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Abstract

Maintaining good water quality is essential to the success of recirculating aquaculture systems (RAS). Among water treat-
ment tools, ozone (O5) has garnered interest from aquafarmers worldwide due to its various beneficial effects. Beyond its
germicidal properties, ozone improves solid removal, oxidises toxic nitrogen compounds, and degrades a broad spectrum
of biogenic and artificial molecules. However, the ozonation of seawater produces by-products (‘ozone-produced oxidants’
(OPO)), which can pose significant risks to animal health. In this experiment, we evaluated the capacity of the seaweed Ulva
ohnoi to bioremediate OPO in an Integrated Multi-Trophic Aquaculture IMTA)-RAS setup cultivating gilthead seabream
(Sparus aurata). Effluent water was ozonated and then passed through a cultivation unit containing U. ohnoi. OPO concen-
trations in the water were measured before and after the seaweed unit, and the reduction in OPO was compared to control
systems without U. ohnoi. Additionally, we assessed the effects of OPO on growth, metabolic composition, photosynthetic
efficiency, and associated microbiomes of U. ohnoi by comparing seaweed exposed to ozonated water with controls grown
without ozonation. The results showed that Ulva-containing systems achieved an 11% higher reduction in OPO than controls.
However, OPO induced oxidative stress in U. ohnoi, leading to reduced growth, altered morphology, and elevated levels of
chlorophyll, phenolic compounds, soluble sugars, and selected amino acids. The microbiome associated with U. ohnoi shifted,
with a reduction in complex carbohydrate-metabolising bacteria. This study demonstrates that U. ohnoi can reduce OPO
concentrations in marine RAS, but with impacts on the chemical composition, morphology, and microbiome of the seaweed.
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the application of ozone-based water purification in marine
aquaculture systems presents challenges that require thor-
ough assessment and effective solutions. Seawater contains
significant amounts of halogens such as bromine, iodine,
and chlorine, which are oxidised by ozone into halo-oxides
(Schroeder et al. 2011). Among these, halo-bromines,
including hypobromite (OBr~), hypobromous acid (HOBr),
bromamines (NH,Br, NHBr,, NBr3), and bromate (BrOs"),
constitute the majority, but some hypochlorite (C10~) and
hypochlorous acid (HCIO) are also formed (Hoigné et al.,
1985). Collectively, these oxidised halogen compounds are
referred to as ‘ozone-produced oxidants’ (OPO). OPO return
to their reduced state by oxidising compounds in the water
and are therefore transient in nature. However, they can
accumulate when ozone is applied excessively or when water
is recirculated. Elevated OPO levels have been shown to
compromise the health of aquaculture organisms when cer-
tain thresholds are exceeded (Reiser et al. 2010; Schroeder
et al. 2010; Li et al. 2014), and safe concentration levels for
most aquaculture organisms are still unknown. While only
very few studies have explored OPO reduction strategies in
marine aquaculture such as removal using activated carbon
and UV light (Schroeder et al. 2011; Camera-Roda et al.
2019), to date we are not aware of any published research
that has investigated bioremediation approaches.

Ulva is a predominantly marine genus of green algae with
a cosmopolitan distribution along coastal regions. Most
species exhibit a simple thallus structure composed of only
three cell types, organised either as a single layer or bilay-
ers (De Clerck et al. 2018; Mantri et al. 2020). Their often
leaf-like appearance has earned them the popular name ‘sea
lettuce’. In natural environments, Ulva has garnered atten-
tion due to its ability to form massive blooms, commonly
referred to as ‘green tides’, which are typically associated
with eutrophication (Teichberg et al. 2010; Van Alstyne
et al. 2015). Its general hardiness, the availability of axenic
cultures, and a fully sequenced genome have made Ulva a
popular model organism in laboratory research. Further-
more, Ulva has been recognised as a promising candidate
for commercial aquaculture within the European Union
(Bolton et al. 2016; Steinhagen et al. 2021). Among the vari-
ous marine algae attracting attention as potential crops for
aquaculture in Europe, Ulva stands out for several compel-
ling reasons. Its rapid carbon sequestration, resulting in high
biomass production, ease of cultivation, high protein and
carbohydrate content, and an array of bioactive compounds
suitable for medicinal, cosmetic, and nutritional applica-
tions, have positioned it as a valuable focus for both research
and industry (Bruhn et al. 2011; Hafting et al. 2015; Bar-
zkar et al. 2019; Trigo et al. 2021; Steinhagen et al. 2022).
Ulva has been demonstrated to be an excellent candidate for
Integrated Multitrophic Aquaculture (IMTA) (Chopin et al.
2001), an approach where high- and low-trophic organisms
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are co-cultivated in systems that promote greater biodiver-
sity compared to traditional monocultures. In these systems,
lower-trophic species, such as Ulva, can utilise the waste
products of higher-trophic organisms (Chopin et al. 2008;
Chopin & Tacon 2021). Ulva’s nutritional value is compa-
rable, or even exeeds, that of many major land crops (Simon
et al. 2022), yet its biomass is highly responsive to envi-
ronmental conditions. Changes in temperature, salinity, pH,
pCO, levels, and nutrient availability can impact its meta-
bolic profile, and farming conditions may further influence
its physiological performance (Angell et al. 2015; Calheiros
et al. 2019, 2021; Chatzoglou et al. 2020; El-Sayed et al.
2022; Van Alstyne & Borgen, 2024). Given this sensitivity
to environmental and culturing conditions, Ulva’s role as a
bioremediator should therefore be carefully evaluated.

More recently, increasing attention has been directed
toward the role of seaweed-associated microbiomes in
mediating host stress responses, emphasising the need to
consider seaweeds as holobionts when investigating their
ecophysiology (Dittami et al. 2016; Ghaderiardakani et al.
2020; Hmani et al. 2024). The seaweed-associated microbial
communities actively exchange nutrients with their host, act
as an interface with the environment, and provide protection
against fouling (Egan et al. 2013; Singh & Reddy 2014).
The Ulva holobiont is one of the most extensively studied
seaweed-microbe consortia, and has emerged as a model for
investigating seaweed-microbe interactions (Wichard et al.
2015; Wichard 2023). A notable discovery in recent decades
is Ulva’s dependency on two bacterial genera, Maribacter
and Roseovarius, for the development of its thallus-like mor-
phology (Spoerner et al. 2012; Wichard et al. 2015). Stud-
ies have shown that seaweed microbiomes shift with natu-
ral environmental gradients (Loos et al. 2024a, b) and are
susceptible to changes in temperature (Mars Brisbin et al.
2023), pH (Nevarez-Flores et al. 2024), salinity (Klein Jan
et al. 2017), and nutrient regime (Estoup et al. 2024), but a
core microbiome releasing algal growth and morphogenesis-
promoting bacteria remained stable, for example, in Ulva
compressa exposed to micropollutants such as antibiotics
and endocrine disruptors (Hardegen et al. 2025). However,
the impacts of ozonation and ozone-produced oxidants on
the microbiome of Ulva in mariculture remain unexplored
to date, but could have important implications for its cultiva-
tion in land-based systems with ozone-based water treatment
methods.

We hypothesised that U. ohnoi co-cultivated with sea-
bream in an IMTA system could reduce OPO concentrations
that accumulate during ozone-based water treatment by act-
ing as a target for the oxidative properties of OPO, poten-
tially mitigating negative impacts associated with residual
oxidants and supporting more sustainable ozone use in aqua-
culture. As all species produced in IMTA contribute to eco-
nomic revenue, we investigated whether using U. ohnoi as a
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bioremediator of OPO would alter seaweed biomass quality
by shifting primary and secondary metabolite pools as a
result of an oxidative stress response, with potential implica-
tions for its nutritional value and suitability for downstream
applications as a cultivated biomass. Finally, we anticipated
that seaweed-associated microbiomes, essential for the func-
tioning of the seaweed, would be affected by OPO through
degradation of the Ulva-associated biofilm and direct ger-
micidal effects within the phycosphere, potentially altering
microbe-mediated functions important for Ulva growth,
resilience, and cultivation performance. To test these hypoth-
eses, we compared OPO concentrations in the effluent waters
of Ulva-containing and control setups without seaweed. Ulva
productivity and photosynthetic efficiency were monitored to
assess the alga’s physiological responses to OPO exposure.
Focussed GC-MS metabolomics was applied to quantify
shifts in key primary metabolite pools, providing insight into
Ulva’s oxidative stress responses and potential impacts on
biomass quality. In addition, targeted assays were performed
to quantify chlorophyll, phenolic compounds, and soluble
sugars, complementing the metabolomic profile and linking
biochemical and morphological changes to biomass com-
position and nutritional quality. In parallel, 16S rRNA gene
metabarcoding was used to characterise seaweed-associated
microbiomes, providing first insights into how OPO influ-
ence organism-associated surface biofilms and the compo-
sition of microbial communities associated with U. ohnoi.
In this study, the term ‘ozone-produced oxidants’ (OPO) is
used to denote total residual oxidant (TRO) concentrations,
measured spectrophotometrically as Cl, equivalents.

Materials and methods
Algae material collection & cultivation

Ulva was collected from the sedimentation tanks of experi-
mental aquaculture ponds growing Gilthead seabream (Spa-
rus aurata) and European seabass (Dicentrarchus labrax) at
the biological station EPPO (Esta¢ao Piloto de Piscicultura
de Olhdo) in Olhdo, Portugal, and transported to the experi-
mental site in Alvor in buckets protected from light and in
cool conditions. Thalli consisted of smooth, laminar fronds
with a light green coloration. The seaweed was cleaned from
epibionts and small animals and distributed to the cultiva-
tion units one week before the beginning of the experiment
for acclimation. Samples were taken before starting the
experiment.

Experimental setup

Each experimental unit consisted of a 450-L conical PVC
fish tank stocked with 18 gilthead seabream (100-150 g),

connected in series to a water treatment compartment com-
prising two 80-L rectangular PVC tanks (Fig. 1). The first
water treatment tank, located immediately downstream of
the fish tank, contained a mechanical filter (25 pm) and a
protein skimmer (Deltec 450, Deltec, Germany). Ozone was
generated on-site by an ozone generator (AquaMedic ozone
90, AquaMedic, Germany) from pure O, and fed into the
skimmer through the pump air inlet. In ozone-treated units,
OPO concentrations were monitored via a redox sensor and
controller (Sander, Germany), maintaining 500-600 mV,
corresponding to 0.238-0.567 mg L' Cl, equivalents as
measured by the DPD method. In the controls, the skimmers
worked on air. The second water treatment tank contained
U. ohnoi with an initial biomass of 0.5 g L!, resulting in a
seaweed-to-fish ratio of 1:10. Fish and seaweed densities
were lower than typical commercial stocking densities for
intensive tank culture, but the initial biomass ratio was only
slightly below previously reported IMTA co-cultivation
setups involving Ulva and finfish, and was well within the
range after 7 days (Pintado et al. 2023; Batir et al. 2024;
Cesare Marincola et al. 2025). Each Ulva cultivation tank
was equipped with a perforated air tube along the tank bot-
tom to create water movement. Fish tanks were shaded from
sunlight by a plastic canvas. Water was pumped from the
coastal lagoon Ria de Alvor first into a shaded reservoir
of 200 m>, and then flowed into the fish tanks and from
there into the water treatment compartments at a mean rate
of 1.835 L min~! (138% h_l), comparable to flow rates
reported in similar land-based IMTA co-cultivation studies
(e.g., Batir et al. 2024). To avoid exposing the seabreams in
our setup to potentially toxic concentrations of OPO, water
was not recirculated into the fish tanks, but collected in a
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Fig. 1 Experimental setup. The experimental IMTA setup consisted
of a.) an inlet supplying the system with water pumped from the Ria
de Alvor (PT), b). a 450-L conical PVC tank stocked with 18 gilt-
head seabream (S. aurata), c.) an 80-L rectangular water treatment
unit with c.1). an ozone generator supplied with pure O, and c.2). a
protein skimmer mixing the ozone into the effluent water, d.) an 80-L
seaweed cultivation unit with a perforated plastic tube at the bottom
bubbling air for water movement growing U. ohnoi, e.) an outlet.
The system was operated as a flow-through. Water samples for OPO
measurements were taken upstream (red star) and downstream (green
star) of the Ulva unit
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dedicated retention tank where residual OPO were allowed
to degrade naturally through reaction with dissolved organic
matter before final disposal (Fig. 1).

Experimental design

We tested the capacity of U. ohnoi to act as an OPO biofilter,
as well as the impacts of OPO on U. ohnoi biomass gain,
photosynthetic efficiency, biomass and associated microbi-
omes, using three treatments (n=3 each): (i) ozone-treated
water with Ulva, (ii) ozone-treated water without Ulva, and
(iii) untreated water with Ulva. Comparing treatments (i)
and (ii) tested whether Ulva reduced OPO concentrations,
while comparing treatments (i) and (iii) assessed the effects
of OPO exposure on algal biomass.

Sampling

Temperature, oxygen and pH were measured on each sam-
pling day between 9 and 11 am using a handheld multisensor
(WTW MultiLine Multi 3630, Xylem Analytics, Germany)
and the corresponding probes (Fig. S1, Supplemental mate-
rial). Every 3 days, 10 mL water samples were taken from
each Ulva tank in- and outflow to determine OPO concentra-
tions using the colorimetric N, N-diethyl-p-phenylendiamine
(DPD) method following the producer’s instructions (Lovi-
bond Water Testing, Germany), with absorbance measured
at 530 nm using a Hach photometer (DR3900 Labor-Spek-
tralphotometer, Hach, Germany) and results expressed as
mg L! chlorine equivalents (Cl,). Ulva physiological per-
formance was assessed by measuring the optimal quantum
yield (F,/F,,) using pulse-amplitude modulated fluorometry.
Three intact fronds of Ulva of comparable size (~ 10 cm in
length) were randomly taken from each cultivation unit,
carefully blotted to remove excess water, and dark-adapted
for 10 min using leaf clips (Walz, Germany). Measurements
were performed using a PAM-2500 fluorometer (Walz, Ger-
many) operated with PAM Win 3 software, with the saturat-
ing pulse set to Int. =8, the measuring light for F,, and F set
to Int. (Fy,F)=1, and gain and damping both set to 2. Fv/
Fm was determined following standard protocols (Maxwell
& Johnson 2000).

Biomass production was quantified by removing the
entire Ulva biomass from each cultivation unit, draining
excess water using a centrifuge, and weighing wet biomass
to the nearest gram. Biomass gain between sampling days
was calculated as the difference between consecutive sam-
pling weights. Samples for molecular content analyses were
taken after 1, 7 and 13 days, transported to the lab on ice,
and stored at — 80 °C until processing. Samples were freeze-
dried (Thermo Fisher Scientific, US) and pulverised in 2 mL
Eppendorf tubes using a TissueLyser II (Qiagen, Germany)
and tungsten beads. For 16S rRNA gene metabarcoding,

@ Springer

Ulva tissue samples of 1-2 cm? were taken at the start of
the experiment and after 1, 7, and 13 days. Samples were
placed in 2 mL Eppendorf tubes containing Longmire lysis
buffer (Longmire et al. 1997) and transported to the lab on
ice. They were stored at 4 °C until extraction. The identity
of the Ulva species used in the experiment was confirmed by
DNA barcoding of the fufA gene (Saunders & Kucera 2010).

Biomolecular assays: Chlorophyll, soluble sugars,
phenols, flavonoids and tannins

Photosynthetic pigments, soluble sugars, and phenolic
compounds were extracted following the protocol by Pre-
iner et al. (2024). Sequential extractions were carried out
by washing the freeze-dried and pulverised plant material
with acetone (80%), methanol (80%), and ethanol (80%).
The extracts were pooled, and aliquots were divided into
Eppendorf tubes stored at — 80 °C.

Chlorophyll a and b were estimated following the pro-
tocol by Wellburn & Lichtenthaler (1984). Pigments were
extracted with 80% acetone, and absorbances were measured
at 663 and 646 nm with a microplate reader (Tecan Spark,
Tecan, Switzerland). Chlorophyll contents were calculated
using the formulae:

C,(ugmL™") = 0.7 % (12.21 x Aggz — 2.81 * Agyg)
and
Cy(ugmL™") = 0.7 % (20.13  Agye — 5.03 * Aggs)

The values were summed to obtain the total chlorophyll
contents.

An estimation of soluble carbohydrates was done fol-
lowing the method of Hansen & Mgller (1975). 100 pL
of freeze-dried and pulverised Ulva tissue was mixed
with 200 pL pre-chilled H,SO, (72%) and vortexed. 400
pL of anthrone reagent was added and the mix was heated
at 95 °C for 15 min. Samples were cooled on ice, and the
absorbance of the green colour complexes were measured
within 15 min at 630 nm. A standard curve was prepared
with D-glucose in a range of 50 to 3000 nmol mL !, Results
were expressed as mg glucose per g DW (dry weight). Total
phenolic compounds were estimated using the Folin—Ciocal-
teu method, following the protocol by Biju et al. (2014). In
short, 100 pL of extract was mixed with the Folin-Ciocalteu
reagent to form a blue chromophore, and absorbance was
read at 550 nm. A standard was prepared using gallic acid
(50-500 pg mL™"), and results were expressed as mg gallic
acid equivalents (GAE) per g dry weight. Total flavonoid
content was estimated with the aluminium chloride method
following the protocol by Chang et al. (2002), modified by
Biju et al. (2014). 200 pL of extract were reacted with 10%
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AICl;, which reacts with the hydroxyl- and keto groups
of flavones and flavonols, as well as the ortho-dihydroxyl
groups in flavonoids. The resulting pink colour complexes
were measured photometrically at 510 nm. A standard
(20-100 pg mL~!) was prepared using quercetin. Total fla-
vonoid content was expressed as mg quercetin equivalents
(QUE) per g DW. Total condensed tannins were estimated
with the vanillin method after Broadhurst & Jones (1978).
200 pL of extract were reacted with a 4% vanillin metha-
nol solution. A standard curve was prepared with Catechin
(20-100 pg mL~"). The reaction of vanillin with tannins
yields a red product, and absorbance was measured at
500 nm. Results were expressed in mg Catechin Equivalents
(CE) per g DW.

Metabolomics

The extraction of polar metabolites was carried out following
Weckwerth et al. with slight modifications. Ice cold extrac-
tion solvent (750 uL) consisting of methanol (LC-MS grade,
Merck) chloroform (anhydrous >99%, Sigma Aldrich), and
water (Milli-Q) in a ratio of 2.5:1:0.5 (v/v) was added to
approximately 20 mg of freeze-dried and pulverised Ulva
tissue. A defined volume of 7 UL of a solution of 10 mmol of
pentaerythritol (PE) and 10 mM phenyl-f-d-glucopyranoside
(PGP) respectively in water (Milli-Q) was added as internal
standards. Supernatants were transferred into a 1.5 mL tube
(polypropylene) after 20 min of ultrasonication in an ice-
cold water bath and subsequent centrifugation (4 min, 4 °C,
14,000 X g). As a washing step another 250 L of extraction
solvent was added to the remaining pellet, and the superna-
tant was combined with the previous one after ultrasonica-
tion and centrifugation as described before. Phase separation
was induced by the addition of 350 pL of cold water (Milli-
Q) to the supernatant. The mixture was briefly and vigor-
ously mixed and centrifuged at 14,000 X g for 4 min at 4 °C.
From the aqueous upper phase, 900 uL. were transferred to
anew 1.5 mL tube, and the remaining upper phase of all
samples was combined and split into 900 uL aliquots. These
were used for method establishment and quality control dur-
ing GC-MS measurements. All samples and aliquots were
dried in a vacuum centrifuge at 30 °C and 0.1 mbar for 5 h
and stored at — 80 °C until measurement.

Derivatisation of the dried extracts, measurement and
data evaluation was performed as described in Groot Crego
et al. (2024) with slight modification of the detector voltage
to 1700 V. All samples were run in randomised order and
deconvolution, processing of chromatograms and annota-
tion via spectra was performed using ChromaTOF (ver-
sion 5.55.29.0.1187, LECO Cooperation) and MS-DIAL,
(version 4.7) (Tsugawa et al. 2015). Peaks were manually
curated before integration. Targeted metabolites were identi-
fied by comparison of mass spectra and retention index with

authentic standards measured in the same run (SX2_Sup-
plemental_Table_Metabolites_ GC-MS). Twenty unknown
features were annotated using an external library (Fiehn Bin-
Base DB (Rtx5-Sil MS, predicted Kovats RI) https://syste
msomicslab.github.io/compms/msdial/main.html#MSP)
according to the metabolomics standards initiative levels of
identification. One of the internal standards (penthaerithri-
tol) was used to calculate relative abundances of metabolites
and account for errors introduced during extraction. Calibra-
tion curves were created from dilution series of the standards
for targeted metabolites and used to obtain absolute amounts
per amount of dry biomass.

16S rRNA gene metabarcoding
DNA extractions

Extractions were carried out using the Quick-DNA Miniprep
Kit Catalog Nos. D3024 & D3025 (Zymo Research Corp).
Algal tissue was placed in 2 ml Eppendorf tubes with 100
pL Genomic Lysis- and Beta-Mercapto buffer and 2 tung-
sten beads per tube. Tissues were lysed for 2X 5 min at a
frequency of 20 Hz per second in a TissueLyser II (Qia-
gen, Germany). Samples were centrifuged briefly to reduce
foam and an additional 400 pL of Beta-Mercapto buffer was
added. Samples were vortexed to thoroughly mix the buffer
and sample. Samples were centrifuged at 10,000 rpm for
5 min, and further steps of the extraction were carried out
following the producer’s instructions.

16S rRNA gene metabarcoding

For sequencing, the variable region V3—V4 of the 16S
rRNA gene was amplified using the universal primer pair
341F (5'-CCTACGGGAGGCAGCAG-3'") and 806R (5'-
GGACTACHVGGGTWTCTAAT-3") (Muyzer et al. 1993;
Caporaso et al. 2012). PCR products were normalised using
the SequalPrep Normalization Plate Kit (Thermo Fischer
Scientific, USA), pooled equimolarly and sequenced on the
[lumina MiSeq v3 2 x 300 bp (Illumina, USA). Demulti-
plexing after sequencing was based on 0 mismatches in the
barcode sequences. Amplification and sequencing were car-
ried out in the microbiome lab of the IKMB, Kiel University,
Germany.

Sequences were processed using Qiime2 (Bolyen et al.
2019). After primer removal with cutadapt (Martin 2011),
dada2-plugin was used with default settings to denoise,
quality filter and merge demultiplexed raw reads (Calla-
han et al. 2016). Taxonomic assignments were computed
using the feature-classifier plugin (classify sklearn) with
default settings and a pre-trained SILVA classifier (release
138) pre-trained with the respective primers for prokaryotes
(Pedregosa et al. 2012; Quast et al. 2013; Bokulich et al.
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2018). All sequencing data were deposited at the NCBI
Sequence Read Archive (SRA) under the accession number
PRINA1356848.

Statistical analyses
OPO lowering capacity and effects on Ulva biomass

All statistical analyses were performed in RStudio (version
2023.6.0.421), using the packages ‘vegan’ (Oksanen et al.,
2024), ‘car’ (Fox & Weisberg 2019), ‘dplyr’ (Wickham et al.
2023), ‘nlme’ (Pinheiro et al. 2018), ‘lme4’ (Bates et al.
2015), ‘ez’ (Lawrence 2016), ‘emmeans’ (Lenth 2021), and
‘afex’ (Singmann et al. 2024). Data were checked for nor-
mality by visual inspection of histograms and Shapiro—Wilk
tests, and homogeneity of variance was evaluated by per-
forming Bartlett’s or Levene’s tests. Data visualisation was
done using the ‘ggplot2’ package (Wickham, 2016).

The effect of ozone treatment on Ulva biomass gain was
analysed using a linear mixed-effects model with treatment
and sampling day as fixed effects and tank ID included as a
random intercept. This approach accounts for the non-inde-
pendence of repeated observations while allowing assess-
ment of treatment effects over time. Models were fitted using
restricted maximum likelihood estimation (REML). Post
hoc pairwise comparisons were conducted using Tukey’s
adjustment.

Differences between OPO inflow and outflow concentra-
tions were expressed as percent decline to account for sub-
stantial variability in inflow concentrations between treat-
ments and among replicates (Ulva: mean=0.446+0.107 mg
L'; control: mean=0.406 +0.098 mg L"). A linear mixed-
effects model was fitted to assess treatment effects on OPO
decline over time, with treatment, sampling day, and their
interaction included as fixed effects, and tank ID included
as a random intercept to account for repeated measurements
within tanks. Pairwise t-tests with Tukey’s adjustment for
multiple comparisons were performed to show differences
at each sampling day.

Photosynthetic efficiency was analysed using a linear
mixed-effects model with treatment and sampling day as
fixed effects and tank ID as a random intercept to account
for repeated measures. To account for heteroscedasticity, a
variance structure allowing different variances among each
sampling day was included using varldent (). Models were
fitted using REML,, and post hoc pairwise comparisons were
conducted with Tukey’s adjustment.

Chlorophyll, soluble sugars, phenols, flavonoids, and tan-
nins were analysed to test for effects of treatment and sam-
pling day. Repeated measures ANOVA was applied when
assumptions of normality and homogeneity of variance were
met, otherwise linear mixed-effects models with tank ID as a
random intercept were used to account for repeated measures
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and unequal variance across tanks or sampling points.
Sphericity was assessed using Mauchly’s test and Green-
house—Geisser and Huynh—Feldt corrections were applied
when necessary. Pairwise post hoc comparisons were per-
formed using Tukey’s adjustment for multiple comparisons.

Multivariate patterns of metabolites analysed by GC-MS
were explored using Partial Least Squares Discriminant
Analysis (PLS-DA) with ozone treatment as the response,
allowing visualisation of overall differences in metabolite
composition between treatments and across sampling days.
The first two components were visualised, with samples
colored by treatment and shaped by sampling day, and treat-
ment groups highlighted by ellipses. A Euclidean distance
matrix was calculated from the scaled data, and a PER-
MANOVA was performed to determine the impacts of sam-
pling day and treatment on metabolite composition. Permu-
tations were constrained within tanks to account for repeated
measures. Absolute quantities of the metabolites contained
in the standard were displayed as box plots. The assumption
of normality was violated in six cases, but since the p-values
were near 0.05 (0.017-0.038) and ANOVA is considered
robust against deviations from normality (Schmider et al.,
2010), repeated measures ANOVAs with sampling day (Day
1 — Day 13) and treatment as fixed factors and tank ID as a
random factor were used on all metabolites. This approach
accounts for the repeated-measures over time and allows
reliable testing of treatment effects. Post hoc pairwise t-tests
with Bonferroni correction were performed to assess differ-
ences for each sampling day.

Microbial community analysis: 16S rRNA gene sequences

All analyses and plots were performed and visualised
using RStudio (version 2023.6.0.421) and the ‘phyloseq’
(McMurdie & Holmes, 2013), ‘vegan’ (Oksanen et al.
2020), ‘car’ (Fox & Weisberg 2019), ‘dplyr’ (Wickham
et al. 2023), and ‘DESeq2’ (Love et al., 2014) packages,
along with MicrobiomeAnalyst (Dhariwal et al. 2017). In
RStudio, a phyloseq object was created by combining a fea-
ture table, a metadata table, and a taxonomy table to enable
unified handling of sequencing data and experimental fac-
tors. Low abundance reads were filtered (minimum of 2
total counts and 10% prevalence across samples), and 27
mitochondrial and 96 chloroplast sequences were removed.
Rarefaction curves were created in MicrobiomeAnalyst to
assess sequencing depth sufficiency. Shannon and Simpson
diversity indices and Observed richness were calculated in
RStudio following rarefaction across samples to evaluate
treatment- and time-related changes in microbial diversity.
Because diversity data did not meet parametric assumptions,
Kruskal tests were used to test for differences in diversity
and richness between treatments, and pairwise Dunn tests
with Bonferroni correction were performed to test for
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differences between treatments on each sampling day while
correcting for multiple testing. A Bray—Curtis dissimilar-
ity matrix was calculated on unrarefied ASV counts to pre-
serve all observed taxa, and Principal Coordinates Analysis
(PCoA) was used to visualise differences in microbial com-
munity composition across sampling days and treatments.
PERMANOVA was performed to test for the effects of treat-
ment and sampling day, and for interactions between factors,
with permutations restricted within tank ID to account for
the repeated-measures design. A bubble plot was created to
show the relative abundances of the 15 most abundant fami-
lies for both treatments across all sampling dates. To identify
ASVs significantly associated with ozone treatment, a dif-
ferential abundance analysis was performed for each sam-
pling day on the complete data set at ASV level. BaseMean
abundances, log2fold-changes, and adjusted p-values were
exported and the log2fold changes for Day 7 and Day 13
were plotted as horizontal bar charts, displaying baseMean
values for each ASV. Core microbiomes for treatment and
control were identified to determine persistent microbial taxa
resilient to OPO exposure. To this end, a dataset containing
all Day 13 samples was imported in MicrobiomeAnalyst and
filtered to a minimum count of two and 10% prevalence,
and low-variance features (10% interquartile range) were

removed to reduce noise. This filtering retained 147 ASVs.
Data were then log-transformed, and core taxa were defined
based on a relative abundance threshold of 2% and a preva-
lence of 20% across samples. These thresholds were chosen
to identify consistently occurring and ecologically relevant
taxa while excluding rare or sporadically detected members
unlikely to contribute substantially to community structure.
Core microbiome data were then exported and visualised
in RStudio.

Results
OPO lowering capacity

OPO concentrations declined in both Ulva treatment and
control (Fig. 2). In the controls, the reduction ranged
between 60 and 82% throughout the experiment. The
presence of Ulva significantly increased OPO reduc-
tion (#(4)=5.27, p=0.006), augmenting the decline by
an additional 11.1%. Mean OPO outflow concentrations
were consistently lower in Ulva systems than in controls
across all sampling days (Fig. 2). There was no statistically
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Fig.2 OPO concentrations in experimental systems. Bar plots show
influx (OPO entering the seaweed tanks), outflux (OPO leaving the
seaweed tanks), and % decline (percentage reduction of OPO) across
five sampling days for control and Ulva treatments. Error bars repre-
sent standard errors of the mean. In the decline plot, asterisks indicate
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N
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statistically significant differences between treatments at each sam-
pling day (p<0.05). OPO decline was significantly higher in Ulva
treatments than in controls (p=0.006). Systems containing Ulva are
shown in green, while controls without seaweed are shown in grey
(Ulva: n=3, control: n=23)
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significant interaction between treatment and sampling
day, suggesting that OPO decline trends over time were
constant across treatments.

Morphological changes

One week into the experiment, Ulva in ozone treatments
began to show morphological differences from the controls
(Fig. 3). Ozonated Ulva had a darker green coloration and
increased rigidity. When placed on a smooth surface, the
ozone-treated samples did not flatten out as smoothly as the
controls but instead maintained their shape, partly sticking
up. The fronds also appeared slightly more ragged than those
of the controls (Fig. 3).

Biomass gain

The linear mixed-effects model (fit by REML) revealed
a significant negative impact of ozone on biomass gain
(1(4)=-3.37, p=0.028), with a 29.8% reduction in the
ozone treatment compared to the no ozone control group
(Fig. 4). Pairwise comparisons for each sampling day
showed that biomass gain differed between treatments
on Days 4 (#(4)=3.37, p=0.028) and 10 (#(4)=4.31,
p=0.013), but not on Day 7, 13 (¢(4)=2.71, p=0.05), and
17 (1(4)=1.12, p=0.324; #(4) =—0.66, p=0.548). Sampling

Fig.3 Morphological changes in ozonated U. ohnoi. The upper
image shows Ulva from the control units (without ozonation), while
the lower image displays Ulva from ozone-treated systems, exhibiting
increased rigidity, reduced flexibility, a darker colour, and a slightly
more ragged appearance compared to the controls
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Fig.4 Biomass measurements. Both ozone treatment (turquoise) and
control (grey) systems showed biomass gain throughout the experi-
ment. Ozone had a variable negative effect on Ulva growth, with sig-
nificant impacts observed on Days 4, 10, and 13. Overall, the controls
approximately quadrupled their wet weight biomass over 17 days,
while ozone-treated systems only tripled their biomass over the same
period. Dots represent means, and error bars indicate the standard
deviation of the data (ozone: n=3, control: n=3)

day had a significant effect on biomass gain (p <0.001), with
gains decreasing over time. (Fig. 4).

Photosynthetic efficiency

There was a significant negative effect of ozone treatment
(F(1,4)=11.53, p=0.027) on photosynthetic efficiency
(F,/F,), with pairwise comparisons revealing a significant
(p<0.05) difference on Day 4 (p=0.037), but no effect on
Days 10 (p=0.075) and 13 (p=0.092) (Fig. 5). Addition-
ally, there was an effect of sampling day (F(4,16)=22.36,
p <0.001), but no interaction between factors. However, all
measured values after Day 1 remained between 0.7 and 0.8,
indicating a generally good health status of Ulva in both the
ozone and control treatments. (Fig. 5).

Ulva metabolic content analysis

Biomolecular assays: Chlorophyll, soluble carbohydrates,
phenols, flavonoids, condensed tannins

Ozone treatment had a positive effect on chlorophyll con-
tent (F(1,4)=23.53, p=0.008), with an overall increase
of 17.32%. There was also an effect of sampling day
(F(2,8)=46.38, p<0.001), but no interaction between fac-
tors. Post hoc pairwise comparisons of marginal means
showed a positive effect of ozone treatment on total chloro-
phyll on Day 13 (#(4)= —3.792, p=0.019), with chlorophyll
contents in ozone samples 32.15% higher than in controls.
Total phenolic compound concentrations were also higher
(+9.81%) in ozonated Ulva than in controls (F(1,4)=29.56,



Journal of Applied Phycology

0.80+

0.75-

Fv/Fm

0.65+

Day 1 Day 4 Day 7 Day 10 Day 13

Fig.5 Photosynthetic Efficiency (F/F ). Mean F /F values of Ulva
during several days of ozone exposure measured after 10 min of dark
incubation using leaf clips. Ozone had a significant negative effect on
F/F,, (p=0.027). Dots represent means, and error bars indicate stand-
ard errors (SE). Significant differences from pairwise post hoc com-

parisons are indicated by asterisks. Ozone treatments are shown in
turquoise, and controls are shown in grey (ozone: n=3, control: n=3)

p=0.006), but no effect of sampling day was evident. Post
hoc comparisons of means showed elevated phenol levels
on Day 13 (#(4)=-5.09, p=0.019), with 24.22% more phe-
nols in ozone treatments than in controls. Flavonoid content
was influenced by ozone treatment (+20.3%; F(1,4)=78.7,
p= <0.001) and sampling day (F(2,8)=12.62, p=0.003),
with a difference of +34.64% on Day 13 according to post
hoc testing (#(4)=—4.18, p=0.014). Condensed tannins did
not differ between treatments but varied among sampling
days (F(2,8)=19.07, p=0.001). Pairwise post hoc test-
ing revealed a difference of +32.09% condensed tannins
in ozone treatments on Day 13 (¢#4)=-2.88, p=0.045).
Repeated measures ANOVA did not detect any influence
of treatment or sampling day on soluble carbohydrate con-
tent (F(1,4)=0.59, p=0.485), but post-hoc testing showed
that soluble sugars were significantly higher (#(4)=-3.08,
p=0.037) in ozone treatments on Day 13, with a difference
of +40.85% compared with controls (Fig. 6).
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Fig.6 Ulva composition (total chlorophyll, phenols, flavonoids, con-
densed tannins, and soluble carbohydrates) throughout the experi-

ment in ozone treatment (turquoise) and control (grey) groups. Bars
represent means, error bars indicate standard errors (SE). There were

Day 7 Day 13
overall increases in chlorophyll (+17.32%), phenol (+9.81%) and
flavonoid (+20.3%) contents in ozonated Ulva compared with con-

trols. P-values are derived from pairwise post hoc comparisons and
are rounded to two decimal places. Only p-values <0.05 are displayed
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Metabolomic analysis

Non-targeted analysis of metabolites was performed with gas
chromatography coupled to mass spectrometry (GC-MS).
PLS-DA of our relative abundance data showed a clear sepa-
ration between samples of both treatments along PLS-DA
Component 1 (Fig. 7). PERMANOVA showed a significant
effect of treatment (F(1, 14)=1.767, p=0.008), a significant
impact of sampling day (F(3, 14)=2.179, p=0.001), and
no interaction between factors (F(2, 14)=0.814, p=0.701;
Table 1).

ozone

Sampling day
O Dayo

@ Dayt

A Dpay7

W Day13

PLS-DA Component 2

J

control

-5.0 -25 25

0.0
PLS-DA Component 1

Fig.7 Partial Least Squares Discriminant Analysis (PLS-DA) of rela-
tive metabolite abundance from GC-MS analysis of Ulva tissue sam-
ples. The plot displays the first two components (PLS-DA Component
1 and 2). Each point represents an individual Ulva sample, with col-
ours indicating treatment groups (ozone=turquoise, control=grey).
The PLS-DA was performed on the complete scaled metabolite abun-
dance data (relative abundances per unit biomass of 79 identified
metabolites). The analysis reveals a clear separation of samples by
treatment along Component1

Table1 PERMANOVA of relative abundance metabolite data from
GC-MS analysis of Ulva tissues. The table shows the degrees of free-
dom (DF), sum of squares (SUMOFSQS), R-squared (R?), F-statistic
(F), and p-value (PR(>F)) for the effects of Treatment, Day and the
interaction between Treatment and Day

DF SUMOFSQS R? F PR(>F)

TREATMENT 1 79.72 0.074 1.767 0.008%%*
DAY 3 295.00 0.273  2.179 0.001 ***
TREATMENT* 2 73.57 0.068 0.815 0.701
DAY
RESIDUAL TOTAL 14 631.71 0.585

20 1080.00 1.000

@ Springer

Repeated measures ANOVA revealed that seven metab-
olites quantified through absolute quantification were
affected by ozone treatment: glutamine (p =0.005), leucine
(p=0.008), proline (p=0.041), serine (p=0.004), threonine
(p=0.038), valine (p=0.039) and pyruvic acid (p=0.034).
Pairwise t-tests showed statistical differences in metabolite
concentrations after 7 and 13 days of ozonation in glutamine
(p=0.003, p=0.009), leucine (p <0.001, p=0.004), proline
(p=0.019, p=0.003), serine (p=0.031, p=0.037), threo-
nine (p=0.05, p=0.004) and valine (p=0.031, p=0.002).
Pyruvic acid was elevated only on Day 1 in ozone treatments
(p<0.001). Sampling day had a significant impact on aspar-
agine (p=0.011), aspartic acid (p=0.018), fumaric acid
(p=0.029), glutamine (p=0.001), leucine (p <0.001), pro-
line (p=0.001), pyruvic acid (p=0.002), serine (p=0.02),
succinic acid (p=0.034), and valine (p <0.001). An interac-
tion between factors existed in leucine (p=0.018), proline
(p=0.011) and pyruvic acid (p=0.001): the impact of ozone
on proline became more pronounced over time, while pyru-
vic acid was highly increased in ozone treatments on Day 1
but declined sharply at later time points (Fig. 8).

16S rRNA gene metabarcoding
Sample statistics

The mean number of reads per sample was 13482 with a
range of 7062-21675 reads after quality control and filter-
ing. Rarefaction curves plateaued for all samples even after
rarefication to the minimum number of reads, indicating suf-
ficient sequencing depth. A total of 231 ASVs were retained
after filtering the data set for low abundance reads and a 10%
prevalence threshold.

Alpha diversity

There was no significant effect of treatment on Observed
richness (Kruskal Wallis, X2 =13.6,df=7, p=0.059), Shan-
non (Kruskal Wallis, X2= 8.81, df =7, p=0.266) or Simp-
son indices (Kruskal Wallis, X2 =7.28, df =7, p=0.400)
(Fig. 9).

Beta diversity

The PCoA plot based on Bray—Curtis dissimilarities shows
the successional divergence of ozone samples from controls.
While samples from both treatments clustered closely at Day
0 and Day 1, a differentiation along Axis 1 began to emerge
at least from Day 7 onwards (Fig. 10). PERMANOVA analy-
sis confirmed significant differences in community composi-
tion between treatment and control, explaining 18.3% of the
observed variance, and across sampling days (28.3%), with a
strong interaction between the two factors (25.5%; Table 2).
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Fig.8 Absolute quantities

of metabolites from GC-MS
analysis of Ulva tissues. Values
are displayed as nmol mg~! DW.
The control group is displayed
in grey and the ozone treat-
ment group in turquoise. Day 0
samples were collected before
the separation of algal material
into experimental units and,
therefore, represent only one
treatment (control) and were not
included in statistical testing.
Boxes show interquartile ranges
(IQR), horizontal lines indicate
median values, and whisk-

ers represent the range of the
data within 1.5 times the IQR.
Metabolites with significant dif-
ferences identified by repeated
measures ANOVA are high-
lighted with a green background
(ozone: n=23, control: n=3)

nmol mg™' freeze-dried DW
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Fig.9 Alpha Diversity at ASV level: Observed richness, Shannon
diversity index, and Simpson diversity index across the duration of
the experiment. Diversity metrics were calculated after rarefac-
tion to equal sequencing depth across samples. Observed richness is
presented as the number of ASVs, while the Shannon and Simpson

Phylogenetic characterisation: Ozone vs Control

The most relatively abundant bacterial phyla at the start
of the experiment (Day 0) were Proteobacteria (ozone:
47.48 +2.07%, control: 42.04 +2.62%), Bacteroidota
(ozone: 34.02+0.51%, control: 41.26 +4.75%), and Actino-
bacteriota (ozone: 13.44 +1.68%, control: 12.90 +2.14%).

Day0 Day1 Day7 Day13

Day0 Day1 Day7 Day13

indices reflect diversity and evenness within samples. Ozone-treated
samples are shown in turquoise and control samples in grey. Boxplots
represent interquartile ranges (IQR), with horizontal lines indicating
medians and whiskers extending to 1.5 XIQR (control: n=3, ozone:
n=3)

After one day of ozonation, Actinobacteriota sequence
abundances increased in the ozone treatment compared to
the control (ozone: 14.94 +1.51%, control: 10.37 +1.98%),
whereas Bacteroidota sequence abundances decreased
(ozone: 27.41 £0.97%, control: 36.21 +1.00%). Proteobac-
teria sequence abundances were similar in both treatments
(ozone: 50.44 +0.2%, control: 48.20+4.68%).

Fig. 10 PCoA of the microbial Day 0 Day 1
community associated with
Ulva tissues. The ordination
was calculated from Bray—Cur- 021
tis dissimilarities between Ulva 014
samples based on 16S rRNA ' ©
gene metabarcoding. Panels are 0.0
faceted by sampling day (Day
0, 1, 7, 13) to show temporal -0.14 :
changes in community composi- ® ®
tion, but all facets share the o -0.21
same ordination axes. Turquoise ﬁ s
triangles represent ozone sam- < Day 7 Day 13
ples, and grey points represent 38 )
controls (control: n=3, ozone: o ®
n=3) 021 o
[ ]
0.1+
o

0.0

-0.14

-0.24

0.2 0.0 04 0.2 0.0 0.2 0.4
PCoA Axis 1
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Table2 PERMANOVA results: 16S rRNA gene metabarcoding data
of Ulva tissues. The table shows the degrees of freedom (DF), sum
of squares (SUMOFSQS), R-squared (R?), F-statistic (F), and p-value
(PR(>F)) for the effects of Day, Treatment, and the interaction
between Day and Treatment

DF SUMOFSQS R? F PR(>F)
DAY 30924 0.284 5422 0.00] **x
TREATMENT 1  0.595 0.183 10479 0.00] ***
DAY* 30830 0.255  4.869 0.00] ***
TREATMENT
RESIDUAL 16 0.909 0.279
TOTAL 23 3258 1.000

By Day 7, ozone exposure led to substantial shifts in
sequence abundances: Actinobacteriota decreased to roughly
one-third of control values (ozone: 5.63 +1.94%, control:
15.37+0.7%) and Bacteroidota to approximately one-fourth
(ozone: 9.34 +1.56%, control: 39.54 +0.93%), while Pro-
teobacteria increased to 83.52 +3.49% in the ozone treat-
ment (control: 36.92+1.9%). By Day 13, Actinobacteriota
and Bacteroidota sequence abundances remained low in
ozone-treated samples (1.03+0.15% and 12.37 +1.35%,
respectively), compared with controls (13.82 +1.84% and
37.64 +£0.1%), whereas Proteobacteria sequence abundances
dominated the ozone treatment (85.99 + 1.36%) and were
less than half of that in controls (40.32 +2.51%).

At the family level, Saprospiraceae sequence abundances
decreased rapidly in ozone-treated Ulva, reaching roughly
one-third of control values on Day 1 (ozone: 14.7 +1.08%,
control: 21.85+0.45%) and continuing to decline through
Day 13 (ozone: 0.16 +£0.02%, control: 26.95 +1.43%).
Microtrichaceae sequence abundances were initially
resilient to ozone (Day 1: ozone: 14.91 +1.49%, control:
10.37 +1.98%) but declined from Day 7 onward (Day 13:
ozone: 1.03+0.15%, control: 13.8 +1.82%).

In contrast, some families appeared to benefit from ozo-
nation. Sphingomonadaceae sequence abundances increased
from 4.2 +0.63% at Day O to 14.18 +0.32% at Day 13 (con-
trol: 0.65+0.07%), and Rhodobacteraceae sequence abun-
dances rose to 24.48 +3.25% by Day 13 in ozone-treated
Ulva (control: 13.88 +2.14%). Flavobacteriaceae sequence
abundances remained relatively stable, with a notable
increase only on Day 13 (ozone: 12.16 +1.36%, control:
5.73 £0.85%). Methylophilaceae sequence abundances
were consistently low in controls (< 1%) but increased under
ozone exposure to 5.62 +1.82% by Day 13 (Fig. 11).

Differential abundance analysis of microbial ASVs
On Day 1, only 1 ASV (Colwellia sp.) exhibited increased

abundance. This increase, however, was pronounced, with
a 311,000-fold change compared with controls. 5 ASVs

(Acidiomicrobiales, 2 Lewinella, an OM27_clade bacte-
rium and an uncultured Saprospiraceae) decreased in rela-
tive abundances, with ~3-507-fold decreases compared
with controls (Fig. S2, Supplemental material). After
7 days of ozonation, 15 ASVs (6.5%) increased and 40
(17%) decreased in ozone-treated samples compared with
controls. Pseudophaeobacter sp. exhibited the highest
increase ~ 8,000-fold rise in abundance. Erythrobacter lon-
gus, Dokdonia lutea, Litorimonas sp., and Sphingorhabdus
sp. had also increased in abundance compared with controls.
Highly abundant ASVs of Erythrobacter sp. (baseMean
373.81), Methylotenera sp. (baseMean 344.61), and Hellea
sp. (baseMean 358.03) — where baseMean represents the
mean normalised sequence counts across all samples —had
a 6.5—7.5—times abundance increase compared with con-
trols. The top decreasing ASVs were an uncultured bacte-
rium of the Saprospiraceae family (~ 108-fold decrease),
Portibacter lacus (~87-fold decrease), Planktotalea sp.
(~83-fold decrease), and Yoonia-Loktanella sp. (~80-fold
decrease). Notably, an uncultured Lewinella and an uncul-
tured bacterium from the Saprospiraceae family showed an
almost 100% reduction compared with controls (Fig. S3,
Supplemental material).

After 13 days, 25 ASVs (11%) were significantly more
abundant, while 46 ASVs (20%) had decreased in abundance
compared with controls (Fig. 12). The highest increase was
experienced by Amylibacter sp. and Erythrobacter longus
(both ~ 130,000-fold increase), Kordiimonas sp., Dokdonia
lutea, and Pseudophaeobacter sp. (~5,500-11,500-fold
increase). Other high abundance ASVs with significantly
4-16 fold positive changes included Methylotenera bacte-
rium WH2-1, Erythrobacter sp., Hellea sp., and an uncul-
tured bacterium of the KIS9A clade. A not well identified
bacterium of the Saprospiraceae family experienced the
highest negative shift (~1,300-fold decrease), followed by
Lewinella sp. (~800-fold decrease). A highly abundant bac-
terium of the genus Rubidomonas had a~30-fold decrease,
and another uncultured bacterium of the Saprospiraceae
family had a~30-fold decrease. One ASV of the family
Microtrichaceae had one of the highest mean abundances
(baseMean 519.86) among the significantly changing taxa
and showed an ~ 11-fold decline in abundance compared
with controls (Fig. 12).

Core microbiomes Ozone vs Control: 13 Days

The core microbiome, here defined as taxa present in at least
20% of samples and with a minimum relative abundance
of 2% after log transformation, was dominated by mem-
bers of the Saprospiraceae family in Ulva from the control
treatments after 13 days. Lewinella sp., Rubidomonas sp.,
and four unidentified Saprospiraceae ASVs together made
up 37.5% of all core members (Fig. 13, Table 3). The core
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Fig. 11 Bubble plot showing the relative abundances of the 15 most abundant microbial families in ozonated and control Ulva microbiomes.
Ozone samples are represented in turquoise, and controls in grey (control: n=3, ozone: n=3)

also included one unidentified Bacteroidota, three Micro-
trichaceae, Maribacter sp., Marivita sp., and Truepera sp.
Only two ASVs, a Granulosicococcus sp., and an uncultured
Rhodobacteraceae, were common to both control and ozone
treatments. After 13 days of ozonation, the core microbi-
ome of ozonated Ulva displayed marked differences at the
phylum level, with 87.5% of the microbiome belonging to
Proteobacteria and 12.5% to Bacteroidota, compared to con-
trols (52.9% Bacteroidota, 23.53%, Proteobacteria, 17.65%
Actinobacteriota, and 5.88% Deinococcota). Many ASVs
that were part of the core microbiome in the ozone treatment
showed significant increases in differential abundances and
relative sequence abundances throughout the experiment,
including members of Amylibacter sp., Erythrobacter
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longus, Erythrobacter sp., Kordiimonas sp., Roseovarius sp.,
Pseudophaeobacter sp., Methylotenera sp., Sphingorhabdus
sp., and Dokdonia lutea (see Fig. 12; Supplemental mate-
rial, Figs. S5 and S6). The ozonated core microbiome at
Day 13 also included Thalassotalea atypica, Aquibacter sp.,
and uncultured members of the Rhodobacteraceae, Rhizo-
biaceae, Hyphomonadaceae, Alteromonadaceae, and the
KI89A clade.

Fig. 12 Significant (p<0.05) log2fold changes from DESeq2 differ- »
ential abundance analysis after 13 days. Log2fold changes are repre-
sented as bars, with their corresponding baseMean values displayed.
Turquoise bars show ASVs that increased in ozone treatments, while
grey bars represent ASVs that declined in ozone treatments compared
to controls
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Portibacter uncultured_bacterium (ASV 144 )
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Yoonia-Loktanella sp. (ASV 1)
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2214
103.87
21.95

519.86
146.27
107.75

1321

205

S

1029
15.31

20.

57

5476
1393
37313
1067
9.05
4671
10.39
201.18
3245
565.62

78.35
767
34m
27.16
832
2435
17.72
1226
35.09
23.06
12.84
2129
149
9.99
24.06
14.07

4427
40.79

3

7.57

3296
97.7

22938

unclassified Saprospiraceae (ASV 135) 109.74

-10

0 5
Log2 Fold Change

10

15

@ Springer



Journal of Applied Phycology

1.00
0.75
0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

Prevalence

ASV135
ASV136
ASV277
ASV278
ASV322
ASV438
ASV50
ASV65
ASV7
ASV124
ASV14
ASV230
ASV248
ASV515

control

ozone

vmmwmoaojoommmmov N~ ™
C')OUx—C\I(ONCON‘—LOT\OOO)'d‘(OmLO
>m\——x—‘—mc\1>mmmmm<r>©r\
h=2=2=>2>2>2>2822>2>>>0 > >
<DL HOZ2OH0HHOOLOD
< < < < << < < < < << < <

Fig. 13 Core microbiomes of control and ozone samples on Day 13. Shown are the prevalences of microbial ASVs with a relative abundance of
0.02% and 20% sample prevalence. The corresponding taxonomy is shown in Table 3

Discussion

Ulva as a biofilter for ozone-produced oxidants:
implications for seaweed cultivation in land-based
IMTA systems

In this study, we successfully demonstrated the use of U.
ohnoi as a biofilter for ozone-produced oxidants (OPO) in a
marine IMTA system. Furthermore, we provide first insights
into the effects of OPO on a cultivable macroalga, which
is particularly relevant for land-based commercial seaweed
production. While Ulva exhibited signs of stress, which was
reflected in reduced biomass gain, altered morphology, and
changes in metabolic composition, it maintained consider-
able growth even at OPO concentrations up to ten times
higher than the recommended ‘safe concentrations’ for sen-
sitive aquaculture species such as turbot (Psetta maxima)
(Reiser et al. 2010) and Whiteleg shrimp (Litopenaeus van-
namei) (Schroeder et al. 2010). This tolerance is remarkable,
especially given that the redox potentials achieved through
ozone injection in this study exceed those typically found
in marine environments. Additionally, the observed effects
of OPO on Ulva-associated microbial biofilms demonstrate
ozone’s potential to actively shape and manipulate host-asso-
ciated microbiomes in aquaculture, provided the host spe-
cies is sufficiently resilient to OPO. These findings position
Ulva as a promising candidate for integrated water treatment
strategies in sustainable aquaculture systems, capable of
withstanding oxidative stress while improving water quality.
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OPO-lowering capacity of U. ohnoi was consistent,
but did not correlate with biomass increase

Our study demonstrated that U. ohnoi has potential as a bio-
filter for ozonation by-products in a marine IMTA system.
Mean OPO concentrations in the outflow of Ulva cultivation
units (0.07 mg L!) were closer to the 0.06 mg L! sug-
gested as a ‘safe concentration’ for some aquaculture spe-
cies (Reiser et al. 2010; Schroeder et al. 2010) than those
measured in the control systems (0.11 mg L!). This sug-
gests that Ulva's presence could provide some protection
for S. aurata in an IMTA-RAS configuration comparable to
that used here. However, the substantial variability in OPO
concentrations among replicates represents an important
limitation of this study and highlights the need for experi-
ments with a tighter control of inflow OPO concentrations
to confirm our results. As we did not directly assess the fate
of OPO, it remains unclear whether OPO removal involved
direct uptake by Ulva, bromide-mediated reactions leading
to the formation of brominated compounds within the bio-
mass, or other transformation pathways. However, although
Ulva species are known to take up bromide for the synthesis
of secondary metabolites, this uptake likely occurs via pas-
sive diffusion (Paula et al., 1998). Oxidation of bromide by
ozone yields more reactive bromine species such as hypo-
bromous acid, hypobromite, and bromamines, which differ
in size, charge, and reactivity from bromide and are unlikely
to be taken up by Ulva in the same way. The observed reduc-
tion in OPO concentrations therefore likely results from
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Table 3 Core microbiomes of control and ozone samples on Day 13: Corresponding taxonomy (phylum, class, family, genus and species) to
ASVs from Fig. 13. Features are colour-coded (control = grey; ozone =turquoise), with bicoloured ASVs represented in both core microbiomes

ASV Phylum Class Family Genus Species

control ASV135 Bacteroidota Bacteroidia Saprospiraceae _ _
ASV136 Actinobacteriota Acidimicrobiia Microtrichaceae uncultured _
ASV277 Bacteroidota Bacteroidia Flavobacteriaceae Maribacter _
ASV278 Proteobacteria Gammaproteobacteria Granulosicoccaceae  Granulosicoccus uncultured_bacterium
ASV322 Bacteroidota Bacteroidia Saprospiraceae uncultured uncultured_deep-sea
ASV438 Actinobacteriota Acidimicrobiia Microtrichaceae uncultured uncultured_bacterium
ASV50  Bacteroidota Bacteroidia Saprospiraceae uncultured uncultured_bacterium
ASV65  Bacteroidota Bacteroidia Saprospiraceae Rubidimonas uncultured_bacterium
ASV7 Proteobacteria Alphaproteobacteria ~ Rhodobacteraceae _ _
ASV124 Bacteroidota Bacteroidia Saprospiraceae Lewinella uncultured_Bacteroidetes
ASV14  Bacteroidota Bacteroidia Saprospiraceae uncultured _
ASV230 Deinococcota Deinococci Trueperaceae Truepera uncultured_bacterium
ASV248 Proteobacteria Gammaproteobacteria Burkholderiaceae Limnobacter uncultured_bacterium
ASV515  Bacteroidota Bacteroidia uncultured uncultured uncultured_Sphingobacteriales
ASV3 Actinobacteriota Acidimicrobiia Microtrichaceae Sva0996_marine_group
ASV394  Proteobacteria Alphaproteobacteria ~ Rhodobacteraceae Marivita _

ozone ASV112 Proteobacteria Alphaproteobacteria ~ Hyphomonadaceae  uncultured uncultured_bacterium
ASV122  Proteobacteria Alphaproteobacteria ~ Rhizobiaceae uncultured uncultured_bacterium
ASV166 Proteobacteria Alphaproteobacteria ~ Sphingomonadaceae  Sphingorhabdus _
ASV225 Proteobacteria Gammaproteobacteria KI89A_clade KI89A_clade uncultured_bacterium
ASV239 Bacteroidota Bacteroidia Flavobacteriaceae Aquibacter _
ASV29  Proteobacteria Gammaproteobacteria Alteromonadaceae uncultured uncultured_bacterium
ASV318 Proteobacteria Alphaproteobacteria ~ Kordiimonadaceae  Kordiimonas uncultured_bacterium
ASV353  Proteobacteria Alphaproteobacteria ~ Sphingomonadaceae Erythrobacter Erythrobacter_longus
ASV379 Proteobacteria Alphaproteobacteria ~ Rhodobacteraceae Roseovarius _
ASV383 Proteobacteria Gammaproteobacteria Colwelliaceae Thalassotalea Thalassotalea_atypica
ASV395  Proteobacteria Alphaproteobacteria ~ Rhodobacteraceae Pseudophaeobacter _
ASV449  Proteobacteria Alphaproteobacteria ~ Rhodobacteraceae Amylibacter Amylibacter_sp.
ASV6 Proteobacteria Alphaproteobacteria ~ Sphingomonadaceae Erythrobacter _
ASV637 Bacteroidota Bacteroidia Flavobacteriaceae Dokdonia Dokdonia_lutea
ASV753  Proteobacteria Gammaproteobacteria Methylophilaceae Methylotenera bacterium_WH2-1

reactions between OPO and organic substrates present in
the system, including both seaweed-derived organic matter
and reactive components associated with the Ulva biomass
itself (e.g., surface-bound compounds and biofilms). We
did not, however, find a positive correlation between sea-
weed density and filtering efficiency. This was unexpected,
as increased seaweed biomass was anticipated to provide
a greater amount of reactive organic substrate capable of
reducing OPO. We hypothesise that the OPO produced
in our system gradually degraded the exopolymers of the
biofilm on Ulva, resulting in less organic substrate relative
to seaweed biomass available for oxidation by OPO as the
experiment progressed. Consequently, the decline in OPO
concentrations stagnated despite the growth of Ulva bio-
mass. OPO concentrations were measured using the DPD

(N,N-diethyl-p-phenylenediamine) colorimetric method,
which captures overall oxidant activity in the water. Because
this approach does not distinguish between individual oxi-
dant species such as aqueous ozone, hypobromous acid,
bromamines, or other reactive halogen compounds, the val-
ues represent total oxidising capacity rather than specific
oxidants. As a result, the exact composition of the oxidants
contributing to the measured OPO signal could not be deter-
mined, and shifts in individual oxidant species may not be
evident from the bulk OPO measurements. Although Ulva
consistently lowered OPO concentrations in an IMTA system
with S. aurata in our study, longer experiments are required
to confirm this effect and to evaluate the long-term impact
on seaweed biomass. Additionally, comparative experiments
with other OPO-filtering methods could help contextualise
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Ulva’s effectiveness relative to more conventional filtration
approaches. In wastewater treatment and drinking water pre-
treatment, methods such as activated carbon filtration and
advanced oxidation processes have been shown to effectively
reduce concentrations of ozone-related by-products (Chen &
Wang 2012; Jiang et al. 2017; MacKeown et al. 2020). How-
ever, in aquaculture, and particularly in marine cultivation
systems, studies on OPO removability remain scarce. One
of the few studies addressing this topic is by Schroeder et al.
(2010), which comprehensively evaluated the removal of
several types of OPO using activated carbon, with removal
efficacies of up to 80% in a lab-based experimental setup.
In a case study, Camera-Roda et al. (2019) showed that a
combination of photolysis and ozonation (‘photocatalytic
ozonation’) approximately halved bromate formation in a
tropical coral reef aquarium and reduced the redox potential
in the sump from ~ 600 mV to below 300 mV. Nevertheless,
because these studies differ from ours in several key points,
such as system design, nutrient loading and OPO measure-
ment methods, direct comparisons of the effectiveness of
these approaches are not possible. Addressing this question
would require a study design in which OPO removal by Ulva
and by activated carbon, or by advanced oxidation using
an O5-UV combination, is tested under comparable envi-
ronmental conditions and for similar exposure times, allow-
ing a meaningful comparison of their effectiveness. Further
research on this critical topic of aquaculture water treatment
is needed to fully exploit the potential of ozone and related
by-product remediation strategies.

Pigments, sugars, and phenolic compounds
elevated as a result of oxidative stress exerted
by ozone-produced oxidants

Oxidative stress responses in macroalgae often result
in a decrease of photosynthetic pigments. The observed
increase in total chlorophyll in ozonated U. ohnoi was
therefore an intriguing find. Pigment elevation as a stress
response is not unprecedented. Kakinuma et al. (2006),
for example, found an increase in chlorophyll contents
and thickened cell walls as a result of organic carbon-
redistribution in axenic, temperature-challenged Ulva
pertusa. They attributed these changes to an adaptive
response aimed at maintaining high photosynthesis rates
under stressful conditions, which aligns with our findings
of slightly decreased photosynthetic efficiency in ozone-
stressed Ulva. In this context, U. ohnoi may have increased
pigment production to counterbalance the reduced pho-
tosynthetic efficiency caused by oxidative stress. Chlo-
rophyll can function as a potent antioxidant (Cho et al.
2011; Negreanu-Pirjol et al. 2020), and its upregulation
in OPO-exposed Ulva may reflect an attempt to scavenge
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reactive oxygen species (ROS). Ulva rigida and Ulva
intestinalis from heavy metal-polluted sites in Morocco
exhibited increased cell wall thickness and higher total
sugar content than those from control sites (Zeroual et al.
2020). When subjected to UV-B radiation stress, Ulva pro-
lifera accumulated starch in its chloroplasts (Zhong et al.
2022), indicating impacts on carbohydrate metabolism as a
result of environmental stress. These findings are consist-
ent with the structural changes we observed in ozonated
U. ohnoi and the elevated soluble carbohydrate concentra-
tions on Day 13, suggesting a similar adaptive response
to OPO-induced stress. The antioxidant, antiviral, and
antimicrobial properties of phenolic compounds are well
established (Lomartire et al. 2021; Bastos et al. 2024),
and their elevated levels in Ulva subjected to high levels
of OPO are therefore not surprising. Phenols, comprising
phenolic acids, flavonoids, tannins, stilbenes, coumarins,
lignans and lignins in marine algae (Jimenez-Lopez et al.
2021), display protective properties against a wide range
of environmental stressors such as metal pollution, her-
bivory, UV, salinity, and heat stress (Pavia and Brock
2000; Liider & Clayton 2004; Connan et al. 2007; Cotas
et al. 2019; Emeline et al. 2021; Chen et al. 2024). These
secondary metabolites are of interest for their potential as
food additives and as bioactive agents in pharmaceuticals
and cosmetics (Fraga et al. 2019). Our results suggest that
ozonation could represent a method for elevating phe-
nolic compound concentrations in commercial production,
although in our study, these effects were apparent only
after between 7 to 13 days. An increase in ozone dosage
might induce a more immediate response, but the effects
are likely to vary among algal species and strains.

Metabolomic analysis: GC-MS revealed differential
expressions of amino acids involved in proline
synthesis

Metabolic profiling of ozonated and control Ulva tissues
showed that the primary effects of ozonation were on the
amino acid compositions. The clearest indicator of envi-
ronmental stress exerted on U. ohnoi by ozonation was the
elevated proline content we observed (days 7 and 13). Pro-
line is a well-established marker of oxidative stress in ter-
restrial plants (Alvarez et al. 2008; Szabados & Savouré,
2010), as well as micro- (Siripornadulsil et al. 2002; Rezay-
ian et al. 2019), and macroalgae (Edwards et al. 1988). Pro-
line’s role in stress responses is multifaceted: it functions
as an osmolyte, stabilises membranes and redox states, and
promotes antioxidant activity (Hong et al. 2000; Siriporna-
dulsil et al. 2002; Rani 2007; Szabados & Savouré, 2010;
Ingrisano et al. 2023). In Ulva, an increase in proline can
be caused by low temperature stress and osmotic changes
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(Kakinuma et al. 2006; He et al. 2018). To our knowledge,
this is the first study to demonstrate that ozone-produced
oxidants can trigger this molecular stress response in U.
ohnoi. The enhanced concentrations of glutamine and glu-
tamic acid after 7 and 13 days of ozonation further support
this observation, as these amino acids are key intermediates
in the proline biosynthesis pathway (Fichman et al. 2015;
He et al. 2018).

Alanine, leucine, and valine, which are all products of
the same biosynthetic pathway, were significantly elevated
in ozone-treated Ulva tissues. As all three amino acids are
derived from pyruvate, the end product of glycolysis, this
may be linked to the peak in pyruvic acid (the protonated
form of pyruvate) observed on Day 1, potentially reflecting
a temporary metabolic bottleneck. An interpretation of their
elevated levels is not as straightforward as with proline, but
some of these amino acids have been reported to be dif-
ferentially expressed in response to stress in Chlorella spp.
(Shakya et al. 2022), Ectocarpus siliculosus (Dittami et al.
2011), and Skeletonema marinoi (Nikitashina et al. 2022).
He et al. (2018) observed that high-temperature stress in
U. prolifera altered the alanine/aspartate/glutamate meta-
bolic pathways, leading to increased levels of alanine, ser-
ine, valine, and leucine. Threonine, which was significantly
elevated in ozonated U. ohnoi on Day 7 and 13, serves as
a precursor for branched-chain amino acids (BCAAs) such
as valine and isoleucine. BCAAs are implicated in abiotic
stress responses in plants, for instance by functioning as
osmolytes (Joshi et al. 2010). Additionally, a trend towards
elevated phenylalanine levels in ozonated Ulva on Days 7
and 13 may be linked to the concurrent observed increases in
phenols, flavonoids, and tannins, as phenylalanine and tyros-
ine are key precursors in the biosynthesis of these stress-
associated secondary metabolites (Kumari et al. 2023).

No significant differences between treatments were
observed in any of the mono- and disaccharides detected by
GC-MS, suggesting that the elevated soluble sugar levels
measured in ozonated U. ohnoi were likely due to polysac-
charides. Ulvan, a soluble polysaccharide responsible for
maintaining cell wall stability, occurs in significant amounts
in members of the Ulvaceae (Dominguez & Loret 2019;
Sari-Chmayssem et al. 2019). An upregulation of ulvan bio-
synthesis in response to OPO exposure could explain the
observed increase in ozonated Ulva rigidity. Because the
metabolite analysis was restricted to a targeted set of pri-
marily low-molecular-weight compounds, potential changes
in high-molecular-weight metabolites such as ulvan could
not be directly assessed. As this compound is of consider-
able commercial interest (Cunha & Grenha 2016; Hosseini
et al. 2024), future studies on the impacts of ozonation on
Ulva should consider the role of ulvan in its response to
high OPO concentrations and apply appropriate methods
to detect them.

Nutrient availability and biofilm restructuring
under OPO-rich conditions shape U. ohnoi
microbiome

Temporal fluctuations in microbial communities in seaweeds
are well-documented (Nguyen et al. 2023; van der Loos et al.
2024a, b), so the effect of time on community composition
even in our control samples was expected. After 13 days, the
core microbiome in control samples consisted of 17 ASVs
from the phyla Bacteroidota, Proteobacteria, Actinobacte-
ria, and Deinococcota. In contrast, the core microbiome in
ozone-treated samples comprised 15 ASVs, with 14 belong-
ing to the class Alphaproteobacteria and only one to Bac-
teroidota. Proteobacteria, Bacteroidota, and Actinobacteria
are commonly associated with seaweeds like Ulva (Bolton
et al. 2016; Steinhagen et al. 2021). The decline in diversity
at the phylum level was partly reflected in the alpha diversity
measures at the ASV level, although the effects were less
pronounced than anticipated. The strongest effects of ozona-
tion were evident in the declining observed richness at Days
7 and 13. Additionally, DESeq?2 analysis revealed that there
was a higher number of declining ASVs than increasing ones
at all sampling days. Although no statistically significant dif-
ferences were detected in either alpha diversity metric at any
time point, this likely reflects limited statistical power due
to the small sample size rather than an absence of an effect.
The negative trend in microbial diversity observed in the
ozone treatments suggests a general decrease in diversity in
U. ohnoi-associated communities, which may become more
pronounced with prolonged exposure. The lack of strong
short-term responses, however, suggests that the micro-
bial community may exhibit some resilience to brief ozone
exposure.

The control core microbiome shared similarities with
Ulva-associated communities reported across diverse envi-
ronments, including natural marine habitats, land-based
cultivation, and IMTA systems, where Flavobacteriaceae,
Saprospiraceae, Rhodobacteraceae, Microtrichaceae and
Hyphomonadaceae, and genera such a Lewinella, Maribac-
ter, and Granulosicoccus are often dominant (Burke et al.
2011; Califano et al. 2020; Nguyen et al. 2023; van der Loos
et al. 2023, 2024a, b; Pefia-Rodriguez et al. 2024). The core
microbiomes in our ozone treatment, on the other hand,
harboured the genera Dokdonia, Erythrobacter and Methy-
lotenera, as well as members of Hyphomonadaceae, Fla-
vobacteraceae, Sphingomonadaceae and Rhodobacteraceae
families. While some (like Dokdonia and Erythrobacter)
have been found in association with Ulva before, other gen-
era that thrived under ozonation are not typically associated
with Ulva microbiomes. Kordiimonas sp., a genus usually
underrepresented in Ulvaceae communities, became a highly
abundant core member in ozonated U. ohnoi, suggesting an
opportunistic advantage. Similarly, Methylotenera, which
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are not commonly considered Ulva symbionts, emerged as
core community members under ozonation. The reasons for
the emergence of this genus in the ozone treatment will be
discussed further.

One of the most noteworthy observations regarding the
effects of OPO on the Ulva microbiome was the gradual
disappearance of bacteria specialised in degrading complex
carbohydrates. We attribute this observation to the prop-
erties of OPO, which reportedly degrade a wide range of
natural and manmade molecules in aquaculture (Summer-
felt 2003; Phungsai et al. 2019; Aguilar-Alarcén et al. 2022;
Pettersson et al. 2022). Bacteroidota experienced the most
significant reductions in abundance, likely due to the disap-
pearance of complex carbohydrates from the phycosphere,
for which these bacteria are recognised as key degraders
(McKee et al. 2021). Members of the family Saprospiraceae,
including Lewinella, Rubidomonas, and Portibacter, were
most affected by ozone treatments. Saprospiraceae have
been found associated with Ulva in IMTA settings (Cali-
fano et al. 2020), and genomic data reveal their capacity
to degrade complex carbohydrates like starch, gelatin, and
alginate (Mcllroy & Nielsen 2014). In contrast, Amylibacter,
Kordiimonas, and Erythrobacter (all Alphaproteobacteria),
which experienced increased relative abundances under
ozone conditions, show genomic potential for metabolising
low-molecular-weight carbohydrates such as monosaccha-
rides, peptides, and esters (Koblizek et al. 2011; Tonon et al.
2014; Nedashkovskaya et al. 2016; Geng et al. 2022; Ye
et al. 2022). Dokdonia lutea, one of the few ozone-enriched
Bacteroidota members, lacks polysaccharide lyases but pos-
sesses several esterase-encoding genes, suggesting a pref-
erence for short-chain esters over complex carbohydrates
(Gonzalez et al. 2011). Based on these findings, we conclude
that one of the main ways in which OPO shaped the Ulva
microbiome is through the degradation of complex carbo-
hydrates contained in the biofilm.

While -omics techniques have significantly advanced our
understanding of the composition and functional potential
of algae-associated microbial communities, relatively little
is known about the spatial distribution of individual epi-
biont taxa within bacterial biofilms. Ramirez-Puebla et al.
(2022) provided a rare glimpse into this spatial organisation
by applying fluorescence in-situ hybridisation (FISH) to bio-
films on Nereocystis luetkeana, revealing a layered structure
with Granulosicoccus cells clustered near the kelp surface
and filamentous Alphaproteobacteria and Bacteroidota posi-
tioned close to the seawater-biofilm interface. In our study,
one Granulosicoccus sp. was consistently associated with
Ulva in both ozone and control treatments, suggesting a
potentially symbiotic relationship. Proximity plays a crucial
role in both microbe-microbe and host-microbe interactions,
particularly in high-flow environments (Cordero & Datta
2016; Co et al. 2020). Granulosicoccus’ positioning near
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the algal surface may therefore facilitate close interaction
with the host and simultaneously confer protection against
OPO-mediated biofilm degradation. Members of this genus
are known to degrade algal-derived complex carbohydrates
such as alginate, and possess a complete set of BCha genes,
enabling photoheterotrophic growth (Weigel et al. 2022).
This metabolic flexibility, in combination with favourable
spatial localisation, may explain the persistence of Granu-
losicoccus in Ulva-associated biofilms under ozonation.
Ramirez-Puebla et al. (2022) also reported the presence of
Bacteroidota within the intercellular spaces of kelp tissues,
suggesting that some ASVs enriched under ozonation in our
study may represent bacterial endosymbionts. If so, their
location within Ulva tissue could have shielded them from
the oxidative degradation of the external biofilm matrix.

Host-microbe metabolic coupling and stress
resilience

The observed shifts in the microbial community associated
with U. ohnoi under ozone treatment suggest that bacteria
in close association with the host, and in particular those
specialised in utilising Ulva-derived dissolved organic mat-
ter (DOM), are more likely to persist under oxidative stress.
Under controlled conditions, epibiotic bacteria can degrade
and metabolise both Ulva-derived and bacterial exopolysac-
charides. However, when the biofilm is compromised, bacte-
rial persistence within the phycosphere appears to depend
more on the direct provision of photosynthates by the host
than on the breakdown of complex algal exudates or micro-
bial exopolymers. This could also explain the pronounced
increase in Roseovarius’ relative abundance under ozona-
tion, which is a known growth-promoting symbiont of Ulva
that metabolises glycerol provided by the alga (Alsufyani
et al. 2017). Certain strains of Roseovarius also display
strong reactive oxygen species (ROS)-scavenging potential
(Heric et al. 2023), which could provide an advantage to
Ulva under OPO-enriched conditions. The genera Roseo-
varius, Sulfitobacter and Maribacter are moreover known
to harbour species that produce AGMPFs (algal growth and
morphogenesis-promoting factors), molecular compounds
essential for Ulva growth and development (Ghaderiarda-
kani et al. 2017; Alsufyani et al. 2020). Previous research
has shown that they remain consistently in the microbiome
of U. compressa under micropollutant stress (Hardegen et al.
2025), and some strains may even confer protection against
environmental stressors such as high temperature (Hmani
et al. 2024). The fact that Roseovarius and Sulfitobacter
increased in relative abundance under ozone treatment
and Maribacter was not negatively affected (Supplemen-
tal Fig. S5) align with the work of Hardegen et al. (2025)
and support the notion that functional members of the Ulva
microbiome are rather resilient towards environmental stress
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as experienced in various bioremediation setups. Seaweed
microbiomes may play a protective role under stressful envi-
ronmental conditions. and Ulva could actively promote the
growth of symbionts that confer these protective functions,
an idea consistent with Hylleberg’s concept of microbial
gardening (Hylleberg 1975).

Roseovarius is also among the Ulva symbionts capable
of sensing DMSP, a molecule secreted by seaweeds that
can induce chemotaxis in marine microbes (Kessler et al.
2018). DMSP serves multiple functions, including acting
as a cryoprotectant (Kirst et al. 1991; Toda et al. 2023),
fouling-deterrent (Saha et al. 2012), osmoprotectant (Lyon
et al. 2016), and antioxidant (Sunda et al. 2002). Stressed
seaweeds excrete higher amounts of DMSP (Sunda et al.
2002), potentially attracting more symbionts with the ability
to either sense or metabolise it. Elevated DMSP concentra-
tions have, for example, been shown to favour the growth of
Rhodobacteraceae and Flavobacteriaceae under temperature
and light stress in Fucus, while inhibiting the growth of Fir-
micutes (Saha et al. 2014). Ozonation and high OPO con-
centrations likely represent a physiological stressor that may
lead to increased excretion of DMSP. Roseovarius, which
highly increased in ozone treatments, does not use DMSP
as a carbon source, but cleaves it into dimethylsulphide
and methanethiol (Kessler et al. 2018), likely providing a
substrate for Methylotenera. Members of this genus exclu-
sively use methanol and methylamines as a carbon source
(Afshin et al. 2021), and their abundance was significantly
increased in ozonated Ulva compared with controls. After
13 days of ozonation, Methylotenera bacterium WH2-1 even
constituted a part of the core microbiome. Other ozone-
enriched genera, which are suspected to metabolise DMSP
via the demethylation pathway or the cleavage pathway, are
Sulfitobacter (Curson et al. 2008; Zeng et al. 2020; Xu et al.
2024), Pseudophaeobacter (Liu et al. 2023), and Amylibac-
ter (O’Brien et al. 2022).

Because ozone oxidises ammonia to nitrate, we antici-
pated that the ability to utilise nitrate as a nitrogen source
could additionally influence microbial community structure
in ozonated Ulva. Potential for nitrate reduction or assimi-
lation has been reported for several genera enriched under
ozonation, including Roseovarius, Arenicella, Granulosicoc-
cus, Kordiimonas, Litorimonas, Hellea and Methylotenera
(Abraham & Rohde 2014; Kits et al. 2015; Kang et al. 2018;
Castro et al. 2020; Afshin et al. 2021; van Grinsven et al.
2021; Slobodkina et al. 2022; Weigel et al. 2022; Ye et al.
2022), as well as in Erythrobacter longus (Tonon et al.
2014). In contrast, members of the family Saprospiraceae,
which thrive in ammonia-rich environments (Kondrotaite
et al. 2022), generally lack the capacity for nitrate reduc-
tion (Mcllroy & Nielsen 2014; Weigel et al. 2022). Their
decline under ozonation could therefore be due to nitrogen
limitation. Portibacter lacus, which declined sharply under

ozonation, was also found unable to reduce nitrate (Yoon
et al. 2012). Future studies on the effects of ozonation in
seaweed cultivation should include nutrient measurements
to better link microbiome changes to nutrient availability.

Cobalamin synthesis, catalase and oxidase activity,
and osmolytes: potential advantages for microbial
symbionts under elevated OPO-concentrations

Several other factors could have contributed to the
observed shifts in ozone-exposed microbiomes. We
observed a relative increase in ASVs with a reported
genetic potential of synthesising cobalamin (B12) in
OPO-exposed Ulva, including Amylibacter (Nedashkovs-
kaya et al. 2016), Granulosicoccus (Weigel et al. 2022),
Kordiimonas (Ye et al. 2022), Arenicella (Weigel et al.
2022), Erythrobacter (Koblizek et al. 2011), and Pseu-
dophaeobacter (Zhu et al. 2023). In ozone-sensitive Sap-
rospiraceae, on the other hand, metagenomic shotgun
sequencing has revealed a general lack of Cobalamin-
synthesis genes (Wang et al. 2022). Cobalamin is a scarce
resource in marine environments but confers enhanced
resistance to various environmental stressors in bacteria
(Ferrer et al. 2016; Mars Brisbin et al. 2023). Most sea-
weeds cannot synthesise it and must rely on their micro-
bial symbionts for its provision (Croft et al. 2005). It is
therefore likely that stressed seaweeds with increased
metabolic activity due to environmental stress (e.g., 0zo-
nation) may enhance their selection for B12-producing
bacteria. However, not all cobalamin producers export
the compound, and it therefore remains unclear whether
these taxa directly contribute to host nutrition or primarily
benefit from their own enhanced stress tolerance. Other
factors, such as catalase and oxidase, may confer resist-
ance to ROS generated in OPO-rich environments (Giuffre
et al. 2014; Yuan et al. 2021). Presence of these enzymes
has been confirmed in ozone-resistant genera Sulfitobacter,
Hellea, Sphingorhabdus, and Methylotenera (Kalyuzhnaya
et al. 2006; Alain et al. 2008; Jogler et al. 2013; Glaeser
& Kiampfer 2014; Jung et al. 2019; Afshin et al. 2021;
Xu et al. 2024). Additional features imbuing resistance
could be the expression of osmoregulators such as ectoine,
proline, the proline-derivative betaine, and hemerythrin-
binding proteins (genetic potential described for example
for Pseudophaeobacter arcticus).

Identifying bacterial traits that confer resistance to ozone
treatments in the Ulva microbiome could help predict the
potential of ozonation as a strategy for controlling specific
pathogens in aquaculture. Many diseases in algae aquacul-
ture such as ‘ice-ice’ (Largo et al. 1995) and bleach disease
(Liu et al. 2019) are caused by Bacteroidota, and mem-
bers of the phylum have been identified as a health threat
to many marine organisms (Hudson & Egan 2022). In our
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study, Bacteroidota were significantly impacted by ozone
treatment, suggesting that ozonation could potentially be
used to combat these diseases in aquaculture. However, the
sensitivity of the host to ozone-treated water (OPO) must be
carefully considered. While tolerance thresholds for many
aquaculture organisms remain poorly understood, this study
is the first to explore the effects of OPO on a macroalga. Our
results show that U. ohnoi was able to withstand and adapt to
high levels of OPO, a condition that would likely be harm-
ful to many fish and crustaceans in aquaculture, yet further
research is needed to investigate the effects of ozonation on
other commonly cultivated algal genera and their associated
microbiomes.

Conclusions

We conclude that U. ohnoi can effectively mitigate toxic
ozonation by-products in marine Integrated Multi-Trophic
Aquaculture IMTA) systems. However, ozonation-induced
degradation of Ulva biofilms will likely reduce OPO-lowering
efficiency over time, as the ratio of available substrate for
OPO oxidation decreases relative to biomass. Additionally,
exposure to OPO may alter Ulva’s metabolic composition
by triggering an oxidative stress response, suggesting that
ozone could serve as a tool to actively modify Ulva biomass
quality. OPO exposure also impacts microbial communities
within Ulva biofilms, probably both by physically restructur-
ing the phycosphere through exo-polysaccharide degradation
and by influencing nutrient availability. Growth-promoting
bacteria releasing AGMPFs are present even under high
OPO conditions. These findings provide valuable insights
into how ozonation shapes aquaculture microbiomes and its
potential role in aquaculture management.
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