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Abstract

The green alga Ulva ohnoi M. Hiraoka & S. Shimada is an effective biofiltration agent of fish effluents in Integrated Multi-
Trophic Aquaculture Recirculation Systems (IMTA-RAS), due to its high growth rate and high nutrient (N and P) removal
in temperate conditions. Moreover, Ulva species provide an important niche for biofilm-forming bacteria, including strains
of Phaeobacter that possess antagonistic activity against pathogenic Vibrio species, and have been shown to reduce the
mortality of fish in aquaculture settings. This research aimed to examine the potential of using U. ohnoi colonised with
Phaeobacter sp. 4UAC3, previously isolated from natural populations of Ulva australis, as a strategy to prevent vibriosis in
IMTA-RAS. The results showed that Phaeobacter sp. 4UAC3 was able to colonise and be maintained on U. ohnoi during a
re-inoculation scale-up process from multi-well plates (10 mL) to flasks (4 L) and finally to tanks (40 L). Phaeobacter sp.
4UACS3 rapidly colonised the surface of the Ulva but it did not significantly modify the rest of the bacterial communities
present in U. ohnoi surface in terms of diversity and composition. Infection assays using fish larvae (Scophthalmus maxi-
mus) with V. anguillarum in a model IMTA-RAS showed that Phaeobacter—colonized U. ohnoi promoted the reduction of
mortality in the infected larvae, however this trend was not statistically supported. These results suggested that U. ohnoi
can be experimentally colonised with Phaeobacter sp. 4UAC3 and has potential to be used in IMTA-RAS as an alternative
to traditional disease control methods.
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Introduction

The use of Ulva (Ulvophyceae, Chlorophyta) in the biofiltra-
tion of fish effluents in Integrated Multi-Trophic Aquacul-
ture (IMTA) systems is of growing interest, primarily due
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to their high surface/volume ratio that allows them to have
high nutrient uptake rates, especially in environments rich
in N (mainly NO;~ and NH,*) and P (PO43_). Other charac-
teristics that make Ulva a good candidate for use in IMTA
systems include their high growth rate, their capacity of veg-
etative reproduction and to be cultured unattached, as well
as their ecophysiological plasticity, being well adapted to a
wide range of environmental conditions (Lawton et al. 2013;
Bolton et al. 2016; Cremades et al. 2017). In addition, these
algae are gaining ground as raw materials in food and feed,
for the production of bioactive compounds in functional
foods or the production of biofuels (Mantri et al. 2020).
Among several species tested in previous studies, Ulva ohnoi
M. Hiraoka & S. Shimada was selected as an ideal candidate
for the filtration of Senegalese sole (Solea senegalensis) cul-
ture effluents in an IMTA Recirculation Aquaculture System
(IMTA-RAS), due to be adapted to a growth temperature
which fits well Senegalese sole production (Oca et al. 2019).
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Bacterial communities associated to Ulva spp. are dif-
ferent from those of the surrounding water both in terms
of biodiversity and function, and play an essential role
for the growth and development of the algae, shaping key
phenotypes (e.g., morphology, (Wichard et al. 2015)) or
having a role in algae nutrition and defence (Egan et al.
2013; Hollants et al. 2013). These facts give strong sup-
port to the notion that macroalgae and all their associated
microbiota form a singular functional entity or holobiont
(Egan et al. 2013). Bacterial communities of Ulva spe-
cies from different geographic locations were found to
be too variable to describe a community core based on
their taxonomic composition, however specific functional
genes were enriched across Ulva samples, suggesting the
existence of a stable core set of functions provided by
bacteria with distinct phylogenetic origin (Roth-Schulze
et al. 2018).

Moreover, Ulva laminar thallus provides an important
niche for biofilm-forming bacteria, including strains of
Phaeobacter that reduce growth and kill fish pathogens,
such as Vibrio (D’Alvise et al. 2013) and Tenacibaculum
(Tesdorpf et al. 2022) species, possibly due to the produc-
tion of antibiotic tropodithietic acid (TDA, (Brinkhoff
et al. 2004)). It has been demonstrated that Phaeobac-
ter bacteria are effective as probiotic in aquaculture by
reducing the mortality of vibrio-challenged fish larvae,
administrated bioensulated in the live prey (Planas et al.
2006) or immobilized in biofilters (Prol-Garcia and Pin-
tado 2013). Therefore, using Ulva as a substrate for probi-
otic bacteria (such as Phaeobacter) could be a good sus-
tainable microbial control strategy in IMTA-RAS. This
approach would be in line with ecological theories that
promote the resilience of aquaculture systems rather than
eradicating pathogens (de Schryver and Vadstein 2014;
Egan and Gardiner 2016).

This research aims to examine the potential of using
U. ohnoi colonised with Phaeobacter sp. 4UAC3, a bac-
terium previously isolated from natural populations of
Ulva australis Areschoug in Galicia (NW Spain, unpub-
lished), as a strategy to prevent vibriosis in fish cultured
in IMTA-RAS. The first objective was to determine the
feasibility of co-cultivating U. ohnoi with Phaeobacter.
Specifically, we studied the colonization and maintenance
of Phaeobacter on U. ohnoi during the scaling-up process
of the algae culture (10 mL plate—4 L flask—40 L tank).
In addition, the effect of the presence of Phaeobacter
on the growth of Ulva and epiphytic microbial commu-
nities was analysed. A second objective was to test the
probiotic effect of U. ohnoi colonised by Phaeobacter.
For this purpose, an infection assay was performed with
fish larvae (Scophthalmus maximus) infected with Vibrio
anguillarum in a miniaturised IMTA-RAS.
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Materials and methods

Two sets of experiments were performed: 1) Scale-up of
the co-culture of Ulva and Phaeobacter, where coloniza-
tion and maintenance of Phaeobacter sp. in Ulva ohnoi
and water was studied. In this experiment Ulva growth
rate was assessed. 2) In-vivo antagonism assay with fish
larvae, where the probiotic effect of U. ohnoi colonized by
Phaeobacter was studied. In this experiment, mortality of
larvae and permanence of Phaeobacter in Ulva and water
were assessed.

Experimental designs
Scale-up of the co-culture of Ulva ohnoi and Phaeobacter sp.

For the scale-up study of Ulva culture with Phaeobacter,
two conditions were tested: Ulva-Control (UC), without
the addition of Phaeobacter, and Ulva-Phaeobacter (UP).
Briefly, 120 algal discs of 2 cm of diameter were grown
in multi-well plates. Half of the plates were inoculated
with Phaeobacter at a concentration of 10’ CFU mL™!
(hereon in referred to as UP), the second half were left
uninoculated and used as controls (hereon in referred to
as UC). Plates were maintained for 7 days in an incubator
(New Brunswick Scientific Excella E24r Temperature-
Controlled Benchtop Shaker) with temperature regulation
at 18 °C, orbital shaking at 80 rpm and Daylight-type LED
Panel Surface SAMSUNG 44W, 6000 K and 3960 Lm
(115 pmol photons m~2 s~!) and 12L:12D photoperiod.
During this period, algae disc samples were taken in dupli-
cates at time 0, 2 and 7 (days) for algal growth, microbio-
logical and water physicochemical analyses. Plates were
numbered and samples were drawn randomly, using the
random.org server to generate random numbers (https://
www.random.org).

On day 7, the discs from the plates were transferred to
four 5 L balloon flasks (17 discs per flask) with 4 L of cul-
ture medium and Phaeobacter was re-inoculated in the UP
condition at a concentration of 10’ CFU mL™'. The flasks
were maintained with aeration, in an incubator cabinet
with temperature regulation at 19 °C and daylight-type
LED tube 6000 K lighting (170 umol photons m~2 s~})
with 16L:08D photoperiod for 7 days. At day 14, two thalli
were taken from each condition for algal growth, micro-
biological and physicochemical analyses.

On day 14, the entire algal biomass (~15-20 g wet
weight) from each flask was transferred to four opened
tanks with 40 L of culture medium. Phaeobacter was
re-inoculated in the UP thanks at a concentration of
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107 CFU mL~!. The tanks were kept with aeration, in a
thermoregulated room at 20 °C with daylight-type LED
panel 6000 K (275 umol photons m~2 s~!) with 12L:120
photoperiod for 21 days more. At day 21 and 28, Ulva bio-
mass was collected, spun, weighted and restocked in the
tanks with fresh culture medium. At day 28, Ulva biomass
was restocked at 120 g per tank to maintain stocking den-
sity at similar levels (around 3 kg m™).

Samples corresponding to days 7, 14, 21, 28 and 35 of
Ulva surface microbiota DNA were chosen to sequence the
16S rRNA gene, in order to identify the composition of the
microbial communities on the surface of the algae.

In-vivo antagonism assay with fish larvae

To test the probiotic capacity of U. ohnoi colonised with
Phaeobacter sp., an infection challenge was performed with
turbot (Scophthalmus maximus) larvae based on the pro-
cedure described in Planas et al. (2005) and adapted to a
miniaturised IMTA-RAS with Ulva control (UC) and with
Ulva colonised with Phaeobacter sp (UP) together with a
control without Ulva (C). In all three situations, larvae were
infected with Vibrio anguillarum through live feed (rotifers)
and compared to the same conditions without infection.
Therefore, a total of six conditions were studied: Control
(C), Ulva-Control (UC), Ulva-Phaeobacter (UP), Control-
Vibrio (CV), Ulva-Control-Vibrio (UCV) and Ulva-Phaeo-
bacter-Vibrio (UPV).

The miniaturised IMTA-RAS (Fig. 1) consisted of a 2.8-L.
tank (Standard M3 Tank, Aquaneering Inc, USA) for larvae
(Larvae Tank); connected in a recirculation system to a 3-L
tank for algae (Algae Tank), making a total volume of 5.8
L. The overflow from the larvae tank flowed into the algae
tank, both separated by a 500 pm mesh. The algae water was

pumped back into the larvae tank at a rate of 10 mL min~".

A screen was placed between the two tanks to independently
establish the light intensity and photoperiod conditions
suitable for the culture of fish larvae and algae (described
below). The set-up consisted of 12 systems in parallel, two
for each condition studied.

The experiment lasted a total of 7 days. From day 0, when
3-days old larvae started to be fed with rotifers, a daily larval
mortality count was started. On day 1, samples of water and
algal discs were taken for microbiological analysis in dupli-
cates. Further microbiological analyses were done at 6 days
for water and 7 days for algae.

Ulva ohnoi culture

Ulva ohnoi were obtained from a single sporophyte culture
maintained in Centro Interdisciplinar de Quimica y Biologia
(CICA, Universidade da Coruiia, Galicia, Spain). The clone
(sporophyte) was originally collected at the Parque Natural
de las Marismas del Odiel, Huelva, Spain (latitude, 37°14' N;
longitude, 6°59" W, October 17, 2015) and genetically identi-
fied by DNA extraction and PCR amplification of the chloro-
plast rbcl gene following the protocol described in Hayden
et al. (2003) with the primers used by Manhart (1994). It was
maintained in “tumble culture” with aeration from the bot-
tom of the tanks, with a weekly change of culture medium
and the density adjusted to 3 kg m™.

In order to improve colonisation of Phaeobacter inocu-
lum by reducing the number of bacteria on the surface of
the algae, the Ulva blades were immersed in sterile seawater
containing chlorine (1 mL L1, and then rinsed 3 times
with sterile natural seawater (SSW, autoclaved at 121 °C
20 min). The algae blades were punched under sterile con-
ditions to obtain 2 cm diameter discs (3.14 cm? surface),
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Fig.1 Schematic diagram of the miniaturised IMTA-RAS system.
The small-scale system simulating an IMTA-RAS consisted of two
connected tanks, one with algae (Ulva ohnoi) and the other with tur-
bot larvae (Scophthalmus maximus). Each tank had an aeration sys-

Turbot larva Tank (2,8 L)

tem, and the filtered seawater was recirculated between them by a
peristaltic pump. A 500 um mesh separated the two tanks to prevent
the larvae from being transferred to the algae tank. The algae tank
was illuminated with a daylight LED tube
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preferentially selecting non-marginal areas. The resulting
discs were washed three times with SSW and distributed in
6-well plates (Corning. diameter 34.8 mm, volume 16.8 mL,
area 9.5 cmz), one for each well, filled with 10 mL of Ulva
culture medium (UCM) per well.

The UCM consisted of artificial seawater composed of
33 g L7! of sea salt (Instant Ocean, Aquarium Systems,
UK) enriched with 0.1 g L™! Guillard's F/2 medium (Cell-
Hi F2P, Varicon Aqua, UK) and supplemented up to 20
mgNL™! of NaNO; (Merk, Germany) to mimic the usual
N and P levels in water in a recirculating fish culture sys-
tem (N=21.7+2.5 mg L™! and P=0.59+0.09 mg L™},
N:P=80.0+20.8) (Oca et al. 2019). UCM was sterilised
using membrane filtration of 0.22 um (Sterile Cellulose
Nitrate, Chmlab Group, Spain).

In the scale-up experiment, sterile (autoclaved) natural
seawater from the Vigo estuary, instead of artificial seawater,
was used to prepare UCM in the 5-L balloon flasks, while
membrane filtered (up to 5 um) natural seawater was used
for UCM in the 40-L tanks.

In the infection assay, 12 discs of a 6-day-old U. ohnoi
plate culture not colonised with the probiotic or previously
colonised with Phaeobacter sp. (10° CFU cm™2), were
placed in the Algae Tank. The Algae Tanks were subjected
to aeration and illumination with an intensity of 275 pmol
phptons m~2 s~! (Daylight 6000 K LED panel) and a photo-
period of 12L:12D.

Bacterial inoculum culture

Phaeobacter sp. strain 4UAC3 was isolated from blades
of Ulva australis collected in Tragobe (Cambados), Bay
of Arousa, Galicia, Spain (42°31'8"N—=8°49'7"W), and
selected based on antagonism activity against Vibrio anguil-
larum (unpublished). Phaeobacter sp. 4UAC3 strain was
kept stored at -80 °C in Marine Broth (MB, Marine Broth
2216, BD-Difco, Spain) and 15% glycerol (Vorquimica
S.L., Spain). The strain was cultured following a protocol
described in Prol-Garcia et al. (2009) and the algae cultures
were inoculated with Phaeobacter sp. at a final concentra-
tion of 10’ CFU mL™". Phaeobacter concentration was esti-
mated by colony forming units (CFU) in Marine Agar (MA,
Marine Agar 2216, BD-Difco, Spain) plates. The colonies
of Phaeobacter sp. were clearly identifiable due to the for-
mation of brown colonies (Bruhn et al. 2005) on nutrient-
rich iron-containing medium as a result of the precipitation
of a brown TDA-iron complex (D’Alvise et al. 2016). All
medium cultures were previously sterilised in an autoclave
at 121 °C and for 20 min.

Vibrio anguillarum 90—-11-287 (Skov et al. 1995) from
Instituto de Investigaciones Marinas-Consejo Superior de
Investigaciones Cientificas (IIM-CSIC, Spain) collection
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was used and pre-cultured for 48 h and cultured for 24 h in
Marine Broth, as described Prol-Garcia et al. (2009).

Fish-algae cultures

Newly hatched larvae (day 0) of turbot were obtained from
Insuifia S.L. (Mougés, Galicia, Spain). After their arrival,
they were stored in a tank with 40 L of seawater (filtered
and UV sterilised), in the absence of light and acclimatised
at ambient temperature.

Three-days old turbot larvae (35 larvae L1 were placed
in the Larvae Tank of the miniaturise IMTA-RAS (Fig. 1)
in "green water" with added microalgae (2 x 10° cells of
Isochrysis galbana mL™"), moderately aerated (>90% oxy-
gen saturation) at 20 °C. The Larvae Tanks were kept under
continuous low light (0.8 pmol photons m~2 s~! intensity
on water surface).

Larvae were fed rotifers (Brachionus plicatilis) daily
from day 3 to day 10 post-hatch at a final concentration of
5 rotifers per mL, and the seawater was partially renewed
(30-40%) every 2 days with the addition of 250 mL of .
galbana culture (2% 107 cells mL™!) to serve as food for
the rotifers as well as to slightly cloud the water to protect
the turbot larvae from light. The system was siphoned with
sterilised material (by bleach bath) each day to clean the
bottom and remove dead larvae for counting.

Infection of larvae with V. anguillarum

To determine the probiotic effect of Ulva with Phaeobacter
sp., turbot larvae were challenged with V. anguillarum in
an infection model based on bioencapsulation of the patho-
gen in B. plicatilis, described by a previous protocol (Planas
et al. 2005, 2006). The concentration of V. anguillarum in
the washed rotifers was 10°~10* CFU rotifer™'. The larvae
fed with V. anguillarum-loaded rotifers on days 4, 6 and 8
post-hatching.

Sampling of the seaweed-associated bacterial
community

Algae discs, previously washed 3 times with 10 mL of SSW,
were swabbed on one side with a sterile cotton swab with
an applicator stick for 1 min in a laminar flow hood. For
the scale-up experiment, the blades taken from the flasks
and tank cultures were cut under sterile conditions in 4 cm
diameter discs and swabbed as previously described.

The swab was then immersed in a microcentrifuge tube
containing 1 mL of SSW, vortexed for 2 min and cotton
swab removed. Serial dilutions were made and plated onto
MA medium plates. Only plates with 30 and 300 CFU after
3 days of incubation were considered for analysis. Total bac-
teria were counted including the specific brown colonies
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representing the inoculated Phaeobacter. The remaining
volume of the initial suspension was centrifuged at 13,200
Xg for 15 min and the resulting microbial pellet stored at -20
°C prior to DNA extraction (see below).

Molecular analysis
DNA extraction

The DNA from bacterial pellets of U. ohnoi was extracted
using Instagene Matrix (Bio-Rad Laboratories, USA)
according to the manufacturer’s instructions. The DNA was
measured in the Nanodrop One (Thermo Scientific, USA)
to determine the quantity (ng pL™") and the quality of DNA,
using the absorbance ratio values at A,q/Aygy and Ayey/Aysg.
The DNA was stored at -20 °C for the following molecular
analysis.

16S rRNA gene amplification

The primers used were two sets of primers targeting the
V3-V4 variable region of the 16S rRNA gene. These prim-
ers named NOCHL_F (§' TCG TCG GCA GCG TCA GAT
GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC
AG 3") and NOCHL_R (5' GTC TCG TGG GCT CGG AGA
TGT GTA TAA GAG ACA GCM GGG TAT CTA ATC
CKG TT 3'). Reactions were performed in a final volume of
25 pL containing 1 pL (10 pM) of each primer, 1.25 pL of
Purified BSA (10 mg mL~!, BioLabs, New England Biolabs,
UK), 2 uL of DNA template, 7.25 pL Nueclease Free Water
(BioLabs, New England Biolabs, UK) and 12.5 pL Econo-
Taq DNA Polymerase PLUS Green 2X Master Mix (Lucigen
Corp, USA). In all reaction, a positive control (2 pL of E.
coli DNA) and a negative control (2 pL of nuclease free
water) were included. The PCR program consisted of an ini-
tial HOT START period at 95 °C for 2 min. After this, prim-
ers were added to each tube and a denaturalization period at
94°C for 2 min was set, followed by 35 cycles consisting of
denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s,
extension at 72 °C for 40 s, and a 7 min final extension step
at 72 °C. PCR products were checked by electrophoresis.

16S rRNA gene sequencing and analysis

The PCR products were subjected to another short PCR of
8 cycles using the primer pair 341F/785R (Thijs et al. 2017)
containing the Illumina overhang adapter sequences (Kozich
et al. 2013). After checking the PCR product by electropho-
resis, they were sequenced using the 2 X 300 bp chemistry
on [llumina MiSeq sequencer at the Ramaciotti Centre for
Genomics (UNSW, Australia).

Sequence processing was performed in RStudio ver-
sion 4.0.1 (RStudio Team 2020). The raw sequences were

processed using the protocol described in (Granzow et al.
2017) and (Mangott et al. 2020). In brief, Trimmomatic (ver-
sion 0.38) (Bolger et al. 2014) was used to filter the sequenc-
ing data according to its quality. This program truncated low
quality reads when quality was below 15 in a sliding window
of 4 bp, and those shorter than 100 bp. USEARCH (version
11.0.667) was used to process datasets, where paired-end
reads were merged (only merging above 80% were consid-
ered) and quality filtered. Filtering included the removal of
reads shorter than 370 bp or longer than 440 bp, as well as
the removal of low-quality reads (expected error> 1) and
reads with more than one ambitious base (Wembheuer et al.
2017). Primer sequences were removed and a dereplication
process was implemented to obtain unique sequences. Pro-
cessed sequences of all samples were joined and clustered
in Amplicon Sequence Variant (ASVs) using UNOISE algo-
rithm implemented in USEARCH, which de-noise them and
generate unique sequences. A de novo chimera removal was
added during the clustering step. All ASVs consisting of one
single sequence (singletons) were removed and the remain-
ing chimeric sequences were removed using the UCHIME2
algorithm (high confidence mode) (Edgar 2016). To assign
taxonomy, ASV sequences were classified using a Bayesian
taxonomic classification method BLCA (Gao et al. 2017)
(default settings) against the genome taxonomy database
(GTDB 207.0) (Parks et al. 2020; Chaumeil et al. 2022).

Data and statistical analysis were conducted in RStudio
version 4.0.1. Sampling efficiency and sequencing depth
were analysed using rarefaction curves (vegan R package)
and the Good's coverage index (QsRutils R package). Count
data were normalized using the DESeq2 package to account
for uneven sequencing depth between samples (Love et al.
2014). Normalized data were used in measurements of rich-
ness and diversity, as well as in distance-based analyses and
plots. All other statistical models were carried out using raw,
non-transformed data, with the uneven sequencing depth
being incorporated in the models.

Previous to performing the statistical analysis, the ASV
corresponding to Phaeobacter 4UAC3 was identified and
removed from the data set. Firstly, the V3-V4 region was
extracted from the complete 16S rRNA sequence of Phaeo-
bacter 4UAC3 previously sequenced (Supplementary
Table 1) (unpublished). The V3-V4 region was compared
with the ASV fasta files using the RStudio "blastn" function,
indicating that the best performing ASV was ASV6 (100%
identity and 100% alignment length).

To analyse the community structure, Bray—Curtis simi-
larity coefficients were calculated using normalized abun-
dances of the ASV sequences (square root transformed data)
and the resulting similarity matrix visualized using non-met-
ric multi-dimensional scaling (nMDS). Statistical tests were
performed using treatment (Phaeobacter 4UAC3 inoculation
and control) and cultivation method (plate, flask and tank)

@ Springer



2022

Journal of Applied Phycology (2023) 35:2017-2029

as fixed factors. The effects of each factor on the overall
community composition were assessed with permutational
multivariate analysis of variance (PERMANOVA) using
Bray—Curtis similarity with 999 random permutation (adonis
function in the R “vegan” package) (Anderson 2001). Com-
putes Permutational Multivariate Analysis of Dispersion
(PERMDISP) was run alongside PERMANOVA to deter-
mine if the dispersion of the data has an effect instead of the
factors analysed (Warton et al. 2012).

Measures of alpha diversity including unique sequence
richness and Inverse Simpson's diversity index were calcu-
lated using the vegan R package (Oksanen et al. 2022). Anal-
ysis of variance (ANOVA) followed by Tukey's pairwise
comparison test was used to assess statistical significance
(p <0.05) between groups adjusted by Benjamini—-Hochberg
Procedure.

Algae growth parameters

Wet weight of algae was measured by drying the Ulva discs
(from plates or flasks) with Whatman paper and weigh-
ing each disc on a precision balance (SCALTEC SBA 32,
Scaltec, Spain). For the cultures in tanks, Ulva biomass was
dried with a salad spinner (2 times 30 s) and then dried with
absorbent paper until the paper was dry before weighting.
The surface area of the discs was calculated from measure-
ments of the diameters.

The specific growth rate (SGR) was calculated consider-
ing the wet weight, with the following formula:

X

SGR(%) = (Ln(X—‘> -100)/(t; — t,)
2

where X; equates to the wet weight at time one (¢;) and X,

represents the wet weight at time two (¢,).

Physicochemical analysis and bacterial counts
of water

Total bacteria and Phaeobacter monitoring in the water
culture of the Ulva was performed using marine agar
plates. 1 mL of the culture medium was taken on each
sampling day and serial dilutions were performed as
described in the previous section "Sampling of the sea-
weed-associated bacterial community".

The pH of the medium was measured with a pH meter
(Sension + pH3, HACH, USA). Salinity was measured
with a salinity refractometer (Diesella, UK). Nitrates were
measured following the APHA Method 4500-NO3 (Baird
et al. 1992)., Briefly, this measurement method is based
on the absorbance of the nitrate ion in an aqueous sample,
previously filtered through a 0.45 pm filter, at 220 nm and
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considering an error of the absorbance collected at 275 nm
given by the organic matter. The absorbance was measured
by using an UV spectrophotometer.

Growth and mortality curves statistics

To check if the presence of Phaeobacter affected the growth
of the algae in the scale-up experiment, firstly the two growth
curves of the algae (control vs inoculation) were compared
by means of the "CGGC permutation test" using the function
"compareGrowthCurves" of the R package "statmod" (http://
bioinf.wehi.edu.au/software/compareCurves) and adjusting
to 1000 permutations. Secondly, the homoscedasticity of
the biomass data was checked with a Bartlett's test, and the
biomass data at day 21 (the highest growth rate period) were
compared using a t-test.

Also, "CGGC permutation test" was implemented
between the mortality curves of the 6 experimental cases of
the infection assay.

Results

Colonisation and maintenance trial of Phaeobacter
sp. on Ulva ohnoi

Algae growth

During the first 21 days, the algae experienced exponential
growth, reaching a maximum in the SGR between days 14
and 21 of 32.35+3.36% and 36.37 £4.26% in UC and UP
respectively (Fig. 2). Between days 21 and 28 the growth
of the algal thalli in the tanks stagnated, even the SGR
decreased. The highest biomass was observed for the UP
condition with a maximum of 247 g at 28 days. At that
time, part of the biomass was harvested and the tanks
restocked at 120 g, which corresponded approximately with
the half of the total biomass, to maintain stocking density
at similar levels (around 3 kg m™) and left to grow an
additional week. However, the SGR of U. ohnoi between 28
and 35 days was low, similar to the one observed between
21 and 28 days and this fact was not related with depletion
of nutrients, as the medium was renewed weekly.

Despite observing a trend which indicates that algae
inoculated with Phaeobacter show higher growth, the
CGGC permutation test did not find support for significant
differences between the algal growth curves of the two treat-
ments (t=-3.200, p=0.165), and the comparison at day 21
did not indicate significant differences between control and
inoculated algae (t=-2.729, df =2, p=0.112).
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Fig.2 Monitoring of growth and measurement of Ulva biomass in
the different experimental conditions in scale-up experiment. a) U.
ohnoi without inoculation (UC), b) U. ohnoi with Phaeobacter sp.
inoculation (UP). Each point represents an average (n=2) of the wet
weight (g) and Specific Growth Rate (SGR, %) of the sampled algae
thalli. Error bars indicate the standard deviation, in those cases were
error bars are not seen, it is due to the size of the figure point. The
grey dashed lines separate the different culture forms used in the
scale-up: 10 mL multi-well plates, 4 L balloon flasks and 40 L tanks.
On day 28, the biomass of the culture was reduced (indicated by the
black dashed line) to maintain optimal Ulva densities for tank culture

Bacterial counts and bacterial community analysis

Analysis of the culturable bacteria on the algae surface
(Fig. 3) showed that although the thallus was treated with
sodium hypochlorite to reduce epiphytic bacteria, this treat-
ment did not completely eliminate bacterial growth, with a
total bacterial density of 3.85+0.81 Log,, (CFU cm™>) pre-
sent on the surface at day 0. This density increased slightly
at the early stages and in the UC cultures was maintained at
values of 3.87 — 6.11 Log,,(CFU cm™?). This initial increase
in total bacteria was higher in the case of UP cultures, due
to the addition of Phaeobacter sp., and remained constant
throughout the scaling up process at values between 5.04
—5.90 Log,,(CFU cm™2). We did not observe Phaeobacter
in any of the UC cultures.

In the UP cultures it was observed that, in accordance
with the results show in MA, Phaeobacter sp. rapidly col-
onises the algal surface, reaching 4.90+0.32 Log,,(CFU
cm™?) after 48 h. Phaeobacter was maintained on the surface
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Fig.3 Total bacteria and Phaeobacter on the surface of U. ohnoi
thalli along the scale-up on different treatments in scale-up experi-
ment. a) U. ohnoi without inoculation (UC), b) U. ohnoi with Phaeo-
bacter sp. inoculation (UP). Each point represents an average (n=2)
of the logarithm in base 10 of the concentration of total bacteria and
Phaeobacter per surface area of the sampled algae. Error bars indi-
cate the standard deviation. The dashed lines separate the different
culture forms used in the scale-up: 10 mL multi-well plates, 4 L bal-
loon flasks and 40 L tanks. Results are based on the CFU counting on
Marine Agar plates

of the alga throughout the experiment at a concentration
between 4.07 — 5.44 Log,,(CFU cm™2). Moreover, during
the final phase of the tank experiments (i.e., when the bac-
teria were no longer re-inoculated), Phaeobacter concen-
tration maintains stable in Ulva until day 21, thereafter the
concentration declined from 4.07 + 1.14 Log,,(CFU cm™)
to 1.90+1.25 Log,((CFU cm™?) at 35 days, with a great
variability between replicate tanks.

The analysis of the tank water (from day 14 to 35) showed
an initial concentration of total bacteria in MA of 5.99+0.28
Log,(CFU cm~2) and 6.29+0.07 Log,,(CFU cm~2) in UC
and UP respectively. This concentration was reduced at day 28
t0 5.29+0.10 Log,,(CFU cm™2) and 5.67+0.34 Log,,(CFU
cm™2), respectively (Fig. 4). The added Phaeobacter reached
a concentration of 5.39 +1.06 Log,,(CFU cm™?) in the water
after inoculation, decreasing to 4.12+0.58 Log,,(CFU cm™?)
at day 21 and was no longer detected by day 28 and 35.
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Fig.4 Total bacteria and Phaeobacter in the medium culture of U.
ohnoi along the scale-up on different treatments in scale-up experi-
ment. a) U. ohnoi without inoculation (UC), b) U. ohnoi with Phaeo-
bacter sp. inoculation (UP). Each point represents an average (n=2)
of the logarithm in base 10 of the concentration of total bacteria and
Phaeobacter per mL of the sampled medium. Error bars indicate the
standard deviation. The dashed lines separate the different culture
forms used in the scale-up: 10 mL multi-well plates, 4 L balloon
flasks and 40 L tanks. Results are based on the CFU counting on
Marine Agar plates

Overall, results from the 16S rRNA gene analysis con-
ducted on the bacterial community associated with the
surface of U. ohnoi, showed a high taxonomic variability
between replicates (Supplementary Fig. 1, 2 and 3), mak-
ing it difficult to establish a clear grouping of the samples
(Supplementary Fig. 1). Statistical analysis was performed
with samples from days 7, 14 and 21, corresponding to
the end of 7-days periods in each step (plates, flasks and
tanks, respectively) in order to study whether the communi-
ties would change between cultivation method and Phaeo-
bacter inoculation treatment, using the same time period.
PERMANOVA results indicated that only the cultivation
method was statistically significant (p-value < 0.05) while
treatment did not show to have an effect (p > 0.05) (Sup-
plementary Table 2). PERMDISP also confirmed that the
dispersion of the data was not affected by treatment and
cultivation method (p > 0.05). Alpha diversity results (Sup-
plementary Fig. 4 and Supplementary Fig. 5) showed that
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only richness was significantly different between the two
treatments and also between the three cultivation methods
(p<0.05), however, a t-test performed between treatment
and control groups in each cultivation method, did not show
significance (p > 0.05) (Supplementary Table 3).

Phaeobacter inoculum was detected in the 16S rRNA
gene sequencing analysis of the Ulva-Phaeobacter condi-
tion at days 7, 14 and 21, which corresponds to one week
after the inoculation in each step (plate, flask and tank,
respectively), with relative abundances of 4.66 + 6.55%,
1.76 £2.50% and 10.35 + 12.53%, respectively, but show-
ing a high variability between samples (Fig. 5). Phaeobacter
was also found in UC case samples with a relative abun-
dance below 0.025+0.022% (Fig. 5).

Medium physicochemical analysis

The pH and salinity (Supplementary Fig. 7 and Supple-
mentary Fig. 7, respectively) had similar values in the
control (UC) and in the inoculation (UP) treatments, both
parameters tended to increase over time due to the pho-
tosynthetic activity for pH and evaporation for salinity.
The highest pH values were reached in the tanks, while
the highest salinity values were reached in the flasks.
In the plates the mean pH values were 8.86 +0.40 and
8.66 +0.33 for UC and UP respectively. In the flasks
they were 9.15+0.24 and 9.20+0.21 and in the tanks
9.42 +0.37 and 9.40 +0.37. Salinity mean values were
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similar, only slightly higher in the flasks (36.63 +2.30 g
NaCl L~"and 37.75 + 1.06 g NaCl L") probably due to a
higher evaporation promoted by the aeration system.

Regarding nitrate (Supplementary Fig. 8), it was
observed that during algae culture on plates, the concen-
tration of the nutrient decreased drastically in the first two
days for both experimental conditions, reaching values of
4.64+1.27 mg N-NO; L™" and 4.15 +0.04 mg N-NO, L™!
in the case of UC and UP, respectively. In flasks nitrate
concentrations decreased at day 14 from 20.29+0.22 to
5.18 +0.59 mg N-NO; L™! in the case of UC and from
20.76+0.11 to 8.13+0.16 mg N-NO; L™ in the case of
UP. In the tanks the nitrate concentrations were kept close
to 20.00 mg N-NO, L~!, and the overall consumption was
lower staying above 10.00 mg N-NO; L=! for both experi-
mental cases. The consumption of nitrates was related with
the density of the culture, being higher in the plates than
in the flasks and tanks.

In-vivo antagonism test with turbot larvae
(Scophthalmus maximus)

Larvae mortality

Despite a high overall mortality and a large variability, the
results obtained showed a positive effect of the presence
of U. ohnoi colonised by Phaeobacter sp. (Fig. 6). Indeed,
the UP-V condition had at day 4 a lower cumulative mor-
tality (78.9 = 14%) than the infection control condition
(C-V) and the infected Ulva control condition (UC-V)

2 100

Mortality (%)

Time (days)
—4-C —&-UC —-A-UP

Fig.6 Cumulative mortality of turbot larvae in the different experi-
mental conditions in infection experiment. a) Case control with no
infection with Vibrio anguillarum and b) Case infected with Vibrio
anguillarum. Tt its show the average of mortality records (%) (n=2)
in the Larvae Tank of the IMTA-RAS system. The experimental con-

(97.9 £ 1% and 92.9 + 1% respectively). At the end of the
experiment (day 7), the case UP-V showed a mortality of
87.1 +£14% lower than the other infected conditions. A
positive effect on larvae survival was also observed in the
situation without Vibrio infection, comparing UP and C.
Despite the observed effect, the CGGC permutation test
did not find statistical support for significant differences
between the six experimental cases, most likely due to the
large variability observed between replicates (Supplemen-
tary Table 4).

Bacterial counts analysis

The microbiological analysis of the algae (Supplemen-
tary Fig. 9) showed that the initial density of Phaeobac-
ter sp. on Ulva surface was 5.70 +0.16 Log,o(CFU cm™2).
Then, on day 7, Phaeobacter sp. was found with an aver-
age density of 4.22 +0.66 Log,,(CFU cm~2) in UP condi-
tion and 4.76 +0.43 Log,,(CFU cm™?) in UP-V. The initial
total bacterial density on the surface of the Ulva discs was
5.90+0.06 Log,,(CFU cm™2), increasing it concentration
almost 1 Log,,(CFU cm™?) at the end of the experiment in
all conditions.

At day 6 (Supplementary Fig. 10) the concentration of
Phaeobacter in the water was close to 4 Log,,(CFU mL™")
in both UP and UP-V cases. Total bacterial counts were
close to 5 Log,,(CFU mL™!) in the uninfected conditions
(being slightly higher in the UP case due to Phaeobacter
inoculation), while in the infected cases they were close to
6 due to the addition of V. anguillarum.
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ditions were: Without infection: Control (C), Ulva-Control (UC) and
Ulva-Phaeobacter (UP) and with infection with V. anguillarum: Con-
trol-Vibrio (C-V), UC-Vibrio (UC-V) and UP-Vibrio (UP-V). Error
bars indicate the standard deviation
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Discussion

Colonisation of Phaeobacter sp. 4UAC3 on Ulva
ohnoi

The present work investigated the colonisation and mainte-
nance of Phaeobacter sp. 4UAC3 on U. ohnoi with the goal
of using Phaeobacter sp. 4UAC3 as a strategy for disease
control in fish-algae IMTA-RAS. The aim was to explore
the use of Ulva not only as a natural biofilter, which reduces
the concentration of nutrients such as nitrates or phosphates
in the system water, but also considering it as an holobiont,
which includes beneficial microbial communities that could
help to maintain the health of the aquaculture system by
increasing its resilience to eventual infections of pathogens
(e.g. Vibrio spp.).

The scale-up experiment showed the ability of Phaeo-
bacter to colonise and be maintained on the surface of the
alga in a large scale for at least two weeks. Maximal growth
rate of the alga was observed in the tanks between 14 and
21 days, at which time a harvest could be made. A slight
increase in U. ohnoi biomass production was observed when
Phaeobacter sp. 4UAC3 is present, but there was no sup-
port for statistically significant differences. Positive effects
of epiphytic bacteria on the growth and morphology of Ulva
species have been reported (Egan et al. 2013). For example,
Maribacter spp. induce growth and morphogenesis in axenic
Ulva mutabilis (Weiss et al. 2017). On the other hand, it has
been reported that co-culture of Phaeobacter spp. (P. gal-
laeciensis and P. inhibens) with microalgae species can pro-
mote the growth of microalgae (Morris et al. 2022; Sauvage
et al. 2022). Therefore, the possible positive effect of Phaeo-
bacter sp. 4UAC3 on U. ohnoi should be further investigated
and the underlying mechanisms elucidated.

In terms of microbial dynamics Phaeobacter sp. is able to
rapidly colonise the surface of the Ulva (within two days) and
maintains in constant levels for 21 days. Interestingly, 16S
rRNA gene sequencing showed that the relative abundance
of Phaeobacter in the inoculated Ulva (Fig. 5) at days 7, 14
and 21, which corresponds to one week after the inoculation
in each step (plate, flask and tank, respectively), was higher
in tanks, than in flasks and plates, although large variability
was observed. This fact could be related to the culture condi-
tions (e.g. light intensity and agitation). Plates are gentle agi-
tated and have the lowest light intensity (115 pmol photons
m~2 s7!) and the algal discs received constantly that inten-
sity. In the glass flasks intensity is higher (170 pmol photons
m~2 s7!) and due to the shape and volume light attenuation
or shading by the Ulva discs can be considered negligible. In
contrast, light in the opaque tanks, with illumination on the
surface, is influenced by depth and the shading resulting from
algae density (Oca et al. 2019) and by chlorophyll content
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(Masalé et al. unpublished). Recent results in our labora-
tory have shown that light intensity affects the maintenance
of Phaeobacter biofilms on Ulva surfaces (unpublished) a
phenomenon warranting future investigation.

In our experimental conditions Phaeobacter did not out-
compete the natural microbiota present in U. ohnoi surface.
Competitive exclusion by Phaeobacter gallaeciensis has
been demonstrated by Rao et al. (2010) in U. australis bio-
films in axenic algae discs previously colonised by other
bacteria (e.g. Pseudoalteromonas tunicata). However, in
non-axenic Ulva, the preestablished multi-species biofilms
would be more resilient and therefore resist displacement or
antagonism by other bacteria. In the present work Phaeobac-
ter was showed to colonise the U. ohnoi surface without sig-
nificantly modifying the bacterial communities, as observed
in the 16S rRNA gene diversity analysis (Supplementary
Fig. 2 and 3). Rao et al. (2006) suggest that Phaeobacter
may take advantage of its ability to use a wide range of
carbon sources (citing Ruiz-Ponte et al. (1998)), which can
enable this bacterium the access to nutrients and to colonize
preestablished biofilms.

Moreover, Phaeobacter spp. were not predominant in the
Ulva species sampled in Galicia (U. rigida and U. australis)
from which Phaeobacter 4UAC3 was isolated (Roth-Schulze
et al. 2018); NCBI http://www.ncbi.nlm.nih.gov/Traces/
SRA Accession ID SRP087427). This would suggest that
although Phaeobacter spp. are generally present in Ulva spe-
cies, they are not abundant and their abundance is enhanced
only under certain circumstances. This hypothesis is aligned
with the idea that marine macroalgae favour the maintenance
of low abundant marine microbial diversity, i.e. “sustaining
the rare” (Troussellier et al. 2017), that become abundant
only in the appropriate environmental conditions. Ulva in
IMTA-RAS aquaculture systems with a high nutrient load
may provide favourable conditions to Phaeobacter and its
predominance when inoculated.

When re-inoculated at the beginning of each step of
the scale-up Phaeobacter can be maintain on the algae in
the tanks until harvesting. Prol-Garcia and Pintado (2013)
demonstrated the ability of P. gallaeciensis 27—4 to colonize
and maintain on biofilter inert supports (plastic, glass or
ceramic). In the present work the maintenance is not only
due to the ability of the bacteria to adhere to the laminar
surface of the alga, but also to the possible contribution of
nutrients as the presence of carbon-rich compounds pro-
duced by algae and found on their surface (e.g. agar, car-
rageenan, alginate, fucans, ulvans, laminarin, cellulose or
pectin) is an important factor for bacterial colonisation
(Egan et al. 2013).

It should be noted that after the last re-inoculation (day
14), Phaeobacter numbers remain at a constant level for two
weeks (until day 28) before decreasing sharply and becoming
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almost undetectable at day 35. The bacterial diversity analysis
from 16S rRNA sequencing indicated that Phaeobacter sp.
did not alter the microbial communities on the Ulva surface,
as no significant differences were found between treatments
and no clear clustering was observed in the nMDS plot. How-
ever, a study with more replicates will be needed to confirm
those results as Ulva species show a high taxonomic variabil-
ity in bacterial communities, even among individuals from the
same populations (Tujula et al. 2009) keeping in common a
core of functional genes (Roth-Schulze et al. 2018).

It was observed that in the inoculation treatment, when
Phaeobacter decreases to very low levels (day 35), the
microbial communities of Ulva seem to regain their initial
conditions in terms of population, and tend to cluster near
the initial samples (day 7 and 14) (Supplementary Fig. 1).
This fact could be due to some external factor that promotes
the disappearance of Phaeobacter sp., as changes in the
composition of the medium, or physico-chemical factors on
the Ulva surface. It has been documented that Phaeobacter
does not proliferate well in alkaline media at pHs above 9.5,
being the optimum growth between 7.0-8.0 (Breider et al.
2017; Martens et al. 2006). Increasing the light in successive
steps of the scaling (115 pmol photons m~2 s~!, 170 pmol
photons m~2 s~! and 275 pmol photons m~2 s~!) promotes
an increase in photosynthetic processes leading to increased
growth of the algae and alkalinisation of the medium. In
fact, the initial pH in the multi-well plates was ~ 8.5, while
in the tanks there were times when the pH value exceeded
9.5. Thus, it would be interesting to investigate the effect of
these parameters (light intensity, algal growth, and pH) on
the maintenance of Phaeobacter on the algae.

During culture in the tanks, Phaeobacter sp. is released from
the surface of U. ohnoi and passes into the water, reaching lev-
els of 10*~10° CFU mL ™" at 14 and 21 days, respectively. These
levels in water are somewhat higher than those obtained by
Prol-Garcia et al. (2014) with inert biofilters (about 10°> CFU-
mL™"), which proved to be effective, inhibiting and inactivating
V. anguillarum and V. splendidus. This is interesting because
for an application in IMTA-RASs it would make it possible for
the probiotic to reach the fish tank and exert its antagonistic
activity, a fact that has been verified in the larval infection tri-
als. Nevertheless, Phaeobacter sp. disappears from the water
after 21 days, as it also diminishes on the surface of the alga.
It is assumed that from this moment onwards, its antagonistic
effect on the water of the systems will decrease.

Thus, in an IMTA-RAS, a harvest can be envisaged every
21 days. In order to sustain the culture of the algae and the
probiotic effects on the fish larvae, the new culture could
be started with algae previously colonised by Phaeobacter
in the tanks from which the biomass was taken. However, a
protocol to maintain a constant colonization of the system,
by adjusting the variables that may affect the permanence of
Phaeobacter on Ulva, should be further explored.

In-vivo antagonistic effect in larval fish culture

This study demonstrated the feasibility of co-culturing U.
ohnoi with Phaeobacter bacteria and also indicates the pos-
sibility of using this approach as a strategy to control vibri-
osis in fish-algae IMTA-RAS. In a challenge model with
turbot larvae in a miniaturised IMTA-RAS, U. ohnoi colo-
nised with Phaeobacter sp. a reduction of mortality in larvae
experimentally infected with V. anguillarum was observed,
although this trend was not statistically significant.

In the experimental challenge model used with fish larvae,
V. anguillarum was introduced by prey (rotifers), simulating
the usual route of entry into a turbot larvae culture. Moreo-
ver, from this host, V. anguillarum can transfer to the water
(Prol-Garcia et al. 2009). Planas et al. (2006) showed that
V. anguillarum did not colonise the intestines of turbot lar-
vae but infected the epidermis of the larvae, and it was sug-
gested that the presence of Phaeobacter in tank water would
antagonise its detrimental effect on the larvae. In our study,
the presence of Phaeobacter sp. 4UAC3 on the surface of
the algae improved larval survival by almost 20% (at day 4)
during V. anguillarum infections in the small-scale IMTA-
RAS. This increase in survival, although not significantly sup-
ported by statistical tests, is in accordance with that obtained
by Prol-Garcia and Pintado (2013) in a similar in vivo test
but in a closed tank, without recirculation. However, the in-
vivo experiment in the miniaturised IMTA-RASs showed a
general higher larvae mortality than the ones in closed tanks
(Prol-Garcia and Pintado 2013), and due to a high variability
statistical analysis did not support for significant differences
between treatments. Therefore, it will be necessary to opti-
mise a test in IMTA-RASSs to achieve lower mortality and bet-
ter measure the probiotic effect. The use of juveniles, instead
of larvae, or sole, instead of turbot, should be considered.

Phaeobacter was found in Ulva in the IMTA-RAS
at a density similar to the one observed in the scale-
up experiment, with an average density at day 7 close to
10* CFU cm™2 among 10° CFU cm™? total bacteria. This
indicated that the probiotic is maintained in high abundance
in the IMTA-RASS, in which the nutrient supply conditions
were different from those in the algal scale-up experiment.
In the water, the concentration of Phaeobacter was close to
10° CFU mL™"! after about 6 days in both experiments. This
showed that the colonised Ulva provides a constant supply of
the probiotic to the recirculating water in the IMTA-RASSs,
and that the concentration in water was enough to obtain an
effect on Vibrio antagonism.

We can conclude that Phaeobacter sp. 4UAC3 is able
to colonise U. ohnoi and maintain itself in a re-inoculation
scale-up process from multi-well plates (10 mL) to flasks
(4 L) and finally to tanks (40 L). Phaeobacter-colonized
U. ohnoi discs could have a positive effect by reducing lar-
vae mortality between 10 and 20%, according to the trends
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observed in the infection trials on turbot larvae cultured in
small-scale IMTA-RASs (Ulva ohnoi—Scophthalmus maxi-
mus). However further experiments and test are required to
define the exact impact and benefit that Phaeobacter-colo-
nized U. ohnoi has on IMTA-RASs. These results indicated
that Ulva species colonised with Phaeobacter sp. 4UAC3
could be used in IMTA-RASS as an alternative to traditional
disease control methods. However, a reduction of Phaeobac-
ter sp. 4UAC3 was observed over time and further studies
are being conducted to investigate Ulva-Phaeobacter bio-
chemical interactions and the factors that would determine
those interactions, with the objective of establishing the con-
ditions and design strategies to increase the maintenance the
probiotic on the surface of the algae, and implement this
approach to a large scale IMTA-RAS.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10811-023-02986-1.
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