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Microalgae-bacteria interactions have recently emerged as a potential approach to enhance microalgal growth
and metabolite production. However, successful co-culturing relies on synergistic and metabolically comple-
mentary interactions between microalgae and associated microorganisms, which enhance culture stability and
productivity. Rather than introducing exogenous bacteria, characterising native host-associated microbiomes
represents an ecologically relevant strategy, as these communities may reflect long-standing mutualistic or
syntrophic interactions. Despite increasing interest in biofilm-based cultivation, microbial dynamics within
microalgal biofilms in bioreactors remain poorly understood compared to planktonic systems. In this study, we
investigated bacterial succession in a monoalgal biofilm of the oleaginous benthic diatom Amphora sp. during its
exponential growth phase in a porous substrate photobioreactor (PSBR), aiming to identify key bacterial taxa for
future co-culturing experiments. The exponential phase was targeted due to its relevance for biomass accumu-
lation and active cellular metabolism underpinning productivity in biofilm-based systems. Non-axenic Amphora
sp. was grown in F/2-enriched artificial seawater, and bacterial community dynamics were assessed at Day O,
Day 3 (mid-exponential), and Day 6 (late-exponential) using PacBio Sequel II/Ile 16S rRNA amplicon
sequencing. Distinct phase-dependent shifts in bacterial community composition were observed, with Alphap-
roteobacteria declining over time and concomitant increases in Flavobacteriia and Planctomycetota. Despite
these changes, bacterial communities maintained relatively stable evenness, structured around a few pivotal
taxa. Marivita, Sulfitobacter, Polaribacter, and Rhodopirellula were identified as key bacterial taxa dynamically
associated with the exponential phase of Amphora sp. Overall, this study provides a foundational screening
framework to identify native bacterial candidates for co-culturing with mono-microalgal biofilms.

1. Introduction

Microalgae are versatile photosynthetic microorganisms increas-
ingly explored as sources of high-value bioactive compounds for use in
nutraceuticals, pharmaceuticals, food, and cosmetics, and for functional
applications including bioenergy production, agricultural biostimulants,
and wastewater treatment (Borowitzka, 2013; Yuan et al., 2021).
Depending on the intended application and production scale, they are
cultivated in either open systems (e.g., raceway ponds) or closed systems
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(e.g., photobioreactors), each with distinct advantages and challenges
related to cost, contamination risk, scalability, and environmental con-
trol (Fulbright et al., 2018). Conventionally, efforts in microalgae
cultivation have focused on maintaining monocultures of strains to
produce highly valuable metabolites such as lipids, pigments, and pro-
teins (Moejes et al., 2017; Fulbright et al., 2018). However, maintaining
axenic monocultures is often technically challenging and economically
unsustainable, particularly at large scales (Vale et al., 2023). Contami-
nations, whether airborne, waterborne, or introduced during routine
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handling, can significantly disrupt the stability and productivity of
microalgal production systems (Paquette et al., 2020; Steinriicken et al.,
2023). In some cases, sudden culture crashes have been triggered by
microbial competition, antagonism, or parasitism of algal strains, posing
a serious obstacle to industrial-scale operations (Moejes et al., 2017;
Fulbright et al., 2018; Davies et al., 2021; Aalto et al., 2024). Despite
these challenges, recent studies have begun to highlight the potential
benefits of incorporating natural or synthetic microbial communities
into microalgal cultures, or co-culturing algal strains with their micro-
bial associates (Cho et al., 2015; Wang et al., 2015; Molina-Cardenas
et al., 2020; Chorazyczewski et al., 2021; Sittmann et al., 2021; Bui-
Xuan et al., 2022; Steinriicken et al., 2023). Instead of being viewed
solely as contaminants, certain microorganisms, particularly bacteria,
can form mutualistic or commensal relationships with microalgae,
enhancing nutrient availability, promoting algal growth, improving
stress tolerance, and increasing intracellular accumulation of target
compounds of microalgae (Lakaniemi et al., 2012; Lopes et al., 2025).
Consequently, microbiome engineering comes to play as an emerging,
cost-effective, and environmentally sustainable strategy in microalgal
biotechnology, with the potential to enhance the productivity by
mimicking natural ecosystem dynamics (Lian et al., 2018; Kumar et al.,
2020).

The success of microbiome engineering largely depends on the syn-
ergistic interactions and metabolic complementarity between micro-
algae and their microbial partners, which ultimately influence both
culture stability and overall productivity (Aalto et al., 2024; Lopes et al.,
2025). To achieve this, selecting bacterial partners based on their nat-
ural co-occurrence with specific microalgae would be an ideal and
ecologically relevant strategy, as such associations often reflect mutu-
alistic or syntrophic relationships that activate biosynthetic pathways
for key target compounds (Krohn-Molt et al., 2017; Lopes et al., 2025).
Several studies have demonstrated enhanced microalgal growth,
biomass accumulation, and metabolite yields through the use of bacte-
rial partners either isolated from the native microbiota of the microalgal
host or via manipulation of the natural microbiome (Cho et al., 2015;
Lépinay et al., 2018; Chorazyczewski et al., 2021). For example, co-
culturing native bacteria with their microalgal hosts such as Ankis-
trodesmus sp. with Rhizobium sp. (Nascimento et al., 2013), Scenedesmus
obliquus with Acidovorax facilis (Wang et al., 2015), and Phaeodactylum
tricornutum with Marinobacter sp. (Chorazyczewski et al., 2021) has led
to improved biomass and lipid yields in suspension cultures. Similarly,
replacing the native microbiota of Chlorella vulgaris with a synthetic
consortium assembled from selected native strains led to significantly
higher biomass production than both its axenic and non-axenic coun-
terparts (Cho et al., 2015). However, not all associations between
microalgae and their native bacteria are beneficial. Chorazyczewski
et al. (2021) reported culture crashes when Phaeodactylum tricornutum
was co-cultivated with its native isolates Algoriphagus sp. and Muricauda
sp., and in another study, we observed significant reductions in Amphora
sp. biomass in binary co-cultures with native isolates, Maribacter sp.,
Pseudomonas sp., Janibacter sp., Brevundimonas sp., Aureimonas sp., and
Erythrobacter sp. (Gamage et al., 2026a). Therefore, a fundamental un-
derstanding of bacterial dynamics, together with the selection of key
native, host-associated microbial partners, represents essential steps
toward effective microbiome engineering in microalgal biotechnology.

The composition and development of bacterial communities associ-
ated with microalgae are highly species-specific and are shaped by
various factors, including geographical origin, availability of extracel-
lular products in the phycosphere, culture medium composition, culture
mode (open, indoor), long term maintenance or storage and the physi-
ological state of the microalgal host (Moejes et al., 2017; Lépinay et al.,
2018; Filho et al., 2021; Steinriicken et al., 2023). Variations in species
richness and community composition have primarily been linked to
changes in the availability of organic carbon fractions, including dis-
solved organic carbon released by microalgae, organic matter from se-
nescent or lysed cells, and other metabolites within the phycosphere
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(Grossart et al., 2005; Steinriicken et al., 2023; Lipsman et al., 2024).
These compounds may exert selective pressure, promoting the devel-
opment of adapted bacterial populations over the course of algal growth
(Schafer et al., 2002). Across temporal scales, studies investigating
bacterial communities in suspended microalgal cultures have reported
varying outcomes, reflecting the complex and dynamic nature of algae-
bacteria interactions under different culture conditions. For instance,
Moejes et al. (2017) observed marked shifts in bacterial community
composition across the lag, exponential, stationary, and declining pha-
ses of Phaeodactylum tricornutum cultures grown over 22 days in
different nutrient-rich media. In contrast, Lupette et al. (2016) found
stable communities in Ostreococcus tauri cultures maintained for 35 days
under different photoperiod and medium conditions, up to the declining
phase. Furthermore, Steinriicken et al. (2023) also reported that bacte-
rial communities remained relatively stable in batch cultures of three
Phaeodactylum strains grown for 10 days in bubble columns, up to the
stationary phase. However, most microbiome-related studies to date
have focused on planktonic microalgae, while natural biofilms (e.g.,
freshwater and marine) have primarily been investigated from an
environmental perspective (Pohlon et al., 2010; Xing et al., 2015; Pollet
et al., 2018; Sushmitha et al., 2021).

Given the growing interest in biofilm-based microalgal culture sys-
tems as cost-effective alternatives to suspended cultures, owing to their
higher harvesting efficiency and reduced water and energy demands
(Yuan et al., 2021; Arnaldo et al., 2024), integrating microbiome engi-
neering could also offer an innovative strategy for enhancing yield and
metabolic productivity in microalgal biofilm systems (Gamage et al.,
2026a). As microalgal biofilms naturally harbour diverse microorgan-
isms, primarily bacteria, due to their rich extracellular polymeric sub-
stances (Vale et al., 2023), understanding microbial dynamics within
these biofilms may facilitate the effective integration of suitable bacte-
rial candidates to enhance their biotechnological potential. However,
there is limited understanding of the bioreactor ecology of mono-
microalgal biofilms, particularly the co-occurrence, composition, and
temporal succession of associated bacterial taxa. To address this
knowledge gap, this study aimed to (i) characterize the temporal suc-
cession of bacterial communities associated with the exponential growth
phase of a biofilm-forming marine benthic diatom, Amphora sp., culti-
vated in a laboratory-scale vertical biofilm porous substrate photo-
bioreactor (PSBR), and (ii) identify key bacterial taxa dynamically
associated with this metabolically active phase as candidates for future
co-culturing and microbiome engineering studies. The focus on the
exponential growth phase was motivated by its importance for biomass
accumulation and active cellular metabolism in microalgae, which un-
derpin productivity in biofilm-based cultivation systems (Indrayani
et al., 2020), compared to growth-limiting or stress-associated condi-
tions during the stationary phase (Goto et al., 1999; Cointet et al., 2021).
In this study, non-axenic Amphora sp. was pre-incubated for 4 days on
filter discs to establish a biofilm, followed by transfer of the discs to a
vertical biofilm PSBR for 6 days of cultivation. DNA was extracted at the
end of the pre-incubation period (Day 0) and at the mid- (Day 3) and
late-exponential (Day 6) phases of Amphora sp. grown in a PSBR and
subsequently used for metabarcoding analysis. Consequently, the pre-
sent study provides a foundational step toward identifying key native,
host-selected bacterial taxa for designing defined algal-bacterial biofilm
co-cultures.

2. Materials and methods
2.1. Non-axenic Amphora sp. culture maintenance

The stock culture of non-axenic Amphora sp. was maintained in 250
mL flasks containing artificial seawater (ASW) with a salinity of 28 %o
and a pH of 7.8, enriched with F/2 medium (see Supplementary I), and
incubated at 16 °C under a 12:12 h light-dark cycle with a light intensity
of 100 pmol photons-m~2.s™1. This strain was originally isolated from
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the northwest coast of France (47°22'06” N, 02°32'52" W) and main-
tained under the code NCC169 in the Nantes Culture Collection (NCC) at
the ISOMer laboratory, Nantes University. It is now archived in the
Roscoff Culture Collection (RCC) under accession number RCC5813.

2.2. Cultivation of non-axenic Amphora sp. in the biofilm PSBR

The cultivation of non-axenic Amphora sp. in the vertical PSBR sys-
tem involved inoculating filter discs, followed by the initiation of the
PSBR operation. The customized PSBR (based on the Nano model by
Synoxis Algae, France), designed for microalgal biofilm cultivation, is
described in detail by Arnaldo et al. (2024). For disc inoculation, mi-
crofiber filters (@ 25 mm, 1.2 pm pore size, Whatman™ GF/C, China)
were used as growth substrates. To establish a stable biofilm of non-
axenic Amphora sp. on these filters, a 4-day pre-incubation was carried
out outside the PSBR. This step was necessary as direct introduction of
freshly inoculated discs into the vertical PSBR would result in cell
washout due to periodic nutrient flow. Thus, pre-combusted (at 400 °C
for 4 h) and pre-weighed discs were inoculated with 2 x 10° cells
(counted using a Neubauer hemocytometer under 40 x magnification) in
2 mL of enriched ASW and placed in 6-well tissue culture plates
(Dutscher, China). The plates were incubated at 18 + 1 °C under
continuous white light (100 pmol photons-m~2-s~) under aseptic con-
ditions. A total of 30 discs were prepared for each of the three trials (i.e.,
90 discs in total). Following incubation, the discs were mounted onto the
PSBR's metal plate, which had been wrapped in a thin layer of tissue
paper to facilitate adhesion through capillary action. The metal plate
with the attached discs was then transferred into the growth chamber of
the sterilized PSBR. Prior to assembly, all PSBR components including
the PMMA chambers, nutrient sparger, connecting valves, and tubing
were sterilized according to the manufacturer's protocol. Calibration of
the pH probe and dosing pumps was performed before each run. Light
intensity inside the PSBR was maintained at 100 pmol photons-m 2.5,
using a blend of 25% green (~520 nm), 25% red (~630 nm and 660
nm), and 27% blue light (~450 nm). The reservoir chamber was filled
with 700 mL of culture medium. This medium was delivered through a
nutrient sparger positioned above the metal disc holder at a rate of 1 mL
every 5 min, while the used medium in the growth chamber was recir-
culated back to the reservoir at a rate of 8 mL every 5 min. The entire
system operated at a controlled room temperature of 18 + 1 °C. The
experiment was conducted in triplicate, with each run lasting 6 days in
batch mode. Furthermore, non-axenic Amphora sp. cultures were
intentionally used in this study to characterize naturally assembled,
host-associated bacterial communities under PSBR conditions, with the
aim of identifying native key bacterial taxa associated with the expo-
nential growth phase of Amphora sp., thus, axenic conditions were not
employed. As key bacterial taxa were identified based on defined se-
lection criteria (see Section 2.5), including reproducible detection across
biological replicates, these taxa were considered to be consistently
associated with the host biofilm rather than resulting from random
background colonization.

2.3. Discs harvesting and DNA extraction of microbiome

Based on the growth analysis of non-axenic Amphora sp. in the bio-
film PSBR over 15 days under the same conditions described above, the
exponential phase was found to last for approximately 7 days from the
start of the PSBR run (Gamage et al., 2026b). However, the transition
from lag to exponential phase could not be detected due to the 4-day pre-
incubation period outside the PSBR. Therefore, DNA extractions of the
microbiome associated with Amphora sp. were performed on Day 0 (end
of disc pre-incubation), Day 3 (mid-exponential phase), and Day 6 (late-
exponential phase). At each time point, 10 discs were randomly har-
vested from each trial and pooled into a 50 mL Falcon tube with 10 mL of
sterilized enriched ASW. In total, nine pooled samples were obtained
across three trials and three time points. The samples were vortexed for
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30 s, followed by centrifugation at 1500g for 20 min at 4 °C. Supernatant
was carefully removed and the total DNA was extracted using the
NucleoSpin Microbial DNA Mini Kit (Macherey-Nagel, Germany) ac-
cording to the manufacturer's instructions. DNA quantity and quality
were estimated the optical density (OD) measurements at 260 nm and
280 nm (OD2gonm/OD2gonm = 1.8-2.2, Sambrook and Russell, 2001)
using Skanlt microplate reader software (version 7.0.2.5) and a Vari-
oskan Lux spectrophotometer with a pDrop plate (Thermo Fisher Sci-
entific™, France). The extracted DNA samples from each time point
were then sent to the service provider (Novogene, UK) for sequencing
using the PacBio Sequel II/1IIe.

2.4. Microbiome and bioinformatic analysis

Bacterial 16S rRNA genes were amplified for their V3 - V4 hyper-
variable region using the primer pair 341f (CCTAYGGGRBGCASCAG)
and 806r (GGACTACNNGGGTATCTAAT). Amplified DNA fragments
were end-repaired, A-tailed, and ligated with adapters to construct a
SMRTbell library using AMPure PB beads for purification. Sequencing
primers and polymerase were bound to the templates, and the library
was quantified with Qubit before pooling and sequencing on the PacBio
Sequel II/Ile (Novogene, UK). Sequencing generated between 45,236
and 55,443 high-quality (clean) reads per sample, with an average read
length ranging from 1399 to 1458 bp, and total base counts per sample
ranging from approximately 65.9 million to 80.3 million bases (see
Supplementary II). The raw PacBio BAM files were demultiplexed by
barcode to assign reads to their respective samples. These reads were
then quality-filtered and processed to generate amplicon sequence var-
iants (ASVs) and taxonomic annotation. Unlike operational taxonomic
units (OTUs), which are commonly used in microbial studies and cluster
sequences at a 97% similarity threshold, ASVs resolve single-nucleotide
differences, providing greater accuracy and reproducibility (Callahan
et al., 2017), therefore, ASVs were used in this study.

Denoising (excluding chimeric sequences), diversity analyses (after
removing mitochondrial and chloroplast sequences), and differential
abundance testing using analysis of composition of microbiomes
(ANCOM) were performed in QIIME2 (version 2022.3). Sequences with
fewer than five reads were discarded to construct the final ASV and
feature tables. To account for differences in sequencing depth among
samples, rarefaction analysis was performed based on ASV counts.
Rarefaction curves for observed ASVs were generated to assess
sequencing depth adequacy. Based on curve saturation, samples were
rarefied to a common sequencing depth of 21,897 reads per sample prior
to downstream alpha and beta diversity analyses. Rarefaction curves
based on ASVs are provided in Supplementary III. Taxonomic classifi-
cation of ASVs was carried out using the classify-sklearn plugin in
QIIME2. Based on ASV annotations and feature tables, species abun-
dance tables were generated across multiple taxonomic levels, from
kingdom to species forming the core of the amplicon analysis. Further, a
phylogenetic tree was constructed to represent the evolutionary re-
lationships among ASVs. These outputs served as the foundation for
downstream microbial community analyses, including the calculation of
alpha diversity to assess within-sample diversity while beta diversity
metrics were used to assess between-sample variations. The overall
functional prediction of bacterial communities over time was performed
using PICRUSt2 based on ASVs derived from 16S rRNA sequencing.
Gene family abundances were inferred by placing ASVs into the
Greengenes reference phylogeny, and the functional spectra of both
ancestral lineages and unclassified species were deduced. These were
used to construct a functional prediction spectrum covering the domain
of Bacteria. The bacterial community composition obtained from
sequencing was then mapped onto this spectrum to predict metabolic
functions, which were subsequently annotated using the Clusters of
Orthologous Groups (COG) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) databases.
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2.5. Statistics

Significant differences in the bacterial community composition
associated with Amphora sp. in the biofilm-based PSBR system across
Day 0, Day 3, and Day 6 were evaluated. The Kruskal-Wallis test with
Dunn's post hoc analysis was used to assess significant changes across
multiple taxonomic levels (phylum to species) over time, and the results
were visualized in heatmaps based on z-scores of ASV relative abun-
dances (Eq. (1)). To assess the diversity of bacterial communities within
individual samples, alpha diversity metrics including Good's coverage
(Good, 1953), richness (observed ASVs), Shannon's index, and Simpson's
index (Kers and Saccenti, 2022) were calculated. Goods coverage was
used to estimate sequencing depth, with higher values indicating higher
the sequencing coverage (Eq. (2)). Richness represents the number of
unique ASVs in a sample, higher values indicate greater richness (Eq.
(3)). The Shannon's index indicates the total number of categories in the
sample and their proportions. The higher the community diversity, the
more uniform species distribution, and the greater the Shannon's index
(Eq. (4)). The Simpson's index emphasizes the diversity and uniformity
of species distribution in the community. The better the species uni-
formity, the greater the Simpson index (Eq. (5)). Significant differences
in alpha diversity metrics across time points were tested using the
Kruskal-Wallis Dunn's post hoc test. For beta diversity analysis, which
measures the differences in bacterial community composition among
samples, UniFrac distances (both weighted and unweighted) were
calculated. Unweighted UniFrac considers only the presence or absence
of taxa (Lozupone and Knight, 2005; Chen et al., 2012) (Eq. (6)) whereas
weighted UniFrac incorporates both their relative abundance and
presence or absence (Lozupone and Knight, 2008) (Eq. (7)). To visualize
both inter-group and intra-group differences, non-metric multidimen-
sional scaling (NMDS) based on weighted and unweighted UniFrac
distances was performed using the ade4 and ggplot2 packages in R. Based
on the abundance profiles obtained from functional annotations in the
COG and KEGG databases, principal component analysis (PCA) was
performed to visualize differences in functional composition among
different harvesting days. Linear discriminant analysis effect size (LEfSe)
was conducted using the LEfSe software to identify species with signif-
icant differences between groups, with the linear discriminant analysis
(LDA). Dissimilarities and similarities in bacterial community compo-
sition within and between groups over time were assessed using ADONIS
(PERMANOVA) and ANOSIM, based on the weighted UniFrac distance
matrix. Key bacterial taxa were identified based on a combination of: (i)
significant differential enrichment across time points determined by
LEfSe analysis (LDA score > 4) (ii) substantial relative abundance during
at least one exponential sub-phase and (iii) reproducible detection
across biological replicates. p-Values < 0.05 were considered signifi-
cantly different.

ASV — pASV
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score ) (€]
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where ASV - the relative abundance of a taxon on a given day, pASV - the
mean abundance of that taxon across all sampling days, SD - the stan-
dard deviation, n1- the number of singleton ASVs (observed only once),
N - the total number of sequences, s - the number of ASV, p; - the pro-
portion of the community represented by the i ASV, n- the total number
of branches in the tree, b; - the length of branch i, A; and B; - the numbers
of sequences that descend from branch i in communities A and B
respectively, and At and By as the total numbers of sequences in com-
munities A and B, respectively, p/* and p? are the taxa proportions
descending from the branch i for community A and B, respectively.

3. Results
3.1. Bacterial community composition

The bacterial community composition associated with non-axenic
Amphora sp. across different taxonomic levels (phylum, class, family,
and genus) in the biofilm PSBR at Days 0, 3, and 6 is shown in Fig. 1. On
Day 0, Proteobacteria was the most significantly abundant phylum (p <
0.05, Dunn's post hoc test), accounting for 85.7% of the community. Its
relative abundance declined over time. By Day 6, Bacteroidota and
Planctomycetota had increased significantly compared to Day 0 and Day
3 (p < 0.05, Dunn's post hoc test), reaching 48.7% and 5.5%, respec-
tively (Fig. 1a).

At the class level (Fig. 1b), Alphaproteobacteria and Acidimicrobiia
were significantly more abundant classes on Day 0 (p < 0.05, Dunn's
post hoc test) compared to Day 3 and Day 6, but their abundance
declined over time. Among these, Alphaproteobacteria accounted for
80.6% of the total community on Day 0. Although Gammaproteobac-
teria, Saccharimonadia, Clostridia, and Bacilli tended to show higher
relative abundances on Day 3 compared to other classes, the differences
were not statistically significant (p > 0.05, Dunn's post hoc test), and
their proportions declined by Day 6. All other classes exhibited a gradual
increase in abundance over time, with Bacteroidia and Planctomycetes
showing significant increases (p < 0.05, Dunn's post hoc test), reaching
48.0% and 5.4%, respectively.

The most abundant bacterial families recorded on Day 0 were Cro-
cinitomicaceae, Marinobacteraceae, Rhodobacteraceae, Methyl-
ophilaceae, Ilumatobacteraceae, and Parvibaculaceae, along with
moderate levels of Alcaligenaceae, Propionibacteriaceae and Sol-
imonadaceae (Fig. 1c). Among these, Rhodobacteraceae and Parviba-
culaceae exhibited significant abundance compared to other days (p <
0.05, Dunn's post hoc test), accounting for 73.8% and 1.3% of the total
community, respectively. However, these major families showed a
continuous decline in abundance over time, while the moderately
abundant families initially decreased by Day 3 but returned to inter-
mediate levels later. By Day 6, the three highly abundant families Fla-
vobacteriaceae, Pirellulaceae, and Cyclobacteriaceae showed a
significant increase (p < 0.05, Dunn's post hoc test).

Considering the top 30 genera based on abundance (Fig. 1d),
Winogradskyella, Marivita, and Phaeomarinobacter were significantly
more abundant on Day 0 than other days (p < 0.05, Dunn's post hoc test).
Of these, Marivita accounted for approximately 72.2% of the total
community. The abundance of Sulfitobacter and Oceanibulbus were
significantly higher on Day 3 (p < 0.05, Dunn's post hoc test), accounting
for 9.1% and 0.6%, respectively. But, while Sulfitobacter declined by Day
6, and Oceanibulbus remain significantly highly represented. By Day 6,
the relative abundances of Nitratireductor, Polaribacter, Oceanibulbus,
Erythrobacter, Arenibacter, Rhodopirellula, and Pusillimonas increased
significantly (p < 0.05, Dunn's post hoc test) compared to Day 0 and Day
3. In this set, Polaribacter exhibited the highest relative abundance, ac-
counting for 41.1% of the total community.
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Fig. 1. Z-score-based heatmap showing the relative abundance of bacterial taxa associated with non-axenic Amphora sp. in the biofilm PSBR during the exponential
phase, sampled at Day 0 (end of the pre-incubation of discs), Day 3 (mid-exponential phase), and Day 6 (late-exponential phase). (a) Phylum, (b) Class, (c) Family,
and (d) Top 30 most abundant genera. n = 3 per harvesting day. * indicates a significant change in the abundance of a given taxon compared to other days (Kruskal-
Wallis with Dunn's post hoc test, p-value <0.05). Temporal changes in average relative abundance percentage values of significantly changed taxa are shown inside

the corresponding cells at Days 0, 3, and 6.

3.2. ASV composition dynamics

Microbiome analysis of Amphora sp. in the biofilm-based PSBR
revealed a total of 200 bacterial ASVs, with 62 observed at Day 0, 121 at
Day 3, and 145 at Day 6 (Fig. 2, see Supplementary IV). Among these, 41
ASVs were common to all three time points. Day 0 had 16 unique ASVs,
while Day 3 and Day 6 exhibited greater microbial richness with 37 and
60 unique ASVs, respectively. Additionally, Day 3 shared 2 ASVs
exclusively with Day 0 and 41 with Day 6, whereas Day 0 and Day 6
shared 3 ASVs not found on Day 3.

3.3. Differential analysis of alpha diversity indices

Alpha diversity analysis of bacterial communities associated with
Amphora sp. in the PSBR is presented in Table 1. Sequencing depth was
consistently sufficient across all time points, as indicated by a Good's
coverage value of 1. The number of observed ASVs, reflecting species
richness, increased significantly from 54 + 16 on Day 0 to 80 + 11 on
Day 3, and 98 + 29 on Day 6 (p < 0.05, Dunn's post hoc test). This in-
crease in richness was accompanied by a rise in Shannon diversity,
which grew from 2.63 + 0.18 on Day 0 to 2.98 + 0.47 on Day 3,
reaching 3.06 + 0.14 on Day 6, with a significant difference observed
between Day 0 and Day 6 (p < 0.05, Dunn's post hoc test). In contrast,
Simpson's index remained relatively stable over time, showing no
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Fig. 1. (continued).

Day 3

Day 6

Fig. 2. Venn diagram illustrating the distribution of bacterial amplicon
sequence variants (ASVs) associated with Amphora sp. during the exponential
phase in biofilm PSBR, sampled at Day O (end of the pre-incubation of discs),
Day 3 (mid-exponential phase), and Day 6 (late-exponential phase). n = 3 per
harvesting day.

Table 1

Alpha diversity metrics of bacterial communities associated with Amphora sp.
during the exponential phase in the biofilm PSBR, sampled at Day 0 (end of the
pre-incubation of discs), Day 3 (mid-exponential phase), and Day 6 (late-expo-
nential phase).

Day Goods Richness/Observed Shannon Simpson
coverage ASVs

Day 140 54 4+ 16° 2,63 +0.18%  0.74 + 0.05°
0

Day 1+0 80 + 11° 2.98 £ 0.47%°  0.73 + 0.08°
3

Day 1+0 98 + 29° 3.06 +0.14>  0.75 + 0.02*
6

Different superscript letters indicate statistically significant differences between
sampling days for each alpha diversity metric (p < 0.05). Values sharing the
same letter are not significantly different.

significant changes in the bacterial community throughout the culture
period p > 0.05, Dunn's post hoc test).

3.4. Beta diversity of bacterial dynamics across time

NMDS analysis based on UniFrac distances revealed temporal shifts
in the bacterial community structure associated with exponential phase
of Amphora sp. in the PSBR (Fig. 3). In the weighted UniFrac NMDS plot
(Fig. 3a), which accounts for both the presence and relative abundance
of taxa, Day 0 samples formed a clearly distinct cluster, separated from
the later stages, while Day 3 and Day 6 samples showed substantial
overlap. The low stress value (0.013) further indicates a high degree of
reliability in the two-dimensional ordination. In contrast, the un-
weighted UniFrac NMDS plot (Fig. 3b), which is based on the presence
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Fig. 3. Non-metric multi-dimensional scaling analysis (NMDS), (m) - Day 0 (end of the pre-incubation of discs), (@) - Day 3 (mid-exponential phase), (&) - Day 6
(late-exponential phase) (a) NMSD based on weighted UniFrac distances (b) NMSD based on unweighted UniFrac distances. n = 3 per harvesting day. Stress level
indicates the how well the multidimensional data are represented in the reduced two-dimensional (2D) space, stress < 0.05 indicates an excellent fit, <0.10 a good
fit, <0.20 a fair but usable fit, >0.20 a poor fit, and >0.30 a highly suspect and unreliable ordination (Dexter et al., 2018).

or absence of taxa, showed well-defined separation among Day 0, Day 3,
and Day 6 samples, with only minimal overlap between Day 0 and Day 3.
The stress value (0.081) was within acceptable limits, supporting a good
fit of the ordination.

3.5. Beta group significance tests

Statistical analysis using both ADONIS (PERMANOVA) and ANOSIM
based on weighted UniFrac distances revealed significant temporal dif-
ferences in the bacterial community structure associated with Amphora
sp. in the PSBR (Table 2). The ADONIS (PERMANOVA) test revealed a
significant temporal effect on bacterial community composition, with an
R? value of 0.65 (p-value = 0.012), indicating that 65% of the variation
was attributable to differences among time points. Similarly, the ANO-
SIM test also supported significant temporal differences in bacterial
communities, with an R value of 0.70 (p-value = 0.009), indicating that
dissimilarities between time points were substantially greater than those
within each time point. Together, these results indicate that the bacterial
community composition changed significantly over time, reflecting a
clear temporal shift in both the presence and relative abundance of
bacterial taxa.

3.6. Key bacterial taxa from LEfSe analysis

LEfSe analysis identified statistically significant bacterial taxa asso-
ciated with different stages of the exponential growth phase of Amphora
biofilm (Fig. 4). At Day 0, the bacterial community was dominated by

Marivita and other Rhodobacteraceae lineages, identifying them as early
colonizers. By Day 3, discriminative taxa shifted toward Polaribacter and
Sulfitobacter, indicating a transitional stage marked by the enrichment of
Flavobacteriia. At Day 6, the community was dominated by Polaribacter
and Rhodopirellula, reflecting a late-exponential phase characterized by
Flavobacteriia and Planctomycetota.

3.7. Phylogenetic relationship among bacterial taxa associated with
Amphora sp.

Cladograms (Fig. 5) reveal the dynamic changes in bacterial com-
munity composition associated with Amphora sp. over time in the bio-
film PSBR. At Day 0 (Fig. 5a and b), the bacterial community was largely
enriched with members of the phylum Proteobacteria, while the phylum
Actinobacteriota also made a significant contribution. Within Proteo-
bacteria, the family Rhodobacteriaceae was predominant, whereas Ilu-
matobacteraceae represented a major taxonomic group within
Actinobacteriota. By Day 3 (Fig. 5a) and Day 6 (Fig. 5b), the family
Flavobacteriaceae within the phylum Bacteroidota played a significant
role in the bacterial community. Additionally, at Day 6, Pirellulaceae
and Xanthobacteraceae, belonging to the phyla Planctomycetota and
Proteobacteria, respectively, also exhibited significant contributions,
although their abundance was relatively low.

3.8. Functional diversity prediction

PCA plots illustrate the temporal dynamics of predicted functional

Table 2

Statistical tests of temporal shifts in bacterial community composition during the exponential phase of Amphora sp. in the biofilm PSBR, based on weighted UniFrac

distances.
Test Distance metric Test for Statistic p-Value
ADONIS (PERMANOVA) Weighted UniFrac distance Dissimilarities of bacterial composition between Vs within over time R%=0.65 0.012
ANOSIM Weighted UniFrac distance Similarity of bacterial communities within Vs between-groups over time R =0.70 0.009

ADONIS - R? close to 1 means strong dissimilarity between groups.

ANOSIM - R = 1 — greater dissimilarity between groups, R = 0 — even distribution within and between groups, R = —1 — greater dissimilarity within groups.
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Fig. 4. Statistically significant biomarker taxa identified during the exponential phase of Amphora sp. biofilms, sampled at Day 0 (end of pre-incubation of discs), Day
3 (mid-exponential phase), and Day 6 (late-exponential phase), using LEfSe analysis. n = 3 per harvesting day. Bacterial taxa with linear discriminant analysis (LDA)

score greater than 4 are displayed.

pathway profiles in the bacterial community associated with Amphora
sp. in the biofilm PSBR across three time points (Fig. 6). In the COG-
based PCA (Fig. 6a), Day 0 samples form a tight and distinct cluster
on the far-left side of the plot, reflecting a uniform and unique functional
profile at the start of the PSBR experiment. By Day 3, samples shift
markedly along PC1 and PC2 and display considerable variability,
indicating a transitional phase with high intra-group heterogeneity in
community functions. Day 6 samples form a compact and distinct clus-
ter, positioned away from Day 0 and overlapping partially with Day 3,
suggesting that the bacterial community had stabilized by the late
exponential phase while retaining functional traces of the mid-phase
transition. Similarly, the KEGG-based PCA (Fig. 6b) supported these
observations, with Day 0 samples forming a tight cluster, Day 3 samples
showing broad dispersion and overlapping with Day 6 samples, indica-
tive of functional convergence. Taken together, the data reflect a major
shift in predicted microbial functions from Day O to Day 3, followed by
partial stabilization and functional convergence between Day 3 and Day
6.

4. Discussion

Microalgal biofilms comprise complex, diverse communities whose
composition and structure shift dynamically over time in response to
host microalgal physiology, culture system (open or close) and envi-
ronmental drivers (nutrient limitation, light intensity, shear stress,
seasonal changes) (Grossart et al., 2005; Behringer et al., 2018; Schmidt
et al.,, 2018; Aalto et al., 2024). In these systems, bacteria establish
mainly through horizontal transmission via chemotaxis and extracel-
lular polymetric substances interactions, or through vertical trans-
mission where core microbiome members are inherited across algal
subcultures (Pathom-aree et al., 2024). Unlike random transient en-
counters, leveraging these native bacteria enables the formation of sta-
ble mutualistic or syntrophic consortia with long-term persistence and
functional interactions for biotechnological applications (Lopes et al.,
2025). Thus, studying native bacterial dynamics elucidates how these
communities assemble and evolve over time, revealing interaction net-
works, and functional roles (e.g., nutrient cycling and signalling)
thereby supporting the identification of bacteria that enhance micro-
algal biofilm productivity or can be harnessed to construct mutualistic or

syntrophic consortia (Zhang et al., 2021; Pushpakumara et al., 2023). In
this study, we provide an initial screening framework for identifying
suitable host-associated bacterial taxa in microalgal biofilms using the
natural biofilm-forming benthic diatom Amphora sp. grown in a PSBR.

Our results showed that bacterial species richness associated with
Amphora sp. increased over time, as reflected by a rise in observed ASVs,
consistent with findings in planktonic monoalgal cultures reported by
Lupette et al. (2016), Moejes et al. (2017), Behringer et al. (2018), and
Steinrticken et al. (2023). This trend was further supported by a rise in
the Shannon index, which reflects both richness and evenness, sug-
gesting that by the late exponential phase the community was not only
richer in taxa but also more evenly structured. These dynamics could be
mainly related to the increasing organic carbon fractions, such as dis-
solved organic carbon released by Amphora sp. and dissolved organic
matter from senescent or lysed cells from both the diatom and associated
bacteria, along with other metabolites present in the phycosphere (Sapp
et al., 2007; Grossart et al., 2005; Steinriicken et al., 2023). On the other
hand, Simpson's index showed that the microbiomes associated with
Amphora sp. maintained stable evenness, with no single taxon becoming
dominant, indicating that ecological balance and functional stability
were preserved despite taxonomic turnover (Behringer et al., 2018).
Such resilience could arise from functional redundancy, where multiple
bacterial taxa perform overlapping ecological roles, thereby buffering
the community against instability (Krohn-Molt et al., 2017).

In line with our study, Proteobacteria dominated the early Amphora
sp. biofilm but declined over time, coinciding with a rise in Bacteroidota
and a smaller yet noteworthy contribution from Planctomycetota.
Similar succession patterns, with Proteobacteria as early colonizers and
Bacteroidota together with low-abundance Planctomycetota as later
dominant groups, have been reported in marine biofilms (Sushmitha
et al., 2021). In contrast, Bacteroidetes appeared as early colonizers in
freshwater biofilms, followed by Actinobacteria and Proteobacteria in
later stages (Pohlon et al., 2010). Likewise, Grossart et al. (2005) found
Bacteroidota to be dominant in biofilms associated with the marine
diatom, Thalassiosira rotula during both exponential and stationary
phases. Within Proteobacteria, Alphaproteobacteria showed a temporal
decline, whereas Gammaproteobacteria tended to increase during the
mid-exponential phase before declining again by the late exponential
stage. This pattern contrasts with Sushmitha et al. (2021), who
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identified Gammaproteobacteria as key colonizers in marine biofilms,
but agrees with Dang and Lovell (2000), who reported Alphaproteo-
bacteria (Roseobacter) as dominant early colonizers. The mid-
exponential rise of Gammaproteobacteria in our study may contribute
to ecosystem stabilization, in line with the predicted functional insta-
bility of this growth phase, as this group is known to tolerate and thrive
under diverse environmental stresses (Antunes et al., 2020). Within the
Bacteroidota phylum, Flavobacteriia was the dominant class, consistent
with observations from in situ marine biofilms (Pollet et al., 2018). Such

shifts imply a successional trajectory influenced by host specificity,
geographical variations, seasonal changes, substrate properties,
ecological roles, and the availability of resources within the biofilm
(particularly the quality and quantity of algal exudates) (Grossart et al.,
2005; Sapp et al., 2007; Pollet et al., 2018; Antunes et al., 2020; Sus-
hmitha et al., 2021; Zhang et al., 2024). Collectively, Alphaproteobac-
teria, Gammaproteobacteria, and Flavobacteriia are known to degrade
dissolved and particulate biopolymers such as proteins and poly-
saccharides (Sapp et al., 2007; Yoon and Lee, 2012; Xing et al., 2015).
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Fig. 6. Principal Component Analysis (PCA) of bacterial community functional potential predicted by PICRUSt2, based on (a) Clusters of Orthologous Groups of
proteins (COG) and (b) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway databases. (m) - Day O (end of the pre-incubation of discs), (#) - Day 3 (mid-
exponential phase), (®) - Day 6 (late-exponential phase). n = 3 per harvesting day. Functional similarity is indicated by samples clustering close together, whereas
differences in functional properties are shown by samples that are farther apart.

At finer taxonomic resolution, several genera emerged as key, phase-
associated members of the Amphora sp. biofilm. The early dominance of
the Roseobacter pioneer Marivita (Rhodobacteriaceae, Alphaproteo-
bacteria), is a commonly found bacterial genus in marine environments
(Yoon et al., 2013). The higher persistence of this genus as an early

10

colonizer in the Amphora biofilm could likely reflect its versatile meta-
bolic capacity, which includes the uptake and utilization of inorganic
and organic carbon, nitrogen, and phosphorus containing compounds,
dimethylsulfoniopropionate (DMSP) demethylation, inorganic sulfur
oxidation, etc. (Zheng et al., 2019). As observed by Wei et al. (2023) in
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planktonic Phaeodactylum tricornutum cultures, we also observed a
gradual reduction in the abundance of the Marivita genus over time,
although it remained one of the dominant taxa throughout. This pattern
may be attributed to competitive disadvantages as other bacterial
groups proliferated and outcompeted it for resources during biofilm
maturation. Another versatile genus of the Roseobacter clade, Sulfito-
bacter, maintained a stable presence during the exponential phase of
Amphora sp. and gradually increased in abundance. This genus is
capable of oxidizing reduced sulfur compounds and producing algal
growth-promoting metabolites such as indole-3-acetic acid, thereby
supporting algal growth and stabilizing diatom-bacteria interactions
(Sapp et al., 2007; Amin et al., 2015; Beirlas et al., 2023). Moreover,
Sulfitobacter can supply ammonia to the diatom in exchange for orga-
nosulfur compounds such as taurine and DMSP (Behringer et al., 2018).
From the mid-exponential phase onward, Polaribacter (Flavobacter-
iaceae, Flavobacteriia) emerged as the dominant genus, eventually
comprising nearly half of the microbial community by the late expo-
nential stage. This successional trajectory is consistent with ecological
studies demonstrating that Polaribacter thrives during algal blooms in
response to the accumulation of diatom-derived polymers such as
laminarin, sulfated polysaccharides and other extracellular poly-
saccharides (Xing et al., 2015; Avci et al., 2020). In the context of Am-
phora sp. biofilms, this dominance likely reflects similar mechanisms,
where Polaribacter benefits from the build-up of EPS and other carbon-
rich exudates released by the diatom, positioning it as a key player in
polymer turnover and biofilm maturation. A late-stage increase of
Rhodopirellula (Pirellulaceae, Planctomycetota), typically associated
with macroalgal biofilms and marine sediments, likely reflects their
specialization in degrading complex sulfated polysaccharides and
recycling nutrients traits favouring persistence in mature biofilms (Lage
and Bondoso, 2012).

Based on PICRUSt2-inferred overall functional potential, both COG
analysis (grouping genes into broad functional categories) (Tatusov
et al., 2000) and KEGG analysis (linking genes to specific metabolic and
regulatory pathways) (Kanehisa and Goto, 2000) revealed that the
bacterial community associated with the Amphora sp. biofilm had
distinct functional profiles across growth phases, with clear differences
between the early, with mid, and late exponential stages. Most notably,
the mid-exponential phase was characterized by a less stable and more
variable profile, whereas the late exponential phase showed functional
stabilization. This likely reflects the mid-phase acting as a critical
transitional period that precedes the establishment of a stable functional
consortium. Such stabilization is crucial for a biofilm to achieve resil-
ience, preserving ecological functions and supporting consistent pro-
ductivity despite taxonomic turnover. However, functional predictions
generated using PICRUSt2 provide only an indirect assessment of the
potential metabolic capabilities of the bacterial community, as these
predictions are based on phylogenetic inference from 16S rRNA gene
data and reference genome databases and are therefore constrained by
database coverage, taxonomic resolution, and the assumption that
closely related taxa share similar functional repertoires (Langille et al.,
2013; Douglas et al., 2020). Moreover, PICRUSt2 does not capture
strain-level genomic variation, horizontal gene transfer, or transcrip-
tional regulation, therefore, we interpret the predicted pathways pre-
sented here as hypothesis-generating indications of potential functional
trends.

As the genera Marivita, Polaribacter, Sulfitobacter, and Rhodopirellula
were also identified as discriminative biomarkers by LEfSe analysis,
bacterial strains from these genera could be promising candidates for
forming synthetic consortia, while excluding less abundant genera that
could compete for nutrients and space within the biofilm matrix. Their
association with Amphora during its metabolically active phase high-
lights their potential for functional interactions without imposing stress
on the host, making them suitable for enhancing biofilm resilience,
productivity, and scalability in applied systems. We have already shown
that Sulfitobacter sp. can significantly enhance lipid production of
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Amphora sp. during the early stages of cultivation in the PSBR. In
controlled PSBR co-culture experiments, interactions between Sulfito-
bacter sp. and Amphora sp. resulted in an approximately 67% increase in
lipid content (dry weight basis), reaching levels up to fivefold higher
than those observed in non-axenic Amphora sp. cultures and threefold
higher than in axenic cultures within a shorter cultivation period (after
3 days) (Gamage et al., 2026b, See Supplementary V for the performance
of axenic and non-axenic Amphora sp. in the PSBR). Building on these
promising findings, the identified genera could be used to design robust
and complementary consortia aimed at improving biofilm stability,
biomass yield, or lipid productivity of Amphora sp. Alternatively, these
genera could also serve as candidate model organisms in Amphora bio-
films for developing quantitative and predictive mathematical models of
microalgal-bacterial interactions, as demonstrated by Moejes et al.
(2017). Such models not only aid in predicting biofilm productivity and
exploring the metabolic potential of microalgae in co-cultures but also
play a crucial role in scaling up applications by identifying stable and
scalable interactions that ensure consistent performance under applied
conditions. While high-throughput sequencing offers major advantages
for capturing the broad diversity of bacterial taxa and predicting func-
tions without cultivation (Nwachukwu and Babalola, 2022), it remains
limited by primer bias. Many widely used 16S rRNA primers provide
suboptimal coverage of prokaryotic communities (Dang and Lovell,
2000; Lupette et al., 2016; Pollet et al., 2018), which can underestimate
microbial diversity and mask potentially important interactions. In
biofilm studies, where bacterial abundance and distribution are often
uneven, such limitations can obscure key players in colonization, suc-
cession, or metabolic interactions. In general, optimising culture con-
ditions, increasing replication, and using optimized DNA extraction
methods particularly direct extraction rather than filtration can help
minimize low-input biases and yield more representative biofilm com-
munity profiles. Additionally, metagenomic approaches could also
provide a more comprehensive and accurate depiction of community
diversity, enabling the reconstruction of bacterial genomes to elucidate
their functional potential and dynamics across the diatom's growth
phases, which is particularly relevant for microalgal biofilm microbiome
engineering studies. Future research should focus on functional analyses
of co-cultures between Amphora sp. and bacterial strains from the
identified genera, including the definition of targeted outcomes (e.g.,
biomass yield, lipid productivity, biofilm stability, and stress tolerance)
and the strategic combination of strains with complementary roles in
nutrient cycling and biofilm reinforcement. Furthermore, integrating co-
culture experiments with metabolomics and transcriptomics could pro-
vide a foundation for engineering stable algal-bacterial biofilms with
enhanced resilience, sustained productivity, and targeted applications in
microalgal biotechnology.

5. Conclusion

This study establishes a foundational framework for screening and
selecting suitable native host-associated bacteria for defined algal-
bacterial biofilm co-cultures by characterising key bacterial taxa in
benthic diatom Amphora sp. biofilms during the metabolically active
growth period in a PSBR. Distinct phase-dependent shifts in bacterial
community composition were observed during the exponential growth
phase of Amphora sp. cultivated in a PSBR, with a decline in Alphap-
roteobacteria accompanied by increasing contributions from Fla-
vobacteriia and Planctomycetota. The genera Marivita, Polaribacter,
Sulfitobacter, and Rhodopirellula emerged as key significant taxa
dynamically associated with the exponential growth phase of Amphora
sp. Bacteria from these genera could be used as candidates for the design
of defined synthetic consortia to further explore algal-bacterial in-
teractions in biofilm-based cultivation systems, with the aim of
enhancing biofilm resilience and productivity while minimizing the in-
fluence of opportunistic or competitive bacteria. In the future, inte-
grating the identified key bacterial taxa into quantitative and predictive
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frameworks will not only enable forecasting of biofilm productivity and
exploration of Amphora's metabolic potential in co-cultures, but also
guide laboratory-based functional studies to optimize biofilm produc-
tivity and ensure long-term stability.
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