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ABSTRACT

Jellyfish are increasingly recognized as a significant contributor to marine organic
matter (OM) on a global scale, with implications for ecosystem dynamics. While the role
of jellyfish detritus in microbial nutrient cycling has been explored, the contribution
of OM released by live jellyfish—primarily as mucus (hereinafter referred to as mucus-
associated OM, or MAOM )—remains understudied. This study investigates the release
of organic and inorganic nutrients through MAOM from live jellyfish and their effects
on ambient microbial communities in the northern Adriatic Sea using a series of
leaching and short-term microcosm experiments. Our results show that per gram of
MAOM dry weight from the jellyfish Aurelia spp, approximatively 2 pmol of phosphate,
4 pmol of dissolved inorganic nitrogen, 18 pmol dissolved organic nitrogen, 134 pmol
of dissolved organic carbon and 15 pmol of dissolved free amino acids can be released in
the ambient seawater in 24 h. Almost half of the OM is released as dissolved OM (DOM),
of which a substantial part is low molecular weight (<1 kDa) molecules. During the
first 20 h, the DOM fraction of MAOM was rapidly consumed by the ambient microbial
community without a corresponding increase in biomass, likely due to nitrogen
limitation. In the subsequent 22 h, microbial growth accelerated to 0.19 & 0.03 h™!
until phosphate became limiting, leading to a sharp decline in microbial production.
Our metagenomics analysis revealed that the MAOM-degrading microbial community,
dominated by Gammaproteobacteria opportunistic copiotrophs, exhibited increased
functional capacity for nutrient assimilation and OM degradation, particularly in
the transport and metabolism of amino acids (particularly glycine and taurine)
and phosphorus. These traits mirror those found in detritus-degrading microbial
communities, suggesting that jellyfish blooms promote the emergence of specialized
microbial consortia with shared metabolic capabilities. Taken together, our findings
highlight that live jellyfish, through the release of OM, play an active and previously
underappreciated role in shaping ambient microbial community dynamics and nutrient
fluxes in marine systems affected by jellyfish blooms.
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INTRODUCTION

Cnidarians of the subphylum Medusozoa (hereinafter jellyfish) are efficient plankton
feeders, incorporating substantial amounts of carbon (C) into their biomass (Luo ef al.,
2020). Their global biomass is estimated at ~0.29 Pg C (in the upper 200 m; Luo et al.,
2020), accounting for about 16% of the total zooplankton biomass (Wright et al., 2021).
Jellyfish blooms can exceed 100 kg of wet weight (WW) m™> over many km? (Lilley et al.,
2011), generating diverse ecological and economic impacts (e.g., Richardson et al., 2009).
These impacts include interference with fisheries, tourism, and industrial operations, as
well as shifts in food web dynamics and biogeochemical cycling—particularly through the
production and degradation of jellyfish-derived organic matter (OM; Tinta et al., 2020 and
references therein).

At the same time, an increasing number of studies emphasize that jellyfish are integral
components of marine ecosystems, fulfilling specific ecological roles beyond their episodic
nuisance effects (e.g., Lucas, Loveridge & Hubot, 2024; Brotz et al., 2024). Jellyfish contribute
to trophic interactions as both predators and prey, influence nutrient regeneration, and
participate in C transport and sequestration (e.g., Hays, Doyle ¢» Houghton, 2018; Luo et
al., 2020). Additional work highlights their wider value through ecosystem services and
expanding applications in food, pharmaceuticals, cosmetics, and other biotechnological
fields (e.g., Graham et al., 2014; Merquiol et al., 2019). This more balanced perspective
highlights the importance of understanding the mechanisms through which jellyfish
interact with their environment, including the fate of the OM they release.

The biochemical composition and stoichiometry of jellyfish biomass differ substantially
from those of phytoplankton and crustacean zooplankton. Phytoplankton OM typically
has a C:N ratio of ~6.6 (Redfield, Ketchum ¢ Richards, 1963) and consists of approximately
40% proteins, 26% carbohydrates, and 15% lipids (Rios et al., 1998). Crustacean
zooplankton show a C:N ratio of 4.8-6.2, with highly variable proportions of proteins
(20-70%), lipids (0.5-74%), and other components including chitin and carbohydrates
(2-10%; Ventura, 2006). In contrast, jellyfish biomass is composed of 82 £ 4% protein,
11 £ 3% lipids, and 7 &£ 4% carbohydrates (Hubot, Giering ¢ Lucas, 2022). Lacking a
chitinous exoskeleton and containing less lipids, jellyfish exhibit a high protein-to-lipid
ratio (~3.3) and a low C:N ratio (3.6 = 0.2; Hubot, Giering ¢ Lucas, 2022), making their
OM a protein-rich, high-quality, and easily degradable substrate for marine bacteria
(Benner, 2002; Pitt et al., 2013; Tinta, Klun ¢ Herndl, 2021).

It has been shown that different types of jellyfish-derived OM, i.e., excreta and detritus
(i.e., carcasses), can alter microbial food web dynamics and play a significant role in C
storage and turnover within marine ecosystems (Pitt, Welsh ¢» Condon, 2009; Condon et
al., 2011; Guy-Haim et al., 2020). The microbial degradation of jellyfish detritus has been
recently studied in detail for two model species: the scyphozoan medusa Aurelia aurita s.1.
(Tinta et al., 2020; Tinta et al., 2023) and the ctenophore Mnemiopsis leidyi (Fadeev et al.,
2024). In the northern Adriatic Sea, the decay of an A. aurita bloom at ~10 individuals
per m? releases around 100 mg L~! of medusa-derived detrital OM, including ~44 jmol
L~! as dissolved organic carbon (DOC), 13 pmol L™! as total dissolved nitrogen (TDN),
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11 wmol L™! of total hydrolyzable dissolved amino acids (THDAA) and 0.6 jumol L™}
phosphate (PO,> ;5 Tinta et al., 2020). In comparison, M. leidyi blooms release roughly
half these concentrations of DOC, TDN, and PO, into the water column (Fadeev et al.,
2024). Both types of detritus supported rapid growth of copiotrophic prokaryotes, but
the magnitude and efficiency of the microbial response varied, reflecting differences in
OM composition between the two species (Fadeev et al., 2024). Prokaryote communities
exposed to medusa detritus exhibited a high growth efficiency (65 £ 27%; Tinta et al.,
2020), suggesting efficient incorporation of medusa-derived detrital OM into biomass. In
contrast, the microbes degrading ctenophore detritus showed much lower growth efficiency
(18-27%; Fadeev et al., 2024), indicating that a larger proportion of ctenophore-derived
detrital OM was respired. These contrasting microbial responses highlight the importance
of understanding the composition and fate of jellyfish-derived OM, as it has significant
implications for the role of jellyfish in oceanic C cycling.

While several studies have examined the composition and fate of jellyfish tissue, far
less is known about the mucus they produce. Estimates of mucus release rates are limited
to a few species—for example, Aurelia aurita s.l. releases ~1.2 mg C ind~! d~! while
Chrysaora quinquecirrha produces 0.4-13.4 mg C g DW~! d=! (Hansson ¢ Norrman, 1995;
Condon, Steinberg ¢» Bronk, 2010, respectively). Like jellyfish tissue, mucus is protein-
rich (80% proteins, 14% lipids, 6% carbohydrates; Hubot, Giering ¢ Lucas, 2022) and
dominated by water (~95% wet weight), with the remainder consisting of mucins (~3%)
and other molecules (~2%; Bakshani et al., 2018). Chemically, jellyfish mucus consist of
organic material such as DOC, dissolved organic nitrogen (DON), and dissolved organic
phosphorus (DOP), as well as inorganic nutrients, mainly ammonium (NH, ") and PO,*"
(Pitt, Welsh & Condon, 2009; Condon et al., 2011). Mucus OM has low C:N ratios, averaging
3.9 £ 0.4 across several scyphozoan species (Hubot, Giering ¢ Lucas, 2022), compared to
higher values (8.1 &£ 6.2) reported for mucus DOM in C. quinquecirrha (Condon et al.,
2011). These differences suggest that mucus DOM represents a C-rich pool that may be less
bioavailable, together shaping microbial activity and nutrient cycling in the water column.
Recent evidence indicates that mucus composition may be broadly conserved across
species, but little is known about how it varies with feeding, reproduction, or stress (Savoca
et al., 2022). Likewise, its impact on microbial communities remains poorly understood.
One study found that jellyfish-derived DOM, including mucus, is rapidly respired by
pelagic microbes, with a bacterial growth efficiency of ~30% (Condon et al., 2011). Better
understanding of jellyfish mucus dynamics is essential for accurately incorporating jellyfish
into global ocean biogeochemical models.

Here, we characterize and quantify nutrient release from jellyfish mucus (hereafter
mucus-associated OM; MAOM) and assess its impact on the structure and functioning of
the microbial community in ambient seawater. We hypothesize that (1) MAOM release
increases inorganic and organic nutrient concentrations in ambient seawater, and (2) these
nutrients are rapidly taken up by the ambient seawater microbial community, leading
to shifts in its composition and function. The choice of the jellyfish, Aurelia spp., the
experimental design and some of the methods were based on a recent study on jellyfish
detritus degradation in the same coastal ecosystem (Tinta et al., 2020), allowing for direct
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comparison and a more comprehensive understanding of the role jellyfish blooms play in
coastal ecosystems.

MATERIALS & METHODS

Sampling

A total of 20 specimens of Aurelia spp. were collected along the Slovenian coast of the
Gulf of Trieste (northern Adriatic), during the peak and the senescent phase of their
spring bloom in 2019 (10 individuals on April 18th) and 2021 (10 individuals on June
16th), respectively. Jellyfish were sampled individually from the surface waters together
with ambient seawater using a 10-L plastic bucket, rinsed with ambient seawater prior to
sampling. All collected jellyfish were transported to the laboratory while kept in the dark
at in situ sea surface temperature (14 °C and 21 °C for 2019 and 2021, respectively). In
the laboratory, the MAOM was collected as described by Hubot, Giering ¢ Lucas (2022).
Briefly, after rinsing the jellyfish by immersion in filtered seawater, specimens were placed
in a large acid-cleaned and Milli-Q-rinsed beaker without water. The absence of water
induced stress on the jellyfish which triggered mucus excretion. After 10-30 min at
room temperature, the jellyfish was removed, and the mucus captured in the beaker was
transferred to sterile 50-mL tubes and stored at —20 °C. This method of mucus collection
allows for rapid acquisition of dense mucus material. However, stress-induced mucus may
differ from naturally produced mucus. Gastric debris, mesoglea, fragments of tentacles
and other excreta may be present in the stress-induced mucus. For that reason, we use the
terminology MAOM instead of mucus in this article. Still, given the substantial amount of
mucus produced and collected for each individual, we are confident that the MAOM we
collected was largely composed of mucus.

The majority of the collected MAOM was freeze-dried (at —45 °C for 7 days; hereafter
referred to as ‘dry-MAOM’) as previously described (Kogovsek et al., 2014). Dry-MAOM
samples were homogenized with a sterilized pestle and agate mortar and pooled to
obtain a representative mix of MAOM from the study area. This way we avoided possible
biases arising from variations in the size of different individuals within the population
and from distinct phases of the bloom. Dry-MAOM was stored at —20 °C in acid and
Milli-Q water-rinsed and pre-combusted glass vials until further processed and/or used in
experiments as described below. We applied freeze-drying, which is a widespread method
to preserve biomolecules (Merivaara et al., 2021) to maintain the biochemical properties
of the fresh MAOM. At the same time our approach provided a homogenous sample,
ensuring reproducibility of our experiments (Tinta et al., 2020). However, since many
studies investigating biological degradation use simple freezing at —20 °C to preserve
biomass of interest, we tested the effect of freeze-drying vs. freezing on the chemical
properties of MAOM. For this purpose, part of collected MAOM was stored at —20 °C
until further processed and/or used in our experiments (referred to as ‘frozen-MAOM’,
as described below). In addition, the percentage of dry weight (DW) in MAOM WW was
estimated by measuring the weight of 8 MAOM samples before and after freeze-drying.
Measurements were performed using an ultra-microbalance (Mettler Toledo XPE26,

readability: 1 png).
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Dialysis

A fraction of dry-MAOM was dialyzed using Spectra/Por 7 Membrane tubing (Sulfur
and Heavy Metal Free, Spectrum) with a molecular weight cut-off (MWCO) of 1 kDa
to determine the ratio between the high- (>1 kDa) and the low- (<1 kDa) molecular
weight compounds (HMW and LMW, respectively) of MAOM (as previously described by
Tinta et al., 2020). Details of the dialysis procedure are described Supplementary Material.
The concentration and composition of the LMW fraction of MAOM was determined by
measuring the concentration of DOC and total dissolved nitrogen (TDN) in the dialysate.

Leaching experiments

The concentration and composition of particulate organic matter (POM) and DOM
together with the inorganic nutrients leaching from the dry-MAOM were determined by
dissolving 250 mg dry-MAOM powder in 1 L of 0.2-pm filtered aged (~1 month) seawater
(ASW; see next section for details; nutrient composition in Table S1) in a glass Erlenmeyer
flask (acid-washed, Milli-Q water-rinsed, and pre-combusted) on a shaker in the dark at in
situ sea surface temperature (21 °C; as previously described by Tinta et al., 2020). ASW was
used to provide a low and consistent chemical background for the incubations. Triplicate
experimental flasks were subsampled at 1, 6 and 24 h after the dry-MAOM additions for
particulate organic carbon (POC) and particulate organic nitrogen (PON) by collecting
and filtering 50 mL onto combusted Whatman GF/F (~0.7 pm pore size) filters using an
acid-washed, Milli-Q water-rinsed, and pre-combusted glass filtration system. The filter
was used to determine the concentration of POC, while the filtrate was used to measure
DOC, TDN, DFAA and inorganic nutrients. Microbial abundance was determined at the
end of the experiment to check for potential contamination.

MAOM degradation experiment
We studied the response of the ambient seawater microbial community to MAOM in
a short-term batch culture experiment. The impact of pre-processing of MAOM was
studied by setting up a treatment with frozen- and dry-MAOM in parallel. Both treatments
received MAOM enrichments resembling a jellyfish bloom scenario. The mucus release
rates by Aurelia spp. in the Adriatic Sea were never studied; we hence used data from
the Skagerrak strait, i.e., DOC release rate of 1.2 mg C ind~! d™! (Hansson & Norrman,
1995). We assumed that the mucus produced in one day by a dense bloom (50 ind m~)
of small jellyfish (9.5 to 18 cm in diameter; Harnsson ¢ Norrman, 1995) is equal to 60 pg
C L', which is equivalent to 4 mg DW L~! (based on a mucus C content of 1.5% DW;
Hubot, Giering ¢ Lucas, 2022). Therefore, the 5-L incubators of the dry-MAOM treatment
received an addition of 20 mg of dry-MAOM each, while the same concentration in
the frozen-MAOM treatment was achieved by an addition of 500 mg of frozen-MAOM
(equivalent to a concentration of 4 mg of DW L~!; based on DW = 4%WW; see Result
section). Flasks with no MAOM amendment served as control.

For each treatment (dry-MAOM, frozen-MAOM and control), three acid-washed,
Milli-Q water-rinsed and pre-combusted 5-L borosilicate glass flasks were filled up with
0.2-pm filtered ASW and freshly collected 1.2-pm pre-filtered coastal ambient seawater
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(FSW; serving as microbial inoculum) in a ratio of 9:1 (nutrient composition in Table
S1). Seawater for both ASW and the microbial inoculum was collected at 5 m depth in the
centre of the Gulf of Trieste using 5-L Niskin bottles connected to a carousel water sampler
(SBE 32, Sea-Bird Electronics). Seawater for ASW was collected in May 2021 and aged
in acid-washed and Milli-Q water-rinsed 20-L Nalgene carboys for more than a month
at room temperature in the dark. Seawater for the microbial inoculum was sampled and
filtered on 13 July 2021, the same day as the start of the experiment.

All flasks were incubated in the dark at in situ sea surface temperature (21 °C),
corresponding to the average warm period near surface sea temperatures (April-September)
in the coastal eastern Adriatic region (Vilibic, Dunic & Peharda, 2022). The experimental
flasks were gently mixed before each sampling, which took place after 0, 5, 10, 20, 30 and
42 h. By 42 h the microbial community in MAOM treatments reached a late exponential
growth phase and the experiment was terminated. At each time point, 50 mL was sampled
from the flasks, leaving ~94% of the initial volume at the end of each experiment. For
each sample, we analysed microbial abundance (one replicate was analysed in real-time
to follow microbial community growth), prokaryotic heterotrophic production (PHP),
DOC, TDN, DFAA and inorganic nutrients (analyses described in detail below). At the
end of the experiment, four L of each flask was filtered to collect the microbial biomass for

metagenomic analysis (see details below).

Microbial abundance

Microbial abundance was determined from 1.5 mL subsamples fixed with formaldehyde
(2% final concentration) and stored at —80 °C until processed. For enumerating microbes,
one mL of sample was filtered onto a 0.2-um black polycarbonate filter (Millipore,
Burlington, MA, USA; using a glass filtration system and a vacuum pump at low pressure
(<200 mbar) and stained with DAPI (4,6-diamino-2-phenylindole, 2 g mL™!, Sigma,
Burlington, MA, USA) Porter ¢ Feig, 1980). From each sample, more than 200 cells or at
least 10 fields per filter were counted using an Olympus BX51 epifluorescence microscope
(1,000x magnification).

Prokaryotic heterotrophic production

The PHP was measured in triplicate by *H-leucine incorporation for 1 h (Kirchman, K’nees
¢ Hodson, 1985). 3H-leucine was added at 20 nM final concentration (Perkin Elmer,
Springfield, MO, USA) to all the samples. Samples containing trichloroacetic acid (TCA,
5% final concentration) served as control. The incubation was stopped by adding TCA
(5% final concentration) to all samples, followed by a centrifugation wash (Smith ¢ Azam,
1992). Radioactivity was measured using a liquid scintillation counter (Canberra Packard
and TriCarb Liquid Scintillation Analyzer, model 2500 TR). PHP was calculated using
the conversion factor for coastal and shelf environments (1.35 kg C mol Leu™!; Giering ¢
Evans, 2022).

Microbial metagenomes
At the end of the experiment, the microbial biomass was collected by filtering 4 L onto
0.2-pm polyether sulfone membrane filters (47 mm; PALL Inc., New York, NY, USA) from
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each of the triplicate of the three experimental treatments (frozen-MAOM, dry-MAOM
and control) using acid-washed and Milli-Q water-rinsed filtration sets and applying a
low (<200 mbar) pressure. Filters were immediately transferred into sterile cryotubes
and stored at —80 °C. DNA was extracted from the filters as described by Angel (2012),
with slight modifications for extraction from filters (Bayer, Countway ¢» Wahle, 2019) as
described by Tinta et al. (2020). The DNA from each of the three treatments was pooled
and sent to Microsynth AG (Switzerland) for the construction of shotgun metagenomic
DNA libraries (Illumina TruSeq; Illumina, San Diego, CA, USA) and sequencing (Illumina
NovaSeq, San Diego, CA, USA; 2 x 150 bp). Raw reads were deposited at the European
Nucleotide Archive under the accession number PRJEB66855.

The quality of the paired-end reads was analyzed using FastQC (v0.11.9; Andrews,
2010) and reads were trimmed using Trim-galore (v0.6.6; Krueger, 2020) to remove any
low quality read (Phred quality score < 20). The reads were then assembled with the
MEGAHIT assembler (v. 1.2.9, Li et al., 2016) using default parameters and allowing a
minimum contig length of 800 nt. Assembly statistics were obtained using MetaQuast
v. 5.0.2 (Mikheenko et al., 2018). The assemblies were indexed, and the pair-end reads of
each sample were mapped back to the contigs of their specific assembly using Bowtie2
(v2.5.1, Langmead & Salzberg, 2012). The outputs were converted to bam files and sorted
using Samtools (v1.17, Li et al., 2009). The data were further analysed using anvi'o (v.
7.1, Eren et al., 2021). First, the names of the contigs from the assemblies were simplified
using the command anvi-script-reformat-fasta command with the—simplify-names flag,
only keeping contigs longer than 1,000 nt. Then, a contig database was created for each
sample using the commands anvi-gen-contigs-database. Gene calls in contigs of the
assemblies were identified using the Hidden Markov model with the command anvi-run-
hmms. Subsequently, genes were annotated with functions from the NCBI’s Clusters of
Orthologous Groups of proteins (COGs) database using the command anvi-run-ncbi-
cogs. The COG database allows the classification of protein sequences into 17 functional
categories (Tatusov et al., 2001). Additionally, the amino acid sequences of the identified
genes were extracted from the contigs database using the command anvi-get-sequences-
for-gene-calls. The taxonomical composition of the gene calls was annotated using Kaiju
v1.7.3 using the refseq database and functional annotation was further investigated using
eggnog-mapper (v2.1.10; Cantalapiedra et al., 2021). The gene abundance was calculated as
the mean coverage of the contig containing that gene divided by the sample’s overall mean
coverage. For taxonomic profiling, the metagenomic 16S rDNA Illumina tags (mitags) were
extracted from the metagenomes following the protocol of Logares et al. (2014). The mitags
were clustered into OTUs and counted using USEARCH (Edgar, 2010). The OTUs were
then mapped at 97% similarities to the taxonomically annotated 16S reference database
from the Ribosomal Database Project (RDP; Cole et al., 2014) using USEARCH.

Chemical analysis
Particulate and dissolved organic carbon and nitrogen

For POC and PON analyses, samples of 50 mL were filtered onto combusted 25 mm
Whatman GF/F filters using an acid-washed, Milli-Q water-rinsed, and pre-combusted
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glass filtration system. GF/F filters were stored at —20 °C until analyzed for POC and PON
by combustion at 1,150 °C with an elemental analyzer (Vario Micro Cube, Elementar) with
a 3% accuracy. For DOC and TDN analyses approximately 30 mL of the GF/F filtrate was
collected into acid-washed, Milli-Q water-rinsed, and pre-combusted glass vials and stored
at —20 ° C until analysis. DOC and TDN analyses were performed by a high temperature
catalytic method using a Shimadzu TOC-L analyzer equipped with a total N unit (Hansell,
1993). The calibration for non-purgeable organic C was done with CsH5KO, and for TDN
KNOj3 was used. The results were validated with surface sea reference (SSR) water for DOC
(CRM Program, Hansell Lab). The precision of the method, expressed as DSR% was <2%.
Due to low MAOM additions and small filtered volumes, POC/PON data from the MAOM
degradation experiment were inconsistent and disregarded; only leaching experiment data
were retained.

Dissolved inorganic nutrients

Dissolved inorganic nitrogen (DIN; NH4, NO,~, NO; ™) and PO4> concentrations were
determined spectrophotometrically by gas-segmented continuous flow analysis (QuAAtro,
Seal Analytical) following standard methods (Hydes et al., 2010). The quality control

is performed by using certified reference material for nutrients in seawater (KANSO
TECHNOS) during analysis and by annually participating in an intercalibration program
(QUASIMEME Laboratory Performance Study).

Dissolved free amino acid analysis

Samples for DFAA analyses were filtered through combusted Whatman GF/F filters
using acid-washed, Milli-Q water-rinsed, and pre-combusted glass filtration systems and
analyzed as previously described by Tinta et al. (2020). Briefly, approximately four mL of
the GF/F filtrate was collected in dark glass vial and stored at —20 °C until analysis. A
volume of 500 wL of sample was directly pipetted into acid-washed, Milli-Q water-rinsed,
and pre-combusted glass ampules, and analyzed by a Shimadzu Nexera X2 ultra high-
performance liquid chromatograph with a fluorescence detector (RF-20A XS). Pre-column
derivatization was applied with ortho-phthalaldehyde according to the protocol of Jores,
Piiiibo ¢ Stein (1981 ).

Statistical analysis

The differences in the cumulative amount of nutrients leaching from frozen- and dry-
MAOM after 24 h were investigated using Wilcoxon rank-sum non-parametric tests.
Furthermore, the statistical differences between the measured parameters in triplicate
from the MAOM degradation experiment were assessed using Wilcoxon rank-sum non-
parametric tests at each time point. First, differences between the two MAOM treatments
were analysed at each time point. Then, the combined data from both MAOM treatments
were compared with the control treatment at each time point. The DFAA composition
throughout the MAOM degradation experiment was analyzed using multivariate ordination
from the vegan package in R (Oksanen et al., 2013; R Core Team, 2022). Further, Bray—
Curtis dissimilarities were calculated and visualized using non-metric multidimensional
scaling (NMDS) followed by the metaMDS function with a stress level cut-off value <0.2
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(Legendre & Legendre, 1998). Differences in DFAA composition and microbial community
composition at the end of MAOM degradation for the treatments (dry-MAOM, frozen-
MAOM and control) were tested using permutational multivariate analysis of variance
(PERMANOVA; a non-parametric alternative for the multivariate analysis of variance;
Anderson, 2017) using the adonis2 function. Differences in group homogeneities were
further tested using the function betadisper (Anderson, Ellingsen ¢ McArdle, 2006) and
ANOVA. Results were considered significantly different at p < 0.05 and all statistical
analyses were done using R version 4.2.2 (R Core Team, 2022).

RESULTS

MAOM as source of organic and inorganic nutrients

Two series of leaching experiments showed that during the first hour following the addition
of MAOM to the ASW, the OM in both frozen- and dry-MAOM on average consisted of
56 £ 14% of POC and 44 % 14% of DOC (Table S2, Fig. S1). Over the 24 h incubation, an
average of 258.8 &= 204.5 pmol of DOC, 44.7 & 34.7 pmol of TDN, 4.3 & 2.1 pmol of DIN,
40.3 4 33.2 wmol of DON (TDN-DIN), 25.5 &+ 18.3 wmol of DFAA and 1.9 4 0.7 pmol
of PO4> were released per g of DW from frozen- and dry-MAOM (Table 1). Glycine was
the most abundant DFAA released, accounting for 53.6 £ 8.3 mol% of the total MAOM
DFAA pool, followed by taurine, at 8.0 & 1.0 mol% (Table S3). The difference between the
concentrations of DOC, TDN, and DON in the dialysate of dry-MAOM (<1 kDa MWCO
membrane; Table S4) and the total dry-MAOM pool indicates that approximately half of
the DOC (48 = 35%) consists of LMW compounds, while nearly all (~100%) of the TDN
and DON is present in LMW form (Table S5). We found that the dissolved fraction of
MAOM is relatively C-rich (C:N = 6.7 &£ 1.0), while the particulate fraction of MAOM is
relatively C-poor (C:N = 3.5 & 1.0).

After freeze-drying, the dry weight of MAOM averaged only 4% of its original wet
weight (Table S6). When normalized to dry weight, the release of dissolved compounds
from frozen-MAOM was up to 3.5 times higher than from dry-MAOM, with variability
(i.e. standard deviation) up to nine times greater (Table 1). Despite this, no statistically
significant differences in the release of dissolved nutrients were observed between the two
treatments, except for total dissolved nitrogen (TDN), which was significantly higher in the
frozen-MAOM (Wilcoxon test, p < 0.05; Table 1). These results indicate that the choice
between freezing and freeze-drying does not substantially alter the nutrient-releasing
potential of MAOM, suggesting that its key biochemical properties are preserved across
pre-processing methods—an important consideration for marine research and applied
studies. However, it is important to consider that both freezing and freeze-drying can alter
the humoral immune properties of jellyfish mucus (Cordero et al., 2016), which may have
modified the immunological characteristics of the MAOM in our study and, consequently,
influenced microbial community dynamics during its degradation. Furthermore, the
higher variability observed in nutrient release from frozen-MAOM underscores the
benefits of freeze-drying followed by homogenization, which offers greater consistency
between samples. In addition to improved reproducibility, using dry material also provides
practical advantages in terms of handling, storage, and transport.
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Table 1 Cumulative nutrient release from dry-MAOM. Cumulative amount of dissolved nutrients
(NHI, NO;, NO;, POI, DIN, TDN, DON, DOC, DFAA) that leached from dry-MAOM within 24 h
and p values from the Wilcoxon rank-sum tests evaluating the difference between the amount of nutrient
released in each leaching experiment.

Leaching dry-MAOM Leaching frozen-MAOM Wilcoxon

(wmol gDW! d-1) (wmol gDW! d-1) testp
NH,* 0-3.2 2.4-6.5 0.67
NO;~ 2.2-2.7 0.1-0.4 0.33
NO,~ 0.1-0.1 0.1-0.1 0.33
PO, 1.7-1.7 1.5-3.0 1.00
DIN 2.2-5.5 2.9-6.8 0.67
TDN 17.3-26.2 40.4-94.8 0.03°
DON 15.1-20.2 37.5-88.1 0.33
DOC 106.3-161.7 208.0-559.2 0.33
DFAA 13.3-16.9 19.0-52.8 0.33

Notes.
Values marked with an asterisk (*) indicate statistically significant results (p < 0.05).

Microbial processing of the DOM released by live jellyfish

At the start of the MAOM degradation experiment, the average microbial abundance
across all treatments (n=9) was 50.1 & 7.7x 10’ cells mL~!. As no significant differences
in microbial abundance, PHP, DOC and TDN were observed between the dry- and
frozen-MAOM treatments at any time point (Table 58), the results are presented here as a
single MAOM treatment for clarity.

During the first 5 h, DOC concentrations in the MAOM treatments (n = 6) increased
significantly compared to the controls (n = 3), which showed a decline (Table 2; Fig. 1A).
TDN concentrations decreased by 20.1 & 17.6 g L™! during the first 5 h in all treatments,
followed by an increase of 21.3 &+ 14.8 ug L™ ! in the subsequent 5 h (Fig. 1B). Exponential
microbial growth began after 20 h of incubation, with both microbial abundance and PHP
peaking at 30 h (Figs. 1C and 1D). At this point, values in the MAOM treatments were
significantly higher than in the controls (Table 2), with microbial growth rates of 0.19
4+0.03h~!and 0.15 + 0.02 h~L, respectively. Between 20 and 30 h, DOC increased by 83.1
+ 61.7 pg C L7! in all treatments (Fig. 1A). NH; " and PO,> concentrations gradually
declined in both treatments (Fig. 2), while nitrate (NOs-) and nitrite (NO,-) remained
largely unchanged (Fig. 52). At 30 h, NH,™ and PO, concentrations were significantly
lower in the MAOM treatments compared to the controls (Table 2; Fig. 1B) and PO,
was totally depleted at 40 h (Fig. 2B). The incubation was terminated after 42 h, when PHP
declined to 0.9 & 0.4 pg C L~! h™! and microbial abundance peaked at 1.3 £ 0.4 x 10°
cells mL~! across all treatments.

At the start of the MAOM degradation experiment, the overall DFAA composition
of both MAOM treatments differed significantly from the control (PERMANOVA:
F1.8)=118.9, R =0.94, p < 0.01; Fig. S3), mainly due to high concentrations of glycine,
taurine, tyrosine, arginine, alanine, lysine and leucine in the MAOM treatments (Fig. S3).
Glycine concentrations showed the fastest decrease (1.5 4= 0.2 nmol L™! h™! between 5 and
20 h), reaching 0 nM after 20 h in all MAOM treatments (Fig. 2C). Taurine concentrations
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Table 2 DOGC, nutrients, and microbial activity: MAOM vs. control. Comparison of DOC, microbial
abundance (MA), PHP, NH;r and PO?[ between MAOM and control treatments at different time points
during the MAOM degradation experiment. Only results with significant differences, as determined by
Wilcoxon rank-sum tests (p < 0.05; Table S6), are presented.

Time (h) Parameters MAOM Control Wilcoxon
testp
5 DOC (ug CL™) 182.34 104.5 12594 144.4 0.02
30 MA (10*cell mL~1) 56.5+ 4.2 269+ 1.1 0.02
30 PHP (ug CL™' h1) 44+ 0.7 1.6+ 0.7 0.01
30 NH, ™ (iwmol gDW1) 2.2+ 0.1 2.5+ 0.1 0.02
30 PO,*~ (wmol gDW1) 0.0+ 0.0 0.1+ 0.1 0.02
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Figure 1 Changes in microbial parameters over time during the degradation experiment. Changes in
DOC (A), the TDN (B), the MA (C) and the PHP (D) in the frozen-, dry-MAOM and control treatments.
Values are normalized to the value at time = 0. Lines represent the means (n = 3) with the coloured area
showing the standard deviation.

Full-size Gl DOI: 10.7717/peer;j.20784/fig-1
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Figure 2 Changes in organic and inorganic nutrient concentrations over time during the degradation
experiment. Concentration of NH; (A), PO; (B), glycine (C) and taurine (D) in the frozen-, dry-MAOM
and control treatments. Lines represent the means (n = 3) with the coloured area showing the standard
deviation.

Full-size Gl DOL: 10.7717/peer;j.20784/fig-2

in the MAOM treatments decreased from 4.6 + 0.3 nM at 5 h to 0.9 + 1.4 nM at
42 h (Fig. 2D). At the end of the experiment, the DFAA composition differed significantly
among the treatments (PERMANOVA: F(; gy =118.9, R?2=0.94, p <0.01; Fig. S3).

Taxonomic profiling of the microbial community exposed to MAOM
Taxonomic profiling of microbial metagenomes collected at the end of the MAOM
degradation experiment revealed that all communities (n = 3) were dominated by
Gammaproteobacteria (95 £ 2%), with Alteromonadaceae as the most abundant family
(78 & 4%; Fig. 3A). Pseudoalteromonadaceae were consistently the second most abundant
(7 £ 1%), while Vibrionaceae were present at low levels (0.05 £ 0.04%). In addition,
Pseudomonadaceae were relatively abundant (5% and 2% for the dry- and frozen-MAOM
treatment, respectively) compared to the control (0.1%). The overall relative abundances
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of bacterial families did not differ significantly between the MAOM treatments and the
control (PERMANOVA, p=0.33).

Functional profiling of microbial community exposed to OM released
by live jellyfish

The functional profiling of the microbial communities’ metagenomes at the end of

the MAOM degradation experiment indicated that the relative gene abundances in all
17 functional categories of the COGs database were higher in the MAOM treatments
relative to the control, except for the categories ‘Extracellular structures’, ‘Cell motility’
and ‘Chromatin structure and dynamics’ (Fig. S4). Genes classified into the ‘Amino acid
transport and metabolism’ category were 27 &= 2% more abundant in the MAOM treatments
compared to the control. The relative abundance of genes for ABC-type transporters of
glycine and taurine was 22 £ 20% and 49 =+ 0% higher in the MAOM treatments than in
the control (Fig. 3B). Additionally, genes related to P and N metabolism (e.g., the GInK
gene coding for the PII N regulatory protein and the PhoU gene coding for the PO,
uptake regulator protein) exhibited a 42 4= 15% and 42 % 4% higher relative abundance
in the MAOM than in the control (Fig. 3B). Protein degradation-related genes (e.g., the
HfIC protease modulator gene and the ATP-dependent proteases genes ClpA and ClpYQ)
had a 30 = 5% higher relative abundance in MAOM treatments compared to the control.
Based on the CAZy database, glycoside hydrolase and polysaccharide lyase genes had a 24
4 3% and 87 £ 12%, respectively, higher relative abundance in the MAOM treatments as
compared to the control (Fig. 3B).

DISCUSSION

Jellyfish are increasingly recognized as an important source of OM for the marine ecosystem
(Tinta, Klun & Herndl, 2021), yet the chemical composition and the impact of the mucus
they produce and release during their life span on the structure and function of the ambient
marine food web is not well understood. We characterized the chemical composition of
the MAOM of a cosmopolitan coastal bloom-forming jellyfish, the scyphozoan Aurelia
spp.» and used it as a proxy to investigate how jellyfish mucus affects the structure and
functioning of the ambient microbial community.

MAOM as a significant source of DOM for marine microbes
Our results show that MAOM is a substantial source of labile OM, rapidly releasing a
diverse suite of dissolved compounds into seawater. A significant portion of this material
consists of LMW compounds, which can be readily assimilated by bacteria (Berggren et al.,
2010) suggesting that the dissolved fraction of MAOM might provide a readily available
material to the heterotrophic microbial community. In addition, the stoichiometric contrast
between the C-rich dissolved fraction (C:N = 6.7 &£ 1.0) and the nitrogen-rich particulate
fraction (C:N = 3.5 & 1.0), suggests that MAOM DOM may favor microbial respiration
over biomass production due to nitrogen limitation.

The high abundance of glycine in the MAOM DFAA pool (53.6 £8.3%) is likely related
to its role as a major osmolyte in marine invertebrates, where it contributes to cellular
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osmoregulation and volume regulation (Podbielski et al., 2022). In addition, glycine may
also derive from the turnover of structural proteins such as collagen or glycoproteins
present in jellyfish mucus (Feller et al., 1990). Glycine uptake began between 5 and 10 h
after MAOM addition and was rapidly and completely depleted by 20 h, indicating strong
microbial demand. Glycine is a key metabolite for many marine heterotrophic bacteria,
readily used as both a C and nitrogen source (Kikuchi et al., 2008; Boysen et al., 2022). Its
rapid consumption suggests that the microbial community was well-adapted to exploit
glycine-rich inputs, and its depletion may have contributed to the observed decline in PHP
at 30 h.

The second most dominant DFAA in MAOM was sulfonic acid taurine (8.0 &= 1.0% of
the DFAA pool), which, like glycine, plays an important role as an osmolyte, contributing
to tissue osmolarity (Welborn ¢» Manahan, 1995). In mucus, taurine may serve a similar
osmotic function by helping to retain water and maintain balance, thereby preserving
hydration and fluidity in seawater. Once released, taurine is also of microbial interest:
many marine bacteria possess specialized transporters and catabolic pathways that allow
them to use taurine as a source of sulphur and nitrogen under limiting conditions ( Clifford
etal., 2019).

Together, the high concentrations of glycine and taurine in MAOM likely reflect
their physiological roles as major osmolytes in marine invertebrates, with mucus release
providing a pathway for their export to the surrounding water. In dissolved form, these
molecules constitute labile metabolites that can stimulate microbial uptake and potentially
influence community structure and activity in the water column.

MAOM is mostly respired by the ambient microbial community

Our results indicate that MAOM is primarily respired rather than converted into microbial
biomass. During the first 10 h of incubation, DOC was rapidly consumed without a
corresponding increase in PHP, suggesting that the available C supported respiration
rather than growth (Figs. 1B, 1C). This pattern is consistent with previous observations
showing that jellyfish-derived DOM stimulates microbial respiration within just 6 h
(Condon et al., 2011). In deoxygenated ecosystems with large jellyfish biomass, such as the
northern Benguela upwelling system (Lynam et al., 2006), this mechanism may exacerbate
oxygen depletion, in a manner similar to the impacts reported for jelly-falls on the seafloor
(Guy-Haim et al., 2020).

The low PHP during the first 20 h of our experiment may also reflect microbial adaptation
to the diluted seawater matrix (9:1 aged seawater to natural seawater), highlighting the
need for an adaptation period in future experiments. However, prior work using the same
design with jellyfish and ctenophore detritus did not observe such a delay in microbial
activity (Tinta et al., 20205 Fadeev et al., 2024), suggesting that the substrate type—mucus
versus tissue—plays a more critical role than dilution in shaping microbial responses.

Despite its lower nutritional quality, MAOM represents a relevant source of PO4>
which was rapidly consumed by the microbial community. The drop in PHP following
the consumption of PO,> suggests that microbial productivity became limited by
PO,* availability, consistent with known high P requirements and uptake efficiency
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in heterotrophic prokaryotes (Vadstein et al., 2003; Godwin ¢ Cotner, 2015). In P-limited

regions such as the northern Adriatic Sea (Marini & Grilli, 2023), where jellyfish blooms are
recurrent (Kogovsek et al., 2018), jellyfish-derived PO,®  may play a key role in sustaining
microbial activity and influencing C cycling.

MAOM degradation is facilitated by a consortium of opportunistic
bacteria exhibiting specific functional traits

The lack of statistical difference between the family composition of microbial communities
in the control and the MAOM treatments at the end of the MAOM degradation experiment
suggests that the final community composition was driven more by the availability of labile
DOM in the enclosed environment rather than by the presence of MAOM. Further, the
dominance of Gammaproteobacteria in all treatments (95 & 2% of the community; Fig.
3) is typical of artificial confinements and enrichment incubation experiments, where
opportunistic copiotroph bacteria are favoured (e.g., Eilers, Pernthaler ¢ Amann, 2000;
Dinasquet et al., 2013) and contrasts with the ambient Alphaproteobacteria-dominated
community typically found in the Gulf of Trieste (Tinta et al., 2015; Orel et al., 2021;
Celussi et al., 2024) and of coastal assemblages (e.g., Eastern Mediterranean Sea—(Haber
et al., 2022); Ria de Vigo NW Spain—Costas-Selas et al., 2023). Marine copiotrophs such
as Alteromonadaceae and Pseudoalteromonadaceae (78 £ 4% and 7 £ 1%, respectively;
Fig. 3A) can rapidly metabolize DOC and nitrogen-rich compounds present in seawater
therefore inducing a bacterial community shift (Dinasquet et al., 2013). In addition, the
enrichment of Pseudomonadaceae in the MAOM treatments (5% and 2% for the dry-
and frozen-MAOM treatment, respectively) compared to the control (0.1%), suggests
that MAOM provides nutrient- and particle-rich microhabitats favouring opportunistic
copiotrophs whose extracellular enzymes might enable rapid colonization and degradation
of protein- and polysaccharide-rich MAOM, consistent with the metabolic versatility of
marine Pseudomonadaceae (Girard et al., 2023).

The increase in DOC between 20 and 30 h of incubation (8.3 + 6.2 g CL™! h™!) likely
reflects microbial enzymatic degradation of POM, releasing DOM from MAOM. Bacteria
typically rely on extracellular enzymes to break down HMW compounds into smaller,
utilizable forms (Arnosti, 2011). This is supported by the metagenomic data, which showed
elevated abundances of genes involved in protein, lipid, and carbohydrate catabolism
in the MAOM treatments, including proteases (30 £ 5%), lipases (36 £ 1%), glycoside
hydrolases (24 & 3%), and polysaccharide lyases (87 & 12%; Fig. 3B). These enzymatic
profiles align with the macromolecular composition of jellyfish mucus—rich in proteins
(80%), lipids (14%), and carbohydrates (6%; Hubot, Giering ¢ Lucas, 2022)—indicating
active microbial processing of mucus substrates. In particular, the high abundance of
glycoside hydrolase genes suggests microbial adaptation for breaking down complex glycan
linkages within the mucins (Glover, Ticer ¢» Engevik, 2022) constituting jellyfish mucus.

Opverall, the metagenomic analysis revealed a broad shift in microbial functional potential
in response to MAOM addition. Compared to the control, MAOM treatments showed
higher relative abundances of genes across nearly all COG categories (except Extracellular
structures, Cell motility, and Chromatin structure and dynamics; Fig. 54). Notably, genes
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related to amino acid and inorganic ion transport and metabolism were elevated (27

=+ 2% and 22 £ 1%, respectively), reflecting enhanced microbial capacity to assimilate
jellyfish-derived nutrients such as DFAA, NH,*, and PO,> . For example, ABC-type
transporter genes for glycine and taurine were more abundant in MAOM treatments
(increased by 22 £ 20% and 49 % 0%, respectively), consistent with the dominance of
these amino acids in the MAOM DFAA pool (53.6 £ 8.3% and 8.0 £ 1.0%) and their
rapid microbial uptake (Figs. 2C & 2D). Likewise, genes associated with PO4* metabolism
increased by 42 + 15%, correlating with the observed PO,*> drawdown in these treatments
(Fig. 2B). These functional shifts mirror those reported during jellyfish and ctenophore
carcass degradation (Tinta et al., 2023; Fadeev et al., 2024), suggesting that MAOM elicits
microbial metabolic responses comparable to those triggered by jellyfish detritus.

Complementary roles of MAOM and jellyfish detritus in fuelling
marine ecosystems

Jellyfish blooms introduce substantial OM into marine systems via two main pathways:
mucus release and post-mortem body degradation (detritus; Fig. 4). While both MAOM
and detritus-derived OM contribute similar proportions of POC (56 + 14% and 49 +
8% of total OM, respectively), their dissolved fractions differ markedly in composition
and bioavailability. MAOM DOM is significantly enriched in LMW compounds (<1 kDa),
comprising ~48% of DOC and nearly all TDN, compared to only 6% and 9%, respectively,
in detritus DOM (Tinta et al., 2020). This indicates that MAOM offers a more immediately
accessible pool of labile nutrients for microbial uptake.

Despite these differences, both OM sources share a remarkably similar amino acid
profile: glycine and taurine dominate the DFAA pools of both MAOM (53.6 £ 8.3% and
8.0 & 1.0%) and detritus-derived DOM (41.9% and 37.8%, respectively; Tinta et al., 2020).
This consistency highlights their central roles in jellyfish physiology and underscores their
importance as microbial substrates during jellyfish bloom events.

However, the high lability of MAOM comes at a cost. Its elevated C:N ratio (6.7 & 1.0)
compared to detritus DOM (3.4 % 0.1) and bacterial biomass (5.2) likely imposes nitrogen
limitation on microbial consumers. This imbalance is reflected in the lower microbial
growth efficiency observed for MAOM (~30%; Condon, Steinberg ¢~ Bronk, 2010) relative
to detritus (~65 £ 27%; Tinta et al., 2020)). As a result, MAOM primarily supports
microbial respiration rather than biomass production, enhancing C remineralisation and
stimulating the release of inorganic nutrients—such as DIN and PO,®> —which may
indirectly support primary producers (Fig. 4). In contrast, detritus OM supports greater
microbial growth, offering a more nutrient-balanced substrate that promotes biomass
production over respiration.

Together, these findings demonstrate that MAOM and jellyfish detritus—though both
products of jellyfish blooms—play complementary roles in the marine C and nutrient
cycles. While MAOM rapidly stimulates microbial activity and nutrient regeneration,
detritus provides a more sustained and productive microbial response, contributing to
longer-term C processing. These distinct but interconnected pathways underscore the
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broader ecological influence of jellyfish and reinforce their role as active participants in
coastal ecosystem functioning.

CONCLUSIONS

Our study demonstrates that MAOM from Aurelia spp. represents a highly labile
source of DOM that is rapidly metabolized by marine microbes. Glycine and taurine
dominated the DFAA pool, reflecting their physiological roles as osmolytes in jellyfish.
MAOM stoichiometric imbalance and rapid turnover primarily fuel microbial respiration
rather than biomass production, with implications for oxygen dynamics in coastal
ecosystems. Metagenomic evidence further revealed that MAOM degradation is facilitated
by opportunistic copiotrophs with broad metabolic capacities, including specialized
transporters for glycine and taurine. Comparisons with jellyfish detritus highlight the
complementary roles of MAOM and detrital material in fuelling microbial activity: MAOM
drives fast remineralisation and nutrient regeneration, whereas detritus supports more
efficient microbial growth. Together, these findings illustrate that jellyfish blooms not
only introduce large pulses of POM but also continuously release dissolved nutrients that
shapes microbial community function and biogeochemical cycling in coastal seas. These
findings underscore the importance of integrating jellyfish blooms into ecological models
and ecosystem-based management strategies, offering critical data to support these efforts.
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