
Co-culturing bacteria with monospecific microalgal biofilms for improved 
biomass and lipid production
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A B S T R A C T

Integrating microbiome engineering into microalgal biofilms could offer an environmentally sustainable and 
economically viable strategy to enhance biomass and lipid yields while leveraging the inherent advantages of 
biofilm-based systems. Building on this hypothesis, our objective was to improve biomass and lipid production in 
the naturally biofilm-forming marine benthic diatom, Amphora sp. (NCC169) by co-culturing it with two of its 
native biofilm associated bacteria, Nitratireductor sp. and Sulfitobacter sp., in a vertical porous substrate biofilm 
photobioreactor (PSBR) operated in batch mode. Axenic, non-axenic, and co-cultures were maintained in trip
licate for 15 days in F/2 enriched artificial seawater at 18 ± 1 ◦C under continuous light (100 μmol photons.m⁻². 
s⁻¹). Biomass and lipid content were quantified gravimetrically, followed by fatty acid profiling via gas 
chromatography-mass spectrometry (GC-MS) at three harvesting days (3, 6, and 15). Results showed that the 
Amphora-Nitratireductor co-culture achieved the highest surface biomass (2.54 ± 0.39 g.m⁻²) and productivity 
(0.99 ± 0.26 g.m⁻².day⁻¹) on day 3, further peaking on day 6 (7.27 ± 1.31 g.m⁻²; 1.24 ± 0.16 g.m⁻².day⁻¹) and 
were significantly different from the non-axenic control. The Amphora-Sulfitobacter co-culture recorded a 
significantly higher lipid yield on day 3 (1.51 ± 0.31 g.m⁻²), surpassing axenic cultures by 3-fold, non-axenic by 
6-fold, and Amphora-Nitratireductor by 5-fold, with a lipid content of 67.03 ± 17.80% of Amphora dry biomass 
weight. The fatty acid profile of Amphora sp. remained largely consistent across culture conditions and harvest 
days, dominated by palmitic acid (16:0) and palmitoleic acid (16:1), with low polyunsaturated fatty acid levels, 
highlighting its potential for pharmaceutical, nutraceutical, cosmetic, and bioenergy applications.

1. Introduction

Microalgal biofilms have gained increasing attention over the past 
two decades as a promising alternative to suspended microalgal culti
vation systems (Gross et al., 2013, 2015; Berner et al., 2015; Ennaceri 
et al., 2023; Arnaldo et al., 2024a). Unlike suspended cultures, which 
rely on energy-intensive harvesting techniques such as centrifugation 
and filtration, biofilm cultures enable easier biomass recovery through 
scraping (Osorio et al., 2021) or surface vacuuming (Berner et al., 2015). 
This approach can significantly reduce harvesting costs, which may 
comprise up to 25% of total production expenses (Arnaldo et al., 2024a
and b). Additionally, biofilm cultures require less water and enable 

denser microalgal production in a more compact area compared to 
suspended cultures (Cheah and Chan, 2021; Ennaceri et al., 2023). In 
particular, vertically scalable algal biofilms have demonstrated higher 
lipid productivity than conventional terrestrial biofuel crops (Schnurr 
and Allen, 2015), making them a more efficient and cost-effective 
platform for biomass recovery and metabolite production (Mantzorou 
and Ververidis, 2019; Osorio et al., 2021; Vale et al., 2023). However, 
despite these advantages, the broader biotechnological potential of 
microalgal biofilms remains underexplored, with most research focusing 
on applications in wastewater treatment (Ennaceri et al., 2023).

Enhancing biomass and lipid yields in microalgal biofilms can be 
achieved through various strategies, including the use of efficient 
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biofilm reactor designs (Podola et al., 2017), manipulation of 
eco-physiological conditions (e.g., nutrient limitation, light intensity, 
carbon sources, salinity, and temperature), and advanced 
bio-engineering approaches (e.g., metabolic or genetic) 
(González-González, De-Bashan, 2021; Palacios et al., 2022). Among the 
various biofilm cultivation systems, porous substrate bioreactors 
(PSBRs) feature a unique configuration that enables complete separation 
of algal biomass from the liquid culture medium (Schultze et al., 2015; 
Podola et al., 2017). In PSBRs, microalgae grow on a hydrophilic, 
porous, thin sheet-like substrate in direct contact with the ambient gas 
phase, while essential substances such as water, nutrients, and gases 
diffuse through the substrate and reach the biofilm via diffusion and 
evaporative flux (Podola et al., 2017; Arnaldo et al., 2024a). Between 
horizontal and vertical PSBR configurations, the latter is gaining 
increasing attention for its space utilization efficiency and light diffusion 
capacity (Podola et al., 2017; Arnaldo et al., 2024b). In general, PSBRs 
offer high light utilization efficiency and efficient gas exchange, thereby 
enhancing the photosynthetic efficiency and biomass productivity of 
microalgal cells (Podola et al., 2017). Beyond increased biomass, PSBRs 
have also demonstrated higher lipid productivity in certain microalgal 
strains, including Nannochloropsis oculata (1.33 g.m⁻².day⁻¹, lipid con
tent 21.9% w/w) (Tran et al., 2022) and Ettlia sp. (4.2 ± 0.3 g.m⁻².day⁻¹) 
(Kim et al., 2018) under optimised culture conditions. Taken together, 
PSBRs offer a favourable energy balance by reducing water use, avoiding 
intensive harvesting, and using low-pressure systems, making them a 
promising option for cost-effective and sustainable microalgal biofilm 
biotechnology (Podola et al., 2017; Arnaldo et al., 2024a).

In parallel, recent advances in microalgal biotechnology, including 
microbiome engineering, genetic modification, and omics-based ap
proaches (e.g., metabolomics and transcriptomics) (Lian et al., 2018; 
Kumar et al., 2020) offer promising alternatives for enhancing biofilm 
productivity. Despite the complexity of these methods, they could offer 
more efficient solutions compared to conventional eco-physiological 
modifications, which often induce stress and result in reduced biomass 
yields (Kumar et al., 2020). Of these approaches, microbiome engi
neering stands out as an environmentally sustainable strategy for 
microalgal biofilms, as it can mimic the naturally complex and dynamic 
biofilm environment characterized by diverse interactions with other 
microbes, primarily bacteria (Ramanan et al., 2016; Wang et al., 2022; 
Ennaceri et al., 2023). Moreover, the co-occurrence of bacteria in 
microalgal biofilms is often inevitable due to the elevated production of 
extracellular polymeric substances (EPS), which act as chemoattractants 
(Lipsman et al., 2024). The most common strategies in microbiome 
engineering for microalgal biotechnology such as co-culturing and 
manipulating natural microbiomes (Vrieze et al., 2017) have been suc
cessfully applied in suspended microalgal cultures. For instance, Chlor
ella vulgaris and Phaeodactylum tricornutum co-cultured with bacterial 
strains from genera such as Bacillus, Rhizobium, and Marinobacter have 
demonstrated enhanced biomass and lipid yields through nutrient 
recycling and metabolite exchange, with potential applications in 
nutraceuticals, pharmaceuticals, and biofuels (Nascimento et al., 2013; 
Cho et al., 2015; Wang et al., 2015; Chorazyczewski et al., 2021; Sitt
mann et al., 2021). These approaches offer simplified, scalable models to 
study microalgae-bacteria interactions by reducing the complexity of 
natural multispecies interactions (Rasheed et al., 2023), enabling clearer 
insight into their functions and enhancing biomass and metabolite 
production for industrial applications (Ramanan et al., 2016; Tong et al., 
2023). However, such studies on microalgal biofilms are scarce.

Benthic diatoms, an underexplored group of microalgae in biotech
nology, have recently attracted attention for their high levels of 
economically valuable lipids and their strong adaptation to biofilm 
systems, where they often outperform suspension cultures (Boukhris 
et al., 2017; Cointet et al., 2019, 2021). As natural biofilm formers, their 
physiological performance is closely linked to interactions with associ
ated microorganisms, bacteria (Koedooder et al., 2019). Based on these 
attributes, we hypothesized that benthic diatoms are ideal candidates 

for exploring microalgal biofilm-bacterial co-culture strategies. Amphora 
sp. is a biofilm forming benthic diatom with lipid content exceeding 20% 
of its dry biomass (Cointet et al., 2019). However, due to its sessile, 
benthic nature, Amphora sp. performs poorly in suspension-based sys
tems such as airlift photobioreactors (Cointet et al., 2021), but demon
strates improved growth, biomass accumulation, and lipid content 
reaching up to 27% under PSBR-based biofilm cultivation (Arnaldo 
et al., 2024a). Accordingly, to test our hypothesis, this model benthic 
diatom strain was chosen for binary co-cultivation with two of its 
phycosphere-associated bacteria in a laboratory scale vertical PSBR 
operated in batch mode, with the objective of enhancing Amphora sp. 
biomass and lipid yields. The bacterial strains Nitratireductor sp. and 
Sulfitobacter sp. were selected based on our preliminary work, in which 
they were the only isolates that did not negatively affect Amphora sp. 
biomass among several binary co-cultures tested in bottle flasks 
(Gamage et al., 2026). Growth monitoring and photosynthetic perfor
mance were assessed using spectroradiometry (Normalised difference 
vegetation index, NDVI) and pulse amplitude modulation (PAM) fluor
ometry (the maximum photosynthetic efficiency, Fv/Fm), respectively, 
followed by measurements of biomass accumulation and lipid produc
tion at multiple time points against axenic and non-axenic controls. This 
study demonstrates the potential of bacterial-benthic diatom biofilm 
co-cultures in a vertical PSBR to enhance biomass and lipid production, 
with implications for future lipid-based biotechnological applications.

2. Materials and methods

2.1. Culture preparation and maintenance

2.1.1. Axenic and non-axenic Amphora sp. cultures
Amphora sp. is a benthic diatom strain isolated from the Northwest 

French Atlantic coast (47◦22'06" N, 02◦32'52" W) and has been main
tained long-term under non-axenic conditions at the ISOMer laboratory, 
Nantes University, under the code NCC169. The strain is currently 
preserved in the Roscoff Culture Collection (RCC) under the accession 
code RCC5813. In this study, the stock culture of non-axenic Amphora 
sp. was maintained in 250 mL culture flasks containing artificial 
seawater (ASW-salinity- 28‰; pH- 7.8, see Supplementary I) enriched 
with F/2 medium, incubated at 16 ◦C under a 12:12 light-dark cycle 
with a photon flux density of 100 μmol photons.m²-.s− 1.

Axenic Amphora sp. cultures were derived from the non-axenic stock 
using an antibiotic-antimycotic solution at a concentration of 10 mL per 
liter (containing 10,000 units of penicillin, 10 mg of streptomycin, and 
25 μg of amphotericin B per mL; BioReagent, A5955 SIGMA) as 
described by Lépinay et al. (2016). Three repetitive treatments were 
performed at one-week intervals, and the absence of bacterial contam
ination was confirmed after each treatment by streaking on agar plates. 
The axenic Amphora sp. cultures were also maintained under the same 
conditions as the non-axenic Amphora sp. cultures.

2.1.2. Bacteria cultures
Nitratireductor sp. and Sulfitobacter sp. were previously isolated (see 

Supplementary II for the closest related species names and sequence 
similarity) and identified from the biofilm of non-axenic Amphora sp. In 
our preliminary co-culture studies conducted in bottle culture flasks 
with axenic Amphora sp., these two-biofilm forming bacterial strains 
exhibited a neutral effect on both biomass and lipid production, whereas 
all other biofilm-associated bacteria (Maribacter sp., Pseudomonas sp., 
Janibacter sp., Brevundimonas sp., Aureimonas sp., and Erythrobacter) 
negatively impacted biomass production (Gamage et al., 2026). Based 
on these findings, Nitratireductor sp. and Sulfitobacter sp. were selected 
for co-culture with axenic Amphora sp. in a biofilm-based vertical PSBR, 
a more efficient system than bottle flasks. The previously isolated and 
purified strains were cultured in 4 mL of liquid marine broth 
(Difco™2216, USA) at 18–19 ◦C for 48 h, then stored at − 80◦C with 30% 
glycerol until use in co-culture experiments.
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2.2. Cell enumeration

For disc inoculation, Amphora sp. cells and bacterial cells were 
counted using a Neubauer hemocytometer (MARIENFELD, Germany) 
and the colony-forming unit (CFU) method, respectively. Amphora sp. 
cells were counted from starter cultures following homogenization 
under an optical microscope (OLYMPUS CH40, Japan, ×40 objective). 
For bacteria, 100 μL of each stock culture was serially diluted (10⁻¹ to 
10⁻⁵), and 25 μL of each dilution was plated onto marine agar. Further, to 
monitor bacterial growth in co-cultures with axenic Amphora sp. in the 
PSBR, a biofilm disc was transferred to 1 mL of ASW and vortexed for 
30 s. The resulting suspension was serially diluted (10⁻¹ to 10⁻⁵) and 
plated on marine agar. All plates were incubated in the dark at 20 ◦C for 
one week, and bacterial abundance was expressed as CFUs per square 
meter.

2.3. Experimental setup

2.3.1. Disc inoculation
Microfiber filters (Ø 25 mm, 1.2 μm pore size, Whatman™ GF/C, 

China) were used as growth substrates for Amphora sp. in the vertical 
biofilm PSBR system. To establish a stable biofilm of axenic, non-axenic, 
and bacterial co-cultures of Amphora sp. on filter discs, a 4-day incu
bation was carried out outside the PSBR (Fig. 1). For this, pre-combusted 
(at 400 ◦C for 4 h) and pre-weighed discs were inoculated with 2 × 10⁶ 
cells in 2 mL of ASW in 6-well tissue culture plates (Dutscher, China) and 
incubated at 18 ± 1 ◦C under continuous white light (100 μmol photons. 
m− 2

⋅ s− 1) For co-cultures, axenic Amphora sp. and bacteria (Nitratir
eductor sp./ Sulfitobacter sp.) were inoculated at a 10:1 cell ratio (2 × 10⁶ 
Amphora sp. cells: 2 × 105 bacteria cells per disc). To achieve the desired 
number of bacterial cells, small aliquots from the stock bacteria cultures 
were diluted in sterilized ASW. In total, 30 discs were used for a trial. 
Every handling was done aseptically.

2.3.2. PSBR launch
The detailed configuration and startup procedure of our laboratory 

scale vertical biofilm PSBR system have been described by Arnaldo et al. 
(2024a). Briefly, this customized PSBR (based on the Nano model by 
Synoxis Algae, France) was specifically designed for benthic diatom 
biofilm cultivation. It comprises two vertical polymethyl methacrylate 
(PMMA) chambers, each 40 cm in height and 5 cm in inner diameter, 
with a total volume of 785 mL. The chambers provide approximately 
98% light transmission. One chamber serves as a reservoir for the cul
ture medium, while the other functions as a growth chamber equipped 
with a metal plate supporting inoculated glass microfiber discs for bio
film development. A sparger at the top regularly wets the biofilm with 
medium from the reservoir. The pH in the reservoir is automatically 
maintained at 7.8 through on-demand CO₂ injection triggered by pH 
fluctuations; therefore, the exact volume of CO₂ injected is not 

measured. An outflow valve recirculates the medium back to the 
reservoir. Light (400 − 700 nm, maximum ~300 μmol photons.m− 2.s− 1) 
is supplied by an adjustable LED panel. CO₂ delivery, medium flow, and 
lighting are programmed via an integrated control system.

Prior to each experiment, the PSBR components (e.g., PMMA 
chambers, nutrient sparger, connecting valves, and tubes) were steril
ized according to the manufacturer’s instructions. After sterilization, the 
components were assembled in a sterile environment, and both cylinders 
were sealed with 0.2 μm air filters (Ø 25 mm, VWR®, China) to prevent 
contamination. Calibration of the pH probe and dosing pumps was 
performed before each run. Light intensity was maintained at 100 μmol 
photons.m− 2

⋅ s− 1, using a mix of 25% green, 25% red, and 27% blue light 
fluxes. Pre-incubated discs were aseptically attached to the PSBR’s metal 
plate, which was wrapped with a thin layer of tissue paper using water 
capillary action. The metal plate with the discs was then inserted into 
the growth chamber, while the reservoir chamber was filled with 
700 mL of culture medium. The medium was dispersed via a nutrient 
sparger located above the metal disc holder at a rate of 1 mL every 
5 min, while the accumulated medium in the growth chamber was 
recirculated to the reservoir at a rate of 8 mL every 5 min. The room 
temperature during operations was at 18 ± 1◦C.

2.4. Ecophysiology survey

Axenic and non-axenic Amphora sp. (with native microbiota) were 
used as controls. All cultures, including two co-cultures of axenic Am
phora sp. with Nitratireductor sp. and Sulfitobacter sp., were cultivated in 
the biofilm PSBR for an initial 15-day period, followed by separate 6-day 
cultures. All experiments were conducted in triplicate as independent 
sequential runs, as simultaneous triplicate operation was not feasible 
due to the use of a single PSBR. The 15-day cultures were used to assess 
growth curves under the provided conditions, while the 6-day cultures 
were conducted to obtain additional biomass representative of the 
exponential growth phase.

Non-destructive reflectance-based and chlorophyll-a fluorescence 
methods were used to assess the biomass and photosynthetic efficiency 
of Amphora sp. biofilms under axenic, non-axenic, and co-culture con
ditions in the biofilm PSBR. Measurements were taken with minimal 
disturbance to the biofilms at regular intervals on different days (e.g., 
days 0, 2, 5, 7, 9, 13, and 15) throughout the cultivation period. All 
handling procedures, including the removal of the metal plate with discs 
from the PSBR cylinder, were conducted in a pseudo-aseptic environ
ment. Additionally, calibration experiments were carried out to convert 
biomass proxies obtained from reflectance-based measurements into 
approximate cell numbers of Amphora sp. per square meter.

2.4.1. Growth survey
NDVI, which is proportional to chlorophyll-a content, was used as a 

proxy for biomass (Cointet et al., 2019). As culture conditions were 

Fig. 1. Schematic illustration of the experimental setup, including disc inoculation and operation of the vertical biofilm PSBR.
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identical across treatments, temporal changes in NDVI of Amphora sp. in 
each culture were interpreted as reflecting changes in Amphora growth. 
To calculate NDVI (Eq. 1), the reflectance (ρ) of the biofilm was 
measured across the wavelength (λ) range of 340–1025 nm using a 
spectroradiometer, equipped with a 3 mm diameter fibre optic probe 
(JAZ-VIS-NIR, Ocean Insights) and a 40 W halogen light source 
(OSRAM, France). Prior to each measurement, the spectroradiometer 
was calibrated using a white reference standard (WS-1-SL Spectralon 
Reflectance Standard, Ocean Insights) representing 100% reflectance. 
The probe was positioned approximately 0.5 cm from the biofilm sur
face, perpendicular (90◦) to the discs, covering an estimated measure
ment area of 0.3 cm². Reflectance spectra were recorded at a minimum 
of 10 positions across the biofilm surface on 10 randomly selected discs. 
The average NDVI value for each sampling day was then calculated from 
the collected reflectance spectra, using the reflectance in the red (ρλ675)
and near infra-red (ρλ750) domains. Further, the relative growth rate (μ) 
was calculated based on the NDVI values corresponding to the beginning 
(t1) and late exponential phase (t2), as shown in Eq. 2. 

NDVI =
ρλ750 − ρλ675
ρλ750 + ρλ675

(1) 

μ =
ln(NDVIt2) − ln(NDVIt1)

t2 − t1
(2) 

2.4.2. Photosynthetic efficiency measurements
The photosynthetic efficiency of Amphora sp. biofilms under each 

culture condition was measured using PAM fluorometry (Water-PAM, 
Walz, Germany). The fibre optic probe was positioned approximately 
0.5 cm from the biofilm surface, perpendicular (90◦) to the discs. A 
minimum of 10 measurements were taken across the biofilm surface of 
each of 10 randomly selected discs. Prior to each measurement, the 
metal plate with discs was dark-adapted for 15 min to ensure that all 
photosystem II (PSII) reaction centres were fully open. A weak, non- 
actinic measuring light (~0.8 µmol photons.m⁻².s⁻¹) was initially used 
to record the minimum fluorescence yield (F₀), followed by a saturating 
light pulse (2500 μmol photons.m− 2.s− 1 for 0.8 s) that temporarily 
halted electron transport, causing all absorbed light energy to be emitted 
as fluorescence (Sapp et al., 2007). The maximum photosynthetic effi
ciency of PSII (Fv/Fm) was then calculated (Eq. 3). Fv/Fm values be
tween 0.5 and 0.7 were considered indicative of non-stressed, 
physiologically healthy cells (Rijstenbil, 2003; White et al., 2011). 

Fv
Fm

=
(Fm − F0)

Fm
(3) 

2.4.3. Biomass calibration experiment
Three axenic Amphora cultures grown in Erlenmeyer flasks under the 

conditions described in Section 2.1.1 were counted to obtain concen
trations ranging from 2 × 1 06–10 × 1 06 cells. These concentrations 
were then filtered through microfiber filters (Ø 25 mm, 1.2 μm pore size, 
Whatman™ GF/C, China) to achieve a homogeneous distribution on the 
discs. Reflectance measurements were recorded at 10 random positions 
on each filter to construct a calibration curve between cell number and 
NDVI. The resulting equation, NDVI = 0.1042 × (cells × 1010 per m²) 
+ 0.1681 (R² = 0.96, see Supplementary III), was applied to convert 
NDVI values of Amphora in co-cultures for estimating the Amphora: 
bacteria ratio at days 3, 6 and 15. However, conversion to cell numbers 
was not applied for growth curves assessment because the calibration 
did not adequately capture the lower concentration range of Amphora 
cells (0.5–1 ×1 06). This limitation resulted in negative values when 
applying the equation to day 0 measurements in PSBR cultures.

2.5. Nutrient analysis

Nutrient consumption by axenic, non-axenic, and co-cultured Am
phora sp. was assessed at the beginning and end of both the 15-day and 

6-day culture periods. Concentrations of dissolved inorganic nitrogen 
(DIN = NO₃⁻+NO₂⁻), dissolved inorganic phosphorus (DIP = PO₄³⁻), 
dissolved silicate (DSi = Si(OH)₄⁻), and ammonium (NH4

+) were deter
mined using colorimetric methods described by Aminot and Kérouel 
(2007). DIN, DIP and DSi were analysed using SEAL Analytics AA3 
Autoanalyzer. The limits of quantification were 0.2 μM for DIN, 0.05 μM 
for DIP, and 0.4 μM for DSi. Ammonium was quantified using a UV–VIS 
spectrophotometer (UV-1900, SHIMADZU, Japan). The average nutrient 
concentrations were calculated as follows, for day 0, from both 15-day 
and 6-day cultures; for day 6, from 6-day cultures; and for day 15, 
from 15-day cultures, under the corresponding culture condition. 
However, nutrient data for non-axenic Amphora sp. over the 15-day 
culture period were not available for comparison, since nutrient anal
ysis was initiated only after completion of the 15-day cultivation in the 
PSBR. Thus, nutrient data for non-axenic Amphora sp. were presented 
only based on 6-day cultures.

2.6. Harvesting and biomass analysis

Harvesting was performed at the end of both the 15-day and 6-day 
cultivation periods. Additionally, samples were collected on day 3 
from the 6-day cultures. Thus, day 3 generally corresponds to the 
exponential growth phase, while day 6 and day 15 are indicative of the 
late exponential or early stationary phase and the stationary phase, 
respectively, depending on the culture condition. For each condition 
(axenic, non-axenic, and the two co-cultures), 10 discs were randomly 
selected for biomass analysis, followed by lipid analysis. The discs were 
washed with 10 mL of ammonium formate (NH₄HCO₂) to remove salt 
residues and then freeze-dried at − 50 ◦C (Heto FD 3, Thermo Fisher 
Scientific, France) for two days. If freeze-drying could not be carried out 
immediately after washing, the discs were stored at − 80 ◦C. The 
lyophilized discs were weighed using an analytical balance (Explorer 
EX125, Ohaus Explorer® semi-micro analytical balance, France). Sur
face biomass production (g.m-²) was calculated as the dry biomass per 
unit surface area (Eq. 4), while biomass productivity (g.m-².day− 1) was 
estimated by dividing surface biomass production by the total cultiva
tion period (Eq. 5). In the biomass analysis, the washing step was 
assumed to remove most bacterial biomass from the Amphora biofilm, 
and any remaining bacterial biomass was considered negligible relative 
to Amphora cells, as attempts at intentional separation could have 
resulted in Amphora biomass loss. This assumption was further sup
ported by fatty acid profile analysis, which showed the absence of 
branched fatty acids and odd-chain fatty acid such as C17:0, commonly 
used as bacterial biomarkers (Maltsev and Maltseva, 2021) (see Table 2). 

Surfacre biomass production =
Total dry biomass

surface area
(4) 

Biomass productivity =
Surface biomass production

Total cultivation period
(5) 

2.7. Lipid analysis

2.7.1. Total lipid content
Total lipid extraction and quantification were performed as 

described by Cointet et al. (2019), based on a modified Bligh and Dyer 
(1959) method. Lyophilized biomass was extracted with 50 mL of 
dichloromethane/methanol (1:1, v/v) for 24 h. The mixture was filtered 
(100 mm, 10 μm pleated filter) to remove cell debris. The filtrate was 
washed with distilled water (50% of its volume) to separate the organic 
phase, which was then dried over anhydrous Na₂SO₄, filtered, evapo
rated under N₂, and weighed to determine the lipid content. The total 
lipid rate was expressed as a percentage of the extracted dry biomass 
(Eq. 6). Surface lipid production (g.m-²) was calculated by normalizing 
the lipid content to the surface area of the growth substrate (Eq. 7). Lipid 
productivity (g.m-².day− 1) was calculated by dividing surface lipid 

N.D. Gamage et al.                                                                                                                                                                                                                             Journal of Biotechnology 414 (2026) 111–123 

114 



production in the total duration of the culture period (Eq. 8). Lipid ex
tracts were stored at − 20 ◦C in 1 mL of CH₂Cl₂ until fatty acid analysis. 

Total lipid rate =
Lipid content

Dry biomass weight
× 100 (6) 

Surface lipid production =
Lipid content
Surface area

(7) 

Lipid productivity =
Surface lipid production
Total cultivation period

(8) 

2.7.2. Fatty acids profiling
Fatty acid profile analysis was conducted using GC-MS, following the 

method described by Cointet et al. (2021). Briefly, about 1 mg of crude 
lipid was transesterified with 500 μL of 3 mol. L⁻¹ hydrochloric meth
anol, 300 μL methanol, and 100 μL chloroform at 80 ◦C for 5 h. After 
cooling, 500 μL hexane was added and centrifuged (1236 g, 5 min). The 
hexane phase was dried over Na₂SO₄ and evaporated under N₂ to obtain 
fatty acids methyl esters (FAMEs). For NAP derivatization, dried FAMEs 
were reacted with 500 μL pyrrolidine and 100 μL acetic acid at 85 ◦C for 
1 h. After cooling, 4 mL CH₂Cl₂ and 500 μL water were added, shaken, 
centrifuged (1236 g, 5 min), and the organic phase was dried with 
Na₂SO₄ and evaporated under N₂ at 40 ◦C. FAMEs or NAPs were redis
solved in 1 mL CH₂Cl₂ per mg before analysis. The analyses were per
formed on a GC-MS instrument (GC 8860 coupled with 5977 C MS 
detector - 70 eV, Agilent Technologies, USA) equipped with an SLB-5™ 
column (60 m × 0.25 mm; 0.25 µm, Sigma- Aldrich). The injector and 
detector temperatures were 250 ◦C and 280 ◦C, respectively. The carrier 
gas was helium at a flow rate of 1 mL per min. One microliter was 
injected in splitless mode. The column temperature was set at 170 ◦C for 
4 min then increased at 3 ◦C per min to 300 ◦C and hold for 10 min for 
FAME analyses, and set at 200 ◦C for 5 min, increased by 3 ◦C per min up 
to 310 ◦C and hold for 10 min for NAP analyses. Chromatogram peaks 
were evaluated and quantified using OpenChrom Lablicate Edition 1.5.0 
(McLafferty). Fatty acid identification was confirmed by comparing 
mass spectra and retention times with a reference library from previous 
analyses, available on LipidMaps (https://www.lipidmaps.org/).

2.8. Statistical analysis

All experiments were performed in triplicate, and results are 
expressed as mean ± standard deviation. The normality of growth, 
biomass, and lipid data for Amphora sp. under axenic, non-axenic, and 
co-culture conditions in the vertical biofilm PSBR was assessed using the 
Shapiro-Wilk test. Group comparisons were conducted using one-way 
ANOVA followed by Tukey’s HSD post hoc test for normally distrib
uted data, or the Kruskal-Wallis test followed by Dunn’s test for non- 
normally distributed data. Gompertz growth curves were fitted using 
the Gompertz function provided in the thejesus package in R to build the 
growth curves of Amphora sp. in axenic, non-axenic and co-culture 
conditions. Multivariate analysis based on biomass and lipid related 
traits was performed using principal coordinates analysis (PCoA). Dif
ferences among culture conditions were assessed using permutational 
multivariate analysis of variance (PERMANOVA) implemented with the 
adonis2() function in the R package vegan, which tests for differences in 
multivariate centroids among groups in the ordination space. To confirm 
that significant PERMANOVA results were not driven by differences in 
within-group dispersion, homogeneity of multivariate dispersions 
(PERMDISP) was evaluated using functions; betadisper() followed by 
permutest() (R package vegan). All permutation-based tests used 9999 
permutations. Where post hoc pairwise PERMANOVA comparisons were 
performed, the pairwise.adonis2() function from the pairwiseAdonis 
package was used, and p values were adjusted using the Benjami
ni–Hochberg false discovery rate (BH-FDR; p.adjust.m = "BH"), with 
FDR-adjusted p values used for inference. Permutation-based vector 

fitting was performed using envfit() (R package vegan) to identify traits 
significantly correlated with the PCoA axes, indicating variables 
contributing to group separation. All statistical analyses, visualizations, 
and tables were generated using RStudio (v4.1.2) and Microsoft Excel 
365. Statistical significance was assessed at a 95% confidence level 
(p < 0.05).

3. Results

3.1. Growth assay

NDVI increased significantly in axenic Amphora sp. until day 5, in 
non-axenic Amphora sp. until day 7, in the co-culture with Nitratireductor 
sp. until day 2, and in the co-culture with Sulfitobacter sp. until day 5 
(Tukey’s HSD, p < 0.05; Fig. 2). After these respective time points, no 
further significant differences in NDVI were observed within any group. 
Across groups, significant differences in NDVI were found only on day 
0 and day 2, with no differences detected afterward. On both day 0 and 
day 2, the co-cultures exhibited significantly higher NDVI values 
compared to both axenic and non-axenic controls (Tukey’s HSD, p <
0.05). The relative growth rates (µ) of Amphora sp. in axenic, non-axenic, 
and co-cultures with Nitratireductor sp. and Sulfitobacter sp. in the bio
film PSBR were 0.4 ± 0.1, 0.3 ± 0.0, 0.2 ± 0.0, and 0.2 ± 0.1 day⁻¹ , 
respectively. However, these differences were not statistically signifi
cant (Tukey’s HSD, p > 0.05).

3.2. Amphora to bacteria ratio in co-cultures at day 3, 6 and 15

Amphora to bacteria ratios in Amphora-Nitratireductor and Amphora- 
Sulfitobacter co-cultures in the PSBR at days 3, 6, and 15 are shown in 
Fig. 3. Overall, bacterial populations tended to decline, whereas Am
phora sp. cell numbers increased from day 3 to day 6, thereafter, both 
Amphora and bacterial populations remained relatively stable. However, 
the Amphora-Nitratireductor ratios were 1:1, 3:1, and 2:1 at days 3, 6, and 
15, respectively, while the corresponding ratios for the Amphora-Sulfi
tobacter co-culture were 1:5, 1:3, and 1:2.

Fig. 2. Average NDVI of axenic Amphora sp. ( ), non-axenic Amphora sp. 
( ), co-culture of Amphora sp. with Nitratireductor sp. ( ) and co- 
culture of Amphora sp. with Sulfitobacter sp. ( ) over the 15 days culti
vation period in the vertical biofilm PSBR. Error bars represent the standard 
deviation of the mean NDVI, n = 3 biological replicates. The symbol (•) in
dicates a significant difference from both axenic and non-axenic controls. Un
less otherwise specified, no significant differences were observed across other 
groups on the same day. Colour coded symbol ( ) denotes the onset of non- 
significant changes in NDVI within the respective culture. Superscript letters 
indicate the significant difference of relative growth rate (µ) across 
different groups.
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3.3. Photosynthetic efficiency of cultures

The photosynthetic efficiency of all cultures in the PSBR declined 
gradually over time (Fig. 4). Until day 7, the average Fv/Fm values 
across all cultures ranged between 0.5 and 0.7, with no significant dif
ferences among groups (Tukey’s HSD, p > 0.05). After day 9, Fv/Fm in 
non-axenic Amphora sp. dropped below 0.5 but remained statistically 
similar to axenic Amphora sp. culture on days 9, 13, and 15. Both co- 
cultures also showed Fv/Fm values below 0.5 from day 9 onward.

3.4. Surface biomass production and productivity

The highest surface biomass production was observed in Amphora sp. 
co-cultured with Nitratireductor sp. on days 3 and 6, reaching 2.54 ±
0.39 g.m-² and 7.27 ± 1.31 g.m-², respectively (Fig. 5). This was 
significantly higher than the non-axenic Amphora sp. (Tukey’s HSD, 
p < 0.05) but not significantly different from the axenic Amphora sp. 
culture and the co-culture with Sulfitobacter sp. By day 15, no significant 
differences in surface biomass were observed among the groups 
(Tukey’s HSD, p > 0.05). The final biomass values were 6.06 ± 0.74 g. 
m-² for the axenic culture, 4.28 ± 0.19 g.m-² for the non-axenic culture, 
6.45 ± 1.50 g.m-² for the Nitratireductor sp. co-culture, and 7.21 ±
3.02 g.m-² for the Sulfitobacter sp. co-culture. Although surface biomass 
production of the axenic culture tended to be higher than that of the 

Fig. 3. Amphora sp. to bacteria ratio in the vertical biofilm PSBR at day 3, 6 and 15. (a) Amphora-Nitratireductor co-culture (b) Amphora-Sulfitobacter co-culture, 
Amphora sp. ( ), Nitratireductor sp. ( ), Sulfitobacter sp. ( ), Error bars represent the standard deviation of the mean Amphora cells per m2 or CFUs of 
bacteria per m2, n = 3 biological replicates.

Fig. 4. The average maximum photosynthetic efficiency (Fv/Fm) of axenic Amphora sp. ( ), non-axenic Amphora sp. ( ), co-culture of Amphora sp. with 
Nitratireductor sp. ( ) and co-culture of Amphora sp. with Sulfitobacter sp. ( ) in the vertical biofilm PSBR over the 15 days cultivation period. Error bars 
represent the standard deviation of the mean Fv/Fm. n = 3 biological replicates. The symbol (▴) indicates a significant difference from the axenic control. Unless 
otherwise specified, no significant differences were observed across other groups on the same day. The grey-coloured area represents the typical threshold range of 
Fv/Fm (0.5–0.7) for diatoms, indicating non-physiological stress.

Fig. 5. The surface biomass production (g.m-²) of axenic Amphora sp. ( ), 

non-axenic Amphora sp. ( ), co-culture of Amphora sp. with Nitratireductor sp. 

( ) and co-culture of Amphora sp. with Sulfitobacter sp. ( ) in the vertical 
biofilm PSBR at days 3, 6 and 15. Error bars represent the standard deviation of 
the mean surface biomass production. n = 3 biological replicates. The symbol 
(*) indicates a significant difference from the non-axenic control. Unless 
otherwise specified, no significant differences were observed across other 
groups on the same day.
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non-axenic culture on all three harvesting days, the difference was not 
statistically significant (Tukey’s HSD, p > 0.05).

Regarding biomass productivity, the axenic Amphora sp. culture and 
both co-cultures consistently outperformed the non-axenic culture on 
days 3 and 6 (Table 1). The highest biomass productivities were recor
ded in the co-culture with Nitratireductor sp. on days 3 and 6, reaching 
0.99 ± 0.26 and 1.24 ± 0.16 g.m-².day− 1, respectively. On day 15. the 
co-culture with Sulfitobacter sp. showed the highest biomass productiv
ity (0.48 ± 0.20 g.m-².day− 1). However, biomass productivity in both 
co-cultures did not differ significantly from the axenic Amphora sp. 
(Tukey’s HSD, p > 0.05) at all three harvesting days.

3.5. Surface lipid production and productivity

On day 3, Amphora sp. co-cultured with Sulfitobacter sp. showed 
significantly higher surface lipid production (1.51 ± 0.31 g.m-², Tukey’s 
HSD, p < 0.05) than both controls and the co-culture with Nitratireductor 
sp. (Fig. 6). A similar pattern was observed in lipid productivity 
(Table 1), with the Sulfitobacter co-culture (0.50 ± 0.10 g.m-².day-¹) 
being significantly higher than the controls and Amphora-Nitratireductor 
co-culture. On day 6, no significant differences in surface lipid produc
tion were observed among controls and co-cultures (Tukey’s HSD, 
p > 0.05). However, the non-axenic Amphora sp. displayed significantly 
lower lipid productivity (0.08 ± 0.01 g.m-².day− 1) than both co-cultures 
(Tukey’s HSD, p < 0.05), although it was not significantly different from 
the axenic condition. By day 15, non-axenic Amphora sp. exhibited 
significantly higher surface lipid production (1.80 ± 0.21 g.m-²) than 
both co-cultures (Tukey’s HSD, p < 0.05), though not significantly 
different from the axenic condition (1.28 ± 0.16 g.m-²). Likewise, lipid 
productivity of non-axenic Amphora (0.12 ± 0.01 g.m-².day-¹) was also 
significantly higher (Tukey’s HSD, p < 0.05) than that of the co-cultures 
(Tukey’s HSD, p < 0.05), with no difference from the axenic condition 
(Tukey’s HSD, p > 0.05).

3.6. Relative lipid content to biomass

Amphora sp. co-cultured with Sulfitobacter sp. exhibited the signifi
cantly highest lipid content relative to its dry biomass weight (DW) 
(67.03 ± 17.80%) than those of the controls and the co-culture with 
Nitratireductor sp. (Tukey’s HSD, p < 0.05, Table 1). By day 6, lipid 
content (% DW) did not differ significantly among cultures (Tukey’s 
HSD, p > 0.05). On day 15, the non-axenic Amphora sp. exhibited a 
significantly higher lipid content (42.19 ± 2.29%) compared to the 
axenic culture and both co-cultures (Tukey’s HSD, p < 0.05).

3.7. Fatty acids composition

In total, seven saturated fatty acids (SFAs), three monounsaturated 
fatty acids (MUFAs), and six polyunsaturated fatty acids (PUFAs) were 
identified in Amphora sp. under axenic, non-axenic, and co-culture 
conditions (Table 2). The identified SFAs included myristic acid 

(14:0), pentadecanoic acid (15:0), palmitic acid (16:0), stearic acid 
(18:0), arachidic acid (20:0), behenic acid (22:0), and lignoceric acid 
(24:0). However, arachidic acid, behenic acid, and lignoceric acid were 
not detected in any of the co-culture samples at any of the harvesting 
time points. Among the SFAs, palmitic acid (16:0) was the most abun
dant across all culture conditions and harvesting days, accounting for 
20–55% of the total fatty acid content. Notably, stearic acid (18:0) 
content was significantly higher in non-axenic Amphora sp. on day 3 
(21.45 ± 0.93%) compared to the axenic and co-culture conditions 
(Tukey’s HSD, p < 0.05). On all other days, stearic acid levels remained 
below 15% in all cultures. On days 3, 6 and 15, no significant differences 
in total SFA content were observed among the control and co-culture 
conditions. However, the highest SFA content on day 3 and 6 was 
recorded in non-axenic Amphora sp. reaching approximately 60% - 67%, 
while on day 15, it was observed in the co-culture with Nitratireductor sp. 
(48.57 ± 3.66%). The most abundant MUFAs was palmitoleic acid 
(16:1), which was present in all cultures across all harvesting days, ac
counting for 19–58% of the total fatty acid content. Oleic acid (9–18:1) 
levels in Amphora sp. did not differ significantly among cultures at any 
harvesting day, although the co-culture with Nitratireductor sp. consis
tently tended to exhibit higher oleic acid content. In contrast, 11-octade
cenoic acid (11–18:1) was detected exclusively in co-cultures at all 
harvesting days, with levels below 1.5%. Regarding total MUFAs con
tent, a significantly lower MUFAs percentage was observed in non- 
axenic Amphora sp. on day 3 (25.41 ± 3.41%) (Tukey’s HSD, 
p < 0.05). On day 6, the co-culture with Nitratireductor sp. showed a 
significantly higher MUFAs content (51.29 ± 2.35%), although it was 

Table 1 
Lipid % DW, lipid productivity (g.m-².day− 1) and biomass productivity (g.m-².day− 1) of Amphora sp. in axenic, non-axenic and co-culture conditions with Nitratir
eductor sp. (CC1) and Sulfitobacter sp. (CC2) at day 3, 6, and 15 in the vertical biofilm PSBR.

Lipid % DW Lipid productivity (g.m-².day¡1) Biomass productivity (g.m-².day¡1)

Axenic Non- 
axenic

CC1 CC2 Axenic Non-axenic CC1 CC2 Axenic Non- 
axenic

CC1 CC2

Day 3 20.62 
± 5.22

16.58 
± 8.78

11.79 
± 0.51

67.03 
± 17.80◆

0.19 
± 0.06

0.09 
± 0.04

0.12 
± 0.03

0.50 
± 0.10◆

0.89 
± 0.08

0.55 
± 0.07

0.99 
± 0.26*

0.76 
± 0.16

Day 6 14.73 
± 4.23

20.04 
± 6.54

11.69 
± 2.55

23.16 
± 13.13

0.10 
± 0.04

0.08 
± 0.01

0.14 
± 0.03*

0.15 
± 0.03*

0.70 
± 0.24

0.40 
± 0.08

1.24 
± 0.16*

0.79 
± 0.44

Day 
15

21.17 
± 0.28*

42.19 
± 2.29

15.77 
± 7.92*

17.68 
± 9.25*

0.09 
± 0.01

0.12 
± 0.01

0.06 
± 0.02*

0.07 
± 0.01*

0.40 
± 0.05

0.29 
± 0.01

0.43 
± 0.10

0.48 
± 0.20

The symbols ◆ and * indicate a significant difference from both controls (axenic and non-axenic) and the other co-culture, and from the non-axenic control, 
respectively. Unless otherwise specified, no significant differences were observed among the other groups on the same day.

Fig. 6. The surface lipid production (g. m-²) of axenic Amphora sp. ( ), non- 

axenic Amphora sp. ( ), co-culture of Amphora sp. with Nitratireductor sp. 

( ) and co-culture of Amphora sp. with Sulfitobacter sp. ( ) in the vertical 
biofilm PSBR at days 3, 6 and 15. Error bars represent the standard deviation of 
the mean surface lipid production. n = 3 biological replicates. The symbol ◆ 
indicates a significant difference from both controls (axenic and non-axenic) 
and the other co-culture, while * indicates a significant difference from the 
non-axenic control. Unless otherwise specified, no significant differences were 
observed across other groups on the same day.
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significantly different only from the non-axenic Amphora sp. condition. 
By day 15, no significant differences in MUFAs content were observed 
among cultures, with values ranging from 37% to 60%. Amphora sp. 
contained a considerably lower amount of PUFAs compared to SFAs and 
MUFAs. A total of four ω-6 PUFAs (γ-linolenic acid (6,9,12–18:3), 
stearidonic acid (6,9,12,15–18:4), linoleic acid (9,12–18:2), and 
arachidonic acid (5,8,11,14–20:4)) and two ω-3 PUFAs (hexadeca
trienoic acid (6,9,12–16:3) and eicosapentaenoic acid (EPA; 
5,8,11,14,17–20:5)) were identified in Amphora sp. However, stear
idonic acid and arachidonic acid were not found in both co-cultures 
throughout the culture period. Among all PUFAs, EPA was highest in 

non-axenic Amphora sp. on day 3 (9.36 ± 3.94%), but it didn’t signifi
cantly different from axenic control and Amphora-Sulfitobacter co- 
culture. On days 6 and 15, the highest levels were consistently recor
ded in axenic Amphora sp., with values of 13.98 ± 2.44% and 10.91 
± 4.51%, respectively, while the difference was significant only on day 6 
compared to both co-cultures. Overall, non-axenic Amphora sp. exhibi
ted significantly higher total PUFA on day 3 compared to all other cul
tures, while PUFA content largely mirrored the differences in EPA 
observed across all conditions on days 6 and 15.

Table 2 
Fatty acid composition of Amphora sp. under axenic, non-axenic, and co-culture conditions with Nitratireductor sp. (CC1) and Sulfitobacter sp. (CC2) on days 3, 6, and 
15, cultivated in the vertical biofilm PSBR.

Fatty acid Day of the culture in the PSBR

Day 3 Day 6 Day 15

Axenic Non- 
axenic

CC1 CC2 Axenic Non- 
axenic

CC1 CC2 Axenic Non- 
axenic

CC1 CC2

Saturated fatty 
acids (SFA)

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

14:0 9.19 
± 0.72

ND 1.57 
± 1.06▴

0.96 
± 0.93▴

3.05 
± 0.36

ND 2.57 
± 0.68

1.02 
± 0.80▴

3.36 
± 2.91

8.37 
± 7.25

1.35 
± 0.96

3.34 
± 2.16

15:0 ND 0.17 
± 0.16

0.36 
± 0.24

0.33 
± 0.29

ND ND 0.97 
± 0.30

0.48 
± 0.25

0.22 
± 0.38

0.66 
± 0.60

1.12 
± 0.56

2.45 
± 1.83

16:0 39.69 
± 1.81

33.99 
± 1.73

43.33 
± 5.12

45.01 
± 5.39*

31.48 
± 0.61a

45.43 
± 8.25b

40.47 
± 3.08

45.46 
± 2.50▴

37.20 
± 6.75

28.32 
± 7.24

42.50 
± 2.60*

34.65 
± 2.12

18:0 2.94 
± 1.76*

21.45 
± 0.93

3.30 
± 1.89*

2.30 
± 0.36*

6.99 
± 2.45

9.99 
± 4.29

1.84 
± 0.44*

3.36 
± 0.52

3.12 
± 1.66

5.18 
± 2.88

3.61 
± 2.48

1.28 
± 0.21

20:0 0.04 
± 0.04a

0.75 
± 0.28b

ND ND 0.29 
± 0.05

0.24 
± 0.07

ND ND 0.06 
± 0.06

0.12 
± 0.10

ND ND

22:0 ND 0.69 
± 0.64

ND ND 0.28 
± 0.30

0.25 
± 0.07

ND ND 0.02 
± 0.04

0.09 
± 0.10

ND ND

24:0 0.11 
± 0.03a

1.33 
± 0.62b

ND ND 0.75 
± 0.25

0.72 
± 0.37

ND ND 0.19 
± 0.10

0.39 
± 0.20

ND ND

∑ SFA 51.97 
± 0.69

59.26 
± 1.07

48.55 
± 4.34

48.59 
± 4.36

43.18 
± 1.95

56.89 
± 10.24

45.85 
± 1.69

50.31 
± 3.24

44.19 
± 5.86

43.18 
± 3.39

48.57 
± 3.66

41.73 
± 1.76

Monounsaturated fatty acids 
(MUFA)

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

9–16:1 40.86 
± 1.65a

20.81 
± 1.08b

32.87 
± 9.43

43.94 
± 0.48*

32.36 
± 1.00

26.40 
± 3.69

39.83 
± 3.07*

39.01 
± 2.69*

37.69 
± 2.59

47.03 
± 10.20

38.80 
± 7.49

44.73 
± 2.89

9–18:1 1.43 
± 1.04

4.60 
± 2.35

15.80 
± 12.34

1.64 
± 1.53

2.97 
± 0.67

3.77 
± 1.16

10.92 
± 5.29

4.17 
± 3.21

1.57 
± 0.46

1.38 
± 0.10

8.11 
± 6.52

2.43 
± 0.51

11–18:1 ND ND 0.82 
± 0.46

0.53 
± 0.13

ND ND 0.54 
± 0.13

1.02 
± 0.14

ND ND 0.55 
± 0.33

0.77 
± 0.20

∑ MUFA 42.29 
± 1.10*

25.41 
± 3.41

49.49 
± 3.70*

46.11 
± 2.01*

35.33 
± 1.37

30.17 
± 2.65

51.29 
± 2.35*

44.19 
± 1.52

39.26 
± 2.14

48.41 
± 10.29

47.47 
± 4.45

47.94 
± 3.09

Polyunsaturated fatty acids 
(PUFA)

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

6,9,12–16:3 0.28 
± 0.22

0.07 
± 0.08

ND ND 0.59 
± 0.12

ND ND ND 0.25 
± 0.21

0.09 
± 0.09

ND 0.66 
± 0.58

6,9,12–18:3 0.11 
± 0.03a

0.43 
± 0.05b

0.24 
± 0.13

0.44 
± 0.17▴

0.44 
± 0.12

0.18 
± 0.13

0.26 
± 0.08

0.65 
± 0.26*

0.40 
± 0.28

0.25 
± 0.16

0.29 
± 0.12

0.66 
± 0.26

6,9,12,15–18:4 0.89 
± 0.13a

2.38 
± 0.68b

ND ND 3.04 
± 0.41

1.70 
± 1.44

ND ND 2.19 
± 1.11

1.48 
± 1.03

ND ND

9,12–18:2 0.56 
± 0.06*

1.91 
± 0.38

0.31 
± 0.32*

0.45 
± 0.22*

1.79 
± 0.16

1.33 
± 0.60

0.44 
± 0.16▴

0.82 
± 0.27▴

1.90 
± 0.88

1.17 
± 0.45

0.53 
± 0.38

0.79 
± 0.35

5,8,11,14–20:4 0.07 
± 0.03a

0.47 
± 0.06b

ND ND 0.60 
± 0.19

0.20 
± 0.25

ND ND 0.57 
± 0.42

0.09 
± 0.15

ND ND

5,8,11,14,17–20:5 3.66 
± 0.23

9.36 
± 3.94

0.92 
± 0.97*

4.41 
± 2.31

13.98 
± 2.44

9.35 
± 10.38

1.64 
± 1.12▴

4.02 
± 2.08▴

10.91 
± 4.51

5.05 
± 6.41

2.23 
± 1.19

8.22 
± 0.63

ω-3 FAs 4.55 
± 0.35*

11.74 
± 4.57

0.92 
± 0.97*

4.41 
± 2.31*

17.02 
± 2.54

11.04 
± 11.82

1.64 
± 1.12

4.02 
± 2.08

13.10 
± 5.60

6.53 
± 7.19

2.23 
± 1.19

8.22 
± 0.63

ω-6 FAs 1.03 
± 0.33*

2.89 
± 0.35

0.55 
± 0.44*

0.88 
± 0.39*

3.42 
± 0.38

1.71 
± 0.98

0.70 
± 0.20▴

1.47 
± 0.53

3.12 
± 1.78

1.60 
± 0.58

0.82 
± 0.49

2.10 
± 1.17

∑ PUFA 5.57 
± 0.68*

14.62 
± 4.27

1.47 
± 1.41*

5.29 
± 2.66*

20.44 
± 2.31

12.75 
± 12.77

2.34 
± 1.29▴

5.50 
± 2.59▴

16.22 
± 7.32

8.13 
± 7.70

3.05 
± 1.69

10.33 
± 1.52

The symbols ▴ and * indicate a significant difference from axenic Amphora sp. and from the non-axenic Amphora sp., respectively. Superscript letters indicate the 
significant differences between axenic and non-axenic Amphora sp. cultures. Unless otherwise specified, no significant differences were observed among the other 
groups on the same day. 14:0 – Myristic acid,15:0 – Pentadecanoic acid,16:0 – Palmitic acid,18:0 – Stearic acid, 20:0 – Arachidic acid, 22:0 – Behenic acid, 24:0 – 
Lignoceric acid, 9–16:1 – Palmitoleic acid, 9–18:1 – Oleic acid, 11–18:1 – 11-Octadecenoic acid,: 6,9,12–16:3 – Hexadecatrienoic acid, 6,9,12–18:3 – γ-Linolenic acid, 
6,9,12,15–18:4 – Stearidonic acid, 9,12–18:2 – Linoleic acid, 5,8,11,14–20:4 – Arachidonic acid, 5,8,11,14,17–20:5 – Eicosapentaenoic acid, ω-3 fatty acids (FAs)- 
6,9,12–16:3 and 5,8,11,14,17–20:5, ω-6 fatty acids (FAs)- 6,9,12–18:3, 6,9,12,15–18:4, 9,12–18:2, and 5,8,11,14–20:4
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3.8. Nutrients

The concentrations of all major nutrients in the culture medium, 
DIN, DIP, DSi, and ammonium decreased over time (Fig. 7). Notably, the 
consumption of DIN by Amphora sp. in co-culture with Nitratireductor sp. 
remained unchanged until day 6, with concentrations remaining around 
888 µmol.L− 1. In contrast, both the axenic and non-axenic controls, 
along with the co-culture with Sulfitobacter sp., exhibited a gradual 
decrease in DIN levels over the same period. Meanwhile, DIP, DSi and 
ammonium levels declined sharply across all cultures between day 0 and 
day 6. In particular, DIP dropped from approximately 36 µmol.L− 1 to 
below 2 µmol.L− 1, DSi from 106 µmol.L− 1 to below 50 µmol.L− 1, and 
ammonium from 555 µmol.L− 1 to below 60 µmol.L− 1. By day 15, axenic 
Amphora sp. and both co-cultures had consumed nearly 50% of the total 
DIN, along with approximately 98% of DIP, 85% of DSi and 99% of 
ammonium.

3.9. Overall co-culture effects on Amphora sp. biomass-lipid profiles

The overall impact of bacterial co-culturing on Amphora sp. biomass 
and lipid traits is shown in Fig. 8. PERMANOVA revealed a significant 
separation among culture conditions in the ordination space (p < 0.05), 
while the non-significant PERMDISP result confirmed that this separa
tion was not driven by differences in within-group dispersion. Most 
biomass and lipid related traits, with the exception of biomass produc
tivity, were significantly correlated with the PCoA axes. Notably, the 
Amphora-Sulfitobacter co-culture at day 3 cluster distinctly to the right 
along PCoA1, indicating higher lipid productivity and lipid % DW while 
the day 6 group overlaps with the axenic and Amphora-Nitratireductor 
groups but trends toward higher lipid production. The Amphora-Sulfi
tobacter group at day 15 shifts upward along PCoA2, consistent with 
additional biomass gains compared to other days. Nitratireductor co- 
cultures at all three harvest points largely overlap and plot higher on 
PCoA2 with moderate PCoA1, reflecting a biomass advantage with only 
modest lipid enrichment. Axenic cultures remain near the origin, 
exhibiting intermediate lipid and biomass values. Non-axenic cultures at 
day 3 and day 6 lie on the negative PCoA1 axis, highlighting lower 
biomass with an SFA and PUFA leaning profiles, whereas the day 15 
group shifts toward positive PCoA2, indicating increasing lipid content 
with higher MUFA levels.

4. Discussion

Binary co-cultivation of bacteria and benthic diatom biofilms in 

efficient biofilm cultivation systems such as PSBRs presents an innova
tive approach to enhancing both biomass and lipid production in 
microalgal biofilms. Compared to complex multispecies consortia, these 
simplified co-culture systems allow for more controlled investigations of 
microalgae-bacteria interactions, offering clearer mechanistic insights 
and scalable strategies for industrial bioprocess optimization (Rasheed 
et al., 2023; Tong et al., 2023). In our study, growth kinetics of Amphora 
sp. in the laboratory scale vertical biofilm PSBR over a 15-day batch 
culture revealed clear physiological shifts from the exponential to sta
tionary phase under bacterial influence, while the absence of a distinct 
lag phase in any culture was likely due to the 4-day pre-incubation 
period in microwell plates. Notably, Amphora sp. in co-culture with 
Nitratireductor sp. entered the stationary phase by day 2 earlier than all 
other cultures, likely due to accelerated early growth and biofilm 
development, as reflected by significantly higher NDVI values during the 
first two days, suggesting a beneficial interaction. This early physio
logical shift was more likely triggered by spatial constraints arising from 
the rapid growth of Amphora in co-culture with Nitratireductor, as no 
nutrient depletion was observed until day 6. The delayed onset of the 
stationary phase in non-axenic Amphora sp. (day 7), compared with 
axenic (day 5) and co-culture conditions, may be attributed to the 
complementary roles of its natural microbiota in supporting algal 
growth and mitigating potential negative effects, such as nutrient and 
space competition arising from multiple bacterial interactions (Cho 
et al., 2015). These microbial communities likely support sustained 
growth through nutrient recycling (González-González and De-Bashan, 
2021), exchange of growth-promoting metabolites such as 
indole-3-acetic acid (IAA) (Lépinay et al., 2018; Chorazyczewski et al., 
2021; Sittmann et al., 2021), or by mitigating stress that may arise from 
antagonistic interactions (Fuentes et al., 2016). Considering the 
maximum photosynthetic efficiency of Amphora sp. under each culture 
condition, axenic Amphora sp. exhibited healthy metabolic activity and 
minimal physiological stress, maintaining values within the optimal 
range of 0.5–0.7 throughout the cultivation period (Arnaldo et al., 
2024a). In contrast, from day 9 onward, Amphora sp. in the non-axenic 
and co-culture conditions showed a decline in photosynthetic efficiency, 
indicating the onset of physiological stress. This decline may be attrib
uted to spatial constraints (Zeng et al., 2023), light limitation due to 
increased biofilm density (Wang et al., 2021), nutrient deficiency 
(Arnaldo et al., 2024), or biotic stress resulting from bacteria during the 
stationary phase, when microalgal metabolic activity naturally declines 
(Steinrücken et al., 2023). Furthermore, the observed non-significant 
differences in relative growth rates among the controls and co-cultures 
may be attributed to the significantly higher NDVI values at day 0 in 

Fig. 7. Average nutrient availability in the culture medium of axenic Amphora sp. ( ), non-axenic Amphora sp. ( ), co-culture of Amphora sp. with 
Nitratireductor sp. ( ) and co-culture of Amphora sp. with Sulfitobacter sp. ( ) in the vertical biofilm PSBR at day 0, 6 and 15 (excluding data for the 15- 
day non-axenic Amphora sp. cultures; see Section 2.5). Error bars represent the standard deviation of the mean DIN, DIP, DSi or ammonium at each respective time 
point, n = 3.
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the co-cultures, which could have reduced variability in the calculated 
growth rates due to a shorter exponential growth phase. Likewise, 
comparable growth rates for the genus Amphora have been reported 
across various culture conditions and modes, ranging from 0.2 to 0.5 
day⁻¹ in both lab scale photobioreactors and outdoor systems (La Peña, 
2007; Indrayani et al., 2019; Cointet et al., 2019; Arnaldo et al., 2024a).

Surface biomass production and biomass productivity of axenic 
Amphora sp. and both co-cultures outperformed those of non-axenic 
Amphora sp. across all harvesting days. This trend may be attributed 
to the absence of harmful bacteria in the axenic culture, which likely 
reduced competition or the production of inhibitory metabolites, and to 
the presence of beneficial bacteria in the co-cultures that supported 
Amphora sp. growth (Cho et al., 2015). Notably, the highest surface 
biomass and biomass productivity were recorded for Amphora sp. 
co-cultured with Nitratireductor sp. on day 3 (2.54 ± 0.39 g.m-²; 0.99 ±
0.26 g.m-².day− 1) and day 6 (7.27 ± 1.31 g.m- ²; 1.24 ± 0.16 g.m-². 
day− 1) in the PSBR, followed by a declining trend by day 15. Among all 
cultures, this was the only one that showed no utilization of inorganic 
nitrogen in the culture medium until day 6, after which nitrogen con
sumption began. Further, the Nitratireductor population also shifted 
distinctly over time, from the initial inoculation ratio of Amphora to 
Nitratireductor (10:1) to 1:1 by day 3, indicating rapid bacterial prolif
eration, before declining to 3:1 by day 6 and 2:1 by day 15. Taken 
together, the absence of detectable nitrogen drawdown in the Amphor
a-Nitratireductor co-culture during the early culture period in the PSBR 
highlights altered nitrogen dynamics within the biofilm, which could 
potentially be linked to the higher Nitratireductor population at the 
beginning of the co-culture. While the genus Nitratireductor has been 
reported to harbour functional traits associated with nitrogen fixation 
(diazotrophy) (Ouyabe et al., 2019; Llamas et al., 2023), the N₂-fixing 
capacity of Nitratireductor sp. should be further tested in future studies, 
both with and without external nitrogen, as shown by Chandola et al. 
(2025), where Phaeodactylum tricornutum can survive in the absence of 
external nitrogen through associations with N₂-fixing bacteria. Alter
natively, the observed increase in biomass may also result from meta
bolic interactions involving small peptides (e.g., diketopiperazines), 
phytohormones (e.g., IAA, cytokinins, and gibberellins), or other 

metabolites (Wang et al., 2015; Lépinay et al., 2018; Chorazyczewski 
et al., 2021; Sittmann et al., 2021). The co-culture of Amphora sp. with 
Sulfitobacter sp. also showed the potential to reach a maximum surface 
biomass production of approximately 9 g.m-² by day 15. These favour
able biomass results under co-culture conditions in batch culture mode 
suggest earlier biomass harvests compared to previous monoalgal 
studies in PSBRs, where marine algae like Isochrysis sp., Tetraselmis 
suecica, Phaeodactylum tricornutum, and Nannochloropsis sp. dry biomass 
yielded 10–15 g.m-² only after 25 days, with biomass productivities of 
0.6–1.8 g.m-².day− 1. In addition, co-cultivation with bacteria may 
reduce the need for external nutrient inputs, such as inorganic nitrogen, 
thereby supporting lower overall production costs. However, some 
studies report exceptionally high surface dry biomass productivity in 
indoor PSBR systems, with green algae such as Scenedesmus obliquus 
reaching an average of 80 g.m-².day− 1 (Liu et al., 2013) and Halo
chlorella rubescens achieving approximately 31 g.m-².day− 1 (Schultze 
et al., 2015). These variabilities arise from factors such as design 
configuration, culture mode (batch, continuous), algal species, culture 
medium composition, temperature, light intensity and light utilization 
efficiency as well as the materials used for attachment (Gross et al., 
2013; Arnaldo et al., 2024a and b). However, all our cultures exhibited 
continuous biomass accumulation until the end of cultivation period, 
but there was a noticeable reduction in biomass productivity over time, 
indicating entry into the stationary phase where cell division ceases, 
similar to the observation by Liu et al. (2013). In agreement with our 
findings, bacterial strains from the genera Nitratireductor and Sulfito
bacter have been shown to enhance microalgal biomass in suspension 
cultures. For example, Nitratireductor sp. has previously been shown to 
significantly enhance the biomass of Nannochloropsis oceanica in 
co-culture (Liu et al., 2020) while Sulfitobacter sp. promoted the growth 
of the diatom Pseudo-nitzschia multiseries through the production and 
release of IAA, a growth-promoting phytohormone that stimulates cell 
division (Amin et al., 2015).

The exceptionally high surface lipid production (1.51 ± 0.31 g.m⁻²), 
lipid productivity (0.50 ± 0.10 g.m⁻².day⁻¹), and lipid content (67.03 
± 17.80% DW) observed in the Amphora–Sulfitobacter co-culture at day 
3, followed by a decline in all parameters over time, suggest a link 

Fig. 8. PCoA of biomass and lipid-related traits of Amphora sp. grown in the vertical biofilm PSBR under four conditions: axenic, non-axenic, axenic + Nitratireductor 
sp., and axenic + Sulfitobacter sp. Cultures were sampled on days 3, 6, and 15. n = 3 biological replicates. Variables included lipid content (g.m⁻²), lipid % of dry 
weight, lipid productivity (g.m⁻².day⁻¹), biomass (g.m⁻²), biomass productivity (g.m⁻².day⁻¹), and fatty acid classes (SFA, MUFA and PUFA). Solid arrows represent 
variables significantly correlated with the PCoA axes (envfit, p < 0.05), whereas dashed arrows indicate non-significant correlations (p > 0.05). PERMANOVA p- 
value < 0.05 indicates significant separation among groups, while a non-significant PERMDISP p-value confirms that this significance is not driven by within- 
group variance.
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between the high bacterial density at day 3 (1 cell.m⁻² of Amphora sp.–5 
CFU.m⁻² of Sulfitobacter sp.) and its subsequent decrease. Under non- 
limiting nutrient conditions and favourable physiological status of Am
phora (Fv/Fm) at day 3, this early increase in lipid production is more 
likely related to concentration-dependent bacterial metabolites, as 
described by Ji et al. (2018) and Sittmann et al. (2021), and warrants 
further investigation. In controls, non-axenic Amphora sp. maintained 
relatively stable lipid productivity across all harvesting days. This sus
tained performance may be attributed to the presence of diverse bac
terial populations, which likely played complementary roles in 
stabilizing culture conditions, facilitating nutrient remineralization, and 
delaying metabolic decline. Such interactions may have helped prolong 
the stationary phase, potentially explaining the nearly twofold increase 
in lipid content (42% DW) observed by day 15 compared to day 6. The 
lipid content (% DW) and lipid productivity of this strain are consistent 
with previous studies using the same strain in Erlenmeyer flasks (Cointet 
et al., 2019), in an airlift photobioreactor (Cointet et al., 2021), and in a 
7-day culture within the same PSBR system (Arnaldo et al., 2024a), 
except for the Amphora sp. co-culture with Sulfitobacter sp. on day 3, 
which showed noticeably higher lipid accumulation. Although varia
tions in lipid production were observed across the co-culture conditions, 
the fatty acid composition of Amphora sp. remained largely stable over 
time and comparable to that of the control cultures. Conversely, several 
studies have reported shifts in microalgal fatty acid profiles under biotic 
stress (Cho et al., 2015; Molina-Cárdenas et al., 2020). In general, Am
phora sp. is rich in palmitic acid (16:0) and palmitoleic acid (16:1), 
which together can account for nearly 90% of its total fatty acids, while 
the PUFA content remains comparatively low. The fatty acid profile of 
Amphora sp., rich in palmitic and palmitoleic acids, supports its use in 
pharmaceutical, nutraceutical, and cosmetic products due to their 
emollient, moisturizing, and structural functions (Cointet et al., 2019, 
2021). Additionally, its high MUFAs and low PUFAs content is favour
able for biodiesel quality, providing a good balance of oxidative stability 
and cold flow properties (Molina-Cárdenas et al., 2020; Cointet et al., 
2021). However, the rigid silica frustule of diatoms, comprising up to 
50–60% of their dry biomass, can hinder solvent penetration and thus 
complicate lipid extraction (Pasquet et al., 2011; Bayu et al., 2020), 
although this was not the focus of our study. In a biorefinery context, the 
high siliceous content of diatom biomass reduces its calorific value and 
increases ash production, which can lead to biochar formation, catalyst 
deactivation, corrosion, and even equipment failure due to the abrasive 
nature of silica (Hess et al., 2019). These constraints underscore the 
importance of implementing appropriate pretreatment strategies such as 
water or alkaline washing, ultrasonication, or microwave-assisted 
disruption to enable the efficient recovery of targeted metabolites 
from diatoms (Pasquet et al., 2011; Hess et al., 2019).

Overall, our study provides fundamental insights into the bacterial 
influence on the growth, biomass, and lipid production of a biofilm 
forming marine benthic diatom within a lab scale vertical biofilm PSBR 
system. The co-culture with Nitratireductor sp. demonstrated potential 
for enhancing biomass production, whereas the co-culture with Sulfito
bacter sp. yielded the highest lipid levels in Amphora sp. during the early 
days of the PSBR cultivation. However, it is also important to note that 
certain cultures, particularly the Amphora-Sulfitobacter co-culture, 
exhibited relatively high within-group variation across different har
vesting days for specific parameters, such as lipid% DW and some fatty 
acids (e.g., C14:0), resulting in elevated standard deviations. This vari
ability likely reflects biological variation associated with the experi
mental design, as three biological replicates were conducted as 
independent sequential runs due to the limitation of operating a single 
PSBR unit. Although culture conditions (e.g., light intensity, culture 
medium, and temperature) were maintained consistently across runs, 
each replicate required the preparation of separate Amphora subcultures 
and independent microalgae-bacteria inoculations at different time 
points, which may have introduced batch-to-batch biological differ
ences. Thus, increasing the number of biological replicates and 

conducting co-culture experiments simultaneously in future studies will 
be essential to reduce within-group variability and further strengthen 
the robustness of these findings. On the other hand, future experiments 
should also explore co-cultures involving both bacterial strains and 
Amphora sp. within the PSBR. This may require shortening the disc in
cubation period outside the PSBR, as the fast growth of Amphora could 
accelerate its transition through growth phases once the discs are 
introduced into the reactor. Further optimization should also address the 
algae-to-bacteria ratio in order to determine the most effective balance 
for maximizing both biomass and lipid production. These improvements 
should also be accompanied by the development of more effective bio
film growth monitoring approaches, which may require improving the 
conversion of NDVI or other biomass proxy values into biomass by 
expanding calibration datasets to better capture low cell-density ranges 
and by applying biofilm appropriate calibration models that account for 
biofilm thickness, heterogeneous coverage, and pigment gradients (Hou 
et al., 2018; Morgado et al., 2024). For future upscale, it will be 
important to consider the use of more durable, reusable, and 
cost-effective substrate materials. The current discs occasionally de
tached or tore under wet conditions during handling, and biomass 
leakage was observed as nutrient flow eroded thicker biofilms over time. 
In this regard, fabric-based substrates could be a promising alternative, 
as they would increase the available growth area and facilitate har
vesting by scraping, while allowing a portion of the biofilm to remain for 
continued growth without frequent re-inoculation. In addition, im
provements in PSBR performance should be considered, including 
optimizing light distribution and efficiency while minimizing water 
evaporation. To better understand the chemically mediated interactions 
that may influence biomass and lipid production in the biofilm-based 
PSBR, future research will investigate metabolite exchange in Amphor
a-Nitratireductor and Amphora-Sulfitobacter co-cultures. Finally, 
long-term and continuous co-culture trials will be essential to evaluate 
bacterial behavioural changes over time, assess the longevity of culti
vation and harvesting cycles, and ultimately determine overall opera
tional costs.

5. Conclusion

This study evaluates binary co-cultivation of a naturally biofilm- 
forming benthic diatom with bacteria in a vertical porous substrate 
bioreactor. Our findings highlight the potential of introducing bacteria 
into microalgal biofilms to enable earlier attainment of higher biomass 
and lipid production. This strategy offers an environmentally sustain
able approach that aligns with the natural characteristics of microalgal 
biofilms while leveraging the inherent advantages of biofilm-based 
cultivation. Our future research will focus on elucidating metabolite- 
mediated interactions in the Amphora-Sulfitobacter and Amphora-Nitra
tireductor co-cultures to identify key compounds contributing to 
enhanced biomass and lipid production of Amphora.
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