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Abstract
Algal-based wastewater remediation systems (phycoremediation) include phycosphere bacterial communities that influence 
algal growth, pollutant remediation, and downstream applications of biomass as fertilizers or bio-stimulants. This study 
investigated the bacterial community dynamics in a novel phycoremediation system using a co-culture of the green algae 
Stigeoclonium sp. and Oedogonium vaucheri. Bacterial abundance was estimated using flow cytometry (FCM), while com-
munity composition was assessed through 16S rRNA gene metabarcoding. Additionally, 28 bacterial strains were isolated 
from the bioremediation experiment, cultured, genetically characterized for identification and screened for production of 
the auxin phytohormone indole-3-acetic acid (IAA). Metabarcoding showed that the free-living bacterial community con-
sisted of bacteria from both the wastewater effluent and the algal inocula, while the attached phycosphere community was 
dominated by bacteria from the algal inocula, indicating the stability of the algae-associated phycosphere. Taxa known to 
include plant growth-promoting bacteria (PGPB) were abundant, and several strains produced IAA. The bacterial community 
composition, combined with the potential production of phytohormone by isolated bacteria indicates symbiotic or commensal 
algae-microbe interactions within the phycosphere bacterial communities. Sterile filtration of wastewater effluent, including 
only the algal inoculum bacterial communities, reduced algal biomass production and increased bacterial abundance. This 
study highlights the critical role of microbial interactions in engineered ecosystems and provides insights for optimizing 
algal-based wastewater treatment technologies.
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Introduction

The phycosphere is a region around an alga where interac-
tion and chemical exchange occur between a community of 
associated bacteria and the host alga (Seymour et al. 2017; 
Burgunter-Delamare et al. 2024). Generally, there is an 
expected commensal or mutualistic relationship between an 
algal host and its phycosphere bacteria (Seymour et al. 2017; 

Baker et al. 2022). Bacteria can take advantage of algal exu-
dates, and algae can benefit from bacterial metabolites and 
the remineralization of limiting nutrients. Additionally, pho-
toautotrophic algae and heterotrophic bacteria may benefit 
each other through the production and consumption of CO2 
and O2 (Seymour et al. 2017; Fu et al. 2020). In cases where 
interactions are antagonistic, bacteria can compete with 
algae for limiting nutrients or produce algacidal compounds 
compromising algal growth or causing cell lysis (Seymour 
et al. 2017; Burgunter-Delamare et al. 2024).

Similar to how the microbiology of the rhizome and the 
characterization of plant growth-promoting bacteria (PGPB) 
has been applied in agricultural sciences, an enhanced 
understanding of the phycosphere has the potential to ena-
ble methodological developments in algal biotechnology 
(Kim et al. 2014; Seymour et al. 2017; Kimbrel et al. 2019; 
Durán et al. 2022). The community composition and stabil-
ity of the phycosphere can promote algal growth, enhance 
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nutrient uptake, and impart resistance to stress (Kim et al. 
2014; Fulbright et al. 2018; Liu et al. 2020a). Similar taxa 
of bacteria are associated with algal cultures and with plant 
rhizospheres, including PGPB (Ramanan et al. 2015). Typi-
cal PGPB traits are nitrogen fixation, phosphate solubiliza-
tion, and phytohormone production including that of phy-
tohormone indole-3-acetic acid (IAA) (De‐Bashan et al. 
2008; Glick 2012; Ramanan et al. 2015; Etesami and Glick 
2024). These traits may have similar relevance within the 
phycosphere and it has been demonstrated that PGPB iso-
lated from the rhizosphere of plants can assemble in the 
phycosphere and promote algal growth (Durán et al. 2022). 
This parallel between the rhizosphere and PGPB, and the 
phycosphere and algal growth promoting bacteria has led to 
the new terminology, using “microalgal growth promoting 
bacteria” (MGPB) when referring specifically to algae–bac-
teria interactions (Palacios et al. 2022).

During phycoremediation, i.e., the remediation of waste-
water by algae cultivation, wastewater replaces clean water 
and commercial fertilizers while simultaneously algae 
enhance the remediation of nutrients and pollutants thus 
reducing anthropogenic eutrophication (Renuka et al. 2015; 
Priyadharshini et al. 2021). Wastewaters are microbially 
diverse and phycoremediation systems harbor complex ecol-
ogies with various phycosphere-host interactions influencing 
algal productivity and pollutant remediation (Renuka et al. 
2015; Ashraf et al. 2023; Blifernez-Klassen et al. 2023). 
During phycoremediation, bacteria are contributed by mul-
tiple sources. Wastewater and the algal inoculum have their 
own distinct communities, and contamination from the envi-
ronment is unavoidable. The bacterial communities of algal 
inoculum may include MGPB (Kimbrel et al. 2019) and the 
stability of the phycosphere when challenged by microbially 
rich wastewater may influence algal growth and the remedia-
tion potential of the of the system.

In this study a mesocosm experiment was conducted to 
simulate the phycoremediation process and investigate the 
bacterial community composition of the phycosphere, as 
well as the influence of the wastewater microbiome on algal 
growth and nutrient depletion. This experiment involved a 
co-culture of filamentous green algae implemented to further 
remediate tertiary municipal wastewater effluent. Metabar-
coding (eDNA) targeting amplification of the 16S rRNA 
gene was employed to describe the composition and diver-
sity of bacterial communities and to evaluate the relative 
contribution of bacteria from the algal inoculum and waste-
water to the attached phycosphere and free-living communi-
ties. An isolation effort was successful in establishing single 
strain bacterial cultures and linking them to highly abundant 
amplicon sequence variants (ASVs) in the metabarcode data. 
The isolated bacterial strains were then screened for produc-
tion of IAA indicating a role in phycosphere bacteria – algae 
interactions.

Materials and methods

Algal strains

Filamentous chlorophyte algae were chosen for their pre-
sumed resistance to grazers and suitability for low-cost 
mechanical harvesting (Liu et al. 2020b). A co-culture of 
Stigeoclonium sp. (K-0018) and Oedogonium vaucheri 
(K-0094) was selected based on growth in wastewater 
effluent at relevant temperatures and ease of scaled-up 
cultivation in commercial medium. Strain K-0018 was 
isolated from a freshwater pond in Avernakø, Denmark in 
1992 and strain K-0094 from ditch in Amager, Denmark in 
1954. These strains are maintained as non-axenic mono-
algal cultures at the Norwegian Culture Collection of 
Algae (NORCCA) at 15 °C in Z8 medium with soil extract 
and additional vitamins (Watanabe 2005). Prior to experi-
ments the culture medium was changed to commercially 
available Cell-Hi HP (0.5 g L−1, Varicon Aqua Solutions, 
UK). To remove unattached bacterial cohabitants the algal 
strains were cleaned by capillary re-isolation. Individual 
short filaments were washed with sterile medium using a 
glass Pasteur pipette and inoculated into well-plates with 
medium. Cultures were allowed to recover and were main-
tained in 25 mL sterile cell culture flasks before scaling up 
as 2 L mono-algal inoculum cultures in mesocosms under 
experimental conditions.

Wastewater effluent and treatments

Municipal wastewater effluent collected in March from the 
VEAS AS treatment plant in Slemmestad, Norway, was 
used in the experiments. Having undergone conventional 
physical, chemical, and biological treatments, the tertiary 
effluent meets discharge regulations for nutrient pollutants, 
however approximately 30 % of the initial inorganic nitro-
gen along with other pollutants still remain, potentially con-
tributing to anthropogenic eutrophication in the Oslofjord 
(Källqvist et al. 2002; Vestfjorden Wastewater Company 
2023). This study aims to evaluate the potential of phycore-
mediation to further reduce residual nitrogen. Before use, 
the effluent was vacuum filtered through Whatman 6.0 µm 
mesh size, 90 mm, grade 3 qualitative filter paper (Cytiva, 
USA) to remove larger particles and organisms.

The experimental design consisted of three treatments 
with four replicates each. The Filtered Treatment (FT) 
involved adding 300 mL of each of the two algal mono-
cultures to eight liters of the 6.0 µm filtered wastewater 
effluent and distributing two liters of this into four meso-
cosm containers. The aim of the FT treatment was to deter-
mine if the phycosphere community maintains community 
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structure in microbially diverse wastewater effluent. The 
Sterile Treatment (ST) followed the same inoculation pro-
cedure as the FT treatment but with effluent vacuum pre-
filtered through 0.22 µm mesh size, 90 mm hydrophilic 
polycarbonate membranes (Merck, Germany). Exclusion 
of the wastewater effluent microbiome in the ST treatment 
provided a control for the investigation of the impact of the 
effluent microbiome on algal growth and bacterial com-
munity composition. The ST treatment is not sterile as 
it includes non-axenic algal inocula. The third treatment, 
Control Treatment (CT), consisted of the 6.0 µm filtered 
effluent without algal inoculation and provided a control 
for the effect of algal inoculation on nutrient remediation 
and the bacterial community.

Mesocosm design

Mesocosms were designed to emulate the physical condi-
tions of a proposed raceway pond system at the VEAS 
wastewater treatment plant. Closed mesocosms were con-
structed from acrylic cylinders with an internal diameter 
of 15.3 cm and height of 20.7 cm. Mixing was provided 
by constant air bubbling supplied through a 20 mL pipette 
fixed through a hole in the mesocosm lid. To maintain 
inorganic carbon availability and prevent pH elevation, 
CO2 was automatically sparged through the airline when 
pH reached 8.9. The culture room maintained a tempera-
ture between 12 and 16 °C, reflecting the range experi-
enced at the VEAS plant. Illumination was provided by 
full-spectrum LED 16 hours per day, at a mean intensity 
of 450 µmol photons m−2 s−1 measured with a light meter 
(model MQ-510, Apogee Instruments, USA) directly 
above the bioreactor lid.

Algal growth and nutrient depletion

The growth of algal biomass was measured as a daily 
increase in cell dry weight (cdw). Mesocosms were gently 
swirled to resuspend any sedimented biomass and 40 mL 
was sampled though the pipette used to sparge air and CO2. 
Samples were vacuum filtered on pre-weighed Whatman 
GF/C glass fiber filters, 47 mm before drying and weigh-
ing using a moisture analyzer scale (model MB 64, VWR, 
USA. Filters were heated to 120 °C and weighed continu-
ously until stable within 0.001 g for 20 seconds.

Filtrates from cell dry weight measurements were frozen 
and stored for analysis of inorganic macronutrients neces-
sary for algal growth. Analysis was performed using colori-
metric assay kits (Hach Lange, USA): Orthophosphate (LCK 
349), Nitrate + Nitrite (LCK 339), and Ammonium (LCK 
304) (Van Den Hendeb 2015).

Bacterial abundance

Bacterial abundance was estimated by flow cytometry 
(FCM) and by plate counts of colony-forming units (CFU). 
Samples for FCM were taken on days 0, 4, and 9 while 
plate counts were conducted on days 0 and 9.

For FCM, samples were preserved in EM grade gluta-
raldehyde with 1% final concentration, (Sigma-Aldrich, 
USA) and stored at 4 °C. Samples were diluted 1:100 in 
PBS buffer and staining was performed for 10 min at room 
temperature with SYBR Green I (Sigma_Aldrich, USA) 
diluted 1:100 in Tris buffer. Samples (10 μL) were run 
on a NovoCyte Advanteon flow cytometer (Agilent Tech-
nologies, USA) using a blue excitation laser (488 nm) and 
detectors for green (533/30 nm) and red (> 670 nm) fluo-
rescence. Bacteria were separated from background noise 
using electronic gating following the approach described 
by Prest et al. (2013). This resulted in a mean of 5403 
events per 10 μL sample determined to be bacteria cells 
by gating.

Plate count samples for CFU were stored overnight at 
4 °C, diluted in a six-step 10-fold series, and 100 µL was 
plated on R2A medium agar plates (Reasoner and Geldreich 
1985). Plates were incubated for 5 days at 22 °C and colo-
nies were counted ensuring an approximate 10-fold differ-
ence between plates in the series.

DNA extraction for 16S metabarcoding

Samples (20 mL) were collected for DNA extraction at both 
the start and end of the experiment in duplicates. At the 
start, samples were taken from the wastewater effluent and 
the two algal inoculum cultures as well as the algal stock 
cultures from which the inoculum was scaled up. At the end 
of the experiment, after the nine-day incubation period, all 
12 mesocosms were sampled. To capture the attached phy-
cosphere-enriched communities, samples were first filtered 
through 5.0 µm hydrophilic polycarbonate membranes (47 
mm, Isopore, MilliporeSigma, USA) using vacuum filtra-
tion to collect algal biomass. The filtrate was then passed 
through 0.2 µm hydrophilic polycarbonate membranes (47 
mm, Isopore, MilliporeSigma, USA) to capture free-living 
communities. Filters were stored at −80°C until extraction.

For improved DNA extraction, filters were cut into small 
pieces using sterile equipment. DNA extraction was per-
formed with the NucleoSpin Soil kit (Macherey-Nagel, Ger-
many) following the manufacturer’s protocol and using the 
provided lysis buffer L-1. DNA concentration was measured 
using the Qubit HS assay (ThermoFisher, USA). Samples 
with concentrations below 0.1 ng µL−1 were excluded from 
library preparation, while those with higher concentrations 
were diluted to 5 ng µL−1.
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Metabarcoding library preparation and sequencing

To investigate the taxonomic composition and structure 
of bacterial communities the V3 and V4 regions of the 
16S ribosomal RNA gene was selectively amplified by 
polymerase chain reaction (PCR). Amplification involved 
the following primers: 341F (Forward - 5’CCT​ACG​
GGNGGC​WGC​AG) and 805NR (Reverse - 5’GAC​TAC​
HVGGG​TAT​CTA​ATC​C) (Illumina 2013) modified to 
include Illumina Nextera index adapters (Illumina, US.). 
The initial amplification of target DNA was conducted in 
triplicate 20 µL reactions: 2 µL template, 0.5 µL forward 
and reverse primers, and 0.2 µL Q5 high fidelity polymer-
ase (Thermo Fisher Scientific, USA). The thermocycler 
schedule for amplification was 98 °C for 3 min, followed 
by 20 cycles of 98 °C for 30 s, 48 °C for 30 s, 72 °C for 
30 s, then a final extension at 72 °C for 3 min to ensure 
complete amplification. The product was cleaned using 
AMpure magnetic beads (Beckman Coulter, USA) accord-
ing to manufacturer’s protocol. Sample specific Nextera 
indexes (Illumina, USA) were attached to the cleaned and 
pooled product by a second PCR, 98 °C for 3 s, followed 
by 15 cycles of 98 °C for 10 s, 66°C for 30 s, 72 °C for 
30 s, then a final extension at 72°C for 2 min. Illumina 
(Miseq V3) 300bp pair-end sequencing was conducted at 
the Norwegian Sequencing Centre (NSC) at University 
of Oslo. Sequencing resulted in a mean of 101657 reads 
per sample.

Bioinformatics

Taxonomic assignment

Mean reads per sample was reduced from 101657 to 63959 
by processing. Primer sequences were removed using 
Cutadapt (v4.1) in Python (v3.1) and remaining bioin-
formatic analysis was conducted in R (v4.3.1) (Martin 
2011). After visually inspecting the sequencing quality, 
a truncation length of 250 bp was set for forward reads 
and 200 bp for reverse reads. This was done to maintain 
a sequencing quality score above 30 and to ensure suffi-
cient overlap for read merging. R package Dada2 (v1.28.0) 
was employed to remove low-quality reads, merge paired 
ends, remove chimeric sequences, and assign taxonomy 
using the Silva database (v138.1) (Callahan et al. 2016). 
Contaminants were identified and removed using the R 
package decontam (v1.20.0) prevalence method (Davis 
et al. 2018). Replicate samples were visualized using the 
R package phyloseq (v1.44.0) before dereplicating with 
the function ‘merge_samples2’, R package speedyseq 
(v0.5.3.9018) (McMurdie and Holmes 2013; McLaren 

2020). Metabarcoding sequences have been submitted to 
NCBI Sequence Read Archive (SRA) under BioProject 
PRJNA1190337.

Diversity analysis

Diversity analysis of bacterial communities at the end of 
the experiment was performed with R packages breakaway 
(v4.8.4) and DivNet (v0.4.0). R package breakaway esti-
mates richness and standard errors from non-rarified high-
diversity count data while accounting for co-occurrence net-
works (Willis and Bunge 2015). DivNet estimates alpha and 
beta diversity indices and then implements modeling across 
predictor variables with function ‘betta’ from R package 
beta (Willis and Martin 2022). Richness along with alpha 
diversity estimates, Shannon index, and Simpson index were 
compared by linear regression across bacterial communities: 
CT, FT attached, FT free-living, ST attached, and ST free-
living. To evaluate the similarity between communities, we 
estimated Bray-Curtis dissimilarity with R package DivNet 
(v0.4.0) and performed non-metric multidimensional scal-
ing (NMDS) analysis to visualize the dissimilarities as an 
ordination plot, utilizing R package vegan (v2.6-4).

ASV tracing to sources

ASVs were traced to a source in either one of the two algal 
inoculum cultures or the wastewater effluent. This was done 
to assess the relative contribution of these sources to the 
mesocosm bacterial communities. An ASV was deemed 
present in a sample if its count exceeded 0.1 % the maxi-
mum observed count for that ASV across the dataset. And 
a source of an ASV was determined by presence in at least 
two decontaminated samples from that source and no other 
source. This approach prevented issues with potential cross-
contamination of highly abundant ASVs while preserving 
the detection of low abundance ASVs. For ASVs traced to 
a source in either of the algal inoculum cultures (Stigeoclo-
nium or Oedogonium), it was further indicated if they were 
present in the original stock culture or only the scaled-up 
inoculum.

Differential abundance

To investigate differences between the attached phycosphere 
community and the free-living community in the FT treat-
ment at the ASV level, differential abundance analysis was 
conducted in R package ALDEx2 (v1.32.0). ALDEx2 mod-
els counts using 128 Monte Carlo instances derived from a 
Dirichlet distribution to estimate differential abundance and 
provides significance testing as Benjamini-Hochberg cor-
rected p-values obtained from a Wilcoxon test (Gloor 2015). 
This analysis was performed on unfiltered and unrarefied 
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data as described in the benchmark study by Nearing et al. 
(2022).

Bacteria isolation and phylogenetic analysis

Bacterial strains were isolated from culture plates used for 
enumeration (See "Bacterial abundance") based on colony 
morphology to obtain both diverse and abundant strains. 
Individual colonies were selected and inoculated to 50 mL 
Lennox LB Broth (SigmaAldrich, US.) in 200 mL auto-
claved glass culture flasks. Cultures were then plated on 
R2A agar to confirm single colony morphology. All iso-
lates were maintained on R2A agar, incubated at 25°C until 
colonies developed, and then stored at 4 °C.

Taxonomic identification of isolated bacteria was per-
formed by barcoding the 16S rRNA gene. Template DNA 
for PCR was prepared by heating 1.5 mL bacterial culture 
at 98 °C for 10 min, followed by centrifugation at 11999 × 
g for 5 min. The supernatant was diluted in Milli-Q water to 
10 % concentration before freezing and used directly as PCR 
template. PCR amplification of the 16S rRNA gene was car-
ried out using primers 27F and 1492R (Abellan-Schneyder 
et al. 2021) (Eurofins Genomics, Germany), with the follow-
ing thermocycler program: initial denaturation at 95 °C for 
3 min, followed by 30 cycles of 95 °C for 30 s, 56 °C for 30 
s, and 72 °C for 1 min, with a final extension at 72 °C for 5 
min. The PCR reaction mix consisted of 5 µL of template 
DNA, 1 µL of each primer, and GoTaq Green Master Mix 
(ThermoFisher, US.). PCR products were assessed by aga-
rose gel electrophoresis and purified using ExoSap-IT enzy-
matic degradation (ThermoFisher, US.). Sanger sequenc-
ing was performed using three sequencing primers: 27F, 
515F, and 1492R (Abellan-Schneyder et al. 2021) (Eurofins 
Genomics, Germany). Sequences were aligned using online 
software Benchling editor before BLAST query to NCBI 
(Benchling Biology Software 2004). The best match 16S 
rRNA gene sequence was downloaded from GenBank as 
reference sequences for taxonomic assignment. Consensus 
sequences for each bacterial strain isolate have been sub-
mitted to the National Center for Biotechnology Informa-
tion (NCBI) GenBank database with accession numbers 
(Table S2).

A phylogenetic tree was constructed to refine the taxo-
nomic assignment of the isolated strains and to establish cor-
respondence with metabarcoding ASVs. Sanger sequences 
from the 28 isolated bacterial strains along with their refer-
ence sequences (See “Metabarcoding library preparation and 
sequencing”) were aligned using MAFFT (v.7). ASVs from 
the metabarcoding results were then incorporated into the 
alignment using MAFFT's 'add fragments' function.

From the 2491 ASVs, 308 were added to the phylogenetic 
alignment to establish correspondence to the isolated bacte-
ria Sanger sequences. Selection of ASVs was based on both 

family and genus assignment. All ASVs with genus level 
assignment matching the reference sequences were included 
along with the most abundant ASVs from each genus within 
the corresponding family.

A Maximum Likelihood tree was inferred in R package 
phangorn (v.2.11.1). Function ‘modelTest’ was implemented 
to select the nucleotide substitution model TIM2+G(4)+I 
based on minimizing AIC and BIC scores (Schliep 2019). 
Standard bootstrapping was performed for 500 iterations. 
The tree was rooted using Mycobacterium tuberculosis as an 
outgroup, chosen for its distant phylogenetic relationship to 
the isolated strains. The taxonomy of the isolated bacterial 
strains was refined and correspondence to ASVs was estab-
lished by shared tree nodes.

Auxin screening

Selected bacterial isolates representing unique 16S rRNA 
gene sequences were screened for potential production of the 
phytohormone auxin IAA by the Salkowski reagent method. 
A positive test result is indicated by the oxidation of auxins 
resulting in a pink color measurable by spectrophotometry. 
Cultures were grown in triplicates at room temperature on a 
rotary shaker in Lenox LB broth (ThermoFisher, USA), sup-
plemented with 0.15 g L−1 L-tryptophan (VWR, USA), until 
visibly dense. Tryptophan is a precursor in the biosynthesis 
of IAA. Samples (1.5 mL) were centrifuged at 11999 × g for 
5 min (model 5804 R, Eppendorf, USA), and 700 µL of the 
supernatant was mixed with an equal volume of Salkowski 
reagent (0.5 M FeCl3 in 35% HClO4, 1:50 v/v) (Gang et al. 
2019). The mixture was incubated in the dark for 30 min, 
and absorbance was measured at 536 nm using a spectro-
photometer against a negative control (media + reagent).

To compare concentrations across bacterial strains and 
normalized by cell density (turbidity), we used a linear 
model with log (A536/A600) as response and strain as predic-
tor. Predictions of this model can be interpreted as the loga-
rithm of IAA absorbance (560 nm) at unit turbidity (A600 = 
1) for each strain. Multiplying the inverse log-transformed 
predictions with the IAA calibration factor gives strain-
specific estimates for the IAA concentration in cultures at 
the reference turbidity (A600 = 1). Estimates were converted 
to mg L−1 IAA using a standard curve established with a 
7-step, 2-fold dilution series ranging from 3.13 to 100 mg 
L−1 IAA standard (SigmaAldrich, USA).

Results

Algal growth and nutrient depletion

Algal biomass, measured as cell dry weight (cdw) in g 
L⁻1, continued to increase until the experiment ended 
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on day nine. From day five onward, cdw was greater in 
the FT treatment, where the wastewater microbiome was 
retained, compared to the ST treatment, where the waste-
water microbiome was removed. This suggests that the 
removal of the wastewater microbiome through sterile 
filtration of the effluent negatively impacted algal produc-
tivity (Fig. 1a).

In the ST and FT treatments, with the algal inoculation, 
ammonium and nitrate were similarly depleted. Whereas, 
in the CT treatment, with no algal inoculation inorganic 
nitrogen are not depleted (Fig. 1b and c). Ammonium, the 
primary source of inorganic nitrogen, was depleted to near 
detection limits by day four. Nitrate depletion was delayed, 
but occurred rapidly once ammonium was depleted. In the 
CT treatment the orthophosphate remained below or near 
the lower limit of detection 0.02 mg L⁻1 during the course 
of the experiment suggesting low availability to support 
algal growth. In the FT and ST treatments, orthophosphate 
initially measured around 0.2 mg P L⁻1 and was then rap-
idly depleted (Fig. 1 d). This initially higher concentration 
was likely a consequence of carryover of residual nutrients 
with the algal inoculum.

Bacterial abundance

Bacterial abundance estimated by flow cytometry (FCM) 
increased in the ST treatment during the experiment (Fig. 2 
a). Bacterial abundance in the ST treatment had already 
increased by day four and continued to rise with greater 
abundance on day nine. This trend was not observed in the 
FT or CT treatments. Bacterial abundance estimated by plate 
culture counts on day nine aligned with the FCM results 
(Fig. 2 b).

Bacterial community composition

Each of the experimental source communities, the two algal 
inocula and the wastewater effluent, had distinct bacterial 
communities. Samples were taken in duplicates, and where 
both samples generated sequencing results, both replicates 
are displayed to demonstrate the consistency of the method 
(Fig. 3). The bacterial community was described in the algal 
inocula as well as the stock culture from which the inocula 
was scaled up. This revealed shifts in community compo-
sition during inoculum cultivation. The inoculum cultures 

Fig. 1   Biomass growth and 
nutrient depletion. Treatments: 
effluent without algal inocula-
tion (CT), 6 µm filtered effluent 
with algal inoculation (FT), 0.2 
µm filtered effluent with algal 
inoculation (ST). (a) Cell dry 
weight (cdw) measured over the 
course of the experiment. (b) 
ammonium concentration (c) 
nitrate + nitrite concentration, 
(d) orthophosphate concentra-
tion. For (b, c and d) the lower 
limit of detection for the assay 
is indicated with a red dashed 
line. Trend lines show smoothed 
changes over time using the 
LOESS algorithm from the 
ggplot2 package in R
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were sampled to differentiate the attached and free-living 
fractions, while the effluent and the algal stock cultures 
were only sampled on the 0.2 µm pore size filters and thus 
revealed the entire bacterial community together.

From the stock culture to the inoculum that was scaled up 
under experimental conditions the Stigeoclonium bacterial 
community increased in dominance of Flavobacteriales and 
Burkholderiales with the loss of Pseudomonadales. While 
the Oedogonium bacterial community went from being com-
pletely dominated by Rhizobiales in the stock culture to a 
mix of Rhizobiales and Sphingomonas in the inoculum.

The bacterial community in the effluent was predomi-
nantly characterized by members of Burkholderiales. 
Although Burkholderiales was abundant in both the Stigeo-
clonium sp. mono-algal culture and the effluent, the genus-
level composition differed between these communities, with 

Stigeoclonium sp. dominated by Acidovorax and the effluent 
dominated by Polaromonas.

In the mesocosms at the end of the phytoremediation 
process, the bacterial communities consisted of a mixture 
of those from experimental source materials (Fig. 4). The 
ST treatment contained microbiomes from both mono-algal 
inocula, while the FT treatment additionally included the 
effluent microbiome. Differences in community composition 
were observed between treatments and between attached and 
free-living communities within treatments.

In the ST treatment, the free-living fraction was domi-
nated by the genus Limnobacter. While in comparison the 
ST attached fraction exhibited a more even taxonomic distri-
bution. In the FT treatment the attached fraction was domi-
nated by bacteria also observed in the algal inocula and ST 
treatment. The FT free-living fraction showed in addition to 

Fig. 2   Mesocosm bacterial abundance. Treatments: effluent without 
algal inoculation (CT), 6 µm filtered effluent with algal inoculation 
(FT), 0.2 µm filtered effluent with algal inoculation (ST). (a) Bacte-
rial abundance estimated by flow cytometry (FCM) on days 0, 4, and 
9 for each treatment. On day 0, a single point represents a sample 

taken before the inoculated culture was distributed to replicate meso-
cosms, points on days 4 and 9 show replicate mesocosms. (b) Bacte-
rial abundance on day 9 estimated by colony-forming units (CFU) on 
solid agar. Box plots show the interquartile range
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those bacteria observed in the attached fraction several taxa 
associated with sewage or human gut microbiomes includ-
ing orders Peptostreptococcales and Clostridiales (Fig. 4). 
The CT mesocosm communities displayed high variability, 
but included several dominant orders also found in other 
treatments, such as Flavobacteriales, Burkholderiales, and 
Sphingomonadales (Fig. 4, a).

Bacterial diversity

The wastewater effluent was the primary contributor to bac-
terial diversity in the experiment. Richness was an order of 
magnitude higher in the FT treatment compared to the ST 
treatment and was similar in the attached and the free-living 

communities within each treatment (Fig. 5 a). This result 
aligns with expectations, as the ST treatment only contained 
the bacterial communities of the algal inocula.

Simpson's and Shannon alpha diversity indices reflected 
differences in community structure (Fig. 5 b and c). Within 
the ST treatment, the attached community had a lower Simp-
son's index and a greater Shannon index than the free-living 
community, despite having similar richness indicating that 
the ST free community had lower evenness. For the CT treat-
ment, the diversity indices showed high variance indicating 
divergence between the replicate mesocosms in the absence 
of inoculated alga.

To determine similarity between the bacterial com-
munities across treatments and between the attached and 

Fig. 3   Composition of source bacterial communities in attached and 
free-living fractions. Plot displays technical replicate samples. ASVs 
modeling was performed with R package Dada2 and taxonomic 

assignment by reference to the Silva database (v138.1). Panels (a) 
and (b) display the top 50 most abundant ASVs, with (a) showing the 
order level and (b) presenting the genus level taxonomic composition
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free-living fractions, NMDS scaling, and ordination of Bray-
Curtis dissimilarity was performed (Fig. 6). Greater similar-
ity was observed between the attached fractions across the 
FT and ST treatments than between the attached and free-
living fractions within treatments. The FT attached com-
munity was more dissimilar to the effluent than the FT free-
living community suggesting the free-living fraction shares 
community structure with both the effluent and the attached 
phycosphere fraction. The CT treatment exhibited greater 
variance between replicate mesocosms than treatments with 
cultured algae. The introduction of algal co-culture corre-
sponded with lower variance within treatments for both the 
attached and free-living fractions of the FT treatment.

Tracing ASV to sources

The tracing of ASVs to experimental sources followed an 
approach based on both prevalence and abundance aimed 
at assigning a source to the highly abundant ASVs while 
accounting for cross contamination (See “ASV tracing to 
sources”). Of the 43 ASVs observed in the Stigeoclonium 
inoculum culture 34 were successfully traced to Stigeoc-
lonium as a source, based presence in at least 2 unmerged 
samples from the Stigeoclonium inoculum or stock. In the 
Oedogonium inoculum, 29 ASVs were observed and 14 were 
traced to the Oedogonium as a source. Of the 908 ASVs 
observed in effluent samples 438 ASVs were traced to the 

Fig. 4   Composition of bacterial communities in attached and free-
living fractions of the mesocosms at the end of the experiment. Plot 
displays technical replicate samples. ASVs modeling was performed 
with R package Dada2 and taxonomic assignment by refence to the 
Silva database (v138.1). Panels (a) and (b) display the top 50 most 

abundant ASVs, with (a) showing the order level and (b) presenting 
the genus level. Mesocosms are divided into treatments: effluent with-
out algal inoculation (CT), 6 µm filtered effluent with algal inocula-
tion (FT), 0.2 µm filtered effluent with algal inoculation (ST)
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effluent as a source. There were 2005 ASVs for which a 
source was unidentified. The high number of unidentified 
ASVs likely reflects a mix of low-abundance ASVs or data 
sparsity, as well as environmental contamination. Most of 
these unidentified reads were observed predominantly in the 
CT treatment (Fig. 7 a).

The relative contribution of bacteria from the origi-
nal biological sources to the mesocosms varied between 

treatments and size fractions (Fig. 7 a). The bacterial com-
munities of the mono-algal cultures contributed a mean ± 
range of 81.84 ± 2.87% of reads to the FT-attached frac-
tion, compared to 44.61 ± 12.31% to the free-living frac-
tion (Fig. 7 b). This indicated that bacteria originating from 
the mono-algal cultures maintained a physical association 
with the algal biomass when the co-culture was cultivated 
in microbially rich effluent. The contribution of ASVs by 
source varied between treatments and community types 
(Fig. 7 b). In both the ST and FT treatments the Stigeoclo-
nium inoculum contributed more reads than the Oedogonium 
inoculum (Fig. 7 a).

Differential relative abundance

Differential relative abundance was estimated to explore 
differences in community composition at the ASV level 
between attached and free-living fractions in the FT treat-
ment. Several highly abundant ASVs, with greater abun-
dance in the attached fraction as indicated by a negative 
effect estimate, had Benjamini-Hochberg corrected p-val-
ues (we.eBH) near or below the traditional 0.05 alpha 
value (Table 1). The most abundant of these, asv0005 and 
asv0002, both were traced to the Stigeoclonium inoculum 
and were successfully isolated in culture (See "Taxonomic 
assignment of bacteria isolates"). The only ASV from the 
Oedogonium inoculum that was significantly more abun-
dant in the attached community was asv0010, identified as 
S. melonis. That several ASVs traced to the effluent were 
more abundant in the attached fraction indicates that there 
was a degree of colonization of the phycosphere by the 
wastewater microbiome, however these ASVs tended to be 
of lower abundance. The complete differential abundance 
results, including ASVs with corrected p-values greater 
than 0.1 and ASVs with positive effect estimates indicating 
greater abundance in the free-living fraction, is provided in 
the supplemental material (Table S2). ASVs, significantly 
more abundant in the free-living community, were gener-
ally traced to the effluent or they remained unknown source 
(Table S2).

Taxonomic assignment of bacteria isolates

Phylogenetic analysis of the 28 isolated bacterial strains 
identified 16 unique 16S rRNA gene Sanger sequences, or 
phylotypes (Table S2). Reference sequences were obtained 
by BLAST query of the NCBI GenBank nucleotide data-
base. Taxonomic assignment was further refined by sequence 
alignment and the inference of a Maximum Likelihood phy-
logenetic tree. Metabarcode ASV sequences were included 
in the sequence alignment, and correspondence to isolated 
bacterial strains was established through a shared terminal 
node (Fig. S1). To illustrate the phylogeny of the isolated 

Fig. 5   Alpha diversity index estimates of mesocosm communities at 
the end of the experiment. (a) Richness estimated using the R pack-
age Breakaway. (b) Simpson’s index and (c) Shannon index estimated 
using the R package DivNet. Error bars show 1.96 ×SE as the approx-
imate 95 % CI. Communities are indicated by both fraction (free-
living and attached) and treatment. Treatments: effluent without algal 
inoculation (CT), 6 µm filtered effluent with algal inoculation (FT), 
0.2 µm filtered effluent with algal inoculation (ST)
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bacterial strains alongside their corresponding ASVs, the 
phylogenetic tree was pruned to include only a single rep-
resentative phylotype for each isolated strain and its closely 
related ASVs (Fig. 8). Generally, each isolated phylotype 
shares a leaf with a single ASV, supporting the idea that 

each isolate corresponds to a specific ASV. Isolated strain 
CT-7-1 was the only phylotype that did not align with any 
ASVs from the metabarcoding results. The bacterial iso-
lates included Bacteriodota, Betaproteobacteria, and Alp-
haproteobacteria within Pseudomonadota, resulting in three 

Fig. 6   NMDS ordination of beta 
diversity estimates, of bacterial 
communities at the end of the 
experiment. Bray-Curtis dis-
similarity index was estimated 
by R-package DivNet (v0.4.0) 
and non-metric multidimen-
sional scaling (NMDS) analysis 
was performed (stress = 0.0471) 
using R package vegan (v2.6-4). 
Communities are indicated by 
both fraction (free-living and 
attached) and treatment. Treat-
ments: effluent without algal 
inoculation (CT), 6 µm filtered 
effluent with algal inoculation 
(FT), 0.2 µm filtered effluent 
with algal inoculation (ST)

Fig. 7   Relative contribution of 
sources to mesocosm bacterial 
communities. (a) Contribution 
of reads from each experimental 
source to mesocosm communi-
ties at the end of the experiment 
(day 9). (b) Contribution of 
reads from the combined algal 
inocula Stigeoclonium and 
Oedogonium to the FT attached 
and free-living communities 
at the end of the experiment. 
For all plots boxplots show the 
interquartile range. Communi-
ties are indicated by both frac-
tion (free-living and attached) 
and treatment. Treatments: 
effluent without algal inocula-
tion (CT), 6 µm filtered effluent 
with algal inoculation (FT), 0.2 
µm filtered effluent with algal 
inoculation (ST)
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distinct phylogenetic clades of isolated bacteria (Fig. 8). 
Bacteria associated with the Stigeoclonium inoculum, 
either based on isolation environment or source tracing of 

the corresponding ASV, were represented in all three clades 
while isolates associated with the Oedogonium inoculum did 
not include the phylum Bacteriodota.

Table 1   Differential relative abundance between attached and free-
living fractions in the FT treatment. Differential abundance was mod-
eled using the R package ALDEx2. A negative effect size indicates 
enrichment in the attached fraction. Benjamini-Hochberg corrected 
p-values (we.eBH) from Welch’s t-test are provided, with ASVs 

included in the table if we.eBH < 0.1. ASV abundance is expressed 
as the median center log ratio in the combined groups (rab.all). 
Source indicates the origin of the ASV in the experimental materi-
als (See “ASV tracing to sources ”). Taxonomic assignment was per-
formed in Dada2 by reference to the Silva database (v138.1)

ASV Source Order Species rab.all Effect we.eBH

asv0005 Stigeoclonium stock Burkholderiales Acidovorax delafieldii 13,43 −3,41 0,06
asv0002 Stigeoclonium stock Flavobacteriales Chryseobacterium sp. 13,06 −5,53 0,03
asv0021 Stigeoclonium stock Burkholderiales Hydrogenophaga palleronii 11,45 −3,04 0,09
asv0010 Oedogonium stock Sphingomonadales Sphingomonas melonis 11,01 −6 0,03
asv0064 effluent Chitinophagales Edaphobaculum sp. 9,1 −3,21 0,07
asv0117 unknown Cytophagales Persicitalea sp. 8,67 −7,51 0,05
asv0133 effluent Flavobacteriales Flavobacterium sp. 7,95 −5,5 0,03
asv0149 effluent Sphingomonadales Sphingobium sp. 7,77 −5,43 0,08
asv0116 Stigeoclonium stock Rhizobiales Devosia sp. 7,67 −5 0,09

Fig. 8   Maximum likelihood phylogenetic tree pruned to display 
unique 16S rRNA phylotypes and closely aligned metabarcoding 
ASVs. The complete unpruned tree can be viewed in the supplemen-
tal figure S1. Each phylotype is represented by a single isolated bac-

terial strain sequence and the isolation environment is indicated in 
parenthesis. Each ASV sequence includes information about its taxo-
nomic assignment from Dada2 and source is indicated in parenthesis
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Auxin screening

Production of the auxin IAA was indicated for several 
isolated bacterial strains by the Salkowski method. Strain 
FT-10-2 followed by strain K-0094-2 had the greatest meas-
ured IAA in the culture supernatant (Fig. 9a). The estimated 
production of these two strains was significantly similar 
when normalized for cell density (Fig. 9b). Observation dur-
ing culturing suggested that FT-10-2 grows more quickly 
and to greater density than K-0094-2. Positive results were 
also observed for strains isolated from the effluent including 
WWE-3, CT-7-1 and CT-5-2 suggesting that IAA produc-
tion may be a common bacterial trait in the effluent as well 
as the algal cultures.

Discussion

Algal growth and phycoremediation potential

The batch cultivation experiment effectively simulated 
a phycoremediation process, successfully removing 
residual inorganic nitrogen from the wastewater effluent 
while accumulating algal biomass. A reduction of inor-
ganic nitrogen from nearly 10 mg L−1 to under the lower 
limits of detection was obtained here, similar to findings 
from other studies that employed filamentous green algae 
in phycoremediation (Liu et al. 2020b). For instance, an 
Oedogonium system remediating piggery wastewater 
reduced ammonium from an initial concentration of 59.4 
mg N L−1 by more than 95% (Wang et al. 2013). Another 

relevant study using Spirogyra in the remediation of sec-
ondary municipal wastewater reduced initial N concen-
trations from around 10 mg N L−1 by more than 99% (Ge 
et al. 2018).

The present study demonstrates that the VEAS tertiary 
effluent is suitable for growth of the Oedogonium – Stigeoc-
lonium co-culture in a batch system. However, nutrient con-
centrations may require adjustment for continuous operation. 
The effluent was low in orthophosphate and algal growth 
was likely supported by luxury uptake during inoculum cul-
tivation. The accumulation and storage of excess phosphorus 
is well-documented in algae generally and in filamentous 
chlorophyte algae specifically (Rosemarin 1982, 1983; Lane 
et al. 2014). Biomass continued to increase until the end of 
the experiment despite nutrient depletion by day five. Bal-
ancing cultivation periods to allow for biomass accumula-
tion while maximizing water remediation and minimizing 
hydraulic retention time presents potential challenges in the 
application of this phycoremediation system.

Growth in the ST treatment, where the effluent microbi-
ome had been excluded, was reduced compared to the FT 
treatment. This was accompanied by a bacterial bloom with 
the free-living fraction notably dominated by a single ASV 
(asv0003). This observation is supported by increased bacte-
rial abundance, a low Shannon index and a high Simpson’s 
index. The taxonomic assignment of asv0003 to Limnobac-
ter thiooxidans was supported by the isolation of bacterial 
strains with corresponding sequences. Limnobacter thioox-
idans is a motile, gram-negative rod shaped bacterium capa-
ble of oxidizing thiosulfate and tolerating a wide range of 
pH and temperatures (Spring et al. 2001).

Fig. 9   Screening for IAA con-
tent in bacterial strains by the 
Salkowski method. Measure-
ments were performed on three 
biological replicate cultures. 
(a) Absorbance at 536 nm is 
shown as points converted 
to mg L⁻1 IAA by a standard 
curve, with box plots illustrat-
ing the interquartile range. (b) 
Estimated IAA production, 
linear model with log(A536/
A600) as response and strain as 
predictor. Predictions of this 
model can be interpreted as the 
logarithm of IAA absorbance 
(560 nm) at unit turbidity (A600 
= 1) for each strain, 1.96 ×SE 
as the approximate 95 % CI, an 
asterisk (*) indicates confidence 
intervals excluding zero
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The greater biomass productivity in the FT treatment is 
encouraging considering that sterile operation of a phycore-
mediation system is not practically possible (Renuka et al. 
2015; Priyadharshini et al. 2021). It is difficult to infer why 
sterile filtration of the effluent for the ST treatment resulted 
in higher bacterial abundance and lower algal productivity or 
whether these observations are causally linked. However, a 
potential biological factor not captured by 16S metabarcod-
ing, would be grazing by heterotrophs. Heterotrophic nano-
flagellates may have controlled bacteria in the FT treatment 
if they were not removed by initial filtration steps (Jürgens 
et al. 1997; Jeuck and Arndt 2013), as they are significant 
consumers of bacteria in aquatic systems including in waste-
water treatment (Martín-Cereceda et al. 2001; Jeuck and 
Arndt 2013).

Source bacterial communities

To our knowledge, this is the first study using 16S metabar-
coding to characterize the bacterial communities of Oedogo-
nium and Stigeoclonium mono-algal laboratory cultures. The 
phycosphere communities of these two algal cultures were 
comprised of bacteria from different taxa. The Oedogonium 
phycosphere was dominated by Alphaproteobacteria Sphin-
gomonas and Rhizobiales while the Stigeoclonium phyco-
sphere had a more diverse composition of Pseudomonads 
and Bacteriodota.

Several studies investigating the assembly of phyco-
spheres have shown significant effects of host selection as 
well as culture media and stochastic events during culture 
isolation and maintenance (Kimbrel et al. 2019; Steinrücken 
et al. 2023; Roager et al. 2024). Host selection of phyco-
sphere communities may be driven in part by differences 
in the algal exudates produced by the host alga (Seymour 
et al. 2017; Fu et al. 2020; Blifernez-Klassen et al. 2021; 
Roager et al. 2024). For example, biotin auxotrophic mutu-
alistic bacteria were selected for within the phycosphere of 
colonial chlorophyte algae Botrycoccus. This highlights 
that algal exudates including vitamins shape phycosphere 
bacteria and is evidence of co-evolved autotrophies. It is 
likely that co-evolved interactions and metabolic dependen-
cies are involved in in maintaining stable phycospheres in 
microbially rich environments as observed in the present 
experiments.

Studies of laboratory algal culture phycosphere com-
munities are generally conducted on a limited number of 
algal strains, either investigating bacterial communities 
of non-axenic algal cultures (Kimbrel et al. 2019) or labo-
ratory experiments involving the recruitment of phyco-
spheres to axenic cultures from bacterial communities (Fu 
et al. 2020; Roager et al. 2024). Phycosphere community 
dynamics and function is further complicated as functional 
traits in bacteria are not well phylogenetically conserved 

and the effect on algal hosts may vary within bacterial 
species (Baker et al. 2022). Wider sequencing efforts and 
experiments involving a greater diversity of algal hosts 
are needed to elucidate patterns in phycosphere bacterial 
diversity and function that can be generalized and applied 
to algal biotechnology.

The bacterial community of the wastewater effluent was 
notably more diverse and rich than that of the mono-algal 
cultures, reflecting the microbial complexity of the waste-
water treatment process involving sewage, groundwater, and 
activated sludge (Wasteson et al. 2020; Vestfjorden Waste-
water Company 2023). The effluent community was pre-
dominantly composed of Burkholderiales, particularly the 
genus Polaromonas, which is adapted to cold environments 
and common at high-latitudes (Darcy et al. 2011). However, 
Polaromonas did not sustain its dominance in the CT treat-
ment, demonstrating that the mesocosm culture conditions 
had a substantial impact on the effluent bacterial community.

Mesocosm bacterial communities

In the algal-inoculated mesocosm treatments (FT and ST), 
the attached and free-living fractions provide insight into the 
assembly of bacterial communities in distinct micro-niches 
and the tendency of algal hosts to select specific commu-
nity compositions within the phycosphere. The similarity 
of the attached fractions across treatments indicates that the 
phycosphere community was able to maintain stability in 
the microbially rich effluent. This suggests that potential 
MGPB are capable of sustaining their abundance and com-
peting with environmental bacteria, which is important for 
practical applications in algal biotechnology (Priyadharshini 
et al. 2021). Potential MGPB that are able to maintain high 
abundance during phycoremediation were identified by dif-
ferential abundance analysis between the attached and free-
living fractions of the FT treatment.

Differential abundance analysis revealed that highly abun-
dant ASVs, such as Chryseobacterium (asv0002) and Acido-
vorax (asv0005), were more prevalent in the attached com-
munity. This suggests that these bacteria are able to maintain 
a proximal association with the algal biomass. This associa-
tion with the phycosphere may indicate co-evolved algae 
– bacteria interactions. While we are able to identify several 
significantly differentially abundant ASVs, we also consider 
that many bacteria similarly abundant in the attached and 
free-living fraction also may have functional roles in the 
phycosphere. For example, asv0001 was not indicated as 
significantly differentially abundant, but being one of the 
most abundant ASVs in both fractions may still indicate 
association with the phycosphere. This is further supported 
by tracing asv0001 to the Oedogonium stock culture and its 
phylogenetic assignment to Rhizobiales.
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Indication of phytohormones

Phytohormone indole-3-acetic acid (IAA) functions as a 
key regulator of a wide range of traits in higher plants and 
algae and is produced by various microorganisms, includ-
ing bacteria and fungi, many of which engage in symbiotic 
relationships with algae and plants (De‐Bashan et al. 2008; 
Stirk et al. 2013; Defez et al. 2017; Etesami and Glick 
2024). While IAA synthesis and sensitivity to exogenous 
IAA has been documented in diverse algae, it remains rela-
tively less understood compared to in higher plants (Tara-
khovskaya et al. 2007; Stirk et al. 2013). A recent study 
involving the alga Chlamydomonas reinhardtii described 
a mechanism of algae–bacteria mutualism, in which algal 
synthesis of the L-tryptophan derivative L-amino acid oxi-
dase (LAO1) leads to increased bacterial IAA production 
(Calatrava et al. 2024). This suggests that Chlamydomonas 
may play an interkingdom role in regulating exogenous 
IAA in soils and aquatic systems.

In the present study indole-3-acetic acid (IAA) produc-
tion was indicated for several isolated bacteria suggesting 
a mechanism of bacteria–algae interaction. Strain FT-10-2, 
Rhizobiales, Shinella (asv0048), had the highest estimated 
IAA production. The source of asv0048 was traced to the 
Stigeoclonium stock culture. Another isolated Rhizobiales 
strain, Rhizobium (K-0094-2), also demonstrated potential 
IAA production and corresponded to the highly abundant 
asv0001, traced to the Oedogonium stock culture. These 
results indicate that IAA-producing Rhizobiales bacteria 
may play a role in the phycosphere of both mono-algal 
inoculum cultures an inference supported by other stud-
ies on the functional roles of Rhizobiales in phycospheres 
(Kim et al. 2014).

In addition to Rhizobiales bacteria, two Sphingomonas 
strains, K-0094-1 (S. paucimobilis, asv0024) and K-0094-3 
(S. echinoides, asv0008), also showed significant indica-
tions of IAA production. Both strains were isolated from 
the Oedogonium inoculum and were detected during the 
experiment. These findings align with literature document-
ing IAA production and plant growth-promoting traits in 
both Rhizobiales (Defez et al. 2017; Wang et al. 2020; 
Cavite et al. 2021) and Sphingomonadales (White et al. 
1996; Sukweenadhi et al. 2015). This contributes to the 
growing evidence of these taxa functioning as MGPB 
(Kim et al. 2014; Ramanan et al. 2015; Na et al. 2021). 
Rhizobiales and Sphingomonadales are Alphaproteobac-
teria and clustered as adjacent clades during phylogenetic 
analysis of the bacterial isolates (Fig. S1). Further investi-
gation into the roles of Rhizobiales and Sphingomonadales 
in algal cultures, as well as more refined analyses of phy-
tohormone production in the phycosphere, is warranted.

Conclusion

This laboratory mesocosm experiment reveals valuable 
insights into the taxonomic composition and role of bac-
terial communities during phycoremediation. The phyco-
sphere maintained a stable taxonomic composition and 
community structure during the phycoremediation process. 
The removal of the wastewater microbiome resulted in 
reduced algal growth and increased bacterial abundance. 
These results are encouraging for the algal biotechnology 
industry where industrial cultivation is subject to non-ster-
ile conditions and may employ microbially rich wastewater 
as growth media during cultivation.

Several highly abundant potential MGPB from the 
experiment were isolated and were indicated as auxin IAA 
producers. The strongest evidence for IAA synthesis was 
found in isolates from the orders Rhizobiales and Sphin-
gomonadales which is congruent with literature supporting 
functional roles of these bacterial taxa in phycospheres 
across a diversity of algal hosts (Kim et al. 2014; Ramanan 
et al. 2015; Seymour et al. 2017; Na et al. 2021).

Future research should investigate the degree of host 
specificity and host selection in the assembly of phyco-
sphere communities, and more detailed analyses of phyto-
hormone production by phycosphere-associated bacteria. 
This can elucidate the mechanisms behind phycosphere 
bacterial community assembly and the impact on algal 
growth and phycoremediation efficacy.
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