrations; (b) extra-
cellular DNA and formazan concentrations; and (c) extracellular protein and formazan concentrations.
Designations: B—bacteria (Gordonia sp.), Y—yeasts (Occultifur sp.), F—fungi (Thelebolus sp.), A—algae
(Asterochloris sp.). Letter combinations indicate artificial consortia of these organisms. Asterisks
indicate statistically significant correlations: * p < 0.05, ** p < 0.01, *** p < 0.001. The correlation was
calculated across the pooled sequential series (N = 12) to assess the synchronicity of temporal trends.

3.10.1. Covariation Trends of exDNA and exProt Concentrations

Analysis of the parallel temporal trends between exDNA and exProt concentrations
(based on pooled replicates across the exposure period, N = 12) revealed highly diverse
patterns of synchronous co-alteration, ranging from weak negative associations to strong
positive ones (Figure 9a). The strongest synchrony was observed in the microalgae–fungus
consortium (FA), reaching a value of (rs = 0.98, p < 0.001). High and statistically significant
correlation coefficients, indicating tightly matched temporal dynamics, were also character-
istic of both the microalgae monoculture (A, rs = 0.73, p < 0.01) and the three-component
consortium comprising yeast, fungi, and microalgae (YFA, rs = 0.73, p < 0.01).

Additionally, consistent positive dynamics were noted for the BF and YA (rs = 0.69,
p < 0.05 for both) consortia, indicating a high degree of coordinated temporal shifts within
these specific combinations. In contrast, the bacterial control culture (B) exhibited a nearly
neutral and statistically non-significant correlation (rs = 0.04, p > 0.05).
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Figure 10. Heatmaps of Spearman rank correlation coefficients (rs) and corresponding p-values
reflecting the relationship between the abundance or biomass of microorganisms and: (a) extracellular
DNA concentrations; (b) extracellular protein concentrations; and (c) formazan concentrations.
Designations: B—bacteria (Gordonia sp.), Y—yeasts (Occultifur sp.), F—fungi (Thelebolus sp.), A—algae
(Asterochloris sp.). Letter combinations indicate artificial consortia of these organisms. Asterisks
indicate statistically significant correlations: * p < 0.05, ** p < 0.01, *** p < 0.001. The correlation was
calculated across the pooled sequential series (N = 12) to assess the synchronicity of temporal trends.

3.10.2. Covariation Trends of Potential Metabolic Activity and exDNA Concentration

Analysis of the correlation between the potential activity parameter and exDNA con-
centration revealed highly significant, strong-to-extremely-strong positive correlations
for the two key eukaryotic components within their respective monospecific biofilms
(Figure 9b). Within biofilms formed by Asterochloris sp., the highest correlation was ob-
served between exDNA concentration and potential activity (rs = 0.96, p < 0.001), reflecting
a tight coordination between extracellular matrix accumulation and the metabolic dynamics
of the photobiont. Similarly, a strong correlation was found between these parameters in the
mycelial fungal monoculture (rs = 0.75, p = 0.005). In contrast, when analyzed in isolation,
no statistically significant correlations between exDNA concentration and metabolic activity
were detected for the prokaryotic and yeast components (bacteria: rs = 0.41, p = 0.191; yeast:
rs = 0.31, p = 0.319).

When evaluating interspecies pairwise interactions, the correlation landscape shifted
significantly compared to isolated monocultures. Strong and very strong positive correla-
tions were identified for the YA (Occultifur–Asterochloris) and FA (Thelebolus–Asterochloris)
binary systems (rs = 0.85, p < 0.001 and rs = 0.80, p = 0.002, respectively). These findings
highlight a highly synchronized co-development pattern within these co-cultures, suggest-
ing that the presence of the microalgae may play a key role in coordinating the growth
dynamics of both the fungal and yeast components.

When analyzing the relationship between exDNA concentration and potential activity,
the binary pairs exhibited varying trends. The BA pair showed a strong positive correlation
(rs = 0.72, p = 0.008), while the BF and YF pairs were not significant (p > 0.05). In contrast,
the BY pair demonstrated a borderline negative trend (rs = −0.52, p = 0.085), suggesting
a potential tendency towards antagonism. Notably, integrating these components into
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multi-species consortia resulted in highly synchronized temporal dynamics. Strong to
extremely strong positive correlations were observed across all complex systems, includ-
ing the ternary consortia BFA (rs = 0.68, p = 0.015), YFA (rs = 0.86, p < 0.001) and BYA
(rs = 0.92, p < 0.001). This resulted in maximum synchrony within the four-component
BYFA consortium (rs = 0.92, p < 0.001).

3.10.3. Covariation Trends of Potential Metabolic Activity and exProt Concentration

When evaluating exProt concentration against potential metabolic activity, a strong
positive correlation was found exclusively for the microalgae monoculture (rs = 0.80,
p = 0.002), while other monospecies biofilms showed non-significant trends (p > 0.05)
(Figure 9c). Among pairwise systems, the photobiont-containing consortia exhibited closely
coordinated temporal dynamics, with a very strong positive correlation in the FA binary
biofilm (rs = 0.83, p < 0.001) and a moderate one in the YA system (rs = 0.64, p = 0.026). In
contrast, the BF and BA pairs were non-significant (p > 0.05), and the negative coefficients for
the YF (rs = −0.43) and BY (rs = −0.53, p = 0.075) pairs did not reach statistical significance,
though the latter maintained a potential tendency toward antagonism.

Grouping these components into multi-species consortia revealed a clear pattern:
statistical significance was exclusively maintained in setups where microalgae were present.
Specifically, strong positive correlations were observed in the YFA (rs = 0.76, p = 0.005)
and BYA (rs = 0.71, p = 0.010) complexes. In contrast, correlations in complexes lacking
the microalgae component were entirely non-significant. Finally, the comprehensive four-
component symbiotic consortium (BYFA) exhibited a robust positive correlation between
these parameters (rs = 0.78, p = 0.003).

3.11. Relationship Between Population Size/Biomass and exDNA Concentration

The association between population size or biomass and exDNA concentration was
positive and reliable only when microalgae or fungi were present (Figure 10a). Although
yeast abundance showed a weak correlation under most conditions, it exhibited a distinct
and statistically significant negative correlation within the YFA and BYFA multi-species
complexes. This divergence may reflect intense interspecific competition or a shift in
population dynamics. During the development of the YFA complex biofilm, where fungi
and microalgae proliferated actively, the yeast population may have experienced growth
suppression. Consequently, a decline in yeast abundance occurred against the backdrop of
an expanding total exDNA pool driven by the other co-existing organisms, which could
explain the observed negative correlation trend.

When evaluated in isolation within monospecific biofilms, there were weak correla-
tions between abundance/biomass and exDNA concentration for both Gordonia sp. and
Thelebolus sp. (rs = 0.35 for bacteria; rs = 0.34 for fungi). However, when co-cultured in
pairs, their correlation coefficients increased markedly. Within the BF binary biofilm, the
correlation became moderately strong for both species (rs = 0.64 for Gordonia sp. and
rs = 0.66 for Thelebolus sp.). Similarly, in the BA pair, the bacterial component demonstrated
a strong and reliable correlation (rs = 0.76) (Figure 10a). These trends collectively suggest
that co-cultivation, particularly with microalgae or in bacteria–fungi pairings, leads to a
more coordinated pattern of population growth and structural development. Consequently,
the accumulation of exDNA within the matrix becomes tightly coupled with biomass
progression, resulting in a highly predictable, synchronous temporal trend between cell
abundance and extracellular matrix formation.
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3.12. Relationship Between Extracellular Protein Concentration and Cell Number or
Mycelial Biomass

As with the trends observed for exDNA, a strong positive correlation was noted
exclusively within the monospecies Asterochloris sp. biofilms between extracellular protein
concentration and cell abundance (rs = 0.86, p < 0.001; Figure 10b). In simple binary systems,
the strongest and most reliable positive correlations between cell counts and protein levels
were observed in the BY (Gordonia–Occultifur) pair (rs = 0.78 for bacteria and 0.71 for yeast)
and the BF (Gordonia–Thelebolus) pair (rs = 0.89 for bacteria and 0.78 for fungi). In contrast, a
significant shift was observed in the BA (Gordonia–Asterochloris) pair, where the correlation
decreased to almost zero or became slightly negative (rs = −0.13 for Gordonia sp. and
−0.15 for Asterochloris sp.). This effect most likely reflects a dynamic equilibrium between
extracellular protein consumption and active cell lysis: in an actively growing biofilm, the
processes of protein secretion and subsequent utilization appear to be closely balanced.
Mirroring the exDNA dynamics, yeast abundance in multi-component systems correlated
negatively with extracellular protein concentrations, dropping to rs = −0.76 in YFA, −0.59 in
BYA, and −0.85 in BYFA (Figure 10b), which suggests divergent temporal trajectories for the
yeast population within complex consortia. In contrast, the microalgal component exhibited
a steady, statistically significant positive correlation across all multi-species systems (YA,
YFA, BFA, BYA, and BYFA), with rs values consistently ranging from 0.60 to 0.70 (p < 0.05).
This indicates that microalgal population growth was highly synchronized with an increase
in extracellular protein concentrations, reflecting their tightly coupled co-accumulation
during the development of a stable biofilm architecture.

3.13. Relationship Between Dehydrogenase/Respiratory Potential Activity and Microbial
Abundance or Biomass

Potential metabolic activity consistently showed strong positive correlations with
microalgal abundance (rs = 0.64–0.98) across nearly all combinations, except for the BFA
consortium (rs = 0.18), and with bacterial abundance across all complex consortia (BA,
BFA, BYA, and BYFA); (rs = 0.73–0.94, Figure 10c). These highly synchronized trends reflect
the dominant contribution of the bacterial and microalgal components to the cumulative
metabolic activity of the aging biofilm. Conversely, the yeast component exhibited a
complete decoupling from metabolic activity in the presence of bacteria, showing significant
negative correlations in the BY co-culture (rs = −0.65) and the four-component BYFA
system (rs = −0.64), which suggests a decline in viable yeast presence as more competitive
partners expand. Meanwhile, the filamentous fungus showed no statistically significant
correlations between potential metabolic activity and biomass across any multi-species
systems (p > 0.05), indicating that changes in fungal biomass did not run parallel to the
cumulative metabolic shifts during biofilm maturation.

4. Discussion
The results of this study are consistent with the well-established chronological progres-

sion of biofilm development, which includes initial attachment, maturation and subsequent
senescence, as previously described for numerous multi-species microbial systems [56].
However, our data also revealed several distinct patterns that are governed by the specific
community composition and the temporal dynamics of biofilm growth. A key finding of
this study is the dominance of the autotrophic component as the primary biomass producer
in the absence of an organic substrate, alongside the severely restricted proliferation of
heterotrophic microorganisms. Microalgae drive the primary synthesis of organic matter
and secrete extracellular metabolites, such as exDNA, proteins, and polysaccharides, into
the extracellular matrix of the forming consortium. This phenomenon occurs as a result
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of routine metabolic activity [57,58] and presumably during the release of aplanospores
from the maternal cell wall—a mechanism that is poorly documented in the literature. In
theory, all genetic material and cytoplasmic nucleic acids from the microalgal mother cell
(aplanosporangium) should be transferred to the daughter cells (aplanospores). However,
there is currently no data available to confirm or refute the release of free nucleic acids upon
rupture of the aplanosporangium cell wall. Furthermore, pronounced metabolic activity
and significant exDNA accumulation were characteristically associated with the presence of
bacteria. These prokaryotes were evidently the second most influential component within
the biofilms, stabilising the processes of population growth and structural consolidation in
complex systems in several instances.

Actinobacteria of the genus Gordonia are highly adapted to survive in adverse envi-
ronmental conditions [59]. Their presence in the thalli of Cladonia arbuscula may be due to
their resistance to lichen acids and their ability to remain viable in conditions of moisture
deficiency and a lack of mineral nutrients and easily digestible organic matter. The high
metabolic activity exhibited by Gordonia sp. in both monocultures and complex biofilms
may be due to their active involvement in matrix synthesis and architectural regulation.

The filamentous fungus Thelebolus sp. demonstrated pronounced trophic plasticity and
morphological adaptation across the various stages of biofilm development due to its dis-
tinct physiological traits. In monoculture, it actively established an interconnected mycelial
network despite the extreme scarcity of organic substrates (using a medium containing only
50 mg/L glucose). Within multi-species biofilms, Thelebolus sp. presumably functioned as
the primary producer of the extracellular polymeric substance (EPS) matrix. This matrix is
clearly visible in scanning electron micrographs as a dense, sheet-like structure that anchors
the embedded mycelium alongside the cells of the other biofilm components, such as mi-
croalgae, bacteria and yeast. However, the absolute levels of biomass, extracellular protein
and exDNA production, as well as the respiratory potential, generated by Thelebolus sp.
were substantially lower than those recorded for the microalgal and bacterial components,
dropping to thresholds comparable to the yeast baseline.

The synergistic effects of exDNA production were more pronounced in three-
component systems during the later stages of biofilm development. Conversely, metabolic
activity increased more significantly within binary biofilms and ternary consortia during
the early phases of colonization. There were virtually no emergent effects in extracellu-
lar protein production across all system configurations studied. This lack of synergy is
probably due to the fact that the extracellular protein pool is a highly dynamic component
that predominantly serves trophic and regulatory functions rather than playing a primary
structural role [6]. The origin of extracellular DNA in the studied model biofilms is still
unclear. It is most likely that active secretion and passive diffusion via autolysis occur
simultaneously. However, it is currently not possible to determine the exact source of this
DNA within the proposed experimental model and the methods used.

The morphological, structural and metabolic patterns of biofilm configuration within
the investigated consortia revealed a dual development model. Firstly, the fungus
Thelebolus sp. establishes a physical mycelial network, supplemented by its EPS matrix.
Secondly, Asterochloris sp. microalgae are steadily expanded within this matrix. These
microalgae generate substantial quantities of exDNA as population numbers rise and the
biofilm matures. Simultaneously, the system features a dynamically expanding bacterial
population characterized by high metabolic rates and intensive division kinetics, whereas
the yeast component displays minimal reproductive and metabolic activity.

The manifestation of emergent effects within these multi-species biofilms is most
likely due to cultivation on a nutrient-deprived medium forcing the establishment of stable
syntrophic and spatial relationships within binary and more complex consortia. This aligns
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with previously documented biofilm systems [32,60–62]. However, there are distinct differ-
ences between strictly heterotrophic consortia and those containing an autotrophic partner.
High metabolic activity and the associated accumulation of exDNA were exclusively char-
acteristic of systems featuring microalgae, whereas these indicators remained low in purely
heterotrophic communities. Conversely, extracellular protein production profiles were
comparable across nearly all studied setups, although a positive and statistically robust
influence of the autotrophic partner on protein secretion kinetics could still be observed.
Once again, it is important to emphasize that all biofilms containing microalgae exhibited a
significant increase in extracellular DNA. In contrast, all heterotrophic biofilms (i.e., those
without microalgae) exhibited only a slight increase.

Thus, under carbohydrate-deficient conditions, the phototrophic component domi-
nates biofilm development and establishes a stable metabolic foundation: it constructs an
exDNA-based framework, secretes a moderate baseline of extracellular proteins, and main-
tains a high respiratory rate. Here, extracellular DNA functions as a structural polymer that,
together with proteins and polysaccharide fibers, scaffolds the matrix and contributes to its
mechanical stability, as documented in bacterial biofilm systems [6,7]. Bacteria integrate
seamlessly into this microalgal matrix, where they activate their respiration kinetics and
secrete enzymatic proteins that stabilize the community structure, as has been shown for
mixed seaweed biofilms [63]. Concurrently, fungi act as a physical scaffold, providing
crucial mycelial support but becoming progressively less metabolically active as the biofilm
matures. Although yeast cells remain numerically abundant during periods of nutrient
deprivation, their metabolic activity and overall contribution to extracellular DNA and
protein production are low; within complex biofilms, their survival is likely sustained
exclusively via beneficial interactions with their symbiotic partners.

Another crucial aspect of these systems under investigation is the extent of physical
and metabolic communication between different biofilm components. Scanning electron
micrographs confirmed the distinct spatial colocalization of bacteria with microalgae and
bacteria with fungi, and to a lesser extent, fungi with yeast. In later stages of biofilm
development, the fungal mycelium formed an interconnected network that physically
bridged separate microalgal clusters, resembling fungal highways. Furthermore, the
hyphae established intimate physical contact with the microalgal cells. Similarly, bacteria
formed dense, close associations directly on the surface of the microalgal cell walls. The
functional relationship between the bacteria and fungi was further validated by the fact
that cumulative biomass within the binary biofilms significantly increased in the presence
of the bacterial component.

Summarizing the results of modelling the protolichen biofilm, it can be concluded that,
in multi-species biofilms developing under conditions of carbohydrate deficiency—serving
as a representative model of a ‘protolichen on a rock’ or a protolichen cenosis—the main
functional effectors and moderators of the overall metabolic activity are the Asterochloris
microalgae (primary producers) and the bacteria. These two components probably trigger
complex regulatory-trophic cascades together, modulating the metabolic architecture of the
extracellular matrix. In contrast, filamentous fungi primarily play a stabilizing role during
the initial stages of colonization, physically anchoring microalgal and bacterial cells to the
surface of the forming biofilm substratum.

Interestingly, the yeast component tends to exhibit metabolic inertness during the
initial stages of ‘protolichen biofilm’ formation, largely abstaining from matrix biogen-
esis or early symbiotic partnerships. This behavior could be a sit-and-wait ecological
tactic, whereby the yeasts delay active proliferation until the mature consortium generates
substantial organic matter. This apparent metabolic passivity suggests either a persistent K-
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strategy focused on exploiting metabolites accumulated by the mature community [64,65],
or a specialized tactic of delayed parasitism [66,67].

5. Conclusions
In conclusion, the findings of this study suggest that, within the protolichen mod-

els investigated, bacteria and microalgae appear to play primary roles in driving biofilm
configuration and functional optimization. Conversely, under severe organic carbon de-
privation, filamentous fungi experience strictly constrained biomass expansion, while
yeast populations are heavily suppressed. The progression of consortium complexity from
monocultures to binary and ternary systems appears to trigger distinct emergent effects,
potentially enhancing extracellular DNA release and metabolic activity, which seem to
function as mutually interdependent parameters. Biofilm structural stabilization during the
initial stages of assembly likely relies on fungal-derived polysaccharides, whereas late-stage
matrix consolidation seemingly depends on microalgal exopolymers. Within these matrix
architectures, the bacterial component may vitalize the biofilm by accelerating overall com-
munity metabolic processes. Consequently, under strict carbon limitations, heterotrophic
yeast populations appear highly dependent on autotrophic primary producers and fungal
scaffolds for essential carbohydrate resources. Ultimately, these multi-component synthetic
model systems offer a promising framework for deciphering the specialized contributions
of individual microbial groups to the formation, structural maintenance and ecological
functioning of complex microbial consortia.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ecologies7030094/s1. Figure S1: Phylogenetic tree showing
the position of algal strain 11A1 among related taxa within the genera Asterochloris, Myrmecia, and
Trebouxia, based on chloroplast 23S rRNA gene sequences. The evolutionary history was inferred using
the Maximum Likelihood method and the Jukes–Cantor model. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to
the branches. Representatives of the genus Trebouxia were used as an outgroup. The tree is drawn to
scale, with branch lengths measured in the number of substitutions per site. Evolutionary analyses
were conducted in MEGA X. Figure S2: Phylogenetic tree showing the position of Gordonia sp. strain
NM9-41 among related taxa within the genus Gordonia, based on 16S rRNA gene sequences. The
evolutionary history was inferred using the Maximum Likelihood method and the Jukes–Cantor
model. The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) is shown next to the branches. Staphylococcus aureus ATCC 12600 was
used as an outgroup. The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. Evolutionary analyses were conducted in MEGA X. Figure S3: Phylogenetic
tree showing the position of fungal strain 7.1.2.4 among related taxa within the genus Thelebolus
and the class Leotiomycetes, based on the ITS rRNA region sequences. The evolutionary history was
inferred using the Maximum Likelihood method and the Jukes–Cantor model. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates)
is shown next to the branches. Catenulifera brachyconia CBS 700.73 and Catenulifera brevicollaris CBS
126.74 were used as an outgroup. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site. Evolutionary analyses were conducted in MEGA X. Figure S4:
Phylogenetic tree showing the position of yeast strain 7.1.2.11 among related taxa within the genera
Occultifur and Microsporomyces, based on the ITS rRNA region sequences. The evolutionary history
was inferred using the Maximum Likelihood method and the Jukes–Cantor model. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates)
is shown next to the branches. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site. Evolutionary analyses were conducted in MEGA X. Figure S5:
Scanning electron micrographs of monospecies biofilms on the 30th day of incubation, illustrating
the extracellular polymeric substance (EPS) matrix formed by Asterochloris sp. (a) and Thelebolus sp.
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(b). Designations: YAS—young aplanospores; MC—mature cells; EPSm—EPS matrix; H1—type I
hyphae; H2—type II hyphae. Scale bars: 50 µm. Figure S6: Scanning electron (a) and fluorescence
(b) micrographs of Asterochloris sp. monospecies biofilms on day 30 of incubation. Designations:
YAS—young aplanospores; MC—mature cells. Scale bars: (a)—10 µm; (b)—5 µm. Figure S7: Scanning
electron micrographs of binary biofilms (Thelebolus sp. and Asterochloris sp.) on day 30 of incubation.
Designations: CL—mycelial clusters; A—anastomosis; R—ring; H1—type I hyphae; H2—type II
hyphae. Magnification and scale bars: (a)—1100×, 10 µm; (b)—500×, 50 µm. Figure S8: Scanning
electron micrographs of binary biofilms (Thelebolus sp. and Gordonia sp.) on days 5 (a,c,e) and
30 (b,d,f) of incubation. Designations: µCol—bacterial microcolonies; YµCol—young bacterial
microcolonies; MµCol—mature bacterial microcolonies; FS—cell-free space; BL—bacterial lawn.
Scale bars: (a,b)—50 µm; (c,d)—10 µm; (e,f)—5 µm. Figure S9: Scanning electron micrographs of
4-component combined biofilms (Gordonia sp., Occultifur sp., Thelebolus sp., and Asterochloris sp.)
focusing on yeast cells. Designations: YCM—yeast cells on the matrix; FLYC—free lawn of yeast
cells. Magnification and scale bars: 500×, 50 µm. Figure S10: Scanning electron micrographs of
mature 4-component biofilms (Gordonia sp., Occultifur sp., Thelebolus sp., and Asterochloris sp.) on day
30 of incubation. Designations: BCol—bacterial colonies; MAC—mature algal cell. Magnification
and scale bars: (a)—1100×, 10 µm; (b)—3000×, 5 µm.; Figure S11: Heatmap of the specific activity
index (SAI) for monospecies, binary, 3-component, and 4-component biofilms depending on exposure
time (days). Designations of biofilm types: B—bacteria (Gordonia sp.), Y—yeast (Occultifur sp.),
F—fungi (Thelebolus sp.), A—algae (Asterochloris sp.). Letter combinations indicate artificial consortia
of these organisms.
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