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Abstract

Epiphytic bacteria can play a crucial role in regulating seaweed traits, yet their specific contributions to both host growth
and natural products remain unclear for most seaweeds. Here, we explored the effects of manipulating the surface-associated
bacteria on the growth and halogenated compounds of two domesticated strains of Asparagopsis taxiformis sporophytes
under intensive culture. Under standard conditions, sporophytes had an average surface bacterial density of 1 per 32 pum?.
Following five different antibiotic treatments at 10 mg L' for24h (i.e., penicillin, streptomycin, kanamycin, gentamicin, and
vancomycin), bacterial densities were significantly reduced depending on the antibiotic, averaging 1 per 90 um?. Antibiotics
treatment led to 22-89% reductions in bacterial density compared to controls after 2 weeks, with gentamicin and streptomy-
cin most effective (86-89% reductions to~ 1 per 260 um?), followed by vancomycin (77%), kanamycin (23%) and penicillin
(22%). We examined the impacts on growth and the concentration of two major halogenated compounds, bromoform and
dibromoacetic acid, with a combined concentration of 1-2% dry weight. Our results highlight that the antibiotic treatments
with the lowest bacterial densities (gentamicin and streptomycin) had higher growth rates than the control (>50% increase).
We observed a negative impact on the bromoform and dibromoacetic acid concentrations, with 42% and 35% reductions,
respectively, dependent on strain and antibiotic. Overall, our study demonstrates that the epiphytic bacteria in A. taxiformis
cultures can be manipulated to enhance seaweed biomass production, but there may be a trade off in natural product levels
in some culture lines.
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Introduction

The red seaweed genus Asparagopsis (Bonnemaisoniaceae)
is known for producing a wide array of over 100 halogen-
ated compounds, including haloforms, haloacids and halok-
etones (McConnell and Fenical 1977; Woolard et al. 1979).
These compounds have industrial applications (Machado
et al. 2014; Thépot et al. 2022), but are also thought to play
roles in the seaweed defence mechanisms against bacteria

< S. Blanco
silvia.blanco @research.usc.edu.au

School of Science, Technology and Engineering, University
of the Sunshine Coast, Maroochydore DC, QLD 4558,
Australia

School of Health, University of the Sunshine Coast,
Maroochydore DC, QLD 4558, Australia

(Paul et al. 2006). The microbiome, which consists of bac-
teria, fungi, archaea, and other microorganisms, has been
shown to regulate key host functions like development and
stress response (Singh and Reddy 2014; Ghaderiardakani
et al. 2020). Bacteria are the dominant group of epiphytic
microbes, due to their ability to rapidly colonise and metab-
olise seaweed exudates (Lachnit et al. 2009). Therefore,
disrupting or modifying the microbiome could impact host
traits, in either positive or negative ways (Marshall et al.
2006; Tapia et al. 2016). Much of the work to date on sea-
weed has explored the indirect effects of environmental pres-
sure (e.g., temperature) and pathogenic bacteria on seaweeds
(Ward et al. 2020; Spagnuolo and Genovese 2024), with lit-
tle information on the positive impact of bacteria on seaweed
aquaculture to draw upon.

In both agriculture and aquaculture, manipulation of the
microbiota has shown positive results for production, such
as improved disease resistance and growth in plants and
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fish (Montalban-Arques et al. 2015; Brugman et al. 2018).
In other marine organisms, such as corals, the introduction
of microorganisms can reprogram genetic and metabolic
pathways related to immune function and stress resistance,
leading to enhanced health and resilience to bleaching (Pei-
xoto et al. 2017; Rosado et al. 2019). While such techniques
have not yet been applied to seaweed cultivation, there is
growing interest in this approach driven by a desire to boost
production in aquaculture systems. The review by Li et al.
(2023) outlines a pathway for improving seaweed aquacul-
ture through targeted microbiota manipulation, highlighting
how understanding and managing microbial communities
could enhance seaweed productivity, resilience, and com-
mercial viability. This is particularly relevant for Aspara-
gopsis, which offers a promising solution to combat global
warming by reducing the production and release of methane
in ruminant animals like cows, and sheep (Machado et al.
2016; Li et al. 2018; Roque et al. 2021). Methane is a power-
ful greenhouse gas and research has shown that when rumi-
nants are fed Asparagopsis, certain compounds, especially
bromoform, can significantly lower methane production
during fermentation, helping to reduce global warming by
mitigating the enteric methane production and emission in
ruminant animals. Therefore there is a need to the explore
the link between growth and microbial interactions in this
newly emerging commercial algal species. This would sup-
port global efforts to intensify and scale production for meth-
ane reduction (Abbott et al. 2020). Environmental research
on a related species Delisea pulchra (Bonnemaisoniaceae),
has shown that antibiotic disruption of the microbiome
can cause temporary alterations, but the microbiome often
reverts to its original state, sometimes leading to bleaching
diseases (Longford et al. 2019). Questions therefore remain
whether manipulating the microbiome of cultured Aspar-
agopsis can alter traits such as growth, morphology, and
synthesis of natural products. Furthermore, the land-based
culture setting is different to nature, and correspondingly the
microbiome of cultured Asparagopsis strains can be quite
different to that of the wild type (Zhao et al. 2022). In addi-
tion, moving seaweeds from wild to cultured environments
has been accompanied by reduced growth and performance
(Zozaya-Valdés et al. 2016), raising the question of whether
microbiome management is also important for domestica-
tion, and potentially long-term success of intensive cultures.

Our study specifically asks: (1) Can we disrupt the sur-
face-associated bacteria on A. taxiformis using antibiotics?
and (2) How do these different antibiotics treatments affect
the overall performance of A. faxiformis in terms of growth
and halogenated compound production? To investigate this,
we used five different antibiotics (kanamycin, streptomy-
cin, gentamicin, penicillin, vancomycin, and a combination
of all) to manipulate the density of epiphytic bacteria on
two domesticated strains of A. taxiformis sporophytes that
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had been in intensive culture for 2-3 years. In this study we
describe, for the first time, the natural product chemistry of
A. taxiformis from Queensland, Australia (Lineage 6, Zhao
et al. (2022)), and then focus specifically on the two key
metabolites by quantity, bromoform and dibromoacetic acid
(DBAA).

Materials & methods
Study organism

Asparagopsis taxiformis (Delile) Trevisan de Saint-Léon has
a heteromorphic life history, alternating between a filamen-
tous tetrasporophyte (diploid) and an erect, plumose game-
tophyte (haploid). Sporophytes of A. taxiformis (Lineage 6,
hereafter Asparagopsis) were collected in 2018 and 2019
from Moffatt Beach, Australia (26.7934°S, 153.1355° E),
and kept in culture at the University of the Sunshine Coast
under the following cultivation conditions: 0.5 g L', 22 °C,
under 30 umol photons m~2 s~! blue:white light with a 16:8
h light:dark photoperiod. The cultivation medium is changed
weekly with autoclaved seawater enriched with half-strength
/2 nutrients (adapted from Guillard and Ryther (1962). The
enrichment solution contains vitamins B (thiamine), B,
(biotin) and B, (cobalamin) that could mask the inability
of seaweed to produce vitamins and potential provisioning
by bacteria (for example, if Asparagopsis is auxotrophic
for these vitamins, i.e., unable to synthesise them). GeO,
at 0.4 mg L™! was added to control diatom growth (Lewin
1966). The following experiments were conducted in 2023,
or approximately 2—3 years since domestication of the 2018
Strain and 2019 Strain (hereafter S-2018 and S-2019).

Antibiotic treatment

To assess the effect of bacterial disruption on Asparagop-
sis, antibiotics with different modes of action were selected
(Table 1). Aminoglycoside antibiotics such as kanamycin,
streptomycin, and gentamicin (derived from Actinomycetes)
are effective against a broad spectrum of Gram-negative
bacteria, and a few Gram-positive bacteria. In contrast,
penicillin targets mainly Gram-positive, and some Gram-
negative, whereas vancomycin is ineffective against Gram-
negative bacteria.

The treatments used in this study drew upon antibiotic
treatments from different studies to manipulate the microbi-
ome in fish and seaweeds (Klein Jan et al. 2017; Longford
et al. 2019; Gao et al. 2021; Xavier et al. 2024). Antibiotic
treatments were done using Asparagopsis sporophyte cultures
in 50 mL polypropylene jars at an initial stock density of 0.5 g
L' (0.025 g of spun-dried biomass per jar). Treatments with
both strains, S-2018 and S-2019, were run concurrently (i.e.
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Table 1 Antibiotics used and their mode of action and spectrum activity

Antibiotic Mode of action

Spectrum References

Kanamycin sulfate Aminoglycoside—Binds to the 30 s
ribosomal subunit causing misreading
of mRNA and leaving the bacterium
unable to synthesize proteins vital to
its growth

Streptomycin Aminoglycoside — Binds to the s12
protein of the 30 s ribosomal subunit
inhibiting protein synthesis

Gentamicin Aminoglycoside—Inhibits protein syn-
thesis by binding to the 30 s subunit of
the ribosome

Penicillin G sodium sulfate Inhibition of the cell wall synthesis
through binding proteins (PBPs), inhib-
iting peptidoglycan chain cross-linking

Vancomycin Blocks bacterial cell wall biosynthesis at
the level of peptidoglycan biosynthesis

Broad spectrum; effective against Papich (2015)
Gram —/Gram +

Broad spectrum; most Gram— and a few  Vardanyan and Hruby (2006)
Gram +

Broad spectrum; effective against Reeves et al. (2016)
Gram —and some Gram +

Narrow spectrum; targeting Gram + Hruby and Schiel (1996)

Narrow spectrum; Gram + McLawhon (2012)

‘Strain’ was a fixed factor). Before the antibiotic treatments,
biomass of both strains was held under standard conditions
for a two-week adaptation period. Antibiotic treatments were
formulated in autoclaved seawater at a concentration of 10
mg L~! for each of the five antibiotics: kanamycin, streptomy-
cin, gentamicin, penicillin, and vancomycin (Sigma-Aldrich,
USA). Additionally, a mixed treatment with all five antibiotics
was included with a total antibiotic concentration of 50 mg
L~!. The biomass was evenly mixed and randomly assigned
to the antibiotic treatments (n =35 jars per antibiotic treat-
ment). The biomass was exposed to antibiotics for 24 h then
rinsed thoroughly using autoclaved seawater for 3 min. Each
replicate jar was then returned to standard cultivation con-
ditions for two weeks. The water was exchanged one-week
post-antibiotic treatment and then on day 14 the seaweed was
harvested to measure the growth and bacterial densities. Por-
tions of the biomass were snap-frozen and stored at —80°C
until analysis of natural products.

Bacterial density

The bacterial density of Asparagopsis surface-associated
bacteria was quantified by fluorescence microscopy using
Syto 9 Green Fluorescent Nucleic Acid Stain (Ex/Em: RNA
486/501 nm; DNA 485/498 nm) (Invitrogen, USA) using the
following steps based on a preliminary trial. For each repli-
cate (n =5 cultures), three subsamples (n =3) were taken,
and fixed in a 4% formaldehyde solution made in filtered
autoclaved seaweed (0.22 um). The filaments were stained
in the dark for 30 min with 5 pL of a 25 pM solution of Syto
9 stain solution from an initial stock solution prepared in
EDTA (pH 8, 10 mM). Following staining, the filaments
were rinsed three times in filtered autoclaved seawater
before being examined under a fluorescence microscope

equipped with a GFP filter (Leica DM 5500 B, coupled with
a DMC6200 camera; Germany). To minimize the impact of
seaweed epifluorescence, three individual sections of fila-
ment from each subsample were randomly selected for bac-
terial density measurement. The sampling areas were kept at
least 25 um away from the tips (new growth) and branching
locations.

A region of interest of 1024 x 1024 pixels was first estab-
lished at 200 X magnification and from each region bacteria
were quantified from an image taken at 400 X magnifica-
tion. Three images were captured from random locations
within each sample. Each image comprised a compilation
of 10 shots obtained using the z-stack tool in the Leica LAS
X software. The images were processed using the ImageJ
program (Schneider et al. 2012). A randomized grid of 500
um? was applied to each image, and bacteria were counted
in three squares, with the results averaged as bacteria per
square micrometer (bacteria um=2).

Growth

To measure the growth rate, the Asparagopsis biomass was
spun-dried using calico bags (Koh-I-Noor, Czech Repub-
lic) and weighed on an analytical scale to 3 decimal places
(Ohaus, USA). The specific growth rate (SGR) was calcu-
lated for each replicate using the following equation:
» InB; — InB;

SGR(% day™") = (T) x 100

where B, is the final biomass (measured on day 14 after
antibiotic treatment) and B, is the initial biomass (0.5 mg,
day 1) following antibiotic treatment, and 7 is the number
of days in culture (14 days). At the end of the experiment,
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most of the biomass was snap-frozen and placed at —80°C
for natural product analysis (‘Chemistry’, below), and the
rest for assessing the bacterial density (above).

Chemistry

The snap frozen Asparagopsis biomass was freeze-dried
before the extraction and quantification of natural prod-
ucts. While over 100 halogenated natural products have
been identified in the genus Asparagopsis, only a limited
number are present in quantities above detection levels for
gas chromatography-mass spectrometry (GC-MS) and have
commercially available standards for quantification. The bio-
mass was freeze-dried for 40 h (Thermo Savant, USA) and
milled by adding two tungsten carbide balls (D =5 mm),
and vortexing for 40 s at maximum speed. For extraction,
4 mg milled biomass was combined with 0.350 mL methanol
containing naphthalene as the internal standard at a concen-
tration of 30.1 pg mL~!. The samples were left at 5°C for at
least 72 h to ensure esterification before being transferred
via glass pipette into GC—MS vials.

All GC-MS analyses were performed on a Perkin Elmer
Clarus 580 GC coupled with a Perkin Elmer Clarus SQ8S
MS, following the methodology described by Paul et al.
(2006). The column used was an Elite-5MS (30 mx 0.25
mm X 0.25 um), with helium as the carrier gas at a constant
flow rate of 1.0 mL min~!. The injection port was set to
250 °C with a split ratio of 50:1. The temperature program
was operated from 40 °C for 1 min, ramping at 20 °C min~!
until 250 °C and holding for O min. The mass spectrometer
analysed a mass range from 50 to 340 (m/z), from 3 to 12
min at 70 eV. Data analysis was conducted using TurboMass
software, referencing the National Institute of Standards and
Technology internal libraries (2008) for tentative compound
identification. Peak areas were determined from the total ion
chromatogram. Following the sample injections, a standard
curve was generated for each target compound. The concen-
tration of each target compound in the samples was calcu-
lated based on the ratio of the target compound’s peak area
to that of the internal standard, which was then converted to
concentration using standard curves. All halogenated com-
pounds are expressed as a percentage of dry matter (% dry
matter) with haloacids converted to the original non-esteri-
fied form. Commercial standards for dibromochloromethane,
bromoform, bromochloroacetic acid (BCAA), dibromoacetic
acid (DBAA) and carbon tetrabromide (CT) were sourced
from Merck (Sigma Aldrich, USA).

Statistical analysis
Statistical analyses were performed using R Statistical Soft-

ware (v4.1.2; R CoreTeam (2021)). The effects of Strain
(Fixed factor, two levels: S-2019 and S-2018) and antibiotic
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treatment (fixed factor, seven levels including control and
mixed treatment) on specific growth rate (SGR), bacterial
density, and the concentration of each compound were each
assessed using two-factor analysis of variance (ANOVA).
Before performing ANOVAs, the assumptions of normality
and homogeneity of variances were assessed, with no data
transformations required. Where a significant difference for a
main effect was found (a =0.05), Tukey’s Honest Significant
Difference (HSD) multiple comparison was used to determine
pairwise differences among treatments. Additionally, variance
component analysis was carried out for bacterial density for
all treatments and both strains to quantify the proportion of
variance attributable to different levels within the hierarchical
sampling design. This allowed for a better understanding of
differences in bacterial densities within samples (replicate jar
[independent culture vessel] — subsamples [individual fila-
ment] — locations [within filament — separated by 100—1000
um] — square [separated by 10 —100 um]).

Results
Bacterial densities

There were significant differences in the efficacy of the
antibiotic treatments to reduce bacterial density, with a
substantial 92% reduction from the control (0.031 to 0.002
bacteria um~> (Fg54=9.18, p<0.001). There was no overall
difference in bacterial densities between the two seaweed
strains (Fis4= 0.84, p= 0.364), nor was there any interac-
tion between strain and antibiotic treatment (Fg 5, = 1.56,
p=0.177). These results highlight the different efficacies
of antibiotics in reducing bacterial density on Asparagop-
sis. Gentamicin, and streptomycin treatments at 10 mg
L~! resulted in the lowest bacterial densities with an 89%
reduction compared to the controls (Tukey’s HSD, p < 0.05;
Fig. 1). Gentamicin resulted in a density of 0.004 bacteria
um~2, and streptomycin was 0.003 bacteria pum~2. Vancomy-
cin was less effective but still achieved a 77% reduction in
bacterial density. Penicillin and kanamycin treatments did
not significantly reduce bacterial densities (~ 0.023 bacte-
ria um~2). The only other antibiotic treatment that led to a
significant reduction in density was the mixed treatment (all
antibiotics at the same concentration of the individual treat-
ments mixed treatment, administered at a dosage 4-times
higher (50 mg L"), which was the same as gentamicin and
streptomycin). There was no clear relationship between the
efficacy of the purported broad-spectrum antibiotics (strep-
tomycin, gentamicin, kanamycin) and those targeting gram-
positive bacteria (penicillin and vancomycin).

While there were no overall differences in bacterial densi-
ties between the strains, there was significant variability at
the smaller scale among and across filaments within intensive
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Fig.1 Effect of different antibiotics on bacterial density (bacteria
um™2) on the surface of Asparagopsis taxiformis. Data are presented
as mean + SE, pooled across two strains (n = 14). Shared letters indi-
cate no significant difference (Tukey’s HSD). Broad-spectrum anti-
biotics are shown in green and those targeted against Gram-positive

cultures (Fig. 2). Focusing on the control cultures, which
had the highest bacterial densities, S-2018 displayed a 32%
variance between squares (10—100 um) (Fig. 2, left), the
lowest sampling level, whereas the S-2019 showed a 5% vari-
ance within squares. This was illustrated by comparing dif-
ferent sampling ‘locations’ (separated by ~ 100—1000 pm),
and corresponding regions of interest (1024 x2014 pixels,
or 10—50 pm separation) observed under 200 X magnifica-
tion, in the dense biofilm on one part of the surface of the
seaweed (Fig. 2A, indicated by an arrow). A variance compo-
nent analysis (VCA) plot and data by treatment are included
in the supplementary section (Fig. S1). The Syto 9 Green
Fluorescent nucleic acid stain, which stains both live and
dead bacteria, revealed no evidence of bacteria within the tis-
sue (intracellular) of A. taxiformis. However, the nuclei of A.
taxiformis cells were visible (Fig. 2B, arrow), indicating that
the bacteria were external to the algal tissue. Some regions of
the filaments had higher bacterial density in the selected area
(Figs. 2C, D; C includes the square grid [22.36 um X 22.36
um =500 pum?] used for counting bacteria), whereas other
whole areas exhibited low or complete absence of bacteria
(Fig. 2E). Higher bacterial densities were also found near the
branching points of the filaments (Fig. 2F).

Overall, the variance in bacterial density was primarily
driven by the “location” component across most antibiotic
treatments, with “replicate” and “square” also contributing
(Supplementary Table S1). The location level accounted for
the highest percentage of variance in both strains, particu-
larly the kanamycin treatment for S-2019, where location
explained 79.18% of the variance. Similarly, in the vancomy-
cin treatment, location explained 79.60% and 64.27% of the
variance for S-2018 and S-2019, respectively. These results

bacteria in yellow (each individual treatment is 10 mg L™"). The mix
(orange) represents a combination of all antibiotics (to a total of 50
mg L.7!). Bacterial counts were made at the end of the growth trial
(14-day culture period after a 24-h antibiotic treatment)

quantify the variability in bacterial density across antibiotic
treatments and the control.

Specific growth rate

There was a significant effect of antibiotic treatment on the
growth of Asparagopsis (Fgs,= 2.33, p= 0.049), but no
effect of strain (F 5,= 2.12, p= 0.151), nor any interac-
tion between the factors (Fg 5= 0.77, p= 0.590) (Fig. 3).
The streptomycin (7.81% growth per day) and gentamicin
(7.93%) demonstrated the two highest growth rates, whereas
the control and mixed showed the two lowest. Pairwise
comparisons (using the conservative Tukey’s HSD with 7
pairwise comparisons), highlighted that the streptomycin
compared to control (p = 0.060) and gentamicin to control
(p=0.051), drove significant experiment wide effect of anti-
biotics in the ANOVA, contributing to the 75-82% increase
in growth rate of these treatments compared to the control
growth rate. The pooled average specific growth rates were
6.14% +0.43 SE and 5.43% +0.29 SE) for S-2018 and
S-2019 respectively.

Chemistry

GC-MS analyses consistently identified eight halogenated
natural products in the experimental cultures of Asparagop-
sis (Table 2). These included halomethanes (dibromochlo-
romethane, bromoform, carbon tetrabromide), haloacids
(DBAA, bromochloroacetic acid, 3,3,-dibromoprop-2-enoic
acid) and haloacetones (1,1,3-tribromopropan-2-one and
1,1,3-tribromopropan-2-one). The two major compounds by
concentration were bromoform and DBAA, and in general,
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Fig.2 Fluorescence micrographs of the surface of sporophyte of
Asparagopsis taxiformis stained with Syto 9 Green fluorescent
nucleic acid stain. On the left side of the figure, the variance in den-
sity (% total) across different sampling levels are presented (as a
range across S-2018 and S-2019), starting from the replicate (hatcher)
for the control to subsample (sporophyte), location (filament), and
square (within filament). A-F Seaweed stained with Syto 9 Green
highlighting examples of the surface bacteria. (A-C) Illustrate the
hierarchical method used to count the bacterial loads on the host sur-
face: A Subsample (whole filament) with three ‘locations’ selected

Fig.3 Effect of different antibi- 100
otics on the specific growth rate
(%) 2 weeks after the of 24-h
antibiotic treatment. Data are
shown as mean + SE (n = 14).
Note that the * indicates treat-
ments with the lowest p values
in the multiple comparison with
the control group (ANOVA, p=
0.049)

7.5

5.0

Specific Growth Rate (% day ™)

25

0.0

(200 x magnification; arrow indicating biofilm formation on the fila-
ment); B A single ‘location’, with the arrow pointing to the A. raxi-
formis nucleus (200 X magnification); C Area used for quantification
in ImagelJ, where a grid is randomly applied, and counts are taken
from three random ‘squares’; D-F Highlight observed features of
the epiphytic bacteria including a region of the filament densely cov-
ered by bacteria (D), another area with few bacteria concentrated in
small patches (E), and branching section of the filament which were
excluded from sampling to focus on unbranched sections — arrow
pointing to bacterial clumps in a branching section (F)

— -

I T
1
Control Kanamycin Streptomycin Gentamicin Penicillin Vancomycin Mix
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Table 2 Halogenated natural products observed in Asparagopsis tis-
sue. The key compounds quantified are in bold and in order of elution

on the chromatogram

Compound Formula Retention
time (min)
Dibromochloromethane (DBCM) CHBr,ClI 3.51
Bromoform (Tribromomethane) CHBr; 4.38
Bromochloroacetic acid (BCAA) BrCICHCOOH 4.62
Dibromoacetic acid (DBAA) Br,CHCOOH 5.36
Carbon tetrabromide (CT) CBry 6.02
3,3,-Dibromoprop-2-enoic acid C;H,Br,0, 6.40
Naphthalene C,oHg 7.02
1,1,3-Tribromopropan- C;H;Br;0 7.25
2-one (1,1,3-Tribromoacetone)
1,1,3,3-Tetrabromopropan- C;H,Br,O 8.66

2-one (1,1,3,3-Tetrabromoac-
etone)

bromoform was approximately 1% of the dry weight of the
seaweed, almost double the concentration of DBAA (Fig. 4).

Across all treatments and strains, bromoform concentra-
tion ranged from 0.205 to 1.983% dw, while DBAA ranged

from 0.035 to 1.383% dw (Fig. 4). The statistical analyses
of bromoform and DBAA concentrations across S-2018
and S-2019 revealed significant interactions for both com-
pounds, with antibiotic- and strain-specific effects (Table 3,
Treatment X Strain interactions for both compounds, p=
0.028-0.032). The significant interaction terms were driven
by different factors for the compounds: bromoform in gen-
eral was affected by antibiotic treatment, with the lowest
concentration in the mixed dose of antibiotics for both
strains (Fig. 4A). However, for all single antibiotic treat-
ments there tended to be lower bromoform compared to the
control for S-2018, whereas there was no clear trend for
S-2019, albeit with most single antibiotic treatments higher
than the control (Fig. 4A). DBAA concentration was typi-
cally twice as high in S-2018 except for vancomycin treat-
ment in which S-2019 had higher DBAA (Fig. 4B). The key
treatment comparisons driving the significant interactions
for bromoform, and DBAA are presented separately for each
natural product in the following paragraphs.

Antibiotic treatments significantly influenced bromoform
concentration, the main halogenated compound, with vanco-
mycin and penicillin driving bromoform concentrations to or

%k
A p
=
o
e x Br “Br
210 ‘
%‘ T Strain
& 1 [] 2018
£ B 2010
o
<05
£
[
i)
0.0
Control Kanamycin Streptomycin Gentamicin  Penicilin  Vancomycin Mix
Treatment
B = 0
H Br A
z OH
Z Br
=10 %
~ * [ Strain
T
® ,—\* — [] 2018
2 . 2019
205
©
o
£
2
2
00.0
Control Kanamycin Streptomycin Gentamicin  Penicilin ~ Vancomycin Mix

Treatment

Fig.4 Concentrations of halogenated compounds in Asparagop-
sis taxiformis (% dry weight). Barplot (A) illustrates the bromoform
content, while (B) depicts the dibromoacetic acid (DBAA) content.
Data are presented as mean + SE. Bars represent the two Asparagop-
sis taxiformis strains, dark bars denote S-2018, whereas lighter bars
denote S-2019. Bars with * indicate key differences (effect sizes of

20%-50%) between strains across treatments contributing to signifi-
cant interaction terms (2-factor ANOVAs, Table 3). The compounds
were extracted using solid-liquid extraction with methanol and naph-
thalene (30.1 ppm) as the internal standard. Extracts were analysed
using a PerkinElmer Clarus 580 Gas Chromatograph (GC) coupled
with a PerkinElmer Clarus SQ8S Mass Spectrometer (MS)
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Table3 A 2-factor ANOVA output for the concentration of halo-
genated natural products. Key significant results in bold comparing
the effects of antibiotic ‘treatment’ on two Asparagopsis cultures
(‘strain’). ‘Df’” = degrees of freedom; ‘F’ = F-statistic; p = p-value’

Bromoform Dibromoacetic acid

Df F P F P
Treatment 6 2.52 0.032 1.85 0.106
Strain 1 2.22 0.142 17.39 < 0.001
Treatment X Strain 6 2.59 0.028 2.52 0.032

Residuals 54

exceeding 1% dry weight. For instance, under vancomycin,
bromoform levels reached 1.108% dw +0.100 SE in S-2019
and 0.827% dw +0.308 SE in S-2018. Similarly, penicil-
lin resulted in comparable concentrations between strains,
with S-2019 reaching 1.112% dw +0.031 SE and S-2018
1.091% dw +0.115 SE. Gentamicin also led to notable bro-
moform levels, approaching 1% dw in S-2018 (0.995% dw
+0.318 SE), though levels remained lower in strain S-2019
(0.656% dw +0.095 SE). The mixed treatment for S-2018,
the one with highest concentrations of bromoform, was close
to streptomycin and vancomycin (~ 0.84% dw). Nonetheless,
in S-2019 the bromoform concentrations were much lower,
with an average of 0.372% dw +0.067 SE) far away from
the others average (~ 0.931% dw).

The influence of antibiotic treatments on DBAA was
more complex across both treatments and strains. S-2018
showed higher concentrations than S-2019, with an overall
concentration ~35% higher across all treatments, particu-
larly under the control, gentamicin, kanamycin, and peni-
cillin. Specifically, the control resulted in a~ 41% higher
concentration in S-2018 compared to S-2019 (0.708% dw
+0.077 SE and 0.420% dw +0.034 SE, respectively),
reflecting a significant difference in DBAA concentrations
between the two strains. S-2018 exhibited more consistent
results compared to S-2019, which showed greater vari-
ability, and lower concentrations of DBAA. For instance,
S-2019 had lower concentrations especially under the
kanamycin treatment (0.204% dw +0.076 SE). However,
vancomycin had a similar response in both strains, with
S-2018, (0.500% dw +0.060 SE) and S-2019 (0.405% dw
+0.139 SE). When comparing the concentrations follow-
ing gentamicin and streptomycin treatments, S-2018 had a
higher average concentration (0.520% dw +0.086 SE and
0.437% dw +0.046 SE) compared to S-2019 (0.355% dw
+0.027 SE and 0.346% dw +0.041 SE). The mixed treat-
ment was lower in S-2019 (0.283% dw +0.039 SE), not
differing much from kanamycin (lowest concentration for
that strain), with not much effect for S-2018.

@ Springer

In summary, across treatments, S-2018 mostly exhibited
higher concentrations of both bromoform (4 of 7 treatments:
Fig. 4a) and DBAA (6 of 7 treatments: Fig. 4b) compared to
S-2019. On average, across both strains and all treatments,
DBAA levels were approximately 50% of bromoform con-
centrations. While bromoform concentrations were nota-
bly higher under vancomycin and penicillin, DBAA levels
remained below 1% dw but displayed variability across
treatments.

Discussion

Although epiphytic bacteria can play essential roles in
seaweed physiology including provision of some vitamins
(Marshall et al. 2006), some may also exert pathogenic
effects that are not yet well characterised. These relation-
ships have significant commercial implications, particu-
larly for the emerging seaweed farming industry focused on
the genus Asparagopsis, which is valued for its potential
to reduce methane emissions in cattle (Kinley et al. 2016;
Li et al. 2018), enhance skincare formulations (Januério
et al. 2024), and improve fish immune systems (Thépot
et al. 2022). Despite its importance, little is known about
whether the bacteria on the surface of Asparagopsis influ-
ence the growth and production of bioactive halogenated
compounds. In this study, antibiotics with different modes
of action were applied to disrupt the epiphytic bacteria on
the filamentous stage of Asparagopsis under intensive cul-
ture at a stocking density of 0.5 g fresh weight L™!. Using
fluorescence microscopy, we demonstrated that gentamicin
and streptomycin were most effective and reduced bacterial
density from ~ 1 per 32 um? to ~ 1 per 260 um>. This reduc-
tion correlated with a modest positive effect on Aspara-
gopsis growth but negatively impacted the bromoform and
DBAA concentrations, highlighting potential trade-offs in
culture management involving bacterial density, growth,
and metabolite production in Asparagopsis. Moreover, the
presence of vitamins in enriched culture media may mask
auxotrophic dependencies making it difficult to fully assess
bacterial contributions.

Specific bacterial taxa that persisted after an 86-89%
reduction in bacterial density, might be critical for main-
taining optimal growth and metabolite production. Such
intricate relationships between microbial symbionts and
their host have been observed in different seaweed systems.
For instance, studies on Ulva spp. have shown that bacte-
rial symbionts are vital for maintaining normal growth and
morphology (Marshall et al. 2006). Disrupting these bacte-
rial communities through environmental stressors or anti-
biotics often alters the microbial composition, impacting
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algal physiology (Longford et al. 2019). Similarly, the anti-
biotic treatments in this study may have caused such shifts,
explaining the observed growth enhancement if pathogenic
bacteria had been reduced. Controlling pathogen infection
is vital for the success of seaweed aquaculture, with ben-
eficial bacteria protecting the seaweed from pathogens by
producing antimicrobial compounds and supporting the
microbiome in a way that prevents opportunistic or external
pathogens proliferating or becoming virulent (Munang'andu
2016; Zhao et al. 2018; Li et al. 2022; Macrae and Vickers
2024). The fact that there was a significant reduction in bac-
terial density with no, or even positive, impact on growth of
the seaweed also suggests that any symbiosis with specific
bacteria does not require significant densities of beneficial
bacteria, and that probably higher densities could affect the
host. In a study by Zhang et al. (2022) they observed that
biofilm on seagrass leaves in the species Zostera marina
led to higher oxygen concentrations and pH, which in turn
increases carbon dioxide limitation and diminishes photo-
synthetic efficiency. In our study, biofilm formation was
observed (see Fig. 2A and C).

Based on the bacterial density results, a 24-h antibiotic
bath with vancomycin, streptomycin and gentamicin main-
tained a low density of bacteria over a two-week period, with
no detectable impact on Asparagopsis growth. The experi-
ment duration (i.e. two weeks) does limit conclusions about
whether the low bacterial densities in these treatments would
be maintained and, if so, whether there may be long-term
impacts of antibiotic treatment. However, we note that our
domesticated cultures of Asparagopsis have significantly
lower diversity than wild samples (Zhao et al. 2022) and
that these cultures have been maintained for years. The bac-
terial densities we observed in untreated controls (~ 0.031
bacteria um~2 were lower than those reported for wild spe-
cies. For example, densities ranging from 0.3 to 1.5 bacteria
um~2 have been recorded on Palmaria palmata, Laminaria
digitata, Fucus serratus and Fucus spiralis (Armstrong et al.
2000) and 8.3 x 107 to 0.1 bacteria um > for wild Laminaria
hyperborea (Bengtsson et al. 2010). Additionally, spatial
variability on the sporophyte filament emerged as a signifi-
cant factor, as bacterial densities differed across sampling
locations, consistent with patterns observed in Ulva austra-
lis, where bacterial densities increase from thallus tips to
the base (Egan et al. 2013). Furthermore, previous research
demonstrated significantly higher epiphytic bacterial densi-
ties in Asparagopsis armata occur on algae that no longer
produce halogenated metabolites, and that bromoform and
dibromoacetic acid were more active against bacteria iso-
lated from algae lacking those compounds than those pro-
ducing them (Paul et al. 2006). We also observed significant
sample variability in the morphologically simple filaments
and no evidence for changes in cell size.

Our results highlight the differential impact that antibiotic
treatments can have on two different domesticated strains
of Asparagopsis. For example, the statistical analyses of
bromoform and DBAA concentrations revealed significant
interactions for both compounds, with antibiotic- and strain-
specific effects. These findings suggest that genetic factors
may influence halogenated metabolite production more than
bacterial density (Paul and Puglisi 2004; Sudatti et al. 2021).
Firstly, we did not find any evidence for the direct nega-
tive impact of the antibiotics on the concentrations of the
halogenated compounds, even for the mixed antibiotic treat-
ment with essentially 5-times the dose (no cell discoloura-
tion, minor 10% reduction in bromoform, but not DBAA).
An alternative explanation for the reduction in halogenated
compound concentrations across the antibiotic treatment is
that the need for chemical defence, by releasing the com-
pounds to the surface (Paul et al. 2006), was reduced with
the significant reduction in bacterial density. Regardless, the
differences between the two strains were ~ 3.5 times more
than the differences between antibiotics with the S-2018
consistently produced higher bromoform and DBAA con-
centrations. The results suggest that strain plays a critical
role in the production of DBAA, whereas both treatment
and strain interactions influence bromoform production. The
significant compound interactions highlighted the complex-
ity of the response, where the impact of treatments differs
between strains. While Asparagopsis is known to make over
100 halogenated compounds (McConnell and Fenical 1977),
many remain uncharacterised, necessitating further research
into their ecological significance and function. Moreover,
natural products from seaweeds demonstrate diverse antibac-
terial properties, with some compounds selectively targeting
bacterial communities, such as furanones from Delisea pul-
chra and polyhalogenated 2-heptanones from Bonnemaiso-
nia hamifera, while others, like fucoxanthin, inhibit bacterial
attachment non-selectively (Saha et al. 2011).

Future research should focus on the long-term effects
of microbiome manipulation, including fungi, archaea
and other microorganisms of the microbiome, to optimise
seaweed cultivation for growth, resilience, and bioactive
compound production. This should consider both aspects
of managing microbes in seaweed cultivation, reducing the
prevalence of pathogenic (Ward et al. 2020; Spagnuolo and
Genovese 2024) or enhancing the prevalence of symbiotic or
competitively beneficial bacteria (Marshall et al. 2006; Tapia
et al. 2016), and the more targeted understanding of whether
there are specific symbioses between certain epiphytic bacte-
ria and growth or metabolites. Harnessing the understanding
of how to regulate the seaweed microbiome in aquaculture
presents significant potential for enhancing pathogen resist-
ance, ensuring the stability of a beneficial microbiome which
is vital for the success of seaweed aquaculture.
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Conclusion

In conclusion, this study highlights the complex relation-
ship between epiphytic bacteria and Asparagopsis tetraspo-
rophyte growth and metabolite production. Antibiotic treat-
ments successfully reduced bacterial densities, which led to
a slight increase in growth, but simultaneously decreased the
production of the key bioactive bromoform. These results
suggest that the manipulation of bacterial communities and
specific bacterial taxa are potentially playing a crucial role
in the host. Future research should explore the long-term
effects of bacterial community shifts, as well as the role of
other compounds like carbon tetrabromide, bromochloro-
acetic acid, and haloacetones, in the sustainable cultivation
of Asparagopsis and other seaweeds. Understanding these
dynamics is essential for optimising growth and bioactive
compound production in commercial seaweed farming sys-
tems. This includes the exploration of potential positive
symbioses between bacteria and seaweeds that enhance pro-
duction traits, noting that even a small population of “good”
bacteria (i.e., < 1 bacterium per 260 um?*) might be all that
is required for intensive cultivation, presumably to meet
the nutritional needs (e.g., vitamins and reduced nitrogen),
which are crucial for seaweed metabolic processes (Croft
et al. 2005; Zehr and Capone 2020).
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