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ABSTRACT

The green macroalga Ulva demonstrates exceptional growth rates, robustness, adaptability and potential for nitrogen and phos-
phorus removal; thus, it is a promising candidate for wastewater treatment and bioremediation. However, micropollutants in
wastewater pose a potential threat to the holobiont. We explored the effects of emerging contaminants found in groundwater
and wastewater on the microbiome of the cultivar Ulva compressa (conspecific with Ulva mutabilis). We identified the core
microbiome by comparing the microbiome of the long-term cultivar (cultivated under laboratory conditions for over 70years)
with the native microbiome of U. compressa. Long-term cultivation was found to homogenise and reduce microbiome diversity;
however, key functional taxa, including algal growth and morphogenesis-promoting bacteria, persisted. We subsequently chal-
lenged the core microbiome of the U. compressa cultivar with four antibiotics (chloramphenicol, erythromycin, oxytetracycline
and sulfamethoxazole), two herbicides (atrazine, glyphosate) and three endocrine disruptors (bisphenol A, estradiol and ethi-
nylestradiol). The micropollutants exerted distinct impacts, with antibiotics showing stronger effects than hormonal disruptors,
which Ulva rapidly removes from the culture medium. In contrast, the microbiome did not contribute to the removal of these
substances. These results indicate that although Ulva's microbiome is sensitive to environmental change, key functions with
positive implications for aquaculture and ecosystem management are retained.

1 | Introduction Algae-based phytoremediation is a promising, sustainable and

cost-effective strategy for wastewater treatment (Mohsenpour

Human activities increasingly contribute to global environmen-
tal pollution, particularly in regions lacking strict environmen-
tal regulations (Gavrilescu et al. 2015). Thus, pollutants such as
eutrophying nutrients, heavy metals and micropollutants (MPs)
pose a threat to water quality and ecosystems. Conventional
treatment technologies are often ineffective, costly or infeasible
for these pollutants, necessitating alternative approaches.

et al. 2021; Viegas et al. 2021; El Semary 2023; Rahhou
et al. 2023). Among algae, macroalgae such as Ulva (sea lettuce)
are particularly attractive because of their rapid growth, adapt-
ability and ease of harvesting (Qiu et al. 2017; Liu et al. 2020).
Ulva species can efficiently remove nitrogen, phosphorus and
heavy metals from polluted water bodies (Qiu et al. 2017; Liu
et al. 2020).
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In addition to its physiological traits, Ulva maintains a complex
symbiotic relationship with its microbiome, forming a functional
holobiont (Spoerner et al. 2012; Ghaderiardakani et al. 2022). The
holobiont comprises the host and associated microorganisms, in-
cluding bacteria, archaea and viruses, whose interactions support
host health, development and environmental resilience (Zilber-
Rosenberg and Rosenberg 2008). Specific bacterial strains provide
Ulva with algal growth and morphogenesis-promoting factors
(AGMPFs), which are critical for its development and ecological
function (Ghaderiardakani et al. 2019; Wichard 2023). For exam-
ple, bacteria of the genera Maribacter or Zobellia release thallusin
to induce cell differentiation (i.e., the phenocopy of Maribacter
sp. MS6 defines functional clade I), and Rhodobacteriaceae (i.e.,
the phenocopy of Roseovarius sp. MS2 defines functional clade
II) can promote Ulva growth (Wichard 2023). Both functional
clades are essential, and their combination is critical for the com-
plete growth and morphogenesis of Ulva. In turn, Ulva secretes
chemoattractants and carbon compounds that shape its micro-
bial community (Kessler et al. 2018; Califano et al. 2020).

This mutualistic microbiome implies a stable core component of
bacterial taxa that persist across environmental conditions and
are essential for host function. These core microbes produce vital
compounds for nutrient uptake, morphogenesis, vitamin syn-
thesis and pathogen resistance. In contrast, a dysbiotic microbi-
ome may impair these functions, compromising the health and
remediation ability of Ulva. While research has characterised
the microbiomes of environmentally friendly and aquaculture-
grown Ulva (Burke et al. 2011; Roth-Schulze et al. 2018; van der
Loos et al. 2023, 2024), the effects of MP exposure on this core
microbiome remain poorly understood.

Defining a core microbiome comprising the microbial taxa or
functions consistently associated with Ulva across diverse con-
ditions is fundamental to understanding host-microbe interac-
tions. This process must strike a balance between experimental
control and ecological relevance. Few long-term macroalgae
are available; thus, comparing the long-term cultured strain of
Ulva compressa (cultivar Ulva mutabilis [Foyn]), FSU-UM1-41,
with collected samples from the natural environment presents
a unique opportunity to identify the core microbiome. Here,
we hypothesised that key core microbiome members are those
ASVs consistently present in both long-term cultivars and envi-
ronmental samples.

Ulva mutabilis (Foyn) was collected in 1952 from Ria Formosa
(Portugal) and has been cultured under laboratory conditions
for more than 70years (Foyn 1958; Levlie 1964; Stratmann
et al. 1996; Wichard 2015). The aforementioned approach lever-
ages the stability of microbial communities maintained in con-
trolled conditions over time, which can help isolate persistent,
host-associated microorganisms from those acquired opportu-
nistically from the environment or transient strains.

Moreover, we aimed to examine how exposure to emerging
compounds influences the composition and stability of Ulva's
core microbiome during extended laboratory cultivation. We
investigated whether these MPs disrupt beneficial microbial
communities, reduce the production of AGMPFs, and negatively
affect Ulva growth and bioremediation capacity. Conversely,
specific microbial taxa may increase the resilience of Ulva

(Hmani et al. 2024) or directly participate in pollutant degrada-
tion. Importantly, we used cultivars with a stable microbiome,
avoiding variability caused by shifting abiotic variables, sea-
sonal fluctuations, stochastic microbial colonisation processes
and transient settlement on the surface (Wahl et al. 2012; Saha
et al. 2024) that complicate cross-habitat comparisons.

To explore microbiome dynamics, we selected nine representa-
tive MPs on the basis of their frequent detection in wastewater,
surface water and groundwater, representing various substance
classes (Kummerer 2009; Luo et al. 2014; Das et al. 2017; Sousa
et al. 2018; Tran et al. 2018; Nguyen et al. 2022). These include:

1. Antibiotics: Broad-spectrum agents such as chlorampheni-
col (CAP), erythromycin (ERY), oxytetracycline (OTC) and
sulfamethoxazole (SMX) are commonly used in aquacul-
ture and are known to inhibit bacterial protein or folic acid
synthesis (Steinhilber et al. 2010; Chen et al. 2020; Hock
and Ziesing 2020).

2. Herbicides: Atrazine (ATZ) and glyphosate (PMG), both
of which target photosynthetic or amino acid synthe-
sis pathways present in Ulva and associated bacteria
(Rose et al. 2016; Montiel-Leon et al. 2019; Barnett and
Gibson 2020).

3. Endocrine disruptors: Bisphenol A (BPA), estradiol (E,)
and ethinylestradiol (EE,) are frequently detected in ef-
fluents and are known for their subtle yet significant
ecological effects (Allard 2014; Laurenson et al. 2014;
Michalowicz 2014; Hardegen et al. 2021).

Understanding how these substances affect the cultivar mi-
crobiome of U. compressa will provide critical insights into the
resilience and functionality of algal holobionts in polluted envi-
ronments. This knowledge is essential for optimising the appli-
cation of Ulva in sustainable water treatment and aquaculture
systems.

2 | Materials and Methods

2.1 | Ulva Cultivation

Ulva compressa, an established model organism (Blomme
et al. 2023; Wichard 2023) that has been cultivated for 70years,
was selected to decipher the core microbiome of Ulva: haploid
gametophytes of Ulva mutabilis Foyn (morphotype ‘wild type’;
locus typicus: Ria Formosa, Portugal, strain FSU-UM1-41)
have been propagated with their native microbiome since 1952
(Foyn 1958). These organisms were cultivated for 40years in fil-
tered seawater and then in artificial seawater (UCM: Ulva cul-
ture medium). The strain is identical to the genome-sequenced
strains U. mutabilis (FSU-UM1-41, CCAP 6038/2) and is con-
specific with Ulva compressa (De Clerck et al. 2018; Steinhagen
et al. 2019). The cultivar is referred to as U. compressa throughout
this publication. In addition, U. compressa (RFU-61) was sam-
pled from Ria Formosa (Faro, Portugal) for comparison with the
cultivar holobiont (Alsufyani et al. 2014; Grueneberg et al. 2016).
Ulva was cultured in artificial seawater (UCM) at 18°C +2°C with
a light/dark cycle of 17/7h and a light intensity of 40-80 umol
photons m~2s~1 (Califano and Wichard 2018; Nahor et al. 2021).
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2.2 | Evaluating the Changes in the Microbial
Community in Response to Chemical Stressors

The wild-type holobiont (approximately 200 mg of fresh weight)
was incubated for 14days with antibiotics, herbicides or hor-
mones in 10mL of UCM, with four replicates per compound
(Table S1). Analytical standards of ATZ, ERY, 17«-EE,, 178-
E,, OTC, PMG and SMX were purchased from Sigma Aldrich/
Merck (Germany), BPA from Alfa Aesar (USA) and CAP from
Fluka/Honeywell (USA).

As a criterion, the concentrations were chosen to maximise the
effect on the microbiome while avoiding damage to the algae,
corresponding to 10% (EC,) toxicity towards Ulva as previously
reported by Hardegen et al. (2023) (the EC,, value is the con-
centration of a substance that causes a 10% effect compared to a
control in a specified biological or ecological test).

As negative controls, five replicates were sampled before and
five after incubation without additional chemicals. Since all
the compounds except PMG were dissolved in methanol before
addition, all the treatments with more than 0.1% v/v of meth-
anol were supplemented with methanol for a total of 2.1% v/v
(Table S1). Methanol was chosen over the more commonly used
DMSO because the latter displays negative chemotaxis towards
symbiotic bacteria (Kessler et al. 2018). Four replicates with 2.1%
methanol (v/v) were also prepared as a control.

2.3 | Determination of the Removal of MPs From
the Culture Medium

The removal of MPs from the culture medium by Ulva or abiotic
processes was determined via liquid chromatography coupled
with mass spectrometry, per established procedures (Hardegen
et al. 2023, 2025). The 14-day removal efficiency of the laboratory
Ulva culture with its associated microbiome (Ulva strain FSU-
UM1-41) was compared to that of the abiotic controls under the
same light regime and to that of the tripartite community of Ulva
compressa—Roseovarius sp. MS2-Maribacter sp. MS6 (Ulva strain
FSU-UM5-1; morphotype ‘slender’). The experiment was performed
in quadruplicate in small culture flasks with a 10 mL volume.

2.4 | DNA Extraction

DNA was extracted from 200mg (fresh weight) Ulva thallus
(Califano et al. 2020) using DNeasy PowerSoil Pro Kits (Qiagen,
Germany), following the manufacturer's instructions under
strictly sterile conditions at a laminar flow bench.

2.5 | Illumina Libraries and Sequencing

Nextera was used to barcode two-step PCR libraries
(Illumina, USA) via the locus-specific primer pair 515F_5N
(5'-GTGYCAGCMGCCGCGGTAA-3’) (Parada et al. 2016)
and 806R (5-GGACTACNVGGGTWTCTAAT-3") (Apprill
et al. 2015) for sequencing of the V4 region of the bacterial 16S
rRNA gene: the first step involved 20 PCR cycles, and the second
involved 10. The PCR libraries were subsequently sequenced on

an I[llumina MiSeq platform using a v2 500 cycles kit (Microsynth
AG, Balgach, Switzerland). Sequence data are available at the
National Centre for Biotechnology Information, project num-
ber PRINA828511, including the BioSample accession numbers
SAMN48728450-SAMN48728504 (Table S2).

2.6 | Amplicon Metagenomics Data Analysis

Analysis was performed for two groups: (1) laboratory cul-
ture samples in combination with environmental samples and
(2) laboratory culture samples alone (Table S3). The produced
paired-end reads that passed the chastity filter (Illumina) were
subjected to demultiplexing and trimming of Illumina adaptor
residuals via bcl2fastq software (version v2.20.0.422). The quality
of the reads was checked with FastQC software (version 0.11.9).
Sequencing reads that fell below an average Phred score of 25
or contained any uncalled bases (N) were removed from further
analyses. The locus-specific V4 primers were trimmed from the
sequencing reads with Cutadapt v3.2 software (Martin 2011).
Paired-end reads were discarded if the primer could not be
trimmed. The trimmed forward and reverse reads of each paired-
end read were merged in silico to reconstruct the sequenced mol-
ecule, considering a minimum overlap of 15 bases via USEARCH
version 11.0.667 (Edgar 2010). Merged reads containing ambigu-
ous bases or outliers regarding the expected amplicon size distri-
bution were also removed.

The remaining reads were denoised via the UNOISE algorithm
(Edgar 2016a) implemented in USEARCH to form amplicon
sequence variants (ASVs). Singletons and chimaeras were dis-
carded. The resulting ASV abundance table was then filtered for
possible barcode contamination via the UNCROSS algorithm
(Edgar 2018). ASV sequences were compared to the reference
sequences of the RDP 16S database (Cole et al. 2014), and taxon-
omies were predicted via the SINTAX algorithm (Edgar 2016b)
implemented in USEARCH.

Alpha diversity was estimated via the Richness (observed),
Simpson and Shannon indices. Rarefaction analysis was con-
ducted to estimate the coverage of the captured metagenome in
contrast to the potential metagenome.

Beta diversity was calculated via the weighted UniFrac distance
method according to rarefied ASV abundance counts per sample.
Community composition was compared using PERMANOVA
based on Bray-Curtis dissimilarities (1000 permutations).

Alpha and beta diversity calculations and rarefaction analysis
were performed with the R software packages phyloseq v1.26.1
(McMurdie and Holmes 2013) and vegan v2.5-5 (Oksanen 2022).
To detect differentially abundant ASVs depending on the col-
lected sample metadata, differential ASV analysis on nor-
malised abundance counts was performed with the R software
package DESeq2 v1.26.0 (Love et al. 2014).

2.7 | Data Visualisation

The data were visualised with OriginPro 2024 (OriginLab,
USA). For the abundance plots, reads with taxonomical
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assignments were used. ASVs with significant differences in the
number of reads (p <0.01, fold change >4) between the control
after 14 days and the methanol control were identified and plot-
ted separately. A detrended correspondence analysis (DCA) was
performed for all samples and the laboratory samples alone. In
this process, reads were normalised by sum to obtain relative
counts (per object). Pearson correlation of samples was calcu-
lated from reads without normalisation. Moreover, the UniFrac
distance matrix provided further insights into the phylogenetic
dissimilarity between microbial communities exposed to vari-
ous chemical treatments and control conditions. Each value in
the matrix represents the degree of difference between two mi-
crobial communities, with lower values indicating greater simi-
larity and higher values reflecting more substantial differences.
We identified patterns of similarity and divergence among the
samples by visually inspecting the matrix. Clustered heatmaps
were created for individual samples and treatments. In this pro-
cess, reads were normalised by sum to receive relative counts
(per object) and autoscaled (mean-centred and divided by the
standard deviation of each variable). The columns and rows
were both clustered via the Ward method with the Euclidean
distance.

2.8 | Further Statistical Analysis

The control and methanol control groups were compared after
14 days, and ASVs exhibiting a significant difference (p <0.01)
and a fold change >4 were identified. The absolute abundance
of all ASVs in the culture samples (controls and treatments) was
compared via ANOVA with the Dunn-Sidak post hoc test.

3 | Results

Two experimental approaches were followed. First, the core
microbiome of U. compressa was determined by comparing
long-term cultured U. compressa (cultivar FSU-UM1-41) to col-
lected U. compressa (environmental sample RFU-61). Second,
the effects of nine MPs on the microbiome of the cultivar were
assessed.

Rarefaction analysis based on observed ASVs, Shannon and
Simpson indices confirmed that sequencing depth was sufficient
across all samples, as most curves reached or approached a pla-
teau (Figure S1). PERMANOVA revealed that the condition (en-
vironmental sample versus long-term cultivar) alone explained
~30% of the variance in microbial community composition
(R?=0.27, F=2.94, p=0.021). Moreover, the combined factor of
MP-treatment X time (MP exposure across two time points) ex-
plained ~80% of the variance (R>=0.82, F=15.5, p<0.001), sup-
porting the strong and interactive effects of MP treatments and
temporal dynamics on microbiome structure.

3.1 | The Ulva Cultivar Presented Reduced
Microbiome Diversity Under Laboratory Conditions

Comparison of the cultivar U. compressa with native strains re-
vealed reduced diversity in long-term cultures, retaining only
a few key taxa essential for Ulva growth and morphogenesis.

48 ASVs characterised the cultivar. In contrast, the native sur-
face microbiome of U. compressa was characterised by approx-
imately 196 ASVs (Figure 1a). Beta diversity across all samples
was assessed via a DCA plot, which was used to compare the
native microbiome of Ulva compressa with that of the long-
term cultivar and with that of samples exposed to MP treat-
ments (Figure 1b). The separation between the cultivar and
environmental samples in the DCA plot indicated substantial
differences in their microbiomes. However, the changes in the
cultivar microbiome induced by the MP treatments were rela-
tively minor compared with the inherent variability observed
among the natural samples from Ria Formosa (Portugal).

The Shannon diversity index (H") supported these observations,
suggesting greater diversity in the microbiome of an environ-
mental sample of Ulva (H' > 3.5) than in that of the laboratory-
cultured samples (H' < 3.0), independent of antibiotic treatment.
However, treatments such as CAP and OTC significantly de-
creased diversity (H' <2.5) (Figure 1c). The effect of MeOH on
diversity is also considerable, as MeOH functions as an alterna-
tive carbon source rather than the photosynthates provided by
U. compressa. Cultivars presented a stable but minimal core mi-
crobiome, which was further reduced by some of the treatments,
such as CAP and OTC. Those H’ are typical for environmental
microbiome samples, whereas the Simpson index (D) ranked
around 0, indicating a high diversity without dominating spe-
cies (Table S3).

3.2 | Strains Retained During Long-Term
Cultivation

The comparison of the microbiome in the long-term cultivar with
that in an environmentally collected sample of U. compressa re-
vealed 20 shared ASVs (Figure 1a), covering 13 families, with
Rhodobacteraceae (n=4) and Flavobacteriaceae (n=4) as the
most dominant (Table 1). Seven shared ASVs belonging to gen-
era that can provide Ulva with essential AGMPFs (Grueneberg
et al. 2016; Ghaderiardakani et al. 2017; Weiss et al. 2017) were
distributed across functional clades I (ASV #10, #21, #23, #41)
and II (#20, #77, #84), phenocopying Maribacter sp. MS6 and
Roseovarius sp. MS2, respectively. The assignment of two spe-
cies to functional cladeIl was conducted using unpublished
data. While the abundance and presence of shared ASVs varied
between the samples, three ASVs (#10, #12 and #22) were char-
acterised by a high number of reads in most of the samples, and
three (#20, #53 and #84) were characterised by their presence in
most of the samples.

3.3 | Removal of MPs During Cultivation

The MP removal efficiency of Ulva and its cultivated microbi-
ome was compared to that of the filtered supernatant and the
designed tripartite community Ulva-Roseovarius-Maribacter
(including the two essential bacteria). ATZ and SMX persisted
in the medium under all conditions. In addition, the removal
efficiency varied depending on the specific treatment and MP.
Importantly, no significant differences were detected between
treatments where Ulva was associated either with its native mi-
crobiome or with the synthetic tripartite community (Figure 2).
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FIGURE 1 | Identification of the core microbiome of Ulva. (a) The
microbiome diversity, expressed as the number of ASVs, of a laborato-
ry culture of U. compressa, which has been maintained for more than
70years, was compared with that of environmental samples collected
in Ria Formosa (Faro, Portugal). ASVs indicating the production of alga
growth and morphogenesis-promoting factors (AGMPFs) were identi-
fied, and chloroplast ASVs were excluded. Five essential AGMPF pro-
ducers were present in both environmental samples and cultivar. (b)
Detrended correspondence analysis and (c) Shannon diversity of en-
vironmental samples, the cultivar and the treated cultivar. The box is
drawn from the first to the third quartile and separated by the median
line; the whiskers represent the 10th-90th percentile, and the long hori-
zontal line represents the mean (n =4-5). ATZ, atrazine; BPA, bisphenol
A; CAP, chloramphenicol; Ctrl d 0, control before incubation; Ctrl d 14,
control after 14days of incubation; E,, estradiol; EE,, ethinylestradiol;
ERY, erythromycin; MeOH, methanol control; OTC, oxytetracycline;
PMG, glyphosate; SMX, sulfamethoxazole.

Ulva was the most efficient at removing any endocrine disrup-
tor, such as bisphenol A, estradiol and ethinylestradiol; these
compounds were almost entirely removed except under abiotic
conditions.

In addition, glyphosate, CAP and OTC were removed to varying
extents (11% for glyphosate, 71% for CAP and 100% for OTC),
although their removal rates did not differ significantly across
the evaluated conditions, suggesting a strong abiotic influence
under the experimental setup. In contrast, ERY remained fully
stable under abiotic conditions but was partially removed in the
presence of Ulva, indicating a potential biotic contribution to its
degradation (Figure 2).

3.4 | MPs and MeOH Influenced the Microbiome
Composition of Ulva

To assess the general trends and major differences, we com-
pared the effects of all the treatments at the phylum and order
levels (Figure 3). The microbiome associated with Ulva pre-
dominantly comprised members of the phyla Proteobacteria,
Planctomycetes, Bacteroidetes and Firmicutes. These groups,
dominated by Proteobacteria, represent the core microbial
constituents and were consistently detected across samples
(Figure 3a). The microbiome composition of the environmental
samples from all treated samples of the cultivar clearly varied
(Figure 3a-d).

Since most of the compounds were dissolved in methanol, a
control comparison was conducted between samples with and
without methanol (MeOH) after 14 days of incubation (Ctrl 14
d) (Figure 3b). This analysis revealed that the absolute abun-
dance of seven ASVs increased, whereas that of five signifi-
cantly decreased (p<0.01). Genera such as Methylophaga,
Halomonas and Stappia responded positively to methanol. In
contrast, Glaciecola, Salinirepens and Pseudooctadecabacter
were negatively impacted. Notably, even methanol concen-
trations below 0.1% influenced the microbial abundance in
the treated samples (Figure 3b). Consequently, the microbial
composition was analysed for all the orders (Figure 3c) and
corrected for the methanol effect by removing the affected
species (Figure 3d).

Since the antibiotic treatments (CAP, ERY, OTC and SMX) con-
tained the same methanol concentration as the methanol con-
trol, they could be directly compared. The results of the ERY and
SMX treatments strongly deviated from those of the methanol
control (Figure 3b). For example, the ERY-treated samples pre-
sented a lower abundance of Rhizobiales and Flavobacteriales.
Moreover, the abundance of Rhodobacterales increased relative
to that in the other samples.

CAP suppressed the growth of most microbial species that were
otherwise promoted by methanol. However, Methylophaga sp.,
which thrived under methanol treatment, was only partially
inhibited by CAP. In contrast, the microbial profile under
OTC treatment closely resembled that under the methanol
control, indicating that OTC had minimal impact compared
with the other antibiotics tested (Figure 3b,c). A comparison
of the effects of methanol (MeOH) treatment with those of the
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TABLE1 | Abundance of core species.

Taxonomy Abundance in samples
Cultivar (n=10) Treatments n=40) Environment (n=>5)
Mean Mean Mean
ASVID Species FC Conf. reads Occurence reads Occurence reads Occurence
#26 Amaricoccus 2% 397 100% 432 100% 35 20%
kaplicensis
#167 Anoxybacillus 3% 3 90% 3 53% 37 100%
contaminans
#173 Bacillus fumarioli 3% 4 80% 3 55% 39 100%
#22 Blastopirellula cremea 44% 374 100% 567 100% 245 80%
#171 Enterococcus cecorum 81% 3 100% 4 60% 32 100%
#144 Filomicrobium 62% 3 90% 8 90% 3 20%
fusiforme
#53 Hyphomonas 18% 80 100% 54 100% 9 100%
beringensis
#77 Jannaschia faecimaris ~ 1I* 42% 1 50% 2 13% 240 100%
#21 Maribacter antarcticus I 65% 609 100% 522 100% 22 20%
#10 Maribacter I 63% 2318 100% 2006 98% 768 100%
chungangensis
#41 Maribacter I 23% 103 100% 104 100% 6 20%
chungangensis
#50 Marinobacter sp. 100% 48 100% 74 100% 3 40%
#20 Marivita sp. I? 22% 448 100% 734 100% 38 80%
#206 Microcella alkaliphila 32% 4 90% 4 85% 3 40%
#23 Muricauda I 24% 398 100% 558 100% 25 20%
aquimarina
#28 Pseudohaliea rubra 21% 221 100% 292 98% 16 20%
#12 Rhodovulum mangrovi 10% 521 100% 1867 100% 159 80%
#221 Sphingorhabdus 85% 4 60% 4 85% 5 40%
flavimaris
#84 Sulfitobacter dubius 11 26% 8 100% 22 98% 16 80%
#181 Tepidiphilus 81% 4 80% 3 63% 23 100%
margaritifer

Note: Species were found in the cultivar, environmental samples and treatments. The table corresponds to the Venn diagram's shared circle of cultivar and
environmental sample (n=20). The functional clade (FC) indicates the morphogenetic activity of the bacteria. FC I: Induction of rhizoid and cell wall formation.
FC II: Induction of growth during germination. Confidence (Conf.) of species assignment. Abundance is expressed as the mean number of reads per sample and the

percentage of occurrence.

2Assignment to functional clade is based on unpublished data (J. Ulrich and T. Wichard).

untreated control removed the bias introduced by MeOH and
highlighted the abundance and stability of the understudied
order Planctomycetales (Figure 3d). Overall, antibiotic treat-
ments and methanol significantly influenced the microbial
composition of Ulva-associated microbiomes, with ERY, CAP
and SMX causing the most pronounced shifts. Other MPs
(BPA, E,, EE,, ATZ and PMG) had relatively weak effects and
resembled the control sample after removing MeOH affected
ASVs (Figure 3d).

3.5 | The Core Microbiome Provides the Essential
Traits of AGMPFs

Finally, we categorised the microbial diversity of potential produc-
ers of AGMPFs and nonproducers within three different sample
types: laboratory-cultured samples (cultivars), antibiotic-treated
cultivars and environmental samples with their native microbi-
omes (Figure 4). The composition of the cultivars was relatively
stable throughout the MP treatments in terms of the number of
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FIGURE 2 | Removal efficiency of selected micropollutants over
14days. (a) Example of the removal of ethinylestradiol: Reduction in
peak areas in the extracted ion chromatograms of different treatments.
(b) Comparison of removal in sterile-filtered supernatant (grey, n=3),
tripartite Ulva (light green, strain FSU-UMS5-1, n=3), and wild-type
Ulva (dark green, strain FSU-UM1-41, n=4) cultures. Wild-type Ulva
refers to a laboratory culture that retains a core microbiome (48 ASVs)
after long-term incubation. Efficiency is presented as the mean, with
error bars indicating the standard deviation. The removal efficiencies
of the different conditions were compared for each compound using an
ANOVA with a Dunn-Sidak post hoc test; columns that do not share a
letter were significantly different (p <0.05).

ASVs. The number of ASVs was significantly (p <0.001) and dis-
tinctly smaller (41-48 ASVs) in the holobiont of the cultivar than
in the environmental samples (119-154 ASVs). The total number
of ASVs was smaller in the laboratory samples; the number of
ASVs indicating potential AGMPF producers (9-13 ASVs) did
not significantly differ among all the samples (Figure 4a). In
detail, the analysis of the laboratory-cultured samples revealed
two species of Roseovarius, three species of Maribacter, three spe-
cies of Halomonas, one species of Muricauda and one species of
Zobellia (Figure 4b, Table 2, Table S3). Up to four Maribacter spe-
cies, eight Sulfitobacter species and one Muricauda species were
found in the native microbiome of the environmental samples.

Bacteria releasing the Maribacter factor, thallusin (functional
clade I, Table 2), were found in all samples, and there was sub-
stantial heterogeneity at the species level; for example, ASV
#34 revealed Maribacter chungangensis, which can be replaced

by closely related species such as Maribacter aquivivus or
Maribacter antarticus (ASV #21) (Table S4). A manual NCBI-
BLAST search of the ASV sequences confirmed the identifica-
tion of the genus.

Bacteria releasing the unknown Roseovarius factor, such as
Roseovarius, Sulfitobacter or some Halomonas species (func-
tional clade II, Table 2), were found in varying proportions
across all the samples. The environmental samples revealed
the presence of several ASVs, indicating the presence of up
to eight Sulfitobacter strains, with Sulfitobacter geojensis
being the most notable. The genome-sequenced bacteria of
Halomonas sp. MS1 and Roseovarius sp. MS2 could be iden-
tified via the characteristic V4 sequences ‘ASV #11° and ‘ASV
#8’, respectively (Table S4).

This study categorised microbial diversity according to poten-
tial AGMPF producers and nonproducers across laboratory-
cultured, antibiotic-treated and environmental samples. While
the cultivars presented significantly fewer ASVs than the envi-
ronmental samples did, the number of AGMPF-producing ASVs
remained consistent, highlighting their role as key indicators of
the Ulva core microbiome.

3.6 | Temporal Shifts in the Ulva compressa
Microbiome During MP Exposure

All the treatments with MPs were evaluated against the con-
trol before 14 days of incubation to identify the differentially
abundant strains (Figure 5). The heatmap illustrates the dif-
ferential presence of the 42 ASVs in the cultivar microbiome.
The CAP, OTC and ERY treatments resulted in the most pro-
nounced changes, with strong upregulation in some ASVs and
significant downregulation in others. ATZ, BPA and estro-
genic compounds (E,, EE,) exhibited moderate shifts, whereas
MeOH and PMG had weaker effects. Certain ASVs (e.g., #1,
15 and 35) were frequently upregulated across treatments,
whereas others (e.g., #2, 4 and 10) were consistently down-
regulated, suggesting treatment-specific regulatory effects
(Figure 5). Overall, after 14 days of incubation, slight microbi-
ome alterations were observed, while AGMPF-producing bac-
teria (ASV #8, 11, 16, 21, 23, 27 and 32), including Maribacter
sp., Halomonas sp. or Roseovarius sp. remained resilient to
antibiotic treatments.

At the species level, bacteria that release AGMPFs and pheno-
copy Roseovarius sp. MS2 (e.g., ASVs #8 and #11, Table S3) were
often more prominent than others, indicating their functional
significance and resilience to antibiotic treatments. Potential
thallusin producers phenocopying Maribacter sp. MS6 neither
gained nor lost abundance in the microbiome.

Detrended correspondence and UniFrag analyses revealed dis-
tinct clustering of CAP, ERY and OTC, with OTC closely align-
ing with the methanol control, while SMX and PMG clustered
near the controls. The correlation analysis highlighted differ-
ences in treatment relationships, particularly between SMX and
PMG (Figure 6). Ina DCA of all the methanol control treatments,
CAP, ERY and OTC formed individual clusters (Figure 6a). The
OTCs clustered closely to those in the methanol control group.
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FIGURE3 |

Microbiome of Ulva compressa upon micropollutant treatment. The cultivars of U. compressa were treated with micropollutants (BPA,

E,, EE,, CAP, ERY, OTC, SMX, ATZ and PMG) for 14days and compared with an environmental sample (Environ.) collected in Ria Formosa (Faro,
Portugal) and controls (Ctrl 0 d, Ctrl 14 d and MeOH): (a) Absolute abundance (reads) of phyla, (b) species significantly changed in methanol controls,

(c) orders and (d) orders corrected through removal of those species that were influenced by the methanol solvent. ATZ, atrazine; BPA, bisphenol A;

CAP, chloramphenicol; E,, estradiol; EE,, ethinylestradiol; ERY, erythromycin; OTC, oxytetracycline; PMG, glyphosate; SMX, sulfamethoxazole.

Moreover, two antibiotics, CAP and ERY, presented the most
pronounced differences. The four clusters of the two controls,
SMX and PMG, were very closely related. PMG clustered closer
to the control before incubation than after.

Considering the samples with identical methanol concentra-
tions underscores their distinctions. For example, this approach
differentiates OTC from the methanol control group (MeOH)
(Figure 6b). The treatments containing negligible quantities of
methanol (<0.07%), however, exhibited considerable divergence
from the controls on days 0 and 14, although the variations were
minor (EE,, E,, ATZ and BPA) (Figure 6¢).

The UniFrac distance matrix shed light on the differences be-
tween microbial communities subjected to different chemical
treatments and control conditions. The lowest distance values
in the matrix occurred between E, and EE, (0.02961), indicat-
ing that these two treatments resulted in highly similar mi-
crobial community structures. Their distances to the control
samples were also relatively low, suggesting that both E, and
EE, exert only minor changes on the microbiome. Another
low-distance pair was PMG and Ctrl 0 d (0.05629), indicating
that, compared with the untreated baseline, PMG had a min-
imal or possibly retaining effect on the microbial composition
(Figure 6d).
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FIGURE4 | Identification of candidate bacteria that release algal growth and morphogenesis-promoting factors (AGMPFs). (a) Laboratory control

cultures (Ctrl 0 d, Ctrl 14 d, black frame) were compared with micropollutant-treated cultures in the laboratory (blue), methanol control (MeOH),
bisphenol A (BPA), estradiol (E,), ethinylestradiol (EE,), chloramphenicol (CAP), erythromycin (ERY), oxytetracycline (OTC), sulfamethoxazole
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into potential AGPMF producers (dark grey) and nonproducers (light grey), (b) absolute abundance (reads) of potential AGPMF-producing species

across all samples.

In contrast, some treatments presented high UniFrac distances
from control samples and other treatments, suggesting a more
profound impact on the microbial community structure. For ex-
ample, ERY showed high dissimilarities, such as 0.32 from Ctrl
0 d, indicating a significant alteration in microbiota. CAP and
MeOH also presented relatively high distances from the controls
and clustered with OTC and ERY, suggesting comparable disrup-
tive effects. Compounds such as ATZ, SMX and BPA exhibited
intermediate levels of divergence. These treatments were mod-
erately distant from both the control samples and each other,
placing them between the low-impact and high-impact clusters.
Taken together, the UniFrac distance matrix findings suggest
three broad groupings based on microbiome similarity. The first
group included PMG, E,, EE, and the control samples, which
were characterised by minimal microbiome disruption. The sec-
ond group, ATZ, SMX and BPA, presented moderate changes. The
third group, comprising OTC, ERY, CAP and MeOH, presented
the greatest divergence, likely exerting the most substantial im-
pacts on the microbial community composition (Figure 6d).

This clustering implies varying degrees of microbial perturba-
tion across treatments, possibly reflecting different modes of
action or toxicity levels. These observations provide a founda-
tion for further exploration using hierarchical clustering to bet-
ter visualise the underlying patterns in microbial community
responses.

All the treatments were grouped distinctly in the clustered heat-
map except for E, and EE, (Figure 6€), which exhibited insuffi-
cient variation for a clear distinction.

Hierarchical clustering revealed four distinct groups among
the treatments. The first cluster comprised ATZ, E, and EE,,

which grouped closely together. Their microbial profiles re-
mained near baseline conditions, aligning well with the low
UniFrac distances observed between these treatments and the
controls. Another central cluster was CAP and ERY, which are
associated with more extensive changes in microbial composi-
tion. The third cluster comprised the two control samples (Ctrl
0 d, Ctrl 14 d) and PMG, which are tightly grouped, reflecting
stable and less perturbed microbial communities. Notably,
SMX appeared adjacent to the control group but remained
slightly separate, suggesting a moderate impact on the micro-
bial structure.

Several ASVs clustered and exhibited strong enrichment, indi-
cating a shared response pattern to specific treatments. For ex-
ample, ASVs 10, 13, 36, 40, 41, 84 and 144 were notably enriched
(deep red), including e.g., Maribacter (ASV 10), in the PMG
treatment but were consistently depleted across all other con-
ditions. These findings suggest that these ASVs may be selec-
tively stimulated by components unique to the PMG treatment.
Similarly, a distinct cluster of ASVs 4, 25, 26, 28 and 38 (see for
the taxa Table S4) showed pronounced enrichment in the SMX
treatment group, highlighting a treatment-specific microbial
signature. The clear clustering of these ASVs highlights the con-
sistent and differential impacts of individual compounds on the
microbial community structure.

4 | Discussion

Our study provides insights into the effects of long-term cultiva-
tion and MP exposure on the microbiome of Ulva, exemplified
by the model species U. compressa. The results revealed signif-
icant shifts in microbial diversity under laboratory conditions

Environmental Microbiology Reports, 2025

9o0f 17



S1agauanin) sarpnis snoradid ur payeS1iseAUl Uaq ALY YOIYM ‘BLI)IR] PILFIIUap! Jo A)1anoe anauadoydiow ay) sajedrpul (D) 9pe[d [euonouny Ay L, (61 =

e10),

Juawrugisse saroads pue snuad
Jo (‘JuoD) 99UdPIFUOD D)) JO SISoUAFoydIow pue YIMoI3 9IS 31} 10J ATLSSIIIU 1B SUONOUNJ [I0g "UoreuTuLag Surinp yimois Jo uoronpuy I D4 UOTIRULIO] [[eM [[39 PUB PIOZIYI JO uononpu] ;I DA “(L10T 'T& 19 SSIOM 910T ‘T8 19
1) 910110 JJINOV WeaSerp s,uuaj 9y} 03 Spuodsalriod d[qe) YL 210N

%001 LY %¥1 %8¢ snonyuod °§ OLT#
%001 8¥ %ET %09 sisuaf0a3 "g 89T#
%001 96 %06 %001 sio4o1] °S STI#
%00T 6vT %01 %SS $15U2(093 °§ 80T#
%001 661 %61 %Sy S104011] °S 88#
%08 91 %SS (44 %001 8 %9¢T %S9 snignp °S V8#
%001 (U874 VN %88 dsg So#
%001 919 %S9 8 43 %66 11 S1sua[033 *§ 12390q01fIns oGH#
%S6 LL %06 14 a4l %001 SISU2DIXD "H (4%
%56 06¢€ %06 91 %Y1 %66 DuDIpliow "H LTH#
SUDIIA24DYIIDS
%001 8¢C¢T %001 LST %C1 %66 11 ‘H SDUOUIOIDH T1#
%001 L9T %001 €01 % %8Y SuD42]101 Y [4%:3
%001 66S¢C %001 LYTT %L %01 11 Snsoonut "y SNIADA0ISOY 8#
%0T S¢ %001 8GS %001 86¢ %¥T %001 I DuLDUIMbY "W DPNDILNA €CH#
%001 L90T %001 L6TT %01 %SE 1 mjpessnit "z DI112q0Z oT#
%001 SL %0€ %56 snaiambo 6v#
S1SUaUDIUNYD
%0¢T 9 %001 01 %001 €01 %ET %9S Al Ir#
%0CT (44 %001 (44 %001 609 %S9 %001 SNO1JOIDIUD "N IZ#
s1suadun3unyd
%001 89L %86 900¢C %001 81€T %€ %001 1 VAl 42]9Dq14DN OT#
92UdINI2Q speax 30UdINIIQ speax 92U2IN30Q speax ‘Juo) ‘Juo) od saroads snuan al
LR UBIN U soroads snuan ASV
(S =u) Juswruorrauyg (0¥ =u) syusunyeai], (0T =u) xeAnn)d
so[dures ur aduepunqy Awouoxef,
'soroads Suronpoid-IJINOV painsus [erjuajod Jo souepunqy | ¢ ATAV.L

Environmental Microbiology Reports, 2025

10 of 17



Ctrl 14 d
15150 62 30 42 23 53 28 16 7 20 10 2 3622 8 321117
MeOH
1523501130 7 1762 8 12 20 4 4118 2 223632 6 1413
BPA
15117 11 50 4214428 84 8 23 62 39 16 32 20 25 1912 4 40 2 36 14 18 30 10.13
E,
542 27 52 11 50 2314417 62 30 7 53 16 20 2532 2 1836 14 10
EE,
1w15'27 52 42 39 50 1114423 17 62 28 84 30 53 7 16 438251941 36 2 1410
CAP
Il 5 8 20 11 191443284 50 2 7 22 38 26 16 12 40 25 41 10 62 28 36 :6:18
ERY
12 18 11 20 38 41 4 36 3914413 40 1613 10 28 62
oTC
4217 8 5023 7 40628412 20 25 4 4136 9 11222128 2 26 3 133214 6
SMX
42 39 11 50 12 28 62 15 38 20 4 25 21 2 18 36 41 10 40 8|
ATZ
w1539 42 50 11 27 17 23 5214462 32 16 20 38 2 4 192514 36 10 18
PMG
1514450 84 39 53 22 7 25 11 2 192320 8 32042
_.30
2
(2]
o log,(fold change)
0
10 8 6 4 0 -2 -4 -6 -8 -10

FIGURE5 | Abundancy of the ASVs in the microbiome of Ulva compressa after treatment. Each bar represents one ASV and includes the associ-
ated number when a significant change over time was present. The bar height represents statistical confidence, and the colour indicates the log,-fold

change compared with the control before 14days of incubation. Red indicates an increase in ASV abundance, whereas blue represents a decrease
(n=4-5). ATZ, atrazine; BPA, bisphenol A; CAP, chloramphenicol; Ctrl d 0, control before incubation; Ctrl d 14, control after 14 days of incubation;
E,, estradiol; EE,, ethinylestradiol; ERY, erythromycin; MeOH, methanol control; OTC, oxytetracycline; PMG, glyphosate; SMX, sulfamethoxazole.

and upon exposure to various environmental contaminants,
emphasising the resilience of key microbial taxa and their func-
tional roles in algal holobionts.

The shared core microbiome comprises 20 species. A substantial
proportion (20%-25%) of these bacteria play a pivotal role in fa-
cilitating algal development through AGMPFs and are, thus, part
of the functional core microbiome. Spoerner et al. (2012) isolated
AGMPF-releasing bacteria from these core bacteria. Importantly,
as AGMPFs such as thallusin are highly biologically active, even
areduced population of producer strains is sufficient to promote
algal growth and morphogenesis (Ulrich et al. 2022).

4.1 | Impact of Long-Term Cultivation on
Microbiome Diversity

There is an ongoing and engaging debate about whether
Ulva-associated bacteria are assembled stochastically (Burke
et al. 2011), selectively attracted by specific chemoattractants
and nutrients (Kessler et al. 2018), or shaped by a combination
of both mechanisms. Despite the pioneering exploitative micro-
biome analyses by Burke et al. (2011), studies of coastal-located

aquacultures (Califano et al. 2020; de Jager et al. 2024; van der
Loos et al. 2024), and extensive field experiments (van der Loos
et al. 2023; Mudlaff et al. 2025), there are few hypothesis-driven
approaches that address this question in Ulva (Ghaderiardakani
et al. 2017; Kessler et al. 2018).

Here, we defined key core microbiome members as ASVs present
in both long-term cultivar and environmental samples, identify-
ing 20 shared ASVs that met these criteria (Figure 1, Table 1).

The cultivar harboured only 48 ASVs, in stark contrast with the
approximately 200 ASVs observed in the native samples, which
are within the previously published range (e.g., van der Loos
et al. 2023). These findings suggest that long-term laboratory
cultivation selects for a stable but less diverse core microbiome
(Figure 1). While the cultivar microbiome remains functionally
viable, it differs from the more diverse and dynamic microbiomes
observed in natural environments. Beta diversity analysis further
supported these findings, demonstrating a clear separation be-
tween laboratory and environmental samples. The clustering pat-
tern of laboratory and MP-treated samples highlights the intrinsic
stability of the cultivated microbiome, with only minor alterations
upon exposure to contaminants (Figures 1 and 6).

Environmental Microbiology Reports, 2025

11 of 17



UniFrac

a
( ) (d) distance
BPA : g-ll;i 0.35
EE
0.5 ® o E 2
— 2 Ctrl d14 * CAP
< L/ smx P e
2 [ 2
o ® o o .'l. EE
S / ‘:.' ERY 2 c
~ 97 MeOH AlZ ERY S
< . PMG \ e OTC 5 - 0.175
O e, Ctrl dO s PMG c
o &9 o
-0.54 0TC ° e SMX O
5. C e Ctrlod |
¢ CAP e Ctrl14d
T T T T T 1 ¢ MeOH
-1 -0.5 0 0.5 1 1.5 0
(b) DCA1 (62 %) 2
0.5 ©  Condition
: SMX
MeOH > (e)
o Se ERY
< 0_
8 oTC =
-0.5 4 O ¢ m_m jg
[ | 3
T T T T T 1 u 34
-1 -0.5 0 0.5 1 1.5 | | . | n - §
DCA1 8 _-I;' i
(©) . = |
|
- e Pl 3
0.5 E, - —— 23 Asv
Ctrl d14 EE, | 4
MG = N g
N o 0% -] b n 9
6 0 e o %ee® ® —— - | N
L o — q |
QO o ATZ ° o *. - " B al
° BPA L . =
o Ctrl 4o ‘ . =u
o i |
T T T " T T T " T " 1 i n %3
-1 -05 0 0.5 1 15 N o < 5lolelzlzolo]=o]x
DCA1 SlYpL | S| 2|5|5|E|S=|z |03

FIGURE 6 | Multivariate analysis after the addition of micropollutants. (a) Detrended correspondence analysis of controls and treated cultures
for all samples, (b) samples with 2.1% methanol and (c) samples with less than 0.1% methanol with 90% confidence ellipses. (d) Quantification of
the dissimilarity between different treatments (UniFrag distance). () The cluster heatmap visualises higher (red) or lower (blue) abundances of 42
ASVs depending on the treatment (n =4-5). ATZ, atrazine; BPA, bisphenol A; CAP, chloramphenicol; Ctrl d 0, control before incubation; Ctrl d 14,
control after 14days of incubation; E,, estradiol; EE,, ethinylestradiol; ERY, erythromycin; MeOH, methanol control; OTC, oxytetracycline; PMG,

glyphosate; SMX, sulfamethoxazole.

4.2 | Resilience of the Core Microbiome
and AGMPF Production

AGMPF production has been demonstrated in previous stud-
ies involving the inoculation of axenic cultures of U. compressa
with core isolates of identified strains with essential functional
roles (Spoerner et al. 2012; Grueneberg et al. 2016; listed in
Table 2). Among the 20 shared ASVs were the known symbiotic
strains that support Ulva by releasing AGMPFs in exchange for
nutrients. These ASVs have been reported in various microbi-
ome studies of Ulva and environmental conditions (Califano
et al. 2020; Nguyen et al. 2023; van der Loos et al. 2023, 2024;
Ghaderiardakani et al. 2024); however, the functional roles of
most of the bacteria remain unknown and should be further
investigated.

Since the number of potential AGMPF-producing ASVs and,
therefore, the number of commensal symbionts of Ulva did
not significantly differ between samples, long-term cultivation
clearly results in the loss of most (redundant) strains while
maintaining those that live in symbiosis with Ulva. In contrast,
despite overall microbiome alterations, the core microbial taxa
associated with Ulva, particularly those involved in the release
of AGMPFs, remained largely resilient (Figure 4). Only a few
taxa can produce and release thallusin, indicating the poten-
tial unique biosynthesis mechanisms involved in this process
(Le et al. 2019). These genera are mandatory for the growth
and morphogenesis of Ulva. While cultivars presented a signifi-
cantly lower total number of ASVs than environmental samples,
the number of AGMPF-producing ASVs remained consistent
(Table 2, Figure 4a), and the abundance increased (Figure 4b).
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These findings highlight the importance of these microbial
traits in sustaining Ulva growth and development.

Notably, the functional role of specific bacteria within the ho-
lobiont can shift from beneficial to detrimental under stress
conditions, a phenomenon known as the Jekyll and Hyde’ effect
(Seyedsayamdost et al. 2011; Hmani et al. 2024). While metage-
nomic analyses represent a valuable step forward, they may still
fail to capture these dynamic functional changes. Moreover,
traits of the native microbiome could balance the adverse or less
beneficial effects of specific bacteria in a stress situation through
the alternative traits of multiple bacterial resources (Hmani
et al. 2024). Regardless, microbiome analysis must be accompa-
nied by functional biotests and molecular biological investiga-
tions. Interestingly, additional probiotic effects on Ulva growth
in multitrophic aquaculture have been recently described upon
the inoculation of Phaeobacter sp., which releases the multifunc-
tional antibiotic tropodithietic acid (Lindqvist et al. 2023; Qui-
Minet et al. 2025; Del Olmo et al. 2025).

4.3 | Symbiotic Bacteria Do Not Contribute to
the Bioremediation of MPs

Ulva compressa has been shown to remove several MPs, par-
ticularly phenolic compounds such as bisphenols and estradi-
ols, through degradation upon uptake (Hardegen et al. 2025).
Although the two symbiotic strains Roseovarius sp. MS2 and
Maribacter sp. MS6 were unable to remove these compounds, it
was hypothesised that other symbiotic strains might be capable
of doing so, thereby enhancing Ulva's already high bioremedia-
tion potential even further. However, the absence of differences
in MP removal between the previously published tripartite Ulva
community (Ulva-Roseovarius-Maribacter) and the cultivar con-
taining more than 40 bacterial strains (Hardegen et al. 2023)
(Figure 2b) suggests that Ulva's core microbiome does not con-
tribute to this process. These findings highlight the selection of
strains that benefit Ulva during long-term cultivation. However,
these strains cannot metabolise newly introduced compounds
due to alack of selective pressure. Conversely, we hypothesise that
Ulva specimens exposed to a constant influx of MPs are likely to
harbour bacterial symbionts that can remove these compounds.
To identify these symbiotic bacterial species, sampling should be
conducted at contaminated sites, which is a strategy commonly
employed for the isolation of MP-degrading free-living bacteria.

4.4 | Effects of MPs on Microbiome Composition

The exposure of Ulva-associated microbiomes to common an-
tibiotics, hormonal disruptors and pesticides revealed distinct
alterations in microbial composition. Although Ulva can rapidly
absorb various MPs, such as hormonal disruptors and pesti-
cides, its growth and development are often unaffected (Trinelli
et al. 2013; Areco et al. 2021; Hardegen et al. 2023), whereas its
associated microbiome undergoes slight alterations (Figure 6d).

In contrast, antibiotic exposure led to more significant micro-
biome changes, with several species declining in abundance
(Figure 5), although none disappeared entirely after 14 days
of exposure. This finding further illustrates that antibiotics do

not eliminate bacteria and are ineffective in preparing axenic
cultures (Wichard 2015). However, antibiotics can profoundly
shape the microbiome's ecology, causing lasting changes to the
host (e.g., Langdon et al. 2016). After 14 days of MP exposure,
minimal alterations were observed in the core microbiome,
with AGMPF-producing bacteria exhibiting resistance to anti-
biotic treatments. CAP and ERY caused significant reductions
in certain ASVs, whereas SMX induced the smallest changes
(Figure 5). The results of the correspondence analysis and
UniFrag clustering further revealed distinct treatment effects,
with CAP, ERY and OTC forming separate clusters, whereas
SMX and PMG closely aligned with the controls. Notably,
methanol strongly influenced microbial clustering, reinforcing
the need to account for solvent effects when interpreting MP-
induced changes. DMSO and methanol are solvents commonly
used in in vitro experiments, particularly when low-soluble
compounds are introduced into a cellular system (Inoue 2011;
Dyrda et al. 2019). In our study, the added methanol can be used
as an energy source through oxidation to CO, and as a carbon
source that is assimilated into biomass by methylotrophs (Sun
et al. 2011). Indeed, methanol significantly influences microbial
abundance, with specific genera such as Methylophaga thriving
under methanol treatment (Janvier and Gasser 1987), whereas
Glaciecola, Salinirepens, and Pseudooctadecabacter are nega-
tively impacted. These findings indicate that even trace amounts
of methanol (<0.07%) can influence microbial community
structures and must be accounted for when analysing pollutant
effects; however, methanol does not hamper the core functions
of the microbiome under the selected laboratory conditions.

Marine bacteria have naturally developed antibiotic resistance
through evolutionary adaptation, environmental pressures,
genetic exchange and biofilm formation (Krupesha Sharma
and Sumithra 2023). Among the antibiotics tested, only ERY
and CAP caused pronounced shifts in microbiome composi-
tion, significantly reducing the abundance of Rhizobiales and
Flavobacteriales. In contrast, OTC had a relatively mild impact,
presumably because it is unstable under culture conditions
(Hardegen et al. 2023). Compared with other antibiotics, ERY
and CAP are potent against marine bacteria because they target
protein synthesis, have broad-spectrum activity, and exhibit rel-
atively lower levels of preexisting resistance in marine bacteria
(Hatosy and Martiny 2015). Importantly, the impact of human
activities spreads antibiotic resistance genes in marine micro-
bial populations, for example, those near sewage discharge areas
(Griffin et al. 2020). Therefore, increasing antibiotic pollution in
marine environments might lead to increased resistance, making
monitoring antibiotic effectiveness crucial. Our findings imply
that even highly contaminated wastewater close to sewage out-
fall systems might not harm the microbiome-promoted develop-
ment of Ulva; however, more extensive studies are necessary.

Other pollutants, such as BPA, E, and EE,, exerted compara-
tively weak effects, probably due to their rapid removal through
degradation or sorption by Ulva (Hardegen et al. 2023; Ludmila
et al. 2023). These findings suggest that antibiotic treatments
exert intense selective pressures on the Ulva microbiome,
whereas other MPs, including hormonal disruptors, induce more
subtle compositional shifts. Future studies will explore which
MPs cause long-term effects on Ulva growth, the associated
microbiome and how toxic compounds might synergistically
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trigger these effects. In this study, none of the treatments im-
paired the production of thallusin, as evidenced by the absence
of cell wall protrusions, a phenotype typically associated with
thallusin deficiency (Spoerner et al. 2012).

4.5 | Limitations of the Study

While this study of the Ulva cultivar microbiome provides import-
ant insights into host-microbe interactions, some limitations must
be recognised. While long-term laboratory cultures are regulated
and reproducible, they cannot adequately represent the diversity
and dynamics of natural microbial communities. Selective pres-
sures in laboratory conditions and treatment can result in the
extinction of environmentally sensitive species, thereby altering
key microbiome traits. Furthermore, environmental samples in-
troduce heterogeneity due to shifting abiotic factors, seasonal
variations and stochastic microbial colonisation processes, com-
plicating cross-habitat and robust comparisons. Furthermore,
distinguishing between transient and functionally integrated bac-
teria (into the holobiont) remains challenging, especially when
employing amplicon-based techniques with limited strain reso-
lution. While comparing laboratory and field samples provides a
helpful framework for identifying stable and responsive microbial
traits, it is essential to exercise caution when generalising results
across different ecological situations. To overcome these restric-
tions, multiomics data must be integrated, particularly transcrip-
tomics, to decipher environment-dependent gene expression in
bacteria. Furthermore, sampling must be expanded over time and
space. However, at present, predictive metagenomics or functional
annotations cannot adequately capture the mechanisms of mor-
phogenetic promotion, as these processes appear to involve novel,
hormone-like compounds and biosynthetic pathways that remain
unknown. In our model system of Ulva and its associated bacteria,
these compounds play a crucial role in morphogenesis, yet their
synthesis and activation pathways have not been identified.

Furthermore, a significant impact of methanol on the micro-
biome was observed. While the effect of methanol was fac-
tored in using controls and statistical analysis, any synergistic
or anti-synergistic effects of methanol and MPs could not be
accounted for. Consequently, if the experiment was repeated
without adding methanol alongside the MPs, the findings
might differ.

5 | Conclusion

Our study demonstrates that long-term cultivation and exposure
to MPs have profound effects on the Ulva holobiont. In particu-
lar, we identified four key outcomes:

i. long-term cultivation drastically reduces microbiome
diversity,

ii. the resulting ‘core’ microbiome remains resilient to chemi-
cal stressors and continues to support algal growth,

iii. antibiotics are ineffective for axenization of Ulva, and

iv. Ulva is capable of removing endocrine disruptors, poten-
tially reducing stress in fish aquaculture.

Despite cultivation and MP treatment changes, key AGMPF-
producing taxa remain resilient, underscoring their ecological
significance within Ulva holobionts. This further demonstrates
that antibiotics are ineffective for removing bacteria when aiming
to conduct morphogenetic studies. Nonetheless, Ulva efficiently
eliminates steroid hormones from growth media under continuous
microbiota conditions, highlighting its potential use in polluted
waters or integrated multitrophic aquaculture systems where fish-
derived hormones may accumulate and affect ecosystem dynam-
ics. Future research should explore the functional implications of
these microbial changes, notably for algal growth, stress resistance
and environmental adaptability. Understanding the complicated
interactions between Ulva and its microbiome will provide insight
into the wider ecological implications of anthropogenic contami-
nation for marine microbial ecosystems.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Table S1: Experiment parameters for the addition
of chemical stressors. Table S2: Genbank accession numbers. Samples as
part of the BioProject PRINA828511 (NCBI). Table S3: Overview of the
determined amplicon sequence variances in various treatments. Number
of replicates reads (average of replicates), maximum observed ASVs and
alpha diversity (average of replicates) for lab cultures, treated samples
and five environmental samples. Figure S1: Rarefraction curves of bac-
terial richness, Shannon and Simpson. Replicates within each treatment
displayed consistent profiles, indicating good reproducibility of the se-
quencing data. Control samples exhibited higher or similar diversity as
pollutant-exposed samples. Antibiotic treatments, particularly erythromy-
cin (ERY), chloramphenicol (CAP) and oxytetracycline (OTC), caused the
most substantial reductions. Treatments with endocrine disruptors (BPA,
E, and EE,) showed intermediate effects on microbial richness and diver-
sity. In contrast, environmental samples (Ria Formosa: RFM #4-8) dis-
played substantially higher richness compared to long-term cultured Ulva,
highlighting the overall reduction of microbiome diversity under labora-
tory cultivation. Table S4: Summary of the phenotypes of the identified
bacterial species and the ASV sequences used for the microbiome analysis.
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