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Summary

Laminaria ochroleuca, a kelp species currently suffering the effects of global climate change,
has been found to shift northwards due to current temperature alleviations. This thesis
addresses the possible influence of microbiome manipulations on heat stress mediation of
these seaweeds. It is hereby part of the RestoreSeas project which aims at enhancing
restoration success of not only seaweeds but also seagrass and deep sea corals. It was
hypothesized that inoculation of bacteria from adult individuals after axenization of
gametophytes would induce gametogenesis, defined as the formation of sporophytes and used
as a proxy for recruitment success. Microbiome composition of these adults were expected to
depend on the thallus region (holdfast, meristem and blade) which would generate a different
response as to the enhancement of recruitment success given their differential functional
requirements.

For this purpose, adult L. ochroleuca individuals were sampled from France, UK, Portugal and
Morocco. Per individual and location (France vs UK), swabs were taken from holdfast,
meristem and blades and their microbiome composition was sequenced to gain insight with
regards to the latitudinal effect on microbiome composition and the effect of thallus region.
Zoospores were isolated from these adults and their growth and recruitment success was
monitored under several culture conditions. Gametophytes were eventually sterilized using an
antibiotic mix. Bacterial inoculation treatments were then made per thallus regions and
contained bacteria from locations Morocco, England and France in equal amounts.
Recruitment success was quantified in sporophyte counts after bacterial inoculation. These
sporophyte counts were compared with the ones resulting from a control treatment containing
environmental bacteria from seawater from the North Sea. Finally, gametophyte health and
growth was quantified in comparison to control treatments (without bacterial inocula) during
heatwave administrations with maximum temperatures of 16 °C, 18°C and 22 °C.

The key findings of this thesis are that microbiome composition of adult L. ochroleuca depends
on location and thallus region. Inoculation treatments administered after bacterial isolation from
adult tissue samples harbour a low diversity due to possible methodology bias, however
bacterial isolates still show a significantly positive effect on recruitment success after
axenization. This is however not significantly different per thallus inocula treatment. During
heatwave administration, the introduction of bacterial inocula after axenization resulted in a
seemingly positive trend towards promoting health of gametophytes. These results suggest
that bacterial inoculation and more specifically the functions they provide enhance recruitment
success and show promising effects for future implementations.



Introduction

Seaweeds are the dominant primary producers of coastal ecosystems around the world. They
are often referred to as ecosystem engineers (Miller et al., 2018; Teagle et al., 2017) because
of their pivotal contribution to nutrient cycling, carbon storage, stabilization of sediments
(Krause-densen & Duarte, 2016) primary productivity, light level alteration (Wernberg et al.,
2005), waterflow (Rosman et al., 2007) and protection against physical disturbances such as
storms (Connell, 2003). Some marine organisms exclusively depend on the nursery grounds,
protection and food that seaweed dominated ecosystems provide. Larger seaweed species
such as kelp (brown algae belonging to the order Laminariales) can grow to significant heights
and thus form gigantic kelp forests and canopies. Their sizes are essential for harbouring
shoreline fish species, crustaceans and invertebrates while their blades, meristem and holdfast
are host to many micro-organisms. (Lemay et al., 2021). Therefore, they highly contribute to
the wide diversity in coastal marine ecosystems (Smale et al., 2015).

Seaweed and kelp cultivation is commercially important due to their significance in food
production (e.g. kombu), colloids for the food industry (alginates used in candy, processed
meat, food supplements...) (Saha, Barboza, et al., 2020) use in health care products (tooth
paste, cosmetics, nutraceuticals) and bioplastics. Volume-wise commercial seaweed
cultivation is currently the largest sector in aquaculture (J. Li, Majzoub, et al., 2022). However,
there are many factors that could interfere with their growth, reproduction and defence against
diseases. Not only poor or substandard culture conditions but also external stressors can make
seaweed cultivation extremely difficult for commercial applications or in restoration efforts
(Eriksson et al., 2002; Gorman & Connell, 2009; J. Li, Majzoub, et al., 2022; Osterblom et al.,
2007). External stressors range from direct anthropogenic disturbances such as
eutrophication, fisheries, pollution and habitat alteration (Connell & Irving, 2008; Gorman &
Connell, 2009; Osterblom et al., 2007; Smale et al., 2015) to indirect anthropogenic
disturbances such as climate change induced heat waves (Dayton & Tegner, 1984; Provost et
al., 2017; Wernberg et al., 2013), acidification (Provost et al., 2017; Qiu et al., 2019) and storms
intensifications (Dayton & Tegner, 1984; Wernberg et al., 2010). These effects could result in
lack of productivity or a complete loss of the seaweed populations (Li et al., 2022).

Kelp canopy growth and threats

Kelp grows along rocky shores from the upper subtidal to several tens of meters below the
surface in temperate cold seas. Their obligate heteromorphic life cycle consists of a
macroscopic phase, with sporophytes growing up to 50 meters in hight, and a microscopic
phase that begins after sporulation. Zoospores grow into male and female gametophytes with
respective formation of antheridia and oogonia. They fertilize each other forming zygotes that
become new microscopic and consequently macroscopic sporophytes (Llning, 1980)(Figure
1). The microscopic stages of kelps lifecycle are very sensitive to temperature changes,
physical disturbances and light (Biskup et al., 2014; lzquierdo et al., 2002). Warming can
therefore have a deteriorating effect on kelp canopies and these species’ growth and health
(Qiu et al., 2019).
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Figure 1: Life cycle of the genus Laminaria, adapted from figure by Pearson Benjamin Cummings (Campbell et al., 2008).

The effect that global temperature has on the aforementioned life stages could be expected to
vary regionally. However, a general decrease of recruitment success has been observed in
kelp taxa from different regions across the eastern Pacific when exposed to higher
temperatures. Sporophyte counts were compared for temperatures 12 and 18 degrees and it
was observed that when recruitment failure occurred, it was at 18 degrees for all regions (Muth
et al., 2019). However, not only recruitment but also growth and stability of adult kelp can be
affected by high temperatures, especially when exposed for a longer time, for example during
heat waves. Bull kelp (Durvillaea poha) was found locally extinct after a marine heatwave in
the summer of 2017 in New Zealand (Thomsen et al., 2019). Furthermore, long-lasting heat
waves such as El Niflo episodes have been mentioned to deprive kelp species of available
nitrate as nutrient concentrations correlate negatively with temperature (Dayton et al., 1992;
Dayton & Tegner, 1984; G. A. Jackson, 1977; Zimmerman & Kremer, 1984). Dominant kelp
species, such as Macrocystis pyrifera, can initially maintain their growth in these nutrient-
limited conditions because of internal nitrogen reserves. However, when the heat endures for
more than a month, there would be extreme nitrogen deprivation followed by a weakening of
their tissues and canopy declines as a result (Dayton & Tegner, 1984).

Some kelp species can adjust their metabolic processes to reduce sensitivity to temperature
changes. These metabolic alterations have however been observed to reduce the capacity to
respond to other disturbances (Wernberg et al., 2010). When exposed too long, this could




mean that kelp species lose their overall strength in the ecosystem. In other words, kelp forests
that are situated in their distribution’s low-latitude margins will have to adapt in order to
overcome these pressures (Provost et al., 2017) or will be forced to migrate northwards. Higher
ocean temperature has already led to a redistribution of kelp species from temperate to
northern regions (Smale et al., 2015).

Another direct stressor currently threatening kelp canopies is eutrophication which causes
local acidification of coastal waters due to enhanced growth of algae followed by anaerobic
microbial breakdown which create anoxic conditions and produce acidic compounds. This
causes reduction of fecundity, germination and reproductive success in early-stage kelp
individuals such as Saccharina japonica (Xu et al., 2015, 2019) and promotes the growth of
less complex and less productive inhabitants (Qiu et al., 2019) such as turf-forming algae which
have a faster uptake of nutrients and carbon in polluted waters (Connell et al., 2013; Gorman
& Connell, 2009; Provost et al., 2017; Wernberg et al., 2010). This has a negative effect on
kelp growth, especially in the presence of consumers (Provost et al., 2017).

Mesocosm experiments with seagrass (Zostera marina) and seaweed canopies (Fucus
vesicolosus, Ecklonia radiata) (Provost et al., 2017; Qiu et al., 2019; Saha et al., 2020), have
noted that acidification and temperature change cause indirect negative effects because of
changes in key consumers such as urchins. These studies showed that seaweed growth is
reduced (J. Li, Majzoub, et al., 2022; Provost et al., 2017; Qiu et al., 2019) and growth of the
consumers increases as well as their consumptive rates. This leads to a possible shift towards
grazer dominated habitats such as sea urchin barrens (Wernberg et al., 2010). Changes in
nitrate concentrations and salinity have also been investigated as a dual stressor with
temperature change. Salinity has shown an impact on response to temperature changes,
however, results suggested that temperature is the main factor that impact recruitment in kelp
species (Lind & Konar, 2017; Muth et al., 2019).

Restoration efforts to minimize canopy decline

To recover from large disturbances resulting in the loss of entire kelp canopies, new recruits
must establish that are adapted to canopy-free conditions. Toohey & Kendrick (2007) observed
that recovery of Ecklonia radiata is not guaranteed and depends on different factors such as
photo acclimation capacity of the new recruits, the timing of the canopy loss and the presence
of competitors. Restoration of kelp forests after it has been disturbed is therefore not trivial and
requires a multifaceted approach (Toohey & Kendrick, 2007).

Previous restoration efforts have ranged from salvaging pre-existing juveniles to transplanting
donor plants into degraded reefs (Alsuwaiyan et al., 2022). Next to this, removal of algal turfs
and mitigating populations of grazers have also been proven effective in restoration of kelp
canopies (Gorman & Connell, 2009; Steneck et al., 2013).

Transplanting donor plants however provides its own challenges. In theory, kelp gametophytes
from spores are easy to release in the laboratory (Alsuwaiyan et al., 2022), but it is very
challenging to maintain their growth once planted in situ since they have been reared under
laboratory conditions. Seedlings must survive stressors of the environment such as storms and
waves when they are planted. This creates difficulties, especially when the kelp is planted into
reefs with suboptimal conditions (Vanderklift et al., 2020). However, there is a way to up-scale
degraded areas with low costs, using the “green gravel’” approach for adhesion to the




substrate. Several types of substrates can be used (Alsuwaiyan et al., 2022). Increasing
survival of introduced kelp sporophytes is an essential step in the restoration efforts that
warrant further research if we are to restore kelp forests efficiently.

Kelp as a symbiont

Kelp restoration approaches have thus far often evolved around the kelp species themselves
and their interactions with other seaweeds and grazers. However, seaweeds have a close
association with the bacteria living on their surface. Some provide important defence systems
against diseases, others help with their growth and improve their survival under
environmentally stressful conditions (Li et al., 2022). Insight into this relationship and the
potential of manipulating the associated bacteria for stress mitigation might enhance
restoration strategies.

Host associated microorganisms are usually referred to as the microbiome of the host. The
microbiome has been widely studied and proven important for an organism’s health and
metabolism (Hitch et al.,2022). It is assumed that a microbiome with maintained diversity is
better for its host because of the functions particular taxa contribute.

Aquatic autotrophic organisms especially rely on their symbionts because of the contribution
to their primary productivity or the supplementation of their nutrients and help in food digestion.
The micro-organisms in turn receive protection from the host and are supplemented with
inorganic nutrients (Gordon & Leggat, 2010). The uptake of certain nutrients and the supply of
resources usually not accessible for the host is one of the many advantages phototrophs in
particular have from this symbiosis (Stock et al., 2021).

Host-bacterial associations have been found to be under influence of anthropogenic
disturbances however. The host’s associated microbiota can be directly influenced by
changing temperature (Stock et al., 2021). Alpha diversity may change, which can result in a
decrease or loss of certain indispensable bacteria or an increase of opportunistic pathogens.
Temperature can also indirectly affect microbiome composition because of a change in the
phenotype of the host (tadpoles: (Kohl & Yahn, 2016), mussels: (Li et al., 2018), amphibians:
(Fontaine et al., 2018)). The composition of associated micro-organisms in algae has also
been found to alter due to anthropogenic disturbances. (Stratil et al., 2013; Webster et al.,
2011) The microbiome of Ecklonia radiata, for example, was altered due to ocean warming
(decrease of Bacteroidetes and Alphaproteobacteria) and acidification (increase of
Aquimarina), which reduced the photosynthetic efficiency and resulted in a higher sensitivity
to pathogens (Qiu et al., 2019).

Microbiome manipulations

It can be expected that manipulating the composition of seaweed microbiota can be beneficial
for restoration strategies, although there is a significant knowledge gap in that aspect. Hitch et
al. (2022) mentions the different ways a person’s gut microbiome can be improved such as the
use of faecal microbiota transplantations, faecal filtrate transplants, a change in diet, fermented
foods, prebiotics and probiotics. These are all aimed at enhancing taxa with beneficial functions
to protect and nourish the gut. Gut microbiome transplantations have also been performed on




Daphnia magna to investigate the response to toxic cyanobacteria exposure. The gut
microbiota of Daphnia magna that were tolerant to cyanobacteria exposure were reciprocally
transplanted with susceptible individuals. It was observed that all recipients then showed a
similar response when exposed to toxic cyanobacteria. This suggests that the gut microbiota
plays a crucial role in response to cyanobacteria and that gut transplants can prove very
efficient in improving a genotype’s fitness (Macke et al., 2017).

Aside from gut microbiome enhancements in invertebrates and humans, changing the
microbiome composition in early life stages of autotrophs could have long-lasting impacts on
the adult stages and fitness as well, as has been observed in terrestrial plants and corals
(Barret et al., 2015; Damjanovic et al., 2019; Walsh et al., 2021) A study on S. japonica (Han
et al., 2021) shows that microbiota significantly differ between life stages and that the juvenile
life stage has the highest abundance of metabolic functions in their microbiome. This
emphasizes the significance of preserving a diverse microbiota composition in the nursery
stage for disease prevention in commercially cultivated seaweeds. The effects of microbiome
manipulations on early life stages has however not been extensively researched on kelp
species (Davis et al., 2023).

Microbiome manipulations can entail transplantations as mentioned before, but adding to the
diversity of the microbiome could also be a viable option for enhancement of restoration
success. Herrmann et al., (2022) and Schitz et al., (2018) observed a 10-30% increase in crop
yield by using Plant Growth-Promoting Microorganisms (PGPM’s) (Li et al.,, 2022). The
question remains if knowledge about microbiome manipulations in the gut microbiome of
invertebrates and humans and probiotics on terrestrial plants are comparable to what can be
done for marine autotrophs such as kelp. Therefore it is important to start by highlighting the
differences between terrestrial and freshwater aquatic systems on one hand and marine
ecosystems on the other. According to a paper by Dittami et al. (2021) there are some
fundamental differences between terrestrial and aquatic systems in general. Water has a
higher chemical connectivity and signalling between organisms and carbon fluxes seem to be
more rapid. Since dispersal barriers are therefore lower, there can be a faster microbial
community shift (Burgess et al., 2016; Houwenhuyse et al., 2021; Kinlan & Gaines, 2003;
Martin-Platero et al., 2018). Secondly, there appears to be a higher phylogenetic diversity in
aquatic ecosystems, especially when it comes to marine pathogens (Dittami et al., 2021). It
can be concluded that microbiome composition of aquatic organisms in general are thus more
susceptible to temporal and spatial effects than in terrestrial hosts. Aquatic (marine and
freshwater) microbiome composition can therefore be seen as a “snapshot” in time and space
which is less the case for terrestrial plants and animals. There are some significant differences
between saltwater and freshwater however, since salinity is a major controlling factor of the
composition of microbiota in aquatic systems (Wu et al., 2006) which also translates to
changes in the gut microbiome of Atlantic salmon (Rudi et al., 2018) Restoration strategies
coming from terrestrial and freshwater systems are therefore to be taken with some necessary
caution, as these systems have some considerable differences. Microbiome manipulations or
diversity enhancement are thus deemed to be an interesting tool for strengthening of an
organisms fitness, but applications in marine ecosystems and kelp in particular are still
underrepresented in current literature (Hitch et al., 2022).




Microbiome enhancement in Laminaria ochroleuca

Many opportunities arise for using microbiome manipulations based on typically researched
seaweed species such as Ecklonia radiata, Macrocystis poryfira, Dellisea pulchra and Fucus
vesiculosus. However, microbiome manipulation with regard to restoration approaches has not
been investigated for most kelp species.

One of these underrepresented kelp species is Laminaria ochroleuca, a species originally from
warm-temperate regions distributed from Morocco to Southern England but its range is
currently shifting from southern coasts to more northern coasts (Smale et al., 2015; Blight &
Thompson, 2008; Wright & Foggo, 2021). Loss of Laminaria ochrolecua in its original habitat
is however unacceptable. It is the only species of the genus Laminaria able to live in warm and
temperate regions in the northern hemisphere (Dieck, 1992; Izquierdo et al., 2002). Research
on microbial composition of L. ochroleuca is not very extensive. However its microbiome
appears to contain Actinobacteria which are said to have antimicrobial activities and could
even aid in the struggle against cancer. These actinobacterial strains were found residing on
the macroalgal species and were associated with the genera Rhodococcus, Nocardiopsis,
Microbispora, Microbacterium, Isoptericola and Nonomuraeae (Girao et al., 2019).

This thesis investigated the potential to enhance the restoration success of Laminaria
ochroleuca through the use of microbiome manipulations. It is part of the RestoreSeas Project,
a European Biodiversa+ project focussed on restoring seagrass, seaweed and deep-sea
corals. Partners include Ghent university (BE) and the Centre of Marine Sciences (CCMAR:
university of Algarve; PT). The aim of this thesis is to design potential probiotics composed of
bacteria that have advantageous microbial traits to protect juvenile L. ochroleuca sporophytes
against the effects of climate change in the form of heat stress. For the purpose of this thesis,
L. ochroleuca is sampled in several locations: 1) Normandy in Northern France; 2) Plymouth
in Southern UK; 3) Faro in Portugal and 4) Morocco. Their bacterial diversity is assessed using
16S rRNA gene amplicon sequencing. Bacteria are isolated from these individuals and their
genomes are sequenced. The effect of the isolates on growth and development of the seaweed
is assessed under various conditions.

We characterise the bacterial community on different thallus regions for each L. ochroleuca
collected specimen: holdfast, meristem, blade. It is hypothesized that the bacterial community
will differ between the thallus regions (holdfast, meristem, blade) and that this is connected to
their function. We base our assumptions on various earlier studies. In Laminaria digitata, there
was a clear difference in microbial diversity between holdfast, blade and meristem. Although
holdfast and blade tissues were more distinct while meristem and stipe shared more similarities
(Ihua et al., 2020). Lemay et al. (2021) reached similar conclusions in Laminaria setchelli but
attributed the difference in diversity to age of the tissue structures. It is said that the holdfast
and the blade tips are older thus harbour a greater richness in microbiota compared to the
younger meristem regions (Lemay et al., 2021). Aside from tissue age, functional requirements
also differ between thallus regions as stated in the “Competitive Lottery hypothesis”, described
by Burke et al (2011). This theory states that bacterial recruitment and thus microbiome
composition is dependent on both stochastic factors as well as deterministic aspects, such as
the functional requirements each thallus region requires. These functional requirements are
therefore also expected to differ. Holdfast tissue, for example is expected to be characterized
by bacteria that aid in the uptake of phosphorus, carbon and nitrogen from the substrate
(Ranjan et al., 2015). Subsequently, given the photosynthetic capacity, aerobic nitrogen-fixing




bacteria are expected on the blades (Weigel & Pfister, 2021). Lastly, since the meristem is the
active growthregion in the seaweed (Lemay et al., 2021), bacterial functionalities are expected
to promote cell division and production of growth factors. Given these differences, the thallus
inocula treatments are expected to vary in their effect on recruitment of juveniles during heat
stress exposure.

It is to be expected that microbiome diversity will also shift across latitudinal gradients. Proof
has already been provided that there is regional structuring across spatial scales of hundred
kilometres and even variation between individuals ten meters apart of Laminaria hyperborea
and Saccharina latissima (King et al., 2022). It is therefore expected that the diversity of the
microbiome will vary between the sampled populations. Moreover, it is hypothesized that this
difference between northern and southern populations can be partially explained by the
presence of heat stress mediating bacteria in southern populations.

One of the major challenges of this research is selecting for the bacteria that we want to isolate
and use for the inocula treatments. This is complicated by large temporal and spatial variation
that can be expected to occur within the microbiome (King et al., 2022). Because as said
before, marine ecosystems have lower dispersal barriers so seaweeds and their microbiome
can act as vectors for spreading some very spatially restricted taxa of microorganisms. They
can also extend their metabolic abilities which strengthens their flexibility in changing
environments (Dittami et al., 2021). Since the microbiome is a “snapshot” dependent on the
environmental conditions (Stock et al., 2021), it is not only difficult to predict which bacteria will
be available but also what function they will provide and if the interaction with other bacteria is
not antagonistic (Ludington, 2022). Studies on Laminaria digitata (Izquierdo et al., 2002),
Laminaria hyperborea (Bengtsson et al., 2012) and other green and red seaweed species (del
Olmo et al., 2018; Holmstrom & Kjelleberg, 2006; Singh & Reddy, 2014) can give some insight
into which bacteria could be found and which function they most likely will have.

The most likely genera found, based on an abundance study on Laminaria digitata (Izquierdo
et al., 2002) are Blastopirellula, Granulosicoccus, Psychromonas, Roseobacter, Aquimarina,
Bacillus, Psychrobacter, Vibrio, ... and functions range from formation of biofilms
(Psychromonas, Planctomycetes), polymer degradation and catalase production
(Pseudoalteromonas), nitrogen uptake (Azotobacter, Rhizobium, Agrobacterium) and vitamin
B12 production (Ectocarpus) to auxin production (Exiguobacterium), morphogenesis-induction
(Marinomonas, Bacillus, Cytophaga, Caulobacter), antibacterial activity (Actinobacteria),
enhancing cell division (Roseobacter) and enlargement and stretching of algal cells
(Maribacter) (Izquierdo et al., 2002; del Olmo et al., 2018; Holmstrom & Kjelleberg, 2006;
Singh & Reddy, 2014;Bengtsson et al., 2012). We will focus on functions that might provide
protection against global temperature change and specifically enhance growth and recruitment
success. It is hypothesized that isolated bacteria from the adult individuals will enhance growth
and recruitment success of L. ochroleuca during heat stress and that their origin (being thallus
region and location) will show differential effects due to functional and composition differences.

Major challenge in this research

It is important to take into account that the microbiome can also consist of disadvantageous
bacteria, bacteria that have interactions with each other (Ludington, 2022) which could
therefore alter functionality and bacteria that have a defensive function but provide negative




side effects (G. Wang et al., 2019). Since the aim is to test which specific taxa are truly
beneficial for protection against temperature change, the seaweed juveniles are made axenic
before administering the bacterial inocula. This is not without health costs and a right amount
of care is to be taken (Jones et al., 1973) as administering antibiotics to Ulva sp. has been
found to change its crucial morphology (Spoerner et al, 2012). Methods for sterilizing were
investigated by Jones et al. (1973) where four classes of micro-algae were exposed to a mix
of four different antibiotics. Since every antibiotic has a specific way of working, a mixture
appeared to be more effective than a single antibiotic. Since the sterilisation success and
effects of it differed for every class of micro-algae and was dependent on which antibiotics
were used, it is to be expected that different types of antibiotics will provide different results.
Therefore, different types of antibiotics will be tested for their effect on bleaching and biomass
growth on Laminaria ochroleuca.

Objectives

In summary, the main objective of this thesis is to test the potential for microbial manipulations
on the kelp species Laminaria ochroleuca to enhance its restoration success during
temperature alleviations. To achieve this, several research questions are posed.

First, we assess if thallus region (blade, meristem and holdfast) and location (France and
England) have an effect on the bacterial community composition of kelp individuals from the
East Atlantic Ocean’s coast. To achieve this, the microbial composition of thallus regions for
locations France and England will be characterised using 16S amplicon sequencing. We
expect that more heat stress mediating bacteria will be found on southern individuals in
comparison to northern individuals and that thallus regions have differential functional
requirements, which translates to different microbiome compositions (Burke et al., 2011,
Morrissey et al., 2019).

Secondly, given the potential of certain bacteria inhibiting growth of beneficial bacteria on adult
offspring, it is assessed if the gametophytes can be sterilized without affecting their normal
growth and health. For this purpose, several antibiotics are compared for their acute and long-
term effect on the growth and photosynthetic yield of the gametophytes. It is expected that
complete sterilization will be difficult to obtain as antibiotics might also kill bacteria that are
crucial for normal morphogenesis (Jones, 1973, Spoerner et al., 2012).

Thirdly, we investigate if bacteria from the adults can have a positive influence on recruitment
success of sterilized gametophytes after inoculation and if this effect depends on the thallus
regions the bacteria are isolated from. Therefore, normal gametogenesis is assessed and
induced by tweaking the culture conditions after axenization and eventually, three types of
bacterial inocula treatments are provided: from the holdfast, the blade and the meristem. It is
expected that they will positively affect gametogenesis, in comparison to control treatments,
given their functional contribution to the adults and that these effects might differ between
treatments given the expected differential requirements of thallus regions (Burke et al., 2011,
Morrissey et al., 2019).

Finally, if gametogenesis is induced by bacterial inoculation, it is studied if this is also the case
during heat wave administrations. Therefore, the thallus treatments are used prior to
administration of 16°C, 18°C and 22°C heatwaves. The results from this will then provide
possible implementations of future restoration strategies and knowledge on probiotic
treatments for cultivation of kelp.




Materials and methods

Figure 2: Flowchart for schematic representation of the methods. 1: Adult individuals swabbed and sampled from holdfast,
meristem and blade, sori sampled and allowed to sporulate under laboratory conditions; 2: Gametophyte growth monitored under
microscope; 3: Isolation of bacteria from holdfast, meristem and blade, grown on marine agar and kelp agar; 4: Administration of
antibiotics for axenization; 5: Inoculation with bacterial isolates; 6: Monitoring of gametogenesis (transitioning to sporophytes) with
inoculated bacteria under heat stress or normal laboratory conditions.

Collection of adult individuals

To initiate the workflow as schematically represented in Figure 2, individuals were sampled in
Normandy, France (W. Stock, E. Gouwy and J. Knoop) , Morocco (S. Kaidi, Z. Belattmania, B.
Sabour)), Faro, Portugal (F. Petrucci, A. Engelen)) and England, united Kingdom (J. Knoop).
Rocky shores were visited at low tide to search for adult L. ochroleuca with clearly visible sori
that had not released yet (with smoother/cleaner leaves, preferably no pronounced tissue lysis
and with clear dark brown sori without epiphyte growth). For example, in Normandy, eleven
individuals were sampled from cap Lévi and processed at the site. Swabs were taken from
holdfast, meristem and blades for 30 seconds and stored in microcentrifuge tubes with
RNAlater stabilization solution (Thermofisher, 1.4 mL). The swabs from the blades were taken
below raffled tissue. Tissue samples of roughly the same size from holdfast, meristem (the
moonshape and a bit of the stem), blades (without spores, just under already sporulated parts)
and sori were taken and conserved in zip lock bags with locally collected seawater and
transported back to the lab in chilled conditions to prevent tissue degradation.

Preparation of gametophytes

Monitoring of gametophyte growth towards new individuals initiated with cleaning of tissue
samples from sori and allowing them to sporulate. The cleanest sori were selected and brushed
in 0.5 % KI to disinfect the tissue. Sterilized seawater was used to wash the sori after the Kl
treatment. This was repeated two times. Material was processed with heat sterilized tweezers




and wiped down with paper towels in between steps. Finally, the sori were stored in paper
towels drenched in sterilized seawater to stimulate spore release (samples were labelled from
A to K) during preservation overnight. Spores were released when the sori were transferred to
15 °C sea water the next day. The sori were removed after one hour. Sporulation was observed
by a small “cloud” formation. The spores were kept in sterilized seawater with ('2) Provasoli-
Enriched Seawater (PES) (10mL/l) and Germanium oxide (1mL/l) to remove diatoms. Diatoms’
main cell wall component is silica, Germanium oxide replaced this silica with Germanium
during administration, successfully killing the diatoms. The spores were incubated at 16°C in
a Lovibond incubator with red light to inhibit fertilization of gametophytes and refreshed every
month with %2 PES medium. Individual gametophytes were isolated for long term stock
maintenance.

The extraction and isolation of bacterial strains from adult samples

Bacterial isolation for later probiotic treatments of the new individuals was restricted to the kelp
specimens for which a successful spore release had been observed (e.g. for England these
were individuals A, B, C, F, K, M, N and O). The tissue samples from blade, meristem and
holdfast were rinsed with sterile seawater. A piece of similar size was taken for each and
loosely attached bacteria were removed by shaking the piece in sterile seawater. The samples
were then vortexed in a tube that contained glass beads and seawater, to dislodge the
remaining bacteria from the algal tissue. A volume of 50 microliter was used from this
aforementioned tube to isolate bacteria. The volume was spread on nutrient rich agar (BD
Difco) for fast growing bacteria and a petri dish with kelp agar (100 grams of blended
Saccharina japonica/L with fragments >1 mm removed in 1% agar (Sigma-aldrich). Plates were
incubated at 18 °C with indirect light at a 12:2 light regime. From each agar type, two bacterial
colonies were picked and streaked on marine agar after two to three days of growth, this is
depicted in Figure 3. For the Normandy region, the bacteria from eight different individuals and
on three different thallus regions were isolated on two types of agar. From the agar plates, a
pair of colonies were handpicked for isolation purposes. This therefore entailed handpicking a
total of 96 colonies from this region. In addition, supplementary strains were handpicked which
showed distinct morphologies. The isolates were streaked on marine agar and the process
was repeated after three days to keep them monoclonal. Bacterial isolates, which were
deemed monoclonal based on morphological assessments, were cryo-preserved in pre-
autoclaved 2 mL microcentrifuge tubes filled with 30 % glycerol (Sigma-aldrich) in marine broth
(Millipore) at -20°C. The viability of cryopreserved bacteria were checked by random plating of
15 cryopreserved isolates onto marine agar. Out of the 15 isolates that were plated, all but one
thrived, resulting in confirmation of 14 successful cultivations.

Nomenclature of bacterial isolates

Every isolated bacteria was named according to its location, individual, origin on the individual,
type of agar on which it grew and number of isolate. Locations England, Morocco, Normandy
and Faro were abbreviated to ENG, MAR, NOR and FAR respectively. Thallus regions were
given a consecutive number where holdfast equals 1, meristem equals 2 and blade equals 3.
Marine agar was referred to as M, kelp agar was referred to as S. According to this, a bacteria
originally from England isolated from the blade of individual A, manually selected from marine
agar and cultured on a marine agar plate (number 1) was named ENG A3 M1.
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Figure 3: Schematic representation of bacterial isolation (created in BioRender).
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Figure 4: Schematic representation of barcoding and sequencing of 16S rRNA. Adapted from the Native Barcoding Expansion
and Ligation Sequencing Kit protocol (Oxford Nanopore Technology).
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As it is the intention to obtain an idea of the overall biodiversity of the microbiome of holdfast,
meristem and blades for the different locations of sampling, a 16S rRNA gene high throughput
amplicon sequencing was performed on the swabs collected at the sites (Normandy, Plymouth,
Pharo and Morocco). For this, the Native Barcoding Expansion 1-12 (EXP-NBD104) and 13/24
(EXP-NBD114) and the Ligation Sequencing Kit (SQK-LSK109) was used. First, DNA
extraction was performed on these swabs using the Qiagen PowerSoil kit which included a
negative extraction control and a positive control (ATCC microbial standard MSA-1002). After
DNA extraction, length, quantity and purity of 1ug of high molecular DNA was checked
according to the DNA/RNA QC protocol, using agarose gel electrophoresis and a PCR was
done using primers: 1) 27F _BCtail-FW (with sequence
TTTCTGTTGGTGCTGATATTGC_AGAGTTTGATCMTGGCTCAG ) and 1492R_BCtail-RV
(with sequence ACTTGCCTGTCGCTCTATCTTC_CGGTTACCTTGTTACGACTT ). These
primers both contained a 5 extension which allows for barcoding by PCR. The PCR was
performed with the Phire Tissue direct PCR Master Mix from Thermo Fisher with a following
cycle: 1) Three minutes at 98 degrees 2) 30 eight-second cycles 98 degrees, 3) an eight
second cycle at 60 degrees and 4) a 30 second cycle at 72 degrees. The final extension was
done at 72 degrees for three minutes. Then an Oxford Nanopore Sequencing was performed
which included a DNA end repair using the NEBNext FFPE DNA Repair Mix and NEBNext
ultra Il ENd repair/ dA-tailing Module reagents and attachment of adapters (Figure 4). Native
barcodes and sequencing adapters (Adapter Mix |l Expansion use) supplied in the kit were
ligated to the DNA ends, this created a DNA library which could be primed and loaded onto a
SpotON flow cell using the Flow Cell Priming Kit (EXP-FLP002), Loading Breads and a
Sequencing Buffer. Using the MinKNOW software, a sequencing run was initiated to collect
data and transfer it to base-called reads. The EPI2ME software was subsequently applied to
select the barcoding workflow.

Visualisation and analysis of the nanopore data

Statistical analysis was performed in R version 4.2.1. The reads from the full-length 16S rRNA
sequencing were assigned their genus by using Kraken2 in combination with the SILVA 16S
database (138.1). SILVA contains quality checked databases for small (e.g. 16S) and large
(e.g. 23S) rRNA sequences (Quast et al., 2013). After taxonomy allocation, the reads assigned
to mitochondria, the reads without a phylum and the chloroplast reads were removed from the
data. The taxa with the fewest reads were removed from the data and the data was then
rarefied to 23723 reads which was defined as the threshold for the other taxa.

Bacterial diversity was calculated using the Phyloseq (McMurdie & Holmes, 2013)
Visualisation was done using ggplot2 in R. To analyse differences in community composition
between locations and thallus region, a non-metric multidimensional scaling (NMDS) was
performed based on the amount of OTU’s (and their genus name) per location and thallus
region. Only the most abundant taxa were displayed, taxa that had a lower amount of reads
were placed in an “other” category. A permutational analysis of variance (PERMANOVA) with
9999 permutations was used to quantify the differences and detect significant effects of thallus
region, location and their interaction on bacterial community composition. Homogeneity of
variances was ascertained using a betadisper function. Both the NMDS and PERMANOVA
were assessed using the Bray-Curtis dissimilarity.
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Antibiotics
Selection of suitable antibiotics and their usable concentrations

To deduce a working protocol for axenization of the gametophytes that will allow us to infer the
role of bacteria during gametogenesis and the development of the sporophyte, seven
antibiotics (Streptomycin sulphate salt (Sigma-Aldrich), Kanamycin Sulphate (Gibco™),
Ampicillin sodium salt (Gibco), Penicillin (Sigma-Aldrich), Rifampicin (Roth), Erythromycin
(Sigma-Aldrich) and Chloramphenicol (Sigma-Aldrich)) were considered for curing Laminaria
of bacteria. Their bacteriostatic effect and toxicity on Laminaria gametophytes was assessed
for the concentrations 10, 50, 100 and 500 pg/mL. Erythromycin, Chloramphenicol and
Rifampicin were dissolved in ethanol (10mg/mL) due to low solubility in seawater. A VWR 24
well plate was filled with these antibiotic concentrations and Laminaria gametophyte culture in
a final volume of 2 mL 72 PES medium. In addition, a 2 yg/mL concentration of yeast extract
(Sigma-Aldrich) was added to each well to ascertain viability of bacteria despite antibiotic
treatments. In case of non-axenic cultures, the yeast extract would enhance to a visible biofilm
in the wells, clearly making non-axenic conditions visible.

The Laminaria gametophytes cultures used in this experiment were previously under red light
incubation in 16 °C but were now harvested and their medium was refreshed. Cultures were
concentrated and centrifuged for three minutes at room temperature (speed 3430, RCF: 2499,
Sigma 4k15 laboratory centrifuge). The experiment was run in duplicate and incubated in 16
°C at a 16:8 light cycle. An imaging-Pulse Amplitude Modulation (imaging-PAM) fluorometer
(WALZ IMAG- K4) was used to assess photosynthetic yield as a proxy for the seaweed health.
This method allowed the observation of changes or differences in fluorescence originating from
photosystem II. The yield of photosystem II (Y(Il)) is calculated as (Fm-FO)/Fm, where FO
represents the minimal fluorescence and Fm corresponds to a maximal fluorescence
(Consalvey et al., 2005). Prior to administration of the pulses, the sample plates were
incubated in the dark for at least 15 minutes to ensure reaction centres of the photosystems
were available. Pulse Amplitude Modulation (PAM) was used to measure the yield of
photosynthesis on both the day of antibiotic treatment and on day eight post-treatment. Yield
ranges that are closer to zero can be attributed to the direct toxic effects of antibiotics.
Morphological changes and mortality was also assessed using microscopic observations.

A visual analysis on these concentrations was performed in R version 4.2.1. The
photosynthetic yield values (YII), as measures with the PAM fluorometer, were visualised using
ggplot2 (Wickham, 2009). This was done for day 0 and day 8 to get a comparison for direct
effects and long term effects. A ggplot was also coded to get the yield differences between day
8 and day 1. However, deciding which antibiotics to use and at which concentrations was
dependent on microscopic observations regarding the biomass growth rather than the PAM
results.

Composing a broad activity spectrum antibiotic mix

As none of the individual antibiotics proved to be sufficient to completely cure the algal cultures,
it was decided to use a mixture of Ampicillin (A), Rifampicin (R) and Kanamycin (K) with
concentrations of respectively 500ug/mL and 100ug/mL for the latter two. These antibiotics
were selected at these concentrations based on the antibiotic mode of action together with the
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observation of the previous experiment. A 24 well plate (VWR) was filled with either a
combination of the three antibiotics (AKR treatment) or a combination of only Ampicillin and
Kanamycin (AK treatment) to test the synergetic effect of the antibiotics on the axenization and
health of gametophytes. Rifampicin was not tested separately. The gametophytes were
prepared from the stock as previously stated. Two cultures from the ENG stocks (individual E
and K) and two cultures from the NOR stocks (individual H and A) were selected to cover some
of the available gametophyte diversity. Antibiotics were prepared as previously stated with the
exception of Rifampicin which was not dissolved in ethanol in the stock solution. The wells of
the 24 well-plate were filled with 500 pl of each antibiotic concentration and 200 pyl gametophyte
solution. Both AKR and AK treatment were supplemented with %2 PES medium up to 2mL. The
health and development of the cultures was monitored microscopically after one week. To
confirm axenicity, A volume of 5 ul from each well was drop plated on marine agar. Both the
well plate and the outplated bacteria were incubated at 16 °C, under a 16/8 light regime,
provided by led lights. A DNA extraction and gel electrophoresis was also performed on still
growing bacteria followed by full-length 16S rRNA gene high throughput amplicon sequencing.

As fungal growth was observed in some of the cultures after antibiotic treatments of this
experiment (see results) the antifungal Nystatin (Sigma-Aldrich) was later added to the mix
and tested on a new 12-well plate with individuals NOR H, NOR B and ENG E. Different
concentrations (5ug & 50 pg) of Nystatin were added to the AKR treatment mix (same
concentrations as mentioned before) to assess which concentration is the most advantageous
for avoidance of fungal growth while maintaining healthy growth of the gametophytes. The
experiment thus consisted of three individuals with three treatments (AKR, AKR + 5 ug/mL
Nys, AKR + 50 pg/mL Nys) and a control treatment (no antibiotics). Incubation of the
experimental well plate with the antibiotic and nystatin mix was in a 16 °C room with a 16:8
light cycle.

Inducing gametogenesis
Inducing gametogenesis during axenization

As it was the intention to sterilize the gametophytes prior to heatwave administration, this
experiment was aimed towards testing if gametogenesis actually occurs in the presence of
antibiotics. The antibiotic mix designed based on the previous experiments (500 ug/mL
Ampicillin , 100 ug/mL Kanamycin, 10 ug/mL Rifampicin and 5 ug/mL Nystatin) was added to
gametophytes of locations Normandy (individual B, G and H) and England (individual E, K and
0O). The experiment was performed in a VWR 12 well-plate with culture medium (2 PES) and
two antibiotic treatments and two control treatments were created.

Since gametogenesis was low in initial tests (supplementary material) before, a change of
culture conditions was deemed beneficial to actively enhance it. The plates were now

maintained at 18°C with a 16:8 light cycle with additional blue light (provided by an RGB led
strip-band) to further enhance gametogenesis. Culture medium was refreshed every week and
the antibiotic treatment was refreshed in week one and two and completely removed in week
three. Every well with antibiotics was plated out on Difco Marine agar to inspect the presence
of surviving bacteria. Health of the gametophytes/sporophytes was quantified through PAM
fluorescence and observed microscopically (Zeiss observer A1 AX10 with an attached
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Olympus CellSens entry 2.3 camera). Any irregularities were photographed using the CellSens
programme.

Density dependence of gametogenesis

To test the gametophyte density effect on the onset of gametogenesis, a VWR 12 well-plate
was filled with four different dilutions (1mL, 2mL, 3mL, 4mL) of individual ENG K, ENG O and
NOR H gametophytes. Sporophyte growth was monitored weekly through a microscope for a
duration of three weeks.

Administration of bacterial inocula to induce gametogenesis

Since gametogenesis was not frequently observed in the previous experiments at 18 °C, the
lower 16 °C temperature was preferred for further experimentation. Axenic (NOR H, NOR G)
or partly axenic (ENG K, ENG E) cultures from the ‘induction of gametogenesis during
axenization experiment were reused and the stock cultures (NOR G, NOR D, ENG E, ENG L)
that were not axenic, were collected to test the effect that a mix of various isolated bacteria
have on gametogenesis. The (partly) axenic and non-axenic individuals were compared to
identify the effect of the prolonged exposure to blue/white light and antibiotic treatments as
opposed to the longer suppression of fertility transition under red light incubation without
sterilization. Density of the cultures could not be equalized due to a malfunctioning of the PAM
fluorometer. Microscopic observations were therefore opted for further analysis and
sporophyte presence was counted according to a standardized method where the number of
sporophytes in five different locations in the well was counted. These five positions were in the
left upper corner, the right upper corner, right lower corner, left lower corner and in the middle.
This meant that approximately 25 percent of the total surface was counted.

Four bacterial mixtures were prepared: three consisting of bacterial isolates from one thallus
region and one natural inoculum from seawater collected at 51°13'563.6"N 2°57'04.4"E
(Spuikom Oostende) by Peter Chaerle. The four bacterial treatments were thus: 1) holdfast
inocula (Ho): 2) meristem inocula (M); 3) blade inocula(Bl) and 4) natural seawater inocula (C)
. Ho, M and BI each consisted of six bacteria, selected based on genomic data availability.
DNA of these bacteria where extracted as explained later and the number of reads and its
growth in marine broth over the course of two consecutive days were used as a selection
method. Therefore only bacteria that grew sufficiently and quicky enough were used for inocula
treatment. A volume of 100 microliter of each bacteria overnight culture in marine broth
(incubated shaking at room temperature) was pipetted into a 48 well plate (VWR). Optic
densities at 600 nm were measured by a Cytation3 Imaging reader (BioTek) and the second
lowest optic density (OD) was used as a proxy for dilution of the other bacteria with %2 PES
medium to get roughly the same bacterial concentrations in every final probiotic. The lowest
bacterial optic density measurement was equal to the OD of the blank. Bacteria were pooled
after which they were centrifuged (3000 g, 10 min; Sigma 4k15 laboratory centrifuge) to pellet.
The supernatant was discarded and the pellet was washed with 72 PES medium a second time
with a centrifugation step and supernatant disposal. The pellet was then diluted in 18 to 20 mL
of 2 PES medium.
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For the seawater probiotics, a bottle of seawater from the Belgian north sea was filtered two
times. First through a 5 um filter (GLA 25mm PALL Life Sciences) to filter out larger organisms
and particles. A second filtration step involved the previously filtered water passing through a
0.1 um filter (PALL corporation, 25 mm) to collect the bacteria. The bacteria captured on the
0.1 um filters were resuspended in 20 mL of 72 PES medium and vortexed. 24-well plates were
filled with the individuals and the different treatments via randomisation. The wells were filled
with 1 mL of probiotics and 1 mL of gametophytes and put in a 16:8 light cycle in 16 °C. The
well-plates were refreshed weekly.

Bacterial diversity of the bacterial inocula mix for each treatment was assessed using Sanger
Sequencing. The available KO functions provided by these bacteria are also identified using
Kyoto Encyclopedia of Genes and Genomes (KEGG) to get an idea of the presence of useful
functions according to literature (see discussion). A visual inspection was conducted using
ggplot2 to get an idea of the general distribution of the sporophyte counts and the effect of the
different inocula treatments over time. Analysis on this data was performed using ordinal
logistic regression as it was noted that the distribution of sporophyte counts did not fit within
the assumptions of a linear distribution. Therefore, counts were put into categories depending
on their mean. The sporophyte counts following the standardized counting method as
mentioned earlier (day 14, day 21 and day 30) was calculated per day. Reference levels for
the estimates in these models were manually selected to ensure that each treatment Ho, Bl
and M was compared to the seawater inocula. P-values were calculated separately as the
polr() function used in this instant did not provide them. They were however interpreted as in
any other model.

Temperature control experiment

To analyse the temperature effect, a control experiment was set up with gametophytes from
two individuals (NOR H and ENG E) in three different temperatures (13 °C, 16°C, 18°C).
Because gametophytes clustered strongly, they were fragmented with a kitchen blender .
Gametophytes were transferred to ¥2 PES medium with 72 Ge202 in 50 mL Erlenmeyer flasks.
Light intensity was aimed towards 40 yummol photons /m? s? for all three temperatures. Three
duplicates were created per treatment and put under aeration for ultimate gametogenesis
conditions. The flasks were sealed off using parafilm. Medium was refreshed every week and
1 mL of culture from the flasks was put into a 24 well-plate to be observed under a Zeiss (Zeiss
observer A1 AX10) microscope for sporophyte counts. Counting of sporophytes was done by
consistently choosing the same five positions in the well and counting the sporophytes
observed in these positions, as described in the ‘inocula administration experiment’. As
gametogenesis was not present as quickly as expected, 50 mL plastic cell culture flasks were
provided for each individual’s gametophytes at each temperature without aeration to provide
adherable substance for faster sporophyte growth. Culture flasks contained either 72 PES
medium with ¥4 Ge202 or Tropic Marin® culture medium supplemented with Y2 PES & Ge202

No statistical analysis was performed on these results as aeration seemed to provoke
significant disruption of gametophyte growth and not enough sporophytes were counted for
meaningful results when comparing artificial and natural seawater conditions.
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Inducing gametogenesis during heatwave treatments by bacterial inoculation

The goal of this experiment was to deduce if bacterial inocula from the sampled sporophytes
could increase the occurrence of gametogenesis and consecutive sporophyte development
during heat stress. Gametophyte cultures came from either the red light incubated stock or
from the 16°C temperature control experiment and from individual NOR H and ENG K. Each
gametophyte stock was treated with 500 ul/mL Ampicillin, 100 ul/mL Kanamycin, 10 ul
Rifampicin and 5 ul/mL Nystatin for one week in 200 mL culture flasks. Medium was then
completely refreshed and this was followed by bacterial treatments as described in the
‘bacterial inocula administration’ experiment. The experiment was done in duplicates that were
randomized. Three 24 well plates per duplicate were prepared with nearly equalized
gametophyte density through PAM fluorescence measurements with minimal fluorescence as
a proxy for biomass. A control treatment (no bacteria added) was included. The six 24 well
plates were incubated for three days on the 16°C baseline temperature on a 16:8 light cycle of
cool white light.

After bacterial inoculum administration, heat stress treatment was administered with three
different maximum temperatures: 16°C, 18°C and 22°C. Temperature was increased with one
degree every day until the maximum temperature was reached as schematically represented
in Figure 5. Gametophytes then remained at this temperature for a week until temperature was
decreased again for 1 °C each day. The duration of this experiment was thus set at two weeks.
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Figure 5: Schematic representation of heatwave experiments.
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Statistical analysis on this data was done using ggplot2 visualisation for an overall idea of the
treatment effects on the 16, 18 and 22 degree heatwaves. However, not the sporophyte counts
but rather the photosynthetic yield provided by the PAM fluorescence meter was used for this,
as gametogenesis was not observed frequently enough. A binomial logistic regression was
nonetheless performed on the sporophyte counts after the heatwave treatments (day 25).

DNA extraction
High molecular weight DNA extraction

High molecular weight DNA of the bacteria isolated from the Laminaria individuals was
extracted. A volume of 200 pl of bacteria (either from the cryo preserved stock or a streak from
agar plates was used to inoculate 8 mL of marine broth (Difco). Bacteria were grown overnight
on a shaker to ensure sufficient bacterial biomass for DNA extraction. The day after, the Wizard
HMW DNA Extraction (Promega) kit protocol was followed to get high molecular weight of DNA
from the isolated bacteria. One mL of the broth was centrifuged (13000rpm) to pellet the
bacteria and processed further as indicated by the protocol.

Every bacteria that was extracted was also plated out on marine agar to make sure it was free
of contaminants. If it was noticed that there was contamination with another bacteria, this
extraction was repeated with a new inoculant from the cryo-preserved material.

DNA extractions were followed by gel electrophoresis to see if there was enough high
molecular weight. Because of a very high amount of low molecular weight (see results) the use
of kit was thus revised and the protocol from the Monarch HMW DNA Extraction Kit for Tissue
(NE#T3060S/L) from New England Biolabs Inc. was then preferred.

Protocol Qiagen DNeasy Powerlyzer Microbial kit and Sanger Sequencing

The bacteria that still persisted in the antibiotic treatment during the final axenization
experiment were identified based on their 16S rRNA gene sequence. Isolates from the
antibiotic treated gametophyte cultures were picked for 16S rRNA gene Sanger sequencing.
The DNeasy Powerlyzer Microbial kit protocol was followed on a smear from a colony. Bacterial
cell lyses was enhanced by bead beating. A 300 pl powerbeat solution and a 50 ul SL solution
(a lysis buffer) was added. A Retsch beadbeater was used at a frequency of 30 beats per
second and the mix was centrifuged at 10 000g for 30 seconds at room temperature. The
Quick-Start Protocol from Quagen was then further ensued. The 16S rRNA gene was amplified
using primer set 27F and 1492R as described in the protocol and negative controls were
included.
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Results
Growth of gametophytes

During the course of this research, growth of gametophytes was monitored several times to
deduct their life stage, overall health and to get an idea of the experimentation effects.
Therefore, some insight into the life cycle of L. ochroleuca is necessary. An overview of all life
phases according to Lining (1980) is hereby provided in the form of microscopic photos taken
by an attached Olympus camera and Cellsens programme for future comparison during
experimentation.

Primary cell and gametophyte growth towards vegetative phase (29/09/2023)
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Vegetative phase: growth of gametophyte filaments (29/09/2023)
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Growth of filaments, formation of female (upper) and male (lower) gametophytes (19/12/2023)
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Fertile female gametophytes carrying oogonia (23/02/2023)

Fertilized female gametophytes: onset of gametogenesis (17/03/2023)
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Microscopic sporophyte growth (20/03/2023) — a few days old

Further sporophyte growth (19/12/2023) — approximately 2 weeks old
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Full-length 16S rRNA gene high throughput amplicon sequencing of swabs

To gain insight into the bacterial taxa present on each swabbed region on the adult individuals,
we visualised the microbiome composition of the blade, holdfast and meristem. Figure 6 shows
the abundance of the most common bacterial orders for England and France on blade, holdfast
and meristem tissue. This represents the main biodiversity of both locations and all three
thallus-regions and suggests that differences in both thallus region and location affects
composition.
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Figure 6: Microbiome composition visualised per location (x-axis) and per treatment (y-axis).

Microbiome composition on holdfast, blade and meristem are significantly different
(PERMANOVA, Table 1). Nonmetric multidimensional scaling shows clustering of thallus-
regions (Figure 7) and Permutational multivariate analysis of variance show significant effects
of thallus-region (p = 0.001), location (p=0.015) and their interaction (p=0.017) on community
composition. These results suggest that bacterial community composition of the same thallus
region varies between England and France.
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Figure 7: Non-metric multidimensional scaling shows clustering of thallus regions.
Table 1: Results of permutational multivariate analysis of variance on microbiome composition.
Effect Df Sum of Sqgs R? F Pr(>F)
Thallus region 2 3.4455 0.33327 17.495 0.001***
Location 1 0.2559 0.02475 2.7499  0.015*
Thallus region: Location 2 0.4018 0.03887 2.1589 0.017*

Antibiotics
Selection of suitable antibiotics and their usable concentrations

A total of seven different antibiotics were investigated for their acute and long term effects on
biomass growth by using a PAM fluorometer. The medium and ethanol treatment served as a
control. The photosynthetic yield changes after eight days can be found in the supplementary
data. They were not used to determine the utilized antibiotics and concentrations as they were
deemed unreliable. Long term health changes were however also monitored using microscopic
observations (Table 2).
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Table 2 : Effects of different concentrations of antibiotics 8 days after administration

Antibiotic Concentration Observations on day 8

Ampicillin 500 pg/mL no immediate changes
100 pg/mL no immediate changes
50 pg/mL no immediate changes
10 pg/mL no immediate changes

Chloramphenicol 500 pg/mL some biomass loss and

diminished growth

100 pg/mL better growth, less biomass loss

50 pg/mL in bad condition

10 pg/mL no immediate changes
Erythromycin 500 pg/mL diminished growth, biomass loss

100 pg/mL biomass loss but better

50 pg/mL no immediate changes

10 pg/mL no immediate changes
Kanamycin 500 pg/mL bad state but controversial results

from the PAM,
duplicate showed a lot of biomass loss

100 pg/mL better growth, but still biomass loss

50 pg/mL no immediate changes

10 pg/mL no immediate changes
Penicillin 500 pg/mL some biomass loss

100 pg/mL some biomass loss

50 pg/mL no immediate changes

10 pg/mL no immediate changes
Rifampicin 500 pg/mL no immediate changes

100 pg/mL no immediate changes

50 pg/mL no immediate changes

10 pg/mL no immediate changes
Streptomycin 500 pg/mL some biomass loss

100 pg/mL better growth

50 pg/mL no immediate changes

10 pg/mL no immediate changes
Ethanol control a lot of bacteria visible, biofilm

formation so not a lot of biomass

Summarized, these results depict that Ampicillin, Rifampicin and Kanamycin showed the least
amount of biomass loss, with the strongest effects observed for concentrations 500 pg/mL,
100 pg/mL and 50 or 10 pug/mL respectively.



A broad activity spectrum antibiotic mix

To further evaluate the effects of the antibiotic mix on the growth and health of gametophytes
for future experimentation, a 24 well-plate was prepared with a mix of either Ampicillin and
Kanamycin or Ampicillin, Kanamycin and Rifampicin. As Rifampicin strongly colours the
medium, it was tested if a mix with only the other two antibiotics was suitable without Rifampicin
for axenization.

Table 3: Observations of the effects of a mix of selected antibiotics on 4 different individuals.

Treatment

Observations

AKNORH
plate

AKR NOR H
plate
AKENGE
plate

AKR ENG E
plate
AKNORA
plate

healthy gametophytes and growth

axenic

no growth, mycelium present and biomass loss
axenic

healthy gametophytes and growth

bacteria present: big orange colony

no growth, mycelium present

axenic

healthy gametophytes and a lot of growth

bacteria present

AKR NOR A | no growth, a lot of biomass loss
plate | axenic
AK ENG K | healthy gametophytes and growth
plate | bacteria present
AKR ENG K | relatively healthy

plate | bacteria present

Only in the combination of all three antibiotics, complete sterility was approached (Table 3).
AKR ENG K was not completely axenic since there was still growth on the marine agar plates.
The same was noted for the combinations without rifampicin on NOR A, ENG E and ENG K.

Fungal growth was observed in antibiotic treatment AKR NOR H and AK ENG E. Therefore,
Nystatin (Sigma-Aldrich) was added to the antibiotic mix and tested on a new plate with
individuals NOR H, NOR B and ENG E. Different concentrations (5 & 50 ug/mL) of Nystatin
were mixed with the three antibiotics. The lowest concentration (5 pg) already showed
inhibition of fungal growth so this was opted for further experimentation.
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Inducing gametogenesis
Inducing gametogenesis during axenization

To enhance sporophyte growth during gametogenesis, culture conditions were changed to a
temperature of 18°C, additional blue light was provided, and the medium was refreshed
weekly. To investigate the potential impact of antibiotics on gametogenesis, a second round
of antibiotic treatment was administered. Duplicate wells with antibiotics were compared to
control treatments for this purpose. Effects were monitored weekly by microscopy for a duration
of four weeks post treatment (Table 4) and were photographed for comparison (Table 5). As
in the previous experiment, the axenization was reviewed by plating each well following every
antibiotic treatment. Remaining bacterial growth was thus sampled and grown into marine
broth to perform a DNA extraction for 16S nanopore sequencing to gain insight into these
antibiotic-resistant bacteria. The resulting taxa can be found in the section covering the DNA
extraction. These observations show an effect of antibiotic treatments being the “strange cell
growth” (Table 5) . This is defined as small clusters of cells without pronounced cell elongation.
This type of cell growth was nearly exclusively found after antibiotic treatment, suggesting that
the antibiotics might have a negative effect on normal cell growth, possible due to a lack of
beneficial bacteria aiding in normal cell growth.

Table 4: Weekly observations of antibiotic effects on gametogenesis of 4 individuals from England and 4 individuals from

Normandy where AB = antibiotic treatment, C = control treatment.

INDIVIDUAL DAY 0 DAY 7 DAY 14 DAY 21
NOR B AB Oogonia present, almost healthy gametophytes, visible no sporophytes no sporophytes, normal
no biomass loss biomass growth present, otherwise growth
healthy gametophytes
NORBC Oogonia present, salt healthy gametophytes, visible no sporophytes no sporophytes, visible
kristals (geen idee wat ik biomass growth present, otherwise biomass growth
hiermee bedoelde) healthy gametophytes
NOR G AB big clusters of No pronounced cell elongation No pronounced cell no sporophytes, no
gametophytes and various  bloated cells, some healthy elongation pronounced cell elongation ,
bloated filaments gametophytes no sporophytes
NORGC Oogonia present, big healthy gametophytes, normal normal cell elongation no sporophytes, normal
clusters, various bloated growth but clustered and growth, healthy growth
cells looking gametophytes
NORH AB Healthy gametophytes healthy gametophytes, biomass normal growth, no sporophytes, approaching
and a lot of clustering, growth healthy looking normal growth, healthy looking
oogonia present gametophytes gametophytes, some celldeath
and irregular growth
NORHC Healthy gametophytes, healthy gametophytes, oogonia normal growth, no sporophytes, normal
oogonia present present healthy looking growth,
gametophytes
ENG O AB biomass loss, traces of Healthy gametophytes, no Healthy no sporophytes present, a lot
other algae sporophytes, big clusters of gametophytes, no of debris from pipetting
gametophytes, traces of other sporophytes present, some moving
algae around gametophytes, structures
oogonia present
ENGOC healthy gametophytes, A lot of trichodesmium growth, Trichodesmia has no sporophytes, Trichodesmia
traces of trichodesmium, gametophytes hard to spot overgrown completely overgrowing
originally thought to be because of overgrowth gametophytes
salt cristals
ENG E AB biomass loss, strange Some healthy some bloated Bloated cells, biomass  no sporophytes a lot of debris
cellgrowth cells loss present from pipetting, no
. sporophytes, cell death and
oogpnla present, small amount bloated/strange cell growth
of biomass loss,
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ENGEC

ENG K AB

ENGKC

healthy gametophytes but
also biomass loss

many filaments, healthy
gametophytes

oogonia present, mix of
cell aggregation, strange
cell growth and healthy
gametophytes

healthy gametophytes, a lot of Cyanobacteria present  no sporophytes, diatoms and

visible growth, oogonia present cyanobacteria present, some
traces of trichodesmium, very
dense in biomass

healthy gametophytes, oogonia no sporophytes no sporophytes, strange cell

present present growth

sporophytes present on sparse sporophytes not no sporophytes cyanobacteria

gametophyte clusters, visible anymore due to  overgrown, gametophytes not
overgrown visible

red algae present cyanobacteria

cyanobacteria present

Table 5: Final observations of gametophytes under antibiotic treatments (AB) in comparison to control treatment (C).

NOR B AB

NORBC

NOR G AB

NOR H AB

NORHC
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ENG O AB

ENGOC

ENG K AB

ENGKC

29



Density dependence of gametogenesis

To test if gametogenesis is density dependent, a VWR 12 well-plate was filled with four
different concentrations (1mL, 2mL, 3mL, 4mL) of individual ENG K, ENG O, NOR H.
Sporophyte growth was monitored through a microscope for three weeks (Table 6). This does
not show an immediate density effect, except for ENG K, however this could be due to

individual effects, since ENG K also showed gametogenesis in the previous experiment.

Table 6: Weekly observations of density effects on gametogenesis

Day 7

Day 14

Day 25

Concentrations

ENG K

1mL Sporophytes present sporophytes present sporphytes present but overgrown?
2mL no sporophytes yet, but eggs present no sporophytes, cyanobacteria present no sporophytes, more cyanobacteria
present
3mL no sporophytes yet, but eggs present cell death red algae present
4mL no sporophytes yet, but eggs present cell death red algae present
ENG O
1mL trichodesmium growth, sporophytes more trichodesmium growth more trichodesmium growth
present
2mL biomass loss trichodesmium growth and biomass loss ~ more trichodesmium growth
3mL more biomass loss trichodesmium growth and biomass loss ~ more trichodesmium growth
4mL healthier gametophytes trichodesmium growth and biomass loss ~ more trichodesmium growth
NORH
1mL healthy gametophytes, eggs present, no sporophytes present, gametophytes no sporophytes present, gametophytes
no sporophytes healthy healthy
2mL no sporophytes present, no sporophytes present, gametophytes no sporophytes present, gametophytes
gametophytes healthy healthy healthy
3mL no sporophytes present, no sporophytes present, gametophytes no sporophytes present, gametophytes
gametophytes healthy healthy healthy
4mL no sporophytes present, no sporophytes present, gametophytes no sporophytes present, gametophytes

gametophytes healthy

healthy

healthy
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Administration of bacterial inocula to induce gametogenesis

Axenic (NOR H, NOR G) or partly axenic (ENG K, ENG E) cultures from the ‘induction of
gametogenesis during axenization’ experiment were reused and the stock cultures (NOR G,
NOR D, ENG E, ENG L) that were not axenic were collected to test the effect of the bacterial
mixture on gametogenesis. The (partly) axenic and non-axenic individuals were compared to
identify the effect of the prolonged red-light incubation versus exposure to blue/white light and
antibiotic treatments. The taxa of the bacterial inocula treatments were identified using Sanger
Sequencing (Sofie Peeters). Note that each bacteria mix had an equal amount of bacteria
(Table 7) from England and France, but also from Morocco (MAR), from which the

gametophytes are not used for experimentation.

Table 7: Identified taxa from bacterial inocula per treatment using Sanger Sequencing (Sofie Peeters

Probiotica Location Individual Thallus_re Agar Genus
BI ENG C 3 S1 Psychromonas
BI ENG F 3 M1 Vibrio
BI NOR G 3 M2 Vibrio
BI NOR C 3 M1 Vibrio
BI MAR B 3 M3 Vibrio
BI MAR D 3 S1 Pseudoalteromonas
M ENG B 2 M2 Pseudoalteromonas
M ENG F 2 S2 Vibrio
M NOR G 2 M1 Pseudoalteromonas
M NOR F 2 M1 Pseudoalteromonas
M MAR B 2 sS4 Psychromonas
M MAR A 2 M2 Vibrio
Ho ENG A 1 S2 Vibrio
Ho ENG B 1 S2 Vibrio
Ho NOR D 1 M1 Vibrio
Ho NOR E 1 M1 Pseudoalteromonas
Ho MAR D 1 S1 Vibrio
Ho MAR E 1 S1 Pseudoalteromonas

The available KO functions provided by these bacteria are also identified using Kyoto
Encyclopedia of Genes and Genomes (KEGG, Table 8) to get an idea of the presence of useful

functions according to literature (see discussion).

Table: 8: Identified functions (KEGG) of the bacteria used as inocula

Vibrio Psychromonas  Pseudoalteromonas

Nitrogen metabolism

Dissimilatory nitrate reduction yes no no
Sulfur metabolism

DMSP no no no

Assimilatory sulfate reduction yes yes no
Lipid metabolism

Fatty acid metabolism yes yes yes
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Metabolism of vitamins

Thiamine biosynthesis yes yes no

Riboflavin biosynthesis yes yes yes

Biotin biosynthesis yes yes no

Vitamin b6 biosynthesis yes yes yes
Starch and sucrose metabolism

Glycogen biosynthesis no yes no

Glycogen degradation yes no yes

Quorum sensing

Biofilm formation no-almost no no
N-Acyl-L-homoserine yes no no
Symbiosis for bacteria
Glycine breakdown no no no
Alanine breakdown yes yes no
Aspartate breakdown yes no no
Glutamate metabolism yes yes no
ABC transporters
Iron yes yes yes
Thiamin yes yes no
Phospholipids yes yes yes
Glucose/mannose yes no no
Histidine no no no
Aspartate no no no
Glutamate no no no
Biotin no no no
Riboflavin no no no
Vitamin B12 yes no no

Biosynthesis essential amino acids

Valine yes yes yes- but not all
Leucine yes yes yes
Isoleucine yes yes yes-but not all
Phenylalanine yes no no
Tryptophan yes no no
Antibiotics
Streptomycin no no no
Vancomycin no no no
Ansamysin no no no

Sporophyte counts can be found in the supplementary material. These counts show no direct
effect between probiotic treatments, yet there is a lower number of sporophytes in the control
treatments in comparison to the thallus inocula treatments. Sporophyte counts over time
(visualisation: supplementary) differed per treatment (Figure 8).



Day 14 Day 21

4a0-

Treatment 30- Treatment
2% | B & | B
2 . 8l 3 20 . 8
O ap- B - o B -
L L M
104 10-
0- 0-
ENG NOR ENG NOR
Location Location
Day 30 Average
504 40-
40~ J
Treatment 50 Treatment
230- B P | B
S W S W
M M
B ]
10-
0- 0-
ENG NOR ENG NOR

Location Location

Figure 8: Sporophyte counts per counted day post treatment and treatments (C = control, Bl = Blade, Ho = Holdfast, M =
Meristem). Counts were averaged in panel 4.

It seemed that location had an effect on the sporophyte counts, however it was microscopically
observed that rate of gametogenesis differed between the origins (axenic = AX or from red-
light incubation = RL) of the gametophytes. An ordinal logistic regression model was performed
on the additive origin (AX or RL) and treatment effect on sporophyte counts. This was
compared with the additive location (England or France) and treatment effect on sporophyte
counts. Aikeke’s information criterion (AIC) was used to assess the best fit for the data of all
separate days and generally showed a better fit for the origin and treatment model. An origin
and treatment interaction effect was also modelled and compared to the additive one. Aikeke’s
information criterion however showed a better fit for the additive model. In the additive location
and treatment model, no significant location effect on the sporophyte counts was found
(supplementary material).

The models showed differences per origin and per day, affected by the treatments (Table 9).
Ordinal logistic regression on day 30 showed that all thallus inocula treatments had a
significantly bigger positive effect on gametogenesis than seawater inocula (Blade: p=
0.00118, Holdfast: p=0.00034, Meristem: p=0.00333). Red light incubation had a significantly
negative effect on gametogenesis in comparison to the (partly) axenic gametophytes. Day 14
showed no significant effect of treatments on gametogenesis but also showed a significant
negative effect of red light incubation (p=0.00156). Day 21 only showed a significantly positive
effect of Blade inocula (p = 0.04336) and meristem inocula (p =0.0216), a significantly negative
effect of origin (p =0.00006) and a marginally significant effect of holdfast inocula (p =0.09096).
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Table 9: Results of the ordinal logistic regression models of Day 14, Day 21 and Day 30.

Day 14 Day 21 Day 30
Effect E SE T P E SE T P E SE T P
Blade 0.16124 0.89946 0.17926 0.85773 1.70132  0.84216 2.02019 0.04336* 3.877332 1.1952932 3.243834 0.00118**
Holdfast 0.74786 0.86181 0.86778 0.38551 1.39293 0.82404 1.69038 0.09096 4.345373  1.2131995 3.581747 0.00034%**
Meristem -0.28630 0.93480 -0.30627 0.75940 1.93493 0.84223 2.29740 0.02160* 3.494627 1.1903997 2.935675 0.00333**
Origin -2.59507 0.82036 -3.16332 0.00156%* -2.37342  0.59036 -4.02027 0.00006%*** -1.748928 0.5755814  -3.038541 0.00238**
01 0.31796 0.64267 0.49475  0.62077 0.23389 0.64410 0.36312 0.71651 2.12629 1.0545134  2.016371 0.04376*
12 0.53002 0.64513 0.82157 0.41132 1.64769 0.69188 2.38148 0.01724* 3.509424 1.0991604 3.192823 0.00141%*

Post-hoc comparisons however showed no significant differences between the thallus inocula
effects on gametogenesis on day 30 (Bl — Ho: p = 0.899; BI-M: p= 0.9437; Ho-M: p = 0.6076).

However, it is important to note that many of the sporophytes had died on day 30. This was
not accounted for in the sporophyte counts as this experiment was aimed at investigating the
effect on recruitment success and there might have been a number of external factors
influencing death of these sporophytes, such as lack of sufficient nutrients for sustained
growth, light intensity which could have been too high for further growth.

Temperature control experiment:

This experiment aimed to gain insight into the temperature effect on gametogenesis of the
gametophytes. As the aerated culture flasks showed significant disruption of gametogenesis
and the gametophyte health, the sporophytes counts of these flasks are not shown here but
can be found in the supplementary material. Results of the cell culture flasks are displayed in
Table 10. No big difference between seawater treatments were observed in this data, however
what can be deducted from these results is that the English gametophytes (ENG) have higher
recruitment success in the colder 12 degrees, while the French (NOR) gametophytes have
higher recruitment success in the warmer 18 degrees in comparison to the English.

Table 10: Sporophyte counts for natural (C) and artificial (C+ASW) seawater and for three different temperatures.

Location Individual Temperature Duplicate Day 14 Day 24 Day 32
ENG E 18 C+ASW 0 0 0
ENG E 18 C 0 0 0
ENG E 16 C+ASW 0 Dead 0
ENG E 16 c 0 Dead 0
ENG E 12 C+ASW 1 4 3
ENG E 12 C 1 7 0
NOR H 18 C+ASW 0 0 4
NOR H 18 C 0 0 5
NOR H 16 C+ASW 0 0 0
NOR H 16 C 0 0 0
NOR H 12 C+ASW 0 0 8
NOR H 12 c 0 0 1

Inducing gametogenesis during heatwave treatments by bacterial inoculation:

The goal of this experiment was to deduce if bacterial inocula could increase the occurrence
of gametogenesis and consecutive sporophyte development during heat stress. Treatments
Ho, Bl and M were compared with a control treatment (no added bacterial inocula) on three



different heatwave stressors with maximal temperatures 16, 18 and 22 °C. Health, growth and
gametogenesis were monitored using sporophyte counts (supplementary material) and PAM
fluorescence measurement. A binomial regression model analysis was performed on the
treatment effect on gametogenesis but showed no significant results (supplementary). The
treatment effect was also visualised, which shows statistical analysis was not worthwhile
(supplementary).

The photosynthetic yield of photosystem Il was measured using the PAM fluorometer per
heatwave treatment and per treatment along the different timepoints. This was done at day 0,
which represented the day before heatwave administration but when bacterial inocula were
already added (day 3 after inocula administering); day 7 which represented the gradual
increase of temperatures and the start of the heatwave treatments; day 14 which represented
the gradual decline of heatwave temperature towards the baseline 16 °C and day 25 which
represented the recovery phase. The boxplots in Figures 9, 10 and 11 show this timeline and
the corresponding yields measured. The 16 °C treatment serves as a control. Nevertheless,
the control treatment in 16 °C showed a different trend to the ones exposed to thallus inocula.
A gradual decline in yield is observed, which is resumed in the next time point. This is different
for the blade, meristem and holdfast inocula treatments, in which gradual increase in yield is
seen during the heatwave and a significant increase after heatwave administration. The same
differences between control and thallus inocula treatments can be observed in the 18 °C
heatwave treatment. For the 22 °C heatwave however, it can be observed that yield decreases
for the control treatment, which is not the case for the thallus inocula treatments.
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Figure 9: Boxplots concerning the effect of thallus inocula treatment on gametogenesis during a 16 degrees heatwave.
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Figure 10: Boxplots concerning the effect of thallus inocula treatment on gametogenesis during a 18 degrees heatwave.
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DNA extraction

Protocol Qiagen DNeasy Powerlyzer Microbial kit + sanger sequencing

Table 10 shows the 16S Sanger Sequencing results, identified by using Basic Local Alignment
Search Tool (BLAST, Sofie D’Hondt).

Table 10 The identified bacteria that still grew after antibiotic treatments.

Individual sampled bacterial taxa
ENG O Lacinutrix sp.
ENGE Maribacter sp.
ENG K1 Proteobacter/Maribacter
ENG K2 Zobelia sp.
ENG O Zobelia russellii
NOR B Alteromonas sp.
NORH Alteromonas sp.

Discussion

Effect of thallus region and location on bacterial community composition
Bacterial community composition differs between thallus regions

The results from the 16S rRNA gene ONT sequencing analysis show that meristem, holdfast
and blade swabs from the adult individuals sampled in England and France harbour
significantly different bacterial communities. The blade microbiome is dominated by
Proteobacteria (Rhodobacterales, Arenicellales), Planctomycetes (Pirellulales), and
Actinomycetota (Microtrichales). The holdfast is also dominated by Proteobacteria
(Rhodobacterales, pseudomonadales) and to a lesser extent by Bacteroidota
(Chitinophagales) while a substantial part of the community was assigned to less prevalent
groups. The meristem microbiome shows the highest abundances for Planctomycetes,
Actinomycetota (Microtrichales) and Gammaproteobacteria (Granulosicoccales).

Our results are largely in line with a study on L. digitata (lhua et al., 2020). This study, among
others (Morrissey et al., 2019) mentions the importance of functional diversity between
different niches (here: thallus regions) on the host. “The Competitive Lottery Hypothesis”
suggested by Burke et al (2011) states that bacterial recruitment, driven by chance
attachments, more likely depends on functional organization rather than taxonomic
composition (Burke et al., 2011; Morrissey et al., 2019). This has been observed in Ulva sp.,
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where there is a higher similarity of bacterial community composition based on the metabolic
functions rather than random processes. The differences in bacterial composition observed in
this thesis are thus expected to be based predominantly on the functional needs of each
separate thallus (Burke et al., 2011). These functional needs have been found to differ
significantly from apex to base for Caulerpa, a siphonous algae species (Ranjan et al., 2015).
A differential functional diversity was therefore hypothesized on L. ochroleuca as well. Holdfast
tissue, for example was expected to be characterized by bacteria that aid in the uptake of
phosphorus, carbon and nitrogen from the substrate (Ranjan et al., 2015). Subsequently, given
the photosynthetic capacity of kelp, aerobic nitrogen-fixing bacteria were expected on the
blades (Weigel & Pfister, 2021). Lastly, since the meristem is the active growth region in the
seaweed (Lemay et al., 2021), bacterial functionalities were expected to promote cell division
and production of growth factors. The orders from Figure 6 and their associated functions
described in literature are hereby evaluated in an attempt to gain more insight into this
functional diversity and the effect it has on microbiome composition.

Bacteroidetes are known to degrade biopolymers, which creates an aerobic environment on
the seaweed’s surface biofilm, thereby allowing colonizing bacteria growth (Dang et al., 2011).
Chitinophagales, more specifically, convert chitin to N-acetylglucosamine which in turn
produces poly-N-acetylglucosamine (PGA). This is often taken up by other bacteria such as
Saccharimonadia (Fuijii et al., 2022) and results in possible biofilm formation (Izano et al.,
2007). Chitinophagales also possess a subunit of nitric oxide reductase, important for the
denitrification pathway which adds to the regulation of nitrogen availability (Betlach And &
Tiedje, 1981). Finally, Chitinophagales possess several ATP-binding cassette (ABC)
transporters responsible for releasing phospholipids (Fujii et al., 2022). In our data, these
bacteria have been found most abundant in the holdfast and blade microbiome. The fact that
the Chitinophagales are less abundantly found in the meristem suggests that these bacteria
lack functionalities towards active growth of L. ochroleuca. Enterobacterales are generally
capable of nitrogen fixation (Mehnaz, 2013), which could explain why they are mostly found
on the blade and holdfast, since these regions have been mentioned to require available
nitrogen (Ranjan et al., 2015; Weigel & Pfister, 2021).

Granluosicoccales and especially the genus Granulosicoccus is commonly found in
association with marine macroalgae. It harbours genes that are usually involved in sulphur
cycling, such as those encoding dimethyl sulfoniopropionate (DMSP) demethylase (Kang et
al., 2018) and those encoding for sulphide:quinone oxidoreductase. DMSP (Bullock et al.,
2017) in its turn attracts Roseovarius sp. which promote cell division and growth through
secretion of morphogens (Kessler et al., 2018; Spoerner et al., 2012). Granulosicoccus also
pioneer the colonization of L. hyperborea surfaces (Bengtsson et al., 2012) they have a rapid
attachment strategy and high growth rate at early biofilm formation. These findings explain why
they are most abundant in the active growth region (Kang et al., 2018). .

Pseudomonas are also prominent biofilm formers because of their production of alginate, an
important structural component in seaweeds providing resilience against environmental
pressures (Dharshini et al., 2021). This affects kelp propagule fitness which is crucial in a kelp’s
recruitment success (Morris et al., 2016). Some Pseudomonas have even been found to form
antibiotics (Drenkard & Ausubel, 2002; Harmsen et al., 2010). Given these functions, the
Pseudomonas found in blade and holdfast microbiome are expected to be beneficial for
protection against external stressors (Singh & Reddy, 2014). Pseudomonas, Vibrios and
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Rhodobacter also produce N-acylhomoserine lactone (AHL), which are signalling molecules.
These AHL’'s are autoinducers for bacterial co-operative behaviour resulting from a
simultaneous coordination of single cells, a process called quorum sensing. This regulates
certain gene expressions in bacteria (Williams et al, 2007). Joint et al. (2007) has found that
zoospores from Ulva sp. can actually detect the signalling molecules produced by these
aforementioned bacteria and this appears to have a positive effect on zoospore settlement.

Pirellulales in their turn have been found to relate to anaerobic oxidation of ammonia in marine
sponges (Jackson et al., 2013). They are also mentioned to play a role in organic mineralization
and the sulphur cycle in seagrass meadows (Jiang et al., 2015). Pirellulales have a very high
abundance in the meristem of our samples and less on the holdfast and blade. The same is
observed for Microtrichales which are said to be key for carbon mineralization (Miksch et al.,
2021). Once again, this suggests that the location of these bacteria is linked to the functional
requirements of the active growth region.

Bacterial community composition differs between locations

Not only thallus region, but also location significantly affects microbial composition. This can
be seen in Figure 6. Examples here involve the different abundances of Pirellulales and
Rhodobacterales between England and France. This raises the question whether the
distribution of these bacteria have a certain temperature dependency. Serebryakova et al
(2018) have described the shifts of bacterial community composition in Sargassum muticum
and have found a higher abundance of Planctomycetes, amongst which an unidentified
Pirellulales, increased in abundance during the summer in their more northern individuals. For
Rhodobactaraceae, a decline was found during the summer. As this controverses what our
data suggests, there might also be other factors influencing the differing abundances of
Pirellulales and Rhodobacterales (Serebryakova et al., 2018). It has been found that microbial
communities have a geographic distribution that highly depends on temperature, light and its
chemical environment (Gusareva et al.,, 2019; Rusch et al.,, 2007). In contrast, microbial
communities associated to a host appear to have a distribution highly dependent on the
selective forces from their host (Wood et al., 2022), such as the Pirellulales associated with
Sargassum (Serebryakova et al., 2018). This host-characteristic dependency of microbiome
composition has been found in humans, at which certain intestinal enterotype presence was
correlated with age and body mass index of the host (Arumugam et al., 2011) as well as in
mice, which have variability in skin microbiome depending on their health (Srinivas et al.,
2013). Marzinelli, et al. (2015) found that geography is not even the most important factor for
bacteria variation across continental scales for Ecklonia radiata. Therefore, it is difficult to
predict whether the significant differences in microbial community between England and
France is a proxy for the different environmental conditions or rather the response to host-
characteristics as a consequence of these environmental conditions.

Axenization of the host
Incomplete axenization and implementations

Our results after administration of the chosen antibiotic mix show an incomplete axenization,
expect for some of the cultures (NOR H and partly on NOR A). In the “Inducing gametogenesis
during axenization” experiment, control treatments and antibiotic treatments were compared
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with each other. The irregular cell growth from the results with no pronounced cell elongation
was then exclusively found in antibiotic treatments. This irregular growth has previously been
observed in L. digitata and L. hyperborean (Fries, 1980) and was then termed “callus-growth”.
It has been found to depend on the season of sampling. This could be due to the difference in
nutrient storage in the Laminarians (Fries, 1980) although callus growth was more rapidly
observed for the individuals of Normandy than in England, no such reasoning can explain the
difference here, since the adult individuals were sampled at the same approximate life stage
and thus had the same nutrient storage. Callus-growth has also been found in Ulva sp. when
made axenic (Wichard, 2023) and was then allocated to the absence of important seaweed
morphogenic bacteria such as Roseobacter and Maribacter, which could explain the results
here as well.

The antibiotic mix used here were not enough to keep growth of cyanobacteria (or microalgae)
at bay. It is possible that they were not specific enough. Guo et al (2016) described the
sensitivity of chlorophytes, cyanobacteria and diatoms to three major-use antibiotic exposures
(Tylosin, Lincomycin, Trimethoprim). They found that cyanobacteria were in fact the most
sensitive to Lincomycin and diatoms and chlorophytes to Trimethoprim (Guo et al, 2016). In
Le et al. (2023), a list of antibiotics and their toxicity for several cyanobacteria and microalgae
are given. Erythromycin, for example, is a renowned suppressor of photosynthesis in
Selenastrum capricornutum (Liu et al., 2011) and Microcystis aeruginosa (Deng et al., 2014).
Additionally, two or more antibiotics together usually show the highest effect on cyanobacteria
and algae (Le et al., 2023). Ampicillin, for example, has the biggest effect on M. aeruginosa
when combined with Spiramycin (Wang et al., 2018) while it depends on the species it’s dealing
with and the effect it will have, this can vary from inhibition of growth to photochemical stress
(Baselga-Cervera et al., 2019). Therefore, it is possible that the antibiotic mix used in these
experiments were not the right ones for the specific species of cyanobacteria that was dealt
with and more research is needed regarding the correct combination of antibiotics and their
concentrations, especially to keep them safe from callus-growth and cyanobacteria.

Inducing gametogenesis
Effect of gametophyte aggregation on gametogenesis

During experimentation, we observed that sporophyte growth seemed to exclusively occur on
sparsely distributed gametophytes. It was briefly believed that high density of the
gametophytes had negative effects on gametogenesis due to a lack of nutrient availability and
oxygen. This was ruled out in the “Density dependence of gametogenesis” experiment as no
general effect nor abundant gametogenesis was observed before cultures were overgrown
with cyanobacteria. ENG K however did show a quicker gametogenesis in the lowest
gametophyte concentration but this could be due to individual effects since ENG K showed
rapid gametogenesis in comparison to the other individuals during the “Inducing
gametogenesis during axenization” experiment. Another possible factor influencing the results
in ENG K could be the differential nutrient supplementation in the lowest concentration since
more medium was added to dilute the gametophyte medium to 4 mL. Similar observations
were made by Reed et al as they have found that lower gametogenesis at higher densities
was most likely due to nutrient limitation. (Reed et al., 1991). In contrast, kelp recruitment has
been mentioned to be enhanced by proximity of settled zoospores (Muth, 2012). Thus given
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current scientific evidence, gametophyte aggregation has no negative affect on gametogenesis
if enough nutrients are provided, on the contrary, it provides gametogenesis enhancement.

Optima for gametogenesis in mature gametophytes

The factors most highly influencing growth towards Laminaria’s different life phases are
nutrient availability, light intensity, temperature and photoperiod length (Haxo & Blinks, 1949;
Lewis et al., 2013; Luning, 1980; LUning & Dring, 1975; LUning & tom Dieck, 1989; Martins et
al., 2017; Ratcliff et al., 2017) Several choices have been made for optimal growth in laboratory
conditions, involving culture medium, artificial light and the day:night cycle, incubation
temperature and frequency of medium renewal. These choices are now evaluated.

% Culture medium

Growth and maintenance of the gametophytes was optimized using sterilized seawater that
was supplemented with G20, and Provasoli Enriched Seawater (PES). The gametophytes
were kept under a red light regime in 15 °C for maintenance during their vegetative filamentous
state. Transition to fertile gametophytes was induced using exposure to white light. PES is
commercially available and is mentioned to positively affect the growth of gametophytes
(Ratcliff et al., 2017). The same medium was used throughout the entire research duration,
and demonstrated efficacy. However, the rate of gametogenesis induction after red light
incubation was less than ideal. One possible explanation for this is that Provasoli Enriched
Seawater is not the optimal medium for gametogenesis. Another commonly used commercially
available medium, f/2, has indeed provided more successful transition to fertile gametophytes
for Laminaria digitata under blue light (Ratcliff et al., 2017). The differential composition
between these media is the probable explanation, since PES contains Boron, which is absent
in f/2. Laminaria species’ growth is said to be enhanced by Iron (Lewis et al., 2013), but adding
Boron has been observed to inhibit gametogenesis in S.longissima and S.japonica (Ratcliff et
al., 2017)

s Light quality and photoperiod length

Light conditions are essential for photosynthesis of these gametophytes but also for proper
transitioning between life stages. Fertility induction can then only happen with enough
formation of photosynthate in the prior life stage which in its turn depends on the photoperiod
length (Gao et al., 2013; Hoffmann & Santelices, 1982; Ratcliff et al., 2017). Presence of light
and photoperiod length can also impact gametogenesis indirectly since there appears to be a
positive relationship between the size of the gametophytes before fertility and the rate of
gametogenesis in S.latissima (Ratcliff et al., 2017). The growth of gametophytes is said to be
uncorrelated with the light quality for brown algae (Haxo & Blinks, 1949; Lining, 1980).

A factor influencing the slow transition to gametogenesis in this research could thus be the use
of white light, instead of direct blue light. The optimal wavelengths for gametogenesis induction
in S. latissima, L. digitata and L. hyperborea are said to be around 400-500nm (LUning, 1980;
Ldning & Dring, 1972, 1975). Thus, violet or blue light is needed for fast induction of
gametogenesis. As white light was mostly used in the laboratory for seaweed growth, the
wavelengths were not specifically altered for gametogenesis as literature demands. However,
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when it was observed that gametogenesis was lower than expected, additional blue light was
added. It is unclear however if this was the main cause of faster gametogenesis.

L)

¥ Temperature

Thermal sensitivity has been found to play a major part in seaweed growth as well (Andrews
et al., 2014). It even seems to have combined effects with photoperiod length since some kelp
species only show gametogenesis on short days combined with low temperatures (LUning &
tom Dieck, 1989; Martins et al., 2017). The gametophytes from England and France, are used
to different temperature ranges. This temperature difference is around 1 °C according to
Copernicus.eu and shows an average of 18 °C in August and 7.5 °C in March on the French
coast while England ranges from 17 °C in 8.5 °C in March on the Southern-English coast.

Interesting to note is that gametophytes also show a separate response to temperature in the
lab. The results of the temperature control experiment showed a higher sporophyte count for
England in the colder 12 degrees in comparison to France, while France showed a higher
sporophyte count for the warmer 18 degrees. Even though these results have not been
submitted to statistical analysis, it opens the discussion regarding local adaptation in the
parental individuals of the gametophytes in this research. It suggests that there are adaptive
traits toward temperature optima and more importantly that these traits could either be
genetically inherited or acquired due to vertical transmission of the microbiome. The latter is
plausible given the fact that the individuals used for this experiment were never made axenic
but came directly from the 15 °C red light incubator. However it has been mentioned to be less
significant in aquatic ecosystems due to the bigger effect of other environmental factors
affecting microbiome composition and the highly different environments of each life stage
(Lemay et al., 2018).

Alsuwaiyan et al (2021) already discussed how genetic variation in Ecklonia radiata explains
a differential response to marine heatwaves, and Pang et al (2007) mentions that thermal
tolerance is a genetically inherited trait in Laminaria japonica. This implies that there is indeed
a genetic response to temperature and that the recruitment success of the gametophytes is
linked to the original location of their parent. The individuals in our experimentation have
reduced genetic diversity because they result from self-fertilization but possibilities exist to use
outcrossing experiments for the fithess increase during future temperature changes, as has
been done by Liesner et al. (2022). Attempts were made to outbreed Arctic Laminaria digitata
populations with temperate ones. This was done to investigate the potential effect of enhancing
genetic diversity on heat stress defence. The results showed a significantly higher heat
tolerance for outbred populations than for inbred Arctic individuals. Supporting genetic diversity
of populations can prove very important for future conservation and management strategies
(Liesner et al., 2022).

s+ Other factors

Ratcliff et al. (2017) also mentions the importance of agitating culture flasks with gametophytes
to enable gas exchange and to interrupt formation of a so-called boundary layer that could
form around the gametophytes. It could therefore be expected that the aeration in the
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temperature control experiment shows an improved gametogenesis rate, however, more
research is needed for the proper methodology. These findings highlight that not one but many
environmental factors play a role and that it is extremely difficult, given the seasonal and
latitudinal variations, to create circumstances ideal for gametogenesis of all individuals under
study here.

Effect of bacterial inocula on gametogenesis

All thallus inocula significantly and positively affected gametogenesis in comparison to the
control treatment. Given the fact that these thallus inocula contained equal amounts of bacteria
from Morocco, France and England, it suggests that bacterial inoculation by bacteria from
adults across latitudinal regions is beneficial for gametogenesis or sporophyte recruitment.
However, red light incubation negatively affected the gametogenesis. This can be expected
since, as mentioned before, light exposure of the right wavelength is needed to transition from
the vegetative phase to fertile gametophytes (Lining, 1980; Lining & Dring, 1975; LUning &
tom Dieck, 1989; Ratcliff et al., 2017). The lack of significant effects of location could be
allocated to the use of a bacterial mix rather than a separate inoculum for each location.

Our results also showed low levels of bacterial diversity in inocula treatments (Vibrio,
Pseudomonas and Pseudoalteromonas). This could be due to the selection of bacterial
isolates which was nudged towards easily separated colonies, although colours of these
colonies were variable. However, the bacteria used for the treatments still appeared to provide
advantageous functions that enhanced gametogenesis.

The most important bacterial functions relevant for seaweed symbiosis and sporophyte
recruitment appear to be among others biofilm formation, the presence of ABC-transporters,
nitrogen fixation, carbon mineralization(Betlach And & Tiedje, 1981; Bullock et al., 2017; Dang
et al., 2011; Dharshini et al., 2021; Fuijii et al., 2022; Lemay et al., 2021c; Ranjan et al., 2015;
Weigel & Pfister, 2021; Williams, 2007). To get an idea of the available functions in the bacteria
used for bacterial inoculation, the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database was used and the sequences of the present Vibrio’'s, Pseudomona’s and
Pseudoalteromonas were investigated for these previously mentioned functions. The results
show that the Vibrio’s most likely and exclusively contributed to nitrate reduction, nitrogen
availability, quorum sensing, glucose/mannose transport, vitamin B12 membrane transport
and Phenylalanine and Tryptophan biosynthesis. Psychromonas only provide glycogen
synthesis and Pseudoalteromonas seem to have no function that are exclusive to the genus,
however all three genera provide fatty acids, Riboflavin and vitamin B6 biosynthesis and Iron
and Phospholipid membrane transport.

The blade and holdfast treatment are mostly characterized by Vibrio’s, while the meristem
treatment were dominated by Pseudoalteromonas. It could thus be expected that, because of
the previously mentioned functions, the blade and holdfast treatment would affect
gametogenesis the most. Vibrio’s provide the most functions related to seaweed growth
(nutrients, vitamins, biofilm, amino-acids, lipids) and visualisation of the data (Figure 8) shows
that on average, the blade and holdfast treatment shows the biggest effect on gametogenesis
on the individuals originally from France (Figure 8). A post-hoc comparison however
(supplementary) show that there is no significant difference between thallus inocula effects on
gametogenesis.
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Important to note is that in the nearly axenic cultures, bacteria were still growing on the
streaked agar plates. These bacteria were sequenced and contained Alteromonas, Maribacter,
Lacinutrix sp., Proteobacter and Zobelia sp. The bacteria Alteromonas and Maribacter have
been found to play a major role in marine carbon cycling (Bengtsson et al., 2011; Selvarajan
et al., 2019). Some Alteromonas have metal-resistance and capabilities of binding Cu?* and
Zn?* cations, which is not particularly of impact here, however it has interesting implications for
future inocula administration(Selvarajan et al., 2019). The role of Maribacter in morphogenesis
of Ulva sp. has been discussed before, and might provide this functionality for L. ochroleuca
as well. The Flavobacter Lacinutrix sp. degrade algal polysaccharides (Saha, Ferguson, et al.,
2020) however, they were only present on NOR B which was not used in this experiment.
Zobelia species are not discussed a lot in the literature, besides their carrageenan degrading
activity in red algae (Mystkowska et al., 2018). These supplementary bacteria could provide a
higher sporophyte count. The bacteria under possible influence of these additional bacteria
are highlighted in the data of the supplementary. Maribacter (ENG E) does not seem to provide
additional recruitment success in general, except for some individuals also exposed to
meristem and blade inocula. ENG K, supplemented by Zobelia and Maribacter/Proteobacter
sp does slightly better, NOR H however has additional Alteromonas and shows an overall
positive trend towards gametogenesis. This means that the bacteria added could in fact
provide additional positive effects.

A second important note is that the control treatment contained bacteria from a different
environment as the adults which could explain the lack of response to the inocula. Next to this,
the control treatments were also overgrown by diatoms due to an inefficient filtration step. A
third and final remark on these results is that, during the final counting at day 30, it was noted
that a lot of the sporophytes lost their colour and were therefore considered dead. However,
since it is not sporophyte survival, rather recruitment success that was investigated here, this
was dismissed. Additionally, sporophyte death could also have been a result of too much light
or too little nutrient availability, since the dead ones were also quite large and developed (Gao
et al, 2013).

Effect of bacterial inocula on recruitment during heat stress

Bacterial inocula experiments have been done before and have shown positive effects (Malfatti
et al., 2023). However, when an external stressor is involved, positive results are not as easily
obtained (Delva et al., 2023). Therefore, the final experiment in this thesis was aimed at
enhancing the heat tolerance of L. ochroleuca that was inoculated with bacteria from adult
individuals. The sporophyte counts were too low to perform statistical analysis. However, the
photosynthetic yield results from the PAM fluorescence show interesting trends.

The 16 °C treatment is a control for all inocula treatments. Nevertheless, the control treatment
in 16 °C shows a different trend to the ones exposed to thallus inocula. A gradual decline in
yield is observed, which is resumed in the next datapoint. This is different for the blade,
meristem and holdfast inocula treatments, in which a gradual increase in yield is seen during
the heatwave and a significant increase after heatwave administration. The same differences
between control and thallus inocula treatments can be observed in the 18 degrees heatwave
treatment. However, for the 22 degree heatwave, it can be observed that yield decreases for
the control treatment, which is not the case for the thallus inocula treatments. This stipulates
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that bacterial inocula might have an effect on gametophyte health during heatwaves. However,
no significant evidence has been put forward here yet it still provides promising
implementations for future restoration strategies.

Critical reflections on methods during experimentation

As is mentioned by van der Loos and Nijland (2021) in a review on methodology bias,
biodiversity is often a proxy for the health of a marine ecosystem and assessing it has to be
time- and cost-effective as well as accurate (Aylagas et al., 2018; Goodwin et al., 2017; Porter
& Hajibabaei, 2018). DNA metabarcoding simultaneously identifies many taxa within one
sample by high-throughput sequencing a pool of genomic DNA (Aylagas et al., 2018). The
“bulk DNA” as defined in this review, came from surface swabs obtained from adult L.
ochroleuca and DNA extraction was done but not the whole genome was sequenced, only the
16S rRNA amplicon of every taxa present in the samples. This was pooled for metabarcoding.
The methodology bias as defined in this review yet also presents itself in this research. This is
defined as the many choices one makes from sampling up until the metabarcoding for
sequencing. While sampling, a certain period, life stage, method, etc is chosen. These choices
are also made in the preprocessing steps of the samples: the preservation of the DNA in RNA
later, the chosen DNA extraction kit and primers, the PCR and the sequencing method.

For the preserving methods, it has been found that DESS (which are DMSO buffers that
contain EDTA and are saturated with salt) is recommended as the better choice by a number
of studies because it is said to yield higher quality and quantity of DNA compared to what is
preserved in RNAlater and also gives a higher PCR yield (e.g., Fonseca & Fehlauer-Ale, 2012
on nematodes; Gaither et al., 2011 on corals and Ransome et al., 2017) on hard substrate
communities). Choosing the right annealing temperature during the PCR step is also crucial.
A temperature that is too low can change the outcome by amplifying unwanted products, but
setting it too high in contrast will cause a reduction of the PCR yield which means not all the
aimed products of the study will be amplified. To evade this problem Korbie & Mattick (2008)
have presented a touchdown profile which starts at high annealing temperatures that drop
every cycle. This is done in this study. However, a single chosen annealing temperature is still
perceived as the better choice in several studies because it has a higher yield still, depending
on the study (Aylagas et al., 2018; Clarke et al., 2017)

Sequencing is done using the Oxford Nanopore sequencing technology, as it is critically
acclaimed and has already been found an interesting alternative to lllumina sequencing
because it can sequence DNA strands of any lengths and thus provide better resolutions,
especially for Long ribosomal sequences. The Oxford Nanopore platforms do have a lower
accuracy of raw reads but this can be surpassed by the fact that the fragments are longer or
by using bioinformatics that can combine multiple raw reads and create a consensus sequence
(Nijland et al, in prep). All these considerations on each step of the process makes for difficult
choices that truly depend on the study and shows how any of these steps can change the
results. Therefore it is important to take this into account when considering the results of this
thesis.
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Future implications based on previous cultivation experiments

As this thesis aims to provide potential future implications for the restoration success of
Laminaria ochroleuca, a thorough discussion on previous applications on Laminariales is
presented. Kelp cultivation has already been found to be beneficial for restoration and
commercial approaches of declining kelp species (Wood et al., 2019). Altering the kelp
microbiome has even proven effective in production increase. (Florez et al., 2021; Morris et
al., 2016; Wichard, 2023). Cultivation efforts are usually carried out by growing gametophytes
in nurseries until they reach the targeted size as a juvenile sporophyte (Redmond et al., 2014)
These are then planted onto anchored lines in the open ocean. Microbial manipulations are
therefore easily done under controlled conditions in the nurseries as is partly done in this thesis
(although not in the same magnitude). This has already been mentioned to have a great impact
on the developing host in later life stages (Barret et al., 2015; Damjanovic et al., 2019; Han et
al., 2021; Walsh et al., 2021).

The question is however if this developed microbiome from the nursery stages transfers
completely to the adult individuals found at the cultivation site. Davis et al (2023) showed a
significant difference between microbial composition of seedstring juveniles and outplanted
adults of Alaria marginata and Saccharina latissima. The same has been found by Han et al
(2021) on Saccharina japonica. Microbiome composition has already been mentioned to differ
between life stages in Mastocarpus spp by Lemay et al.(2021). As mentioned before, the
microbiome is subject to many environmental factors, so the differential microbial composition
during life phases is to be expected. If microbial manipulations are to be effective on cultivation
sites, it is important to take the “Competitive lottery” hypothesis into consideration. Bacterial
recruitment is then dependant on stochastic factors, being the random process at which
bacteria are introduced to the seaweed’s surface, and deterministic factors, being the
functional requirements of each thallus region determining eventual microbial composition
(Burke et al., 2011; Morrissey et al., 2019). If kelp sporophytes are adapted to administered
heatwaves due to an increase in microbial diversity or focus on protective and nurturing
bacteria, microbial manipulations will probably have a positive effect on overall recruitment
success. However, as previously mentioned, the microbiome will most likely change
composition when they are out planted at which point previous manipulations might lose their
effect. However this has not been extensively researched yet and is one of the future
implications for RestoreSeas.

Deterministic factors influencing microbial composition might also be priority effects, defined
as microorganisms that influence the structure of surface microbiome by directing further
recruitment of other introduced taxa (Fukami, 2015; Nappi et al., 2022; Vass & Langenheder,
2017). Priority effects have been found to have a major impact on the microbiome composition
of plant surfaces and the human gut (Carlstrom et al., 2019; Hiscox et al., 2015; Sprockett et
al., 2018)). Early arrival seems to be key for community establishment determined by the
bacteria already present (Svoboda et al., 2018). However, the individual effect of many taxa is
yet to be determined and especially the effect that one bacteria can have on subsequent
assembly of the microbiome. However, Nappi et al (2022) found that manipulative colonization
of Pseudomonas tunicata D2 and Pseudovibrio sp. D323 had significantly different results in
subsequent development in comparison to control treatment and between them. The
taxonomic changes due to manipulated colonization of these bacteria apparently also changed
functional diversity of the microbiome (Nappi et al., 2022).
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This implies that if microbial manipulations in the nursery stage could evolve towards a
manipulated colonization in the outplanted sites, microbiome composition could in fact also be
changed due to priority effects and a subsequent altered functionality. It is plausible to predict
that bacteria performing these priority effects could be “chosen” to impact the functionality
towards an increased heat stress resistance. However, more studies on this needs to be
performed.

Crossbreed experiments between high altitude individuals and their more southern
conspecifics might also provide additional possibilities to change the genotype’s response to
heatwaves and consequently the functional requirements involved in this response. This might
thereby change the host-characteristics, of which microbial composition is so highly dependent
as mentioned earlier (Wood et al., 2022), and increase the need for heat-stress mediating
bacteria. However this was not the main objective of this study and RestoreSeas.

It is also interesting to note that L. ochroleuca has a largely overlapping niche with L.
hyperborea (Smale et al., 2015) and L. digitata (Blight & Thompson, 2008; Wright & Foggo,
2021). It has been found however that the boreal species (L. digitata and L. hyperborea) which
are normally distributed to the Northeast of the Atlantic have a different pigment content
followed by a higher photosynthetic capacity (Wright & Foggo, 2021). Both L. digitata and L.
ochroleuca have an epibiont fauna made up of annelids, bryozoans and molluscs on their
holdfast but it has been found that the species richness of these epibiont species is lower in L.
ochroleuca (Blight & Thompson, 2008). L. digitata also has more unique species (Blight &
Thompson, 2008). L. ochroleuca has some fundamental differences with L. hyperborea such
as the absence of epiphytes, a longer meristem, more grazers on the blades and a different
summer growth rate in the former (Smale et al., 2015). It has been found that L. ochroleuca
has a higher capacity of withstanding dislodgement caused by waves than L. hyperborea
(Smale &Vance, 2016; Smale & Moore, 2017) which could provide a large competitive
advantage if there would be more storms caused by climate change. Considering the
similarities and differences between these Laminaria species, insights into the role of the
microbiome in stress mediation of kelp and the possibilities of manipulating this toward fitness
enhancement, could provide insights in how future climate scenarios will alter interactions
between these co-occurring species.

Conclusion

This thesis provides promising results for future restoration strategies of L. ochroleuca and
other Laminariales. Bacterial inoculation has a significantly positive effect on recruitment
success and provides a seemingly positive trend on gametophyte health during heatwave
administration. The significantly differential bacterial community composition per thallus region
and location, caused by different functional requirements and host-characteristic responses
respectively, confirms the close association between the microbiome and its seaweed host.
Knowledge of the functions bacteria provide per thallus region and per location is certainly
attributable to experimentations in this regard. Future possibilities to further investigate the
effect of beneficial bacteria enhancements might however also involve optimalisation of culture
conditions, axenization protocols and bacterial isolation. In conclusion, the seaweed
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microbiome is dependent on many host-related factors, which makes its bacterial community
composition a “snapshot” in time and space. Although this makes long-term manipulations
rather difficult, the potential effect of early colonisation by beneficial bacteria on directing further
bacterial recruitment by priority effects might provide successful results for later life stages
during cultivation experiments.

References

Alsuwaiyan, N. A., Filbee-Dexter, K., Vranken, S., Burkholz, C., Cambridge, M., Coleman, M.
A., & Wernberg, T. (2022). Green gravel as a vector of dispersal for kelp restoration.
Frontiers in Marine Science, 9. https://doi.org/10.3389/fmars.2022.910417

Alsuwaiyan, N. A., Vranken, S., Filbee-Dexter, K., Cambridge, M., Coleman, M. A., &
Wernberg, T. (2021). Genotypic variation in response to extreme events may facilitate
kelp adaptation under future climates. Marine Ecology Progress Series, 672, 111-121.
https://doi.org/10.3354/meps 13802

Andrews, S., Bennett, S., & Wernberg, T. (2014). Reproductive seasonality and early life
temperature sensitivity reflect vulnerability of a seaweed undergoing range reduction.
Marine Ecology Progress Series, 495, 119-129. https://doi.org/10.3354/meps10567

Arumugam, M., Raes, J., Pelletier, E., Paslier, D. Le, Yamada, T., Mende, D. R., Fernandes,
G. R, Tap, J., Bruls, T., Batto, J. M., Bertalan, M., Borruel, N., Casellas, F., Fernandez,
L., Gautier, L., Hansen, T., Hattori, M., Hayashi, T., Kleerebezem, M., ... Zeller, G. (2011).
Enterotypes of the human gut microbiome. Nature, 473(7346), 174-180.
https://doi.org/10.1038/nature09944

Aylagas, E., Borja, A., Muxika, ., & Rodriguez-Ezpeleta, N. (2018a). Adapting metabarcoding-
based benthic biomonitoring into routine marine ecological status assessment networks.
Ecological Indicators, 95, 194—202. https://doi.org/10.1016/j.ecolind.2018.07.044

Barret, M., Briand, M., Bonneau, S., Préveaux, A., Valiére, S., Bouchez, O., Hunault, G.,
Simoneau, P., & Jacquesa, M. A. (2015). Emergence shapes the structure of the seed
microbiota.  Applied and Environmental  Microbiology, 81(4), 1257-1266.
https://doi.org/10.1128/AEM.03722-14

Baselga-Cervera, B., Cordoba-Diaz, M., Garcia-Balboa, C., Costas, E., Lopez-Rodas, V., &
Cordoba-Diaz, D. (2019). Assessing the effect of high doses of ampicillin on five marine
and freshwater phytoplankton species: a biodegradation perspective. Journal of Applied
Phycology, 31(5), 2999-3010. https://doi.org/10.1007/s10811-019-01823-8

Bashir, K. M. I., & Cho, M. G. (2016). The Effect of Kanamycin and Tetracycline on Growth
and Photosynthetic Activity of Two Chlorophyte Algae. BioMed Research International,
2016. https://doi.org/10.1155/2016/5656304

Baweja, P., Sahoo, D., Garcia-Jiménez, P., & Robaina, R. R. (2009). Review: Seaweed tissue
culture as applied to biotechnology: Problems, achievements and prospects. In
Phycological Research (Vol. 57, lIssue 1, pp. 45-58). Blackwell Publishing.
https://doi.org/10.1111/j.1440-1835.2008.00520.x

48



Bengtsson, M. M., Sjatun, K., Lanzén, A., & @Qvreas, L. (2012). Bacterial diversity in relation to
secondary production and succession on surfaces of the kelp Laminaria hyperborea.
ISME Journal, 6(12), 2188-2198. https://doi.org/10.1038/ismej.2012.67

Bengtsson, M. M., Sjetun, K., Storesund, J. E., & Qvreas, L. (2011). Utilization of kelp-derived
carbon sources by kelp surface-associated bacteria. Aquatic Microbial Ecology, 62(2),
191-199. https://doi.org/10.3354/ame01477

Betlach And, M. R., & Tiedje, J. M. (1981). Kinetic Explanation for Accumulation of Nitrite, Nitric
Oxide, and Nitrous Oxide During Bacterial Denitrificationt. In APPLIED AND
ENVIRONMENTAL MICROBIOLOGY (Vol. 42, Issue 6).
https://journals.asm.org/journal/aem

Biskup, S., Bertocci, I., Arenas, F., & Tuya, F. (2014). Functional responses of juvenile kelps,
Laminaria ochroleuca and Saccorhiza polyschides, to increasing temperatures. Aquatic
Botany, 113, 117-122. https://doi.org/10.1016/j.aquabot.2013.10.003

Blight, A. J., & Thompson, R. C. (2008). Epibiont species richness varies between holdfasts of
a northern and a southerly distributed kelp species. Journal of the Marine Biological
Association of the United Kingdom, 88(3), 469-475.
https://doi.org/10.1017/S0025315408000994

Bullock, H. A., Luo, H., & Whitman, W. B. (2017). Evolution of dimethylsulfoniopropionate
metabolism in marine phytoplankton and bacteria. In Frontiers in Microbiology (Vol. 8,
Issue APR). Frontiers Research Foundation. https://doi.org/10.3389/fmicb.2017.00637

Burgess, S. C., Baskett, M. L., Grosberg, R. K., Morgan, S. G., & Strathmann, R. R. (2016).
When is dispersal for dispersal? Unifying marine and terrestrial perspectives. In Biological
reviews of the Cambridge Philosophical Society (Vol. 91, Issue 3, pp. 867—-882). Blackwell
Publishing Ltd. https://doi.org/10.1111/brv.12198

Burke, C., Steinberg, P., Rusch, D., Kjelleberg, S., & Thomas, T. (2011). Bacterial community
assembly based on functional genes rather than species. Proceedings of the National
Academy of Sciences of the United States of America, 108(34), 14288-14293.
https://doi.org/10.1073/pnas.1101591108

Campbell, N., Reece, J., Urry, L. A,, Cain, M. L., Wasserman, S. A., Minorsky, P. V., & Jackson,
R. B. (2008). Biology Eighth Edition (8th ed.). Pearson Benjamin Cummings.

Carlstrom, C. I., Field, C. M., Bortfeld-Miller, M., Mdller, B., Sunagawa, S., & Vorholt, J. A.
(2019). Synthetic microbiota reveal priority effects and keystone strains in the Arabidopsis
phyllosphere. Nature Ecology and Evolution, 3(10), 1445-1454.
https://doi.org/10.1038/s41559-019-0994-z

Clarke, L. J., Beard, J. M., Swadling, K. M., & Deagle, B. E. (2017). Effect of marker choice
and thermal cycling protocol on zooplankton DNA metabarcoding studies. Ecology and
Evolution, 7(3), 873—883. https://doi.org/10.1002/ece3.2667

Connell, S. D. (2003). Negative effects overpower the positive of kelp to exclude invertebrates
from the understorey community. Oecologia, 137(1), 97-103.
https://doi.org/10.1007/s00442-003-1312-6

Connell, S. D., & Irving, A. D. (2008). Integrating ecology with biogeography using landscape
characteristics: A case study of subtidal habitat across continental Australia. Journal of
Biogeography, 35(9), 1608—1621. https://doi.org/10.1111/j.1365-2699.2008.01903.x

49



Connell, S. D., Kroeker, K. J., Fabricius, K. E., Kline, D. |., & Russell, B. D. (2013). The other
ocean acidification problem: CO2 as a resource among competitors for ecosystem
dominance. In Philosophical Transactions of the Royal Society B: Biological Sciences
(Vol. 368, Issue 1627). https://doi.org/10.1098/rstb.2012.0442

Consalvey, M., Perkins, R. G., Paterson, D. M., & Underwood, G. J. C. (2005). Pam
fluorescence: A beginners guide for benthic diatomists. Diatom Research, 20(1), 1-22.
https://doi.org/10.1080/0269249X.2005.9705619

Damjanovic, K., Van Oppen, M. J. H., Menéndez, P., & Blackall, L. L. (2019). Experimental
inoculation of coral recruits with marine bacteria indicates scope for microbiome
manipulation in Acropora tenuis and Platygyra daedalea. Frontiers in Microbiology,
10(JULY). https://doi.org/10.3389/fmicb.2019.01702

Dang, H., Chen, R., Wang, L., Shao, S., Dai, L., Ye, Y., Guo, L., Huang, G., & Klotz, M. G.
(2011). Molecular characterization of putative biocorroding microbiota with a novel niche
detection of Epsilon- and Zetaproteobacteria in Pacific Ocean coastal seawaters.
Environmental ~ Microbiology, 13(11), 3059-3074. https://doi.org/10.1111/j.1462-
2920.2011.02583.x

Davis, K. M., Zeinert, L., Byrne, A., Davis, J., Roemer, C., Wright, M., & Parfrey, L. W. (2023a).
Successional dynamics of the cultivated kelp microbiome. Journal of Phycology.
https://doi.org/10.1111/jpy.13329

Dayton, P. K., & Tegner, M. J. (1984). Catastrophic Storms, El Nifio, and Patch Stability in a
Southern California Kelp Community. In New Series (Vol. 224, Issue 4646).

Dayton, P. K., Tegner, M. J., Parnell, P. E., & Edwards, P. B. (1992). Temporal and Spatial
Patterns of Disturbance and Recovery in a Kelp Forest Community. Ecological
Monographs, 62(3), 421-445.

del Olmo, A., Picon, A., & Nufez, M. (2018). The microbiota of eight species of dehydrated
edible seaweeds from North West Spain. Food Microbiology, 70, 224-231.
https://doi.org/10.1016/j.fm.2017.10.009

Delva, S., De Baets, B., Baetens, J. M., De Clerck, O., & Stock, W. (2023). No bacterial-
mediated alleviation of thermal stress in a brown seaweed suggests the absence of
ecological bacterial rescue effects. Science of The Total Environment, 876, 162532.
https://doi.org/10.1016/j.scitotenv.2023.162532

Deng, C. N., Zhang, D. Y., & Pan, X. L. (2014). Toxic effects of erythromycin on photosystem
I and Il in Microcystis aeruginosa. Photosynthetica, 52(4), 574-580.
https://doi.org/10.1007/s11099-014-0063-4

Dharshini, R. S., Manickam, R., Curtis, W. R., Rathinasabapathi, P., & Ramya, M. (2021).
Genome analysis of alginate synthesizing Pseudomonas aeruginosa strain SW1 isolated
from degraded seaweeds. Antonie van Leeuwenhoek, International Journal of General
and Molecular Microbiology, 114(12), 2205-2217. https://doi.org/10.1007/s10482-021-
01673-w

Dieck, T. (1992). North Pacific and North Atlantic digitate Laminaria species (Phaeophyta):
hybridization experiments and temperature responses. In Phycologia (Vol. 31, Issue 2).

Dittami, S. M., Arboleda, E., Auguet, J. C., Bigalke, A., Briand, E., Cardenas, P., Cardini, U.,
Decelle, J., Engelen, A. H., Eveillard, D., Gachon, C. M. M., Griffiths, S. M., Harder, T.,
Kayal, E., Kazamia, E., Lallier, F. H., Medina, M., Marzinelli, E. M., Morganti, T. M., ...

50



Not, F. (2021). A community perspective on the concept of marine holobionts: Current
status, challenges, and future directions. PeerdJ, 9. https://doi.org/10.7717/peerj. 10911

Drenkard, E., & Ausubel, F. M. (2002). Competing interests statement Pseudomonas biofilm
formation and antibiotic resistance are linked to phenotypic variation. www.nature.com

Duarte Cardoso, M., Dias Gongalves, V., Soffiatti Grael, A., Marques Pedroso, V., Rocha Pires,
J., Eurico Pires Ferreira, C., Cruz, O., Oswaldo Cruz -Avenida Brasil, F., Rocha Lima, P.,
& Marsico Filho, F. (2023). Detection of Escherichia coli and other Enterobacteriales
members in seabirds. https://ssrn.com/abstract=4333080

Eriksson, B. K., Johansson, G., & Snoeijs, P. (2002). Long-term changes in the macroalgal
vegetation of the inner Gullmar Fjord, Swedish Skagerrak coast. Journal of Phycology,
38(2), 284—-296. https://doi.org/10.1046/j.1529-8817.2002.00170.x

Florez, J. Z., Camus, C., Hengst, M. B., & Buschmann, A. H. (2021). A mesocosm study on
bacteria-kelp interactions: Importance of nitrogen availability and kelp genetics. Journal
of Phycology, 57(6), 1777—-1791. https://doi.org/10.1111/jpy.13213

Fonseca, G., & Fehlauer-Ale, K. H. (2012). Three in one: Fixing marine nematodes for
ecological, molecular, and morphological studies. Limnology and Oceanography:
Methods, 10(JULY), 516-523. https://doi.org/10.4319/lom.2012.10.516

Fontaine, S. S., Novarro, A. J., & Kohl, K. D. (2018). Environmental temperature alters the
digestive performance and gut microbiota of a terrestrial amphibian. Journal of
Experimental Biology, 221(20). https://doi.org/10.1242/jeb.187559

Fries, L. (1980). AXENIC TISSUE CULTURES FROM THE SPOROPHYTES OF LAMINARIA
DIGITATA AND LAMINARIA HYPERBOREA (PHAEOPHYTA). Journal of Phycology,
16(3), 475-477. https://doi.org/10.1111/j.1529-8817.1980.tb03062.x

Fujii, N., Kuroda, K., Narihiro, T., Aoi, Y., Ozaki, N., Ohashi, A., & Kindaichi, T. (2022).
Metabolic Potential of the Superphylum Patescibacteria Reconstructed from Activated
Sludge Samples from a Municipal Wastewater Treatment Plant. Microbes and
Environments, 37(3). https://doi.org/10.1264/jsme2.ME22012

Fukami, T. (2015). Historical Contingency in Community Assembly: Integrating Niches,
Species Pools, and Priority Effects. Annual Review of Ecology, Evolution, and
Systematics, 46, 1-23. https://doi.org/10.1146/annurev-ecolsys-110411-160340

Gaither, M. R., Szabd, Z., Crepeau, M. W., Bird, C. E., & Toonen, R. J. (2011). Preservation
of corals in salt-saturated DMSO buffer is superior to ethanol for PCR experiments. Coral
Reefs, 30(2), 329—-333. https://doi.org/10.1007/s00338-010-0687-1

Gao, X., Endo, H., Taniguchi, K., & Agatsuma, Y. (2013). Combined effects of seawater
temperature and nutrient condition on growth and survival of juvenile sporophytes of the
kelp Undaria pinnatifida (Laminariales; Phaeophyta) cultivated in northern Honshu,
Japan. Journal of Applied Phycology, 25(1), 269-275. https://doi.org/10.1007/s10811-
012-9861-x

Girao, M., Ribeiro, I., Ribeiro, T., Azevedo, |. C., Pereira, F., Urbatzka, R., Ledo, P. N., &
Carvalho, M. F. (2019). Actinobacteria isolated from laminaria ochroleuca: A source of
new bioactive compounds. Frontiers in Microbiology, 10(APR).
https://doi.org/10.3389/fmicb.2019.00683

Goodwin, K. D., Thompson, L. R., Duarte, B., Kahlke, T., Thompson, A. R., Marques, J. C., &
Cacador, I. (2017). DNA sequencing as a tool to monitor marine ecological status. In

51



Frontiers in Marine Science (Vol. 4, Issue MAY). Frontiers Media S. A.
https://doi.org/10.3389/fmars.2017.00107

Gordon, B. R., & Leggat, W. (2010). Symbiodinium - Invertebrate symbioses and the role of
metabolomics. In Marine Drugs (Vol. 8, Issue 10, pp. 2546-2568). MDPI AG.
https://doi.org/10.3390/md8102546

Gorman, D., & Connell, S. D. (2009). Recovering subtidal forests in human-dominated
landscapes. Journal of Applied Ecology, 46(6), 1258-1265.
https://doi.org/10.1111/j.1365-2664.2009.01711.x

Grupstra, C. G. B., Howe-Kerr, L. |., van der Meulen, J. A., Veglia, A. J., Coy, S. R., & Correa,
A. M. S. (2023). Consumer feces impact coral health in guild-specific ways. Frontiers in
Marine Science, 10. https://doi.org/10.3389/fmars.2023.1110346

Guo, J., Selby, K., & Boxall, A. B. A. (2016). Comparing the sensitivity of chlorophytes,
cyanobacteria, and diatoms to major-use antibiotics. Environmental Toxicology and
Chemistry, 35(10), 25687—-2596. https://doi.org/10.1002/etc.3430

Gusareva, E. S., Acerbi, E., Lau, K. J. X., Luhung, I., Premkrishnan, B. N. V., Kolundzija, S.,
Purbojati, R. W., Wong, A., Houghton, J. N. ., Miller, D., Gaultier, N. E., Heinle, C. E.,
Clare, M. E., Vettath, V. K., Kee, C., Lim, S. B. Y., Chénard, C., Phung, W. J., Kushwaha,
K. K., ... Schuster, S. C. (2019). Microbial communities in the tropical air ecosystem follow
a precise diel cycle. Proceedings of the National Academy of Sciences of the United
States of America, 116(46), 23299-23308. https://doi.org/10.1073/pnas.1908493116

Han, Q., Zhang, X., Chang, L., Xiao, L., Ahmad, R., Saha, M., Wu, H., & Wang, G. (2021).
Dynamic shift of the epibacterial communities on commercially cultivated Saccharina
japonica from mature sporophytes to sporelings and juvenile sporophytes. Journal of
Applied  Phycology, 33, 1171-1179. https://doi.org/10.1007/s10811-020-02329-
4/Published

Harmsen, M., Yang, L., Pamp, S. J., & Tolker-Nielsen, T. (2010). An update on Pseudomonas
aeruginosa biofilm formation, tolerance, and dispersal. In FEMS Immunology and Medical
Microbiology (Vol. 59, Issue 3, pp. 253-268). Blackwell Publishing Ltd.
https://doi.org/10.1111/j.1574-695X.2010.00690.x

Haxo, F. T., & Blinks, L. (1949). PHOTOSYNTHETIC ACTION SPECTRA OF MARINE
ALGAE™. http://rupress.org/jgp/article-pdf/33/4/389/1240492/389.pdf

Herrmann, M. N., Wang, Y., Hartung, J., Hartmann, T., Zhang, W., Nkebiwe, P. M., Chen, X.,
Mdiller, T., & Yang, H. (2022). A Global Network Meta-Analysis of the Promotion of Crop
Growth, Yield, and Quality by Bioeffectors. Frontiers in Plant Science, 13.
https://doi.org/10.3389/fpls.2022.816438

Hiscox, J., Savoury, M., Miller, C. T., Lindahl, B. D., Rogers, H. J., & Boddy, L. (2015). Priority
effects during fungal community establishment in beech wood. ISME Journal, 9(10),
2246-2260. https://doi.org/10.1038/ismej.2015.38

Hitch, T. C. A., Hall, L. J., Walsh, S. K., Leventhal, G. E., Slack, E., de Wouters, T., Walter, J.,
& Clavel, T. (2022). Microbiome-based interventions to modulate gut ecology and the
immune system. In Mucosal Immunology. Springer Nature.
https://doi.org/10.1038/s41385-022-00564-1

Hoffmann, A. J., & Santelices, B. (1982). EFFECTS OF LIGHT INTENSITY AND NUTRIENTS
ON GAMETOPHYTES AND GAMETOGENESIS OF LESSONIA NIGRESCENS
(Phaeophyta). In Mar. Biol. Ecol (Vol. 60).

52



Holmstrém, C., & Kjelleberg, S. (2006). Marine Pseudoalteromonas species are associated
with higher organisms and produce biologically active extracellular agents. FEMS
Microbiology Ecology, 30(4), 285-293. https://doi.org/10.1111/j.1574-
6941.1999.tb00656.x

Houwenhuyse, S., Stoks, R., Mukherjee, S., & Decaestecker, E. (2021). Locally adapted gut
microbiomes mediate host stress tolerance. ISME Journal, 15(8), 2401-2414.
https://doi.org/10.1038/s41396-021-00940-y

lhua, M. W., FitzGerald, J. A., Guiheneuf, F., Jackson, S. A., Claesson, M. J., Stengel, D. B.,
& Dobson, A. D. W. (2020a). Diversity of bacteria populations associated with different
thallus regions of the brown alga Laminaria digitata. PLoS ONE, 15(11 November).
https://doi.org/10.1371/journal.pone.0242675

Izano, E. A., Sadovskaya, |., Vinogradov, E., Mulks, M. H., Velliyagounder, K., Ragunath, C.,
Kher, W. B., Ramasubbu, N., Jabbouri, S., Perry, M. B., & Kaplan, J. B. (2007). Poly-N-
acetylglucosamine mediates biofilm formation and antibiotic resistance in Actinobacillus
pleuropneumoniae. Microbial Pathogenesis, 43(1), 1-9.
https://doi.org/10.1016/j.micpath.2007.02.004

Izquierdo, J. L., Pérez-Ruzafa, I. M., & Gallardo, T. (2002). Effect of temperature and photon
fluence rate on gametophytes and young sporophytes of Laminaria ochroleuca Pylaie.
Helgoland Marine Research, 55(4), 285-292. https://doi.org/10.1007/s10152-001-0087-
6

Jackson, G. A. (1977). Nutrients and production of giant kelp, Macrocystis pyrifera, off southern
California. Limnology and Oceanography, 22(6), 979-995.
https://doi.org/10.4319/10.1977.22.6.0979

Jackson, S. A., Flemer, B., McCann, A., Kennedy, J., Morrissey, J. P., O'Gara, F., & Dobson,
A. D. W. (2013). Archaea appear to dominate the microbiome of Inflatella pellicula deep
sea sponges. PLoS ONE, 8(12). https://doi.org/10.1371/journal.pone.0084438

Jiang, Y. F., Ling, J., Dong, J. De, Chen, B., Zhang, Y. Y., Zhang, Y. Z., & Wang, Y. S. (2015).
lllumina-based analysis the microbial diversity associated with Thalassia hemprichii in
Xincun Bay, South China Sea. Ecotoxicology, 24(7-8), 1548—-1556.
https://doi.org/10.1007/s10646-015-1511-z

Joint, |, Tait, K., & Wheeler, G. (2007). Cross-kingdom signalling: Exploitation of bacterial
quorum sensing molecules by the green seaweed Ulva. In Philosophical Transactions of
the Royal Society B: Biological Sciences (Vol. 362, Issue 1483, pp. 1223-1233). Royal
Society. https://doi.org/10.1098/rstb.2007.2047

Jones, K., Rhodes, M. E., & Evans, S. C. (1973). The use of antibiotics to obtain axenic cultures
of algae. British Phycological Journal, 8(2), 185-196.
https://doi.org/10.1080/00071617300650211

Kang, 1., Lim, Y., & Cho, J. C. (2018). Complete genome sequence of Granulosicoccus
antarcticus type strain IMCC3135T, a marine gammaproteobacterium with a putative
dimethylsulfoniopropionate demethylase gene. Marine Genomics, 37, 176-181.
https://doi.org/10.1016/j.margen.2017.11.005

Kessler, R. W., Weiss, A., Kuegler, S., Hermes, C., & Wichard, T. (2018). Macroalgal-bacterial
interactions: Role of dimethylsulfoniopropionate in microbial gardening by Ulva
(Chlorophyta). Molecular Ecology, 27(8), 1808—-1819. https://doi.org/10.1111/mec.14472

53



King, N. G., Moore, P. J., Thorpe, J. M., & Smale, D. A. (2022). Consistency and Variation in
the Kelp Microbiota: Patterns of Bacterial Community Structure Across Spatial Scales.
Microbial Ecology. https://doi.org/10.1007/s00248-022-02038-0

Kinlan, B. P., & Gaines, S. D. (2003). Propagule dispersal in marine and terrestrial
environments: A community perspective. In Ecology (Vol. 84, Issue 8, pp. 2007-2020).
Ecological Society of America. https://doi.org/10.1890/01-0622

Kohl, K. D., & Yahn, J. (2016). Effects of environmental temperature on the gut microbial
communities of tadpoles. Environmental Microbiology, 18(5), 1561-1565.
https://doi.org/10.1111/1462-2920.13255

Korbie, D. J., & Mattick, J. S. (2008). Touchdown PCR for increased specificity and sensitivity
in PCR amplification. Nature Protocols, 3(9), 1452—-1456.
https://doi.org/10.1038/nprot.2008.133

Krause-Jensen, D., & Duarte, C. M. (2016). Substantial role of macroalgae in marine carbon
sequestration. Nature Geoscience, 9(10), 737-742. https://doi.org/10.1038/nge02790

Le, V. Van, Tran, Q. G., Ko, S. R, Lee, S. A., Oh, H. M., Kim, H. S., & Ahn, C. Y. (2023). How
do freshwater microalgae and cyanobacteria respond to antibiotics? In Critical Reviews
in Biotechnology (Vol. 43, Issue 2, pp. 191-211). Taylor and Francis Ltd.
https://doi.org/10.1080/07388551.2022.2026870

Lemay, M. A., Davis, K. M., Martone, P. T., & Parfrey, L. W. (2021a). Kelp-associated
microbiota are structured by host anatomy. Journal of Phycology.
https://doi.org/10.1111/jpy.13169-20-251

Lemay, M. A., Martone, P. T., Hind, K. R., Lindstrom, S. C., & Wegener Parfrey, L. (2018).
Alternate life history phases of a common seaweed have distinct microbial surface
communities. Molecular Ecology, 27(17), 3555-3568. https://doi.org/10.1111/mec.14815

Lewis, R. J., Green, M. K., & Afzal, M. E. (2013). Effects of chelated iron on oogenesis and
vegetative growth of kelp gametophytes (Phaeophyceae). Phycological Research, 61(1),
46-51. https://doi.org/10.1111/j.1440-1835.2012.00667.x

Li, J., Majzoub, M. E., Marzinelli, E. M., Dai, Z., Thomas, T., & Egan, S. (2022). Bacterial
controlled mitigation of dysbiosis in a seaweed disease. ISME Journal, 16(2), 378-387.
https://doi.org/10.1038/s41396-021-01070-1

Li, J., Weinberger, F., de Nys, R., Thomas, T., & Egan, S. (2022). A pathway to improve
seaweed aquaculture through microbiota manipulation. In Trends in Biotechnology.
Elsevier Ltd. https://doi.org/10.1016/j.tibtech.2022.08.003

Li, Y. F., Yang, N., Liang, X., Yoshida, A., Osatomi, K., Power, D., Batista, F. M., & Yang, J. L.
(2018). Elevated seawater temperatures decrease microbial diversity in the gut of Mytilus
coruscus. Frontiers in Physiology, 9(JUL). https://doi.org/10.3389/fphys.2018.00839

Liesner, D., Pearson, G. A., Bartsch, |., Rana, S., Harms, L., Heinrich, S., Bischof, K., Glockner,
G., & Valentin, K. (2022). Increased Heat Resilience of Intraspecific Outbred Compared
to Inbred Lineages in the Kelp Laminaria digitata: Physiology and Transcriptomics.
Frontiers in Marine Science, 9. https://doi.org/10.3389/fmars.2022.838793

Lind, A. C., & Konar, B. (2017). Effects of abiotic stressors on kelp early life-history stages.
Algae, 32(3), 223—-233. https://doi.org/10.4490/algae.2017.32.8.7

Liu, B. yang, Nie, X. ping, Liu, W. qiu, Snoeijs, P., Guan, C., & Tsui, M. T. K. (2011). Toxic
effects of erythromycin, ciprofloxacin and sulfamethoxazole on photosynthetic apparatus

54



in Selenastrum capricornutum. Ecotoxicology and Environmental Safety, 74(4), 1027-
1035. https://doi.org/10.1016/j.ecoenv.2011.01.022

Ludington, W. B. (2022). Higher-order microbiome interactions and how to find them. In Trends
in  Microbiology  (Vol. 30, Issue 7, pp. 618-621). Elsevier Ltd.
https://doi.org/10.1016/j.tim.2022.03.011

Lining, K. (1980). CRITICAL LEVELS OF LIGHT AND TEMPERATURE REGULATING THE
GAMETOGENESIS OF THREE LAMINARIA SPECIES (PHAEOPHYCEAE). Journal of
Phycology, 16(1), 1-15. https://doi.org/10.1111/j.1529-8817.1980.tb02992.x

Ldning, K., & Dring, M. J. (1972). Reproduction Induced by Blue Light in Female Gametophytes
of Laminaria saccharina. In  Source: Planta (Vol. 104, Issue 3).
https://www.jstor.org/stable/233696907?seq=1&cid=pdf-
reference#references_tab_contents

Ldning, K., & Dring, M. J. (1975). Reproduction, Growth and Photosynthesis of Gametophytes
of Laminaria saccharina Grown in Blue and Red Light. In Fmrine Biology (Vol. 29).
Springer-Verlag.

Ldning, K., & tom Dieck, I. (1989). Environmental triggers in algal seasonality Environmental
Triggers in Algal Seasonally. In Botanica Marina (Vol. 32).

Macke, E., Callens, M., De Meester, L., & Decaestecker, E. (2017). Host-genotype dependent
gut microbiota drives zooplankton tolerance to toxic cyanobacteria. Nature
Communications, 8(1). https://doi.org/10.1038/s41467-017-01714-x

Malfatti, F., Kaleb, S., Saidi, A., Pallavicini, A., Agostini, L., Gionechetti, F., Natale, S., Balestra,
C., Bevilacqua, S., & Falace, A. (2023). Microbe-assisted seedling crop improvement by
a seaweed extract to address fucalean forest restoration. Frontiers in Marine Science, 10.
https://doi.org/10.3389/fmars.2023.1181685

Martin-Platero, A. M., Cleary, B., Kauffman, K., Preheim, S. P., McGillicuddy, D. J., Aim, E. J.,
& Polz, M. F. (2018). High resolution time series reveals cohesive but short-lived
communities in coastal plankton. Nature Communications, 9(1).
https://doi.org/10.1038/s41467-017-02571-4

Martins, N., Tanttu, H., Pearson, G. A., Serrdo, E. A., & Bartsch, I. (2017). Interactions of
daylength, temperature and nutrients affect thresholds for life stage transitions in the kelp
Laminaria  digitata  (Phaeophyceae).  Botanica  Marina, 60(2), 109-121.
https://doi.org/10.1515/bot-2016-0094

Marzinelli, E. M., Campbell, A. H., Zozaya Valdes, E., Vergés, A., Nielsen, S., Wernberg, T.,
de Bettignies, T., Bennett, S., Caporaso, J. G., Thomas, T., & Steinberg, P. D. (2015).
Continental-scale variation in seaweed host-associated bacterial communities is a
function of host condition, not geography. Environmental Microbiology, 17(10), 4078—
4088. https://doi.org/10.1111/1462-2920.12972

McMurdie, P. J., & Holmes, S. (2013). Phyloseq: An R Package for Reproducible Interactive
Analysis and Graphics of Microbiome Census Data. PLoS ONE, 8(4).
https://doi.org/10.1371/journal.pone.0061217

Mehnaz, S. (2013). Microbes - friends and foes of sugarcane. In Journal of Basic Microbiology
(Vol. 53, Issue 12, pp. 954—-971). https://doi.org/10.1002/jobm.201200299

Miksch, S., Meiners, M., Meyerdierks, A., Probandt, D., Wegener, G., Titschack, J., Jensen,
M. A., Ellrott, A., Amann, R., & Knittel, K. (2021). Bacterial communities in temperate and

55



polar coastal sands are seasonally stable. ISME Communications, 1(1).
https://doi.org/10.1038/s43705-021-00028-w

Miller, R. J., Lafferty, K. D., Lamy, T., Kui, L., Rassweiler, A., & Reed, D. C. (2018). Giant kelp,
Macrocystis pyrifera, increases faunal diversity through physical engineering.
Proceedings of the Royal Society B: Biological Sciences, 285(1874).
https://doi.org/10.1098/rspb.2017.2571

Morris, M. M., Haggerty, J. M., Papudeshi, B. N., Vega, A. A., Edwards, M. S., & Dinsdale, E.
A. (2016). Nearshore pelagic microbial community abundance affects recruitment
success of giant kelp, Macrocystis pyrifera. Frontiers in Microbiology, 7(NOV).
https://doi.org/10.3389/fmicb.2016.01800

Morrissey, K. L., Cavas, L., Willems, A., & De Clerck, O. (2019). Disentangling the influence
of environment, host specificity and thallus differentiation on bacterial communities in
siphonous green seaweeds. Frontiers in Microbiology, 10(APR).
https://doi.org/10.3389/fmicb.2019.00717

Muth, A. F. (2012). Effects of Zoospore Aggregation and Substrate Rugosity on Kelp
Recruitment Success. Journal of Phycology, 48(6), 1374-1379.
https://doi.org/10.1111/j.1529-8817.2012.01211.x

Muth, A. F., Graham, M. H., Lane, C. E., & Harley, C. D. G. (2019). Recruitment tolerance to
increased temperature present across multiple kelp clades. Ecology, 100(3).
https://doi.org/10.1002/ecy.2594

Mystkowska, A. A., Robb, C., Vidal-Melgosa, S., Vanni, C., Fernandez-Guerra, A., Hohne, M.,
& Hehemann, J. H. (2018). Molecular recognition of the beta-glucans laminarin and
pustulan by a SusD-like glycan-binding protein of a marine Bacteroidetes. FEBS Journal,
285(23), 4465-4481. https://doi.org/10.1111/febs.14674

Nappi, J., Goncalves, P., Khan, T., Majzoub, M. E., Grobler, A. S., Marzinelli, E. M., Thomas,
T., & Egan, S. (2022). Differential priority effects impact taxonomy and functionality of
host-associated microbiomes. Molecular Ecology. https://doi.org/10.1111/mec.16336

Osterblom, H., Hansson, S., Larsson, U., Hjerne, O., Wulff, F., ElImgren, R., & Folke, C. (2007).
Human-induced trophic cascades and ecological regime shifts in the baltic sea.
Ecosystems, 10(6), 877-889. https://doi.org/10.1007/s10021-007-9069-0

Pang, S. J., Jin, Z. H,, Sun, J. Z., & Gao, S. Q. (2007). Temperature tolerance of young
sporophytes from two populations of Laminaria japonica revealed by chlorophyll
fluorescence measurements and short-term growth and survival performances in tank
culture. Aquaculture, 262(2-4), 493-503.
https://doi.org/10.1016/j.aquaculture.2006.11.018

Pfeizer. (2013). Material Safety data sheet Penicillin G potassium for injection.

Porter, T. M., & Hajibabaei, M. (2018). Scaling up: A guide to high-throughput genomic
approaches for biodiversity analysis. In Molecular Ecology (Vol. 27, Issue 2, pp. 313—
338). Blackwell Publishing Ltd. https://doi.org/10.1111/mec.14478

Provost, E. J., Kelaher, B. P., Dworjanyn, S. A., Russell, B. D., Connell, S. D., Ghedini, G.,
Gillanders, B. M., Figueira, W. 1., & Coleman, M. A. (2017). Climate-driven disparities
among ecological interactions threaten kelp forest persistence. Global Change Biology,
23(1), 353—-361. https://doi.org/10.1111/gcb.13414

56



Qiu, Z., Coleman, M. A., Provost, E., Campbell, A. H., Kelaher, B. P., Dalton, S. J., Thomas,
T., Steinberg, P. D., & Marzinelli, E. M. (2019). Future climate change is predicted to affect
the microbiome and condition of habitat-forming kelp. Proceedings of the Royal Society
B: Biological Sciences, 286(1896). https://doi.org/10.1098/rspb.2018.1887

Radboud University Nijmegen. (2013, September 23). Brown algae (Laminaria, Fucus):
Characteristics of the life cycle of Brown algae.

Ranjan, A., Townsley, B. T., Ichihashi, Y., Sinha, N. R., & Chitwood, D. H. (2015). An
Intracellular Transcriptomic Atlas of the Giant Coenocyte Caulerpa taxifolia. PLoS
Genetics, 11(1). https://doi.org/10.1371/journal.pgen.1004900

Ransome, E., Geller, J. B., Timmers, M., Leray, M., Mahardini, A., Sembiring, A., Collins, A.
G., & Meyer, C. P. (2017). The importance of standardization for biodiversity
comparisons: A case study using autonomous reef monitoring structures (ARMS) and
metabarcoding to measure cryptic diversity on Mo’orea coral reefs, French Polynesia.
PLoS ONE, 12(4). https://doi.org/10.1371/journal.pone.0175066

Ratcliff, J. J., Soler-Vila, A., Hanniffy, D., Johnson, M. P., & Edwards, M. D. (2017).
Optimisation of kelp (Laminaria digitata) gametophyte growth and gametogenesis: effects
of photoperiod and culture media. Journal of Applied Phycology, 29(4), 1957—-1966.
https://doi.org/10.1007/s10811-017-1070-1

Redmond, S., Green, L., Yarish, C., Kim, J., & Neefus, C. (2014). New England Seaweed
Culture Handbook Nursery Systems. http://seagrant.uconn.edu

Reed, D. C., Neushul, M., & Ebeling, A. W. (1991). ROLE OF SETTLEMENT DENSITY ON
GAMETOPHYTE GROWTH AND REPRODUCTION IN THE KELPS PTERYGOPHORA
CALIFORNICA AND MACROCYSTIS PYRIFERA (PHAEOPHYCEAE). Journal of
Phycology, 27(3), 361-366. https://doi.org/10.1111/j.0022-3646.1991.00361.x

Rosman, J. H., Koseff, J. R., Monismith, S. G., & Grover, J. (2007). A field investigation into
the effects of a kelp forest (Macrocystis pyrifera) on coastal hydrodynamics and transport.
Journal of Geophysical Research: Oceans, 112(2).
https://doi.org/10.1029/2005JC003430

Roth GmbH, C. (2021a). Safety data sheet Marine Broth.

Roth GmbH, C. (2021b). Voluntary safety information following the Safety Data Sheet format
according to Regulation (EC) on Erythromycin. www.carlroth.de

Roth GmbH, C. (2022a). Safety data sheet 1-Propanol. www.carlroth.de
Roth GmbH, C. (2022b). Safety data sheet Rifampicin. www.carlroth.de

Rudi, K., Angell, I. L., Pope, P. B., Vik, J. O., Sandve, S. R., & Snipen, L. G. (2018). Stable
core gut microbiota across the freshwater-to-saltwater transition for farmed Atlantic
salmon. Applied and Environmental Microbiology, 84(2).
https://doi.org/10.1128/AEM.01974-17

Rusch, D. B., Halpern, A. L., Sutton, G., Heidelberg, K. B., Williamson, S., Yooseph, S., Wu,
D., Eisen, J. A., Hoffman, J. M., Remington, K., Beeson, K., Tran, B., Smith, H., Baden-
Tillson, H., Stewart, C., Thorpe, J., Freeman, J., Andrews-Pfannkoch, C., Venter, J. E.,
... Venter, J. C. (2007). The Sorcerer Il Global Ocean Sampling expedition: Northwest
Atlantic through eastern tropical Pacific. PLoS Biology, 5(3), 0398-0431.
https://doi.org/10.1371/journal.pbio.0050077

57



Saha, M., Barboza, F. R., Somerfield, P. J., Al-Janabi, B., Beck, M., Brakel, J., Ito, M., Pansch,
C., Nascimento-Schulze, J. C., Jakobsson Thor, S., Weinberger, F., & Sawall, Y. (2020a).
Response of foundation macrophytes to near-natural simulated marine heatwaves.
Global Change Biology, 26(2), 417—-430. https://doi.org/10.1111/gcb.14801

Saha, M., Barboza, F. R., Somerfield, P. J., Al-Janabi, B., Beck, M., Brakel, J., Ito, M., Pansch,
C., Nascimento-Schulze, J. C., Jakobsson Thor, S., Weinberger, F., & Sawall, Y. (2020b).
Response of foundation macrophytes to near-natural simulated marine heatwaves.
Global Change Biology, 26(2), 417—-430. https://doi.org/10.1111/gcb.14801

Saha, M., Ferguson, R. M. W., Dove, S., Kinzel, S., Meichssner, R., Neulinger, S. C.,
Petersen, F. O., & Weinberger, F. (2020). Salinity and Time Can Alter Epibacterial
Communities of an Invasive Seaweed. Frontiers in  Microbiology, 10.
https://doi.org/10.3389/fmicb.2019.02870

Schoenrock, K. M., O’ Connor, A. M., Mauger, S., Valero, M., Neiva, J., Serréo, E., & Krueger-
Hadfield, S. A. (2020). Genetic diversity of a marine foundation species, Laminaria
hyperborea (Gunnerus) Foslie, along the coast of Ireland. European Journal of
Phycology, 55(3), 310-326. https://doi.org/10.1080/09670262.2020.1724338

Schitz, L., Gattinger, A., Meier, M., Mlller, A., Boller, T., Mader, P., & Mathimaran, N. (2018).
Improving crop yield and nutrient use efficiency via biofertilization—A global meta-
analysis. Frontiers in Plant Science, 8. https://doi.org/10.3389/fpls.2017.02204

Selvarajan, R., Sibanda, T., Venkatachalam, S., Ogola, H. J. O., Christopher Obieze, C., &
Msagati, T. A. (2019). Distribution, Interaction and Functional Profiles of Epiphytic
Bacterial Communities from the Rocky Intertidal Seaweeds, South Africa. Scientific
Reports, 9(1). https://doi.org/10.1038/s41598-019-56269-2

Serebryakova, A., Aires, T., Viard, F., Serrao, E. A., & Engelen, A. H. (2018). Summer shifts
of bacterial communities associated with the invasive brown seaweed Sargassum
muticum are location and tissue dependent. PLoS ONE, 13(12).
https://doi.org/10.1371/journal.pone.0206734

Sigma-Aldrich. (2023a). Safety data sheet Nystatin.
Sigma-Aldrich. (2023b). Safety data sheet Streptomycin sulfate salt.

Singh, R. P., & Reddy, C. R. K. (2014a). Seaweed-microbial interactions: Key functions of
seaweed-associated bacteria. FEMS Microbiology Ecology, 88(2), 213-230.
https://doi.org/10.1111/1574-6941.12297

Smale, D. A., & Moore, P. J. (2017). Variability in kelp forest structure along a latitudinal
gradient in ocean temperature. Journal of Experimental Marine Biology and Ecology, 486,
255-264. https://doi.org/10.1016/j.jembe.2016.10.023

Smale, D. A., Wernberg, T., Yunnie, A. L. E., & Vance, T. (2015a). The rise of Laminaria
ochroleuca in the Western English Channel (UK) and comparisons with its competitor and
assemblage dominant Laminaria hyperborea. Marine Ecology, 36(4), 1033-1044.
https://doi.org/10.1111/maec.12199

Spoerner, M., Wichard, T., Bachhuber, T., Stratmann, J., & Oertel, W. (2012). Growth and
Thallus Morphogenesis of Ulva mutabilis (Chlorophyta) Depends on A Combination of
Two Bacterial Species Excreting Regulatory Factors. Journal of Phycology, 48(6), 1433—
1447. https://doi.org/10.1111/j.1529-8817.2012.01231.x

58



Sprockett, D., Fukami, T., & Relman, D. A. (2018). Role of priority effects in the early-life
assembly of the gut microbiota. In Nature Reviews Gastroenterology and Hepatology
(Vol. 15, Issue 4, pp. 197-205). Nature Publishing Group.
https://doi.org/10.1038/nrgastro.2017.173

Srinivas, G., Mdller, S., Wang, J., Kinzel, S., Zillikens, D., Baines, J. F., & Ibrahim, S. M.
(2013). Genome-wide mapping of gene-microbiota interactions in susceptibility to
autoimmune skin blistering. Nature Communications, 4.
https://doi.org/10.1038/ncomms3462

Steneck, R. S., Leland, A., McNaught, D. C., & Vavrinec, J. (2013). Ecosystem flips, locks, and
feedbacks: The lasting effects of fisheries on Maine’s kelp forest ecosystem. Bulletin of
Marine Science, 89(1), 31-55. https://doi.org/10.5343/bms.2011.1148

Stock, W., Callens, M., Houwenhuyse, S., Schols, R., Goel, N., Coone, M., Theys, C., Delnat,
V., Boudry, A., Eckert, E. M., Laspoumaderes, C., Grossart, H. P., De Meester, L., Stoks,
R., Sabbe, K., & Decaestecker, E. (2021a). Human impact on symbioses between aquatic
organisms and microbes. In Aquatic Microbial Ecology (Vol. 87, pp. 113—-138). Inter-
Research. https://doi.org/10.3354/AMEQO1973

Strasser, F. E., Barreto, L. M., Kaidi, S., Sabour, B., Serrdo, E. A., Pearson, G. A., & Martins,
N. (2022). Population level variation in reproductive development and output in the golden
kelp Laminaria ochroleuca under marine heat wave scenarios. Frontiers in Marine
Science, 9. https://doi.org/10.3389/fmars.2022.943511

Stratil, S. B., Neulinger, S. C., Knecht, H., Friedrichs, A. K., & Wahl, M. (2013). Temperature-
driven shifts in the epibiotic bacterial community composition of the brown macroalga
Fucus vesiculosus. MicrobiologyOpen, 2(2), 338—-349. https://doi.org/10.1002/mbo3.79

Svoboda, P., Lindstréom, E. S., Ahmed Osman, O., & Langenheder, S. (2018). Dispersal timing
determines the importance of priority effects in bacterial communities. ISME Journal,
12(2), 644—646. https://doi.org/10.1038/ismej.2017.180

Teagle, H., Hawkins, S. J., Moore, P. J., & Smale, D. A. (2017). The role of kelp species as
biogenic habitat formers in coastal marine ecosystems. In Journal of Experimental Marine
Biology and Ecology (Vol. 492, pp. 81-98). Elsevier B.V.
https://doi.org/10.1016/j.jembe.2017.01.017

ThermoFisher Scientific. (2021a). Safety data sheet Ampicillin Sodium Salt.

ThermoFisher  Scientific.  (2021b).  Safety @ Data  Sheet  RNAlater  Solution.
www.thermofisher.com

Thomsen, M. S., Mondardini, L., Alestra, T., Gerrity, S., Tait, L., South, P. M., Lilley, S. A., &
Schiel, D. R. (2019). Local Extinction of bull kelp (Durvillaea spp.) due to a marine
heatwave. Frontiers in Marine Science, 6(MAR).
https://doi.org/10.3389/fmars.2019.00084

Toohey, B. D., & Kendrick, G. A. (2007). Survival of juvenile Ecklonia radiata sporophytes after
canopy loss. Journal of Experimental Marine Biology and Ecology, 349(1), 170-182.
https://doi.org/10.1016/j.jembe.2007.05.008

van der Loos, L. M., & Nijland, R. (2021). Biases in bulk: DNA metabarcoding of marine
communities and the methodology involved. Molecular Ecology, 30(13), 3270-3288.
https://doi.org/10.1111/mec.15592

59



Vanderklift, M. A., Doropoulos, C., Gorman, D., Leal, I., Minne, A. J. P., Statton, J., Steven, A.
D. L., & Wernberg, T. (2020). Using Propagules to Restore Coastal Marine Ecosystems.
In  Frontiers in  Marine  Science  (Vol. 7). Frontiers Media S.A.
https://doi.org/10.3389/fmars.2020.00724

Vass, M., & Langenheder, S. (2017). The legacy of the past: Effects of historical processes on
microbial metacommunities. In Aquatic Microbial Ecology (Vol. 79, Issue 1, pp. 13—-19).
Inter-Research. https://doi.org/10.3354/ame01816

Walsh, C. M., Becker-Uncapher, I., Carlson, M., & Fierer, N. (2021). Variable influences of soil
and seed-associated bacterial communities on the assembly of seedling microbiomes.
ISME Journal, 15(9), 2748-2762. https://doi.org/10.1038/s41396-021-00967-1

Wang, G., Chang, L., Zhang, R., Wang, S., Wei, X., Rickert, E., Krost, P., Xiao, L., &
Weinberger, F. (2019). Can targeted defense elicitation improve seaweed aquaculture?
Journal of Applied Phycology, 31(3), 1845-1854. https://doi.org/10.1007/s10811-018-
1709-6

Wang, Z., Chen, Q., Hu, L., & Wang, M. (2018). Combined effects of binary antibiotic mixture
on growth, microcystin production, and extracellular release of Microcystis aeruginosa:
application of response surface methodology. Environmental Science and Pollution
Research, 25(1), 736—748. https://doi.org/10.1007/s11356-017-0475-3

Webster, N. S., Soo, R., Cobb, R., & Negri, A. P. (2011). Elevated seawater temperature
causes a microbial shift on crustose coralline algae with implications for the recruitment
of coral larvae. ISME Journal, 5(4), 759-770. https://doi.org/10.1038/ismej.2010.152

Weigel, B. L., & Pfister, C. A. (2021). Oxygen metabolism shapes microbial settlement on
photosynthetic kelp blades compared to artificial kelp substrates. Environmental
Microbiology Reports, 13(2), 176—184. https://doi.org/10.1111/1758-2229.12923

Wernberg, T., Kendrick, G. A., & Toohey, B. D. (2005). Modification of the physical
environment by an Ecklonia radiata (Laminariales) canopy and implications for associated
foliose algae. Aquatic Ecology, 39(4), 419—-430. https://doi.org/10.1007/s10452-005-
9009-z

Wernberg, T., Smale, D. A, Tuya, F., Thomsen, M. S., Langlois, T. J., De Bettignies, T.,
Bennett, S., & Rousseaux, C. S. (2013). An extreme climatic event alters marine
ecosystem structure in a global biodiversity hotspot. Nature Climate Change, 3(1), 78—
82. https://doi.org/10.1038/nclimate1627

Wernberg, T., Thomsen, M. S., Tuya, F., Kendrick, G. A., Staehr, P. A., & Toohey, B. D. (2010).
Decreasing resilience of kelp beds along a latitudinal temperature gradient: Potential
implications for a warmer future. Ecology Letters, 13(6), 685-694.
https://doi.org/10.1111/j.1461-0248.2010.01466.x

Wichard, T. (2023). From model organism to application: Bacteria-induced growth and
development of the green seaweed Ulva and the potential of microbe leveraging in algal
aquaculture. In Seminars in Cell and Developmental Biology (Vol. 134, pp. 69-78).
Elsevier Ltd. https://doi.org/10.1016/j.semcdb.2022.04.007

Wickham, H. (2009). ggplot2: Elegant Graphics for Data Analysis. In ggplot2. Springer New
York. https://doi.org/10.1007/978-0-387-98141-3

Williams, P. (2007). Quorum sensing, communication and cross-kingdom signalling in the
bacterial world. Microbiology, 1563(12), 3923-3938.
https://doi.org/10.1099/mic.0.2007/012856-0

60



Wood, G., Marzinelli, E. M., Coleman, M. A., Campbell, A. H., Santini, N. S., Kajlich, L.,
Verdura, J., Wodak, J., Steinberg, P. D., & Vergés, A. (2019). Restoring subtidal marine
macrophytes in the Anthropocene: Trajectories and future-proofing. Marine and
Freshwater Research, 70(7), 936-951. https://doi.org/10.1071/MF 18226

Wood, G., Steinberg, P. D., Campbell, A. H., Vergés, A., Coleman, M. A., & Marzinelli, E. M.
(2022). Host genetics, phenotype and geography structure the microbiome of a
foundational seaweed. Molecular Ecology, 31(7), 2189-2206.
https://doi.org/10.1111/mec.16378

Wright, L. S., & Foggo, A. (2021). Photosynthetic pigments of co-occurring Northeast Atlantic
Laminaria spp. are unaffected by decomposition. Marine Ecology Progress Series, 678,
227-232. https://doi.org/10.3354/meps13886

Wu, Q. L., Zwart, G., Schauer, M., Kamst-Van Agterveld, M. P., & Hahn, M. W. (2006).
Bacterioplankton community composition along a salinity gradient of sixteen high-
mountain lakes located on the Tibetan Plateau, China. Applied and Environmental
Microbiology, 72(8), 5478-5485. https://doi.org/10.1128/AEM.00767-06

Xu, D., Brennan, G., Xu, L., Zhang, X. W., Fan, X., Han, W. T., Mock, T., McMinn, A., Hutchins,
D. A., & Ye, N. (2019). Ocean acidification increases iodine accumulation in kelp-based
coastal food webs. Global Change Biology, 25(2), 629-639.
https://doi.org/10.1111/gcb.14467

Xu, D., Wang, D., Li, B,, Fan, X,, Zhang, X. W., Ye, N. H., Wang, Y., Mou, S., & Zhuang, Z.
(2015). Effects of CO2 and seawater acidification on the early stages of saccharina
japonica development. Environmental Science and Technology, 49(6), 3548-3556.
https://doi.org/10.1021/es5058924

Zimmerman, R. C., & Kremer, J. N. (1984). Episodic nutrient supply to a kelp forest ecosystem
in  Southern California. Journal of Marine Research, 42(3), 591-604.
https://doi.org/10.1357/002224084788506031

61



Supplementary

Risk assessment

Sampling

During sampling in Normandy, rocky shores were visited at low tide (6 a.m. and 5-7 p.m.) in
August. This involved carrying the cooling boxes and goggles towards sampling sites early in
the morning and late in the evening. Hazards identified here were falling on the rocks and
hurting our feet and head or slipping on exposed seaweeds. During snorkelling for samples, it
was necessary to take the tidal cycle into account and beware of being taken away by the
current but also the risk of undercooling in the water.

Measures taken to be safe around these hazards were sturdy water shoes and possibly hiking
shoes during the walk towards sampling sites; avoiding stepping on seaweeds but rather
testing the grip on rocks underneath with every step; taking the tides into account by choosing
a reference point to put some equipment on and check the water level every few minutes and
avoiding undercooling by wearing wetsuits and taking a towel along.

In case of failure of these safety measures, it was important to make sure no one was ever
alone during sampling so help could be acquired since it was not possible to take phones along
while in the water. During sample processing at the site, an RNAlater stabilization solution was
used, however this solution is marked as non-hazardous (ThermoFisher Scientific, 2021b).

Sample processing

During sample processing in the laboratory, Kl (0.5%) was used to clean the tissue samples
from the adult Laminaria individuals. This solution is considered hazardous for the health and
causes organ damage when regularly exposed and swallowed, inhalation must be avoided at
all costs. It was therefore handled with gloves and a protective labcoat while the head was kept
at a safe distance to avoid inhalation. The tweezers used for handling were continuously
sterilized with a STERI360 machine which can get to a temperature of 250 °C, the machine
was therefore always placed in a corner of the worktable and covered when not in use while
heated tweezers were placed upright on a porcelain dish. In case of burns caused by the
STERI360, cool water should be run over the affected area for a minimum of 10 minutes after
removing from the heat source and when there is a severe burn, it has to be examined by a
professional.

Culture maintenance

For renewal of culture medium of the gametophytes, Provasoli enriched seawater and
Germanium dioxide were used. Provasoli enriched seawater aims to mimic the natural
seawater that seaweeds are usually exposed to, however measures are necessary to avoid
skin irritation and accidental ingestion since it is still a chemical used in the laboratory.
Germanium oxide is considered a chemical with serious health hazards and poses an
environmental hazard. It damages the organs with long-term exposure or when swallowing or
inhaling. Both chemicals were added to the sterilized seawater under a biohazard flow as it
was the intension to keep the culture medium sterile. Gloves were also used when handling
these chemicals and replaced afterwards to avoid contamination.
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Bacterial isolation and maintenance

For bacterial isolation, petri dishes were used with marine agar and saccharine agar. Both are
not classified as hazardous according to the GHS classification, however, while pouring the
hot agar solution into the petri dishes, a right amount of care was to be taken to avoid getting
burned, as this was heated up until it boiled and then immediately used for pouring. Therefore,
during this process, gloves were used and extra paper for protection of the hands in case of
spillage. The bacteria were isolated using grafting needles, sterilized with the STERI360 under
a biohazard flow to avoid contamination since bacterial concentrations were rather high. After
handling of the bacteria, gloves were always discarded, and the biohazard flow was carefully
disinfected using 70% ethanol. Ethanol is considered highly flammable, so its use was always
with careful consideration of avoiding open flames in the proximity. Plastic stencils were used
when bacterial isolation was not required in large quantities, these were consistently discarded
into a plastic container with an extra plastic zip lock bag to facilitate safer disposal of the
needles afterwards. Bacteria were kept in marine broth (Millipore)(Roth GmbH, 2021a) and
30% glycerol (Sigma-aldrich) which are both non-toxic however marine broth has been found
to cause serious eye irritation. In case of exposure and contact with the eyes, it had to be
rinsed carefully. All materials used for the bacterial isolation were discarded into a specialised
bin for contaminated waste. Isolated bacteria petri dishes were sealed off with parafilm and
taped together when discarded.

Antibiotics

The antibiotics used (Ampicillin, Chloramphenicol, Kanamycin, Rifampicin, Erythromycin,
Penicillin, Streptomycin) were all handled as the most hazardous one. Therefore the serious
health risks in close contact with the skin (Streptomycin, Chloramphenicol, Ampicillin,
Penicillin, Rifampicin) or the eyes (Rifampicin) and possible respiratory irritation when inhaled
(Ampicillin, Penicillin, Rifampicin) were considered as well as the possible reproductive toxicity
(Streptomycin, Kanamycin) and carcinogenic effects (Chloramphenicol). Therefore, an FFP2
mask was worn any time these antibiotics were handled at any concentrations. They were
acquired from the chemical lab while wearing a protective lab coat and specialised gloves.
Equipment was consistently cleaned with ethanol or replaced after every use. While the hands
were washed after glove disposal with ample water and soap. In case of contamination of the
clothes, they had to be taken of and washed, in case of exposure to the skin or eyes, they had
to be washed out, in case of symptoms caused by accidental ingestion (headache, nausea,
vomiting, breathing difficulties, irritant effects, allergic reaction) medical advice needed to be
acquired. Nystatin was later added to the antibiotic mix; however this has not been found a
safety hazard according to GHS regulations. The same goes for the yeast extract used one
time. All materials used for the antibiotics were discarded into a specialised bin for
contaminated waste. Leftover antibiotic mixes were poured into a “contaminated waste” flask
(Pfeizer, 2013; Roth GmbH, 2021b, 2022b; Sigma-Aldrich, 2023a, 2023b; ThermoFisher
Scientific, 2021a).
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DNA extraction

During DNA extraction, propanol was used in addition to the non-hazardous chemicals in the
Wizard® HMW DNA extraction kit (Promega). As propanol is considered corrosive(Roth
GmbH, 2022a), highly flammable and irritates the eyes, it's use was kept away from open
flames and eye and skin contact was avoided. Gloves and lab coat were worn for this purpose

and the bottle was always securely stored back into the freezer as acquired from the protocol
of the extraction kit.

Photosynthetic yield of gametophytes under different antibiotic treatments
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Sporophyte counts induction of gametogenesis after axenization

Day Day Day Day
Individual Treatment Origin Plaat Dayl 7 14 21 30 TOTAL
NOR G C RL 1.1 0 0 0 0 0 0
NOR H St Ax 1.1 0 0 0 0 0 5
NOR H Ho Ax 1.1 0 2 4 1 2 78
NOR G B Ax 1.1 1 37 50 28 44 0
NOR G BI RL 1.1 0 0 0 0 0 22
NOR G Ho Ax 1.1 1 48 17 5 15 4
NOR G St Ax 1.1 1 20 0 4 3 1
NOR D St RL 1.1 0 0 0 1 8 0
NOR G Ho RL 1.1 0 0 0 0 8 0
NOR H B Ax 1.1 1 1 0 0 0 0
NOR D Ho RL 1.1 0 0 0 0 3 0
NOR G St RL 1.1 0 0 0 0 0 1
NOR H C Ax 1.1 1 12 0 1 0 20
NOR G C Ax 1.1 1 33 14 6 0 1
NOR D BI RL 1.1 0 0 0 1 1 1
NOR D C RL 1.1 0 7 0 1 0 1
NOR D St RL 1.2 0 0 0 1 3 2
NOR G Ho RL 1.2 0 0 0 2 14 33
NOR H C Ax 1.2 1 12 33 0 0 0
NOR D C RL 1.2 0 0 0 0 0 44
NOR G Ho Ax 1.2 1 130 8 36 52 7
NOR H St Ax 1.2 1 30 0 7 13 40
NOR D BI RL 1.2 1 28 40 0 3 24
NOR G C Ax 1.2 0 0 24 0 0 0
NOR D Ho RL 1.2 1 3 0 0 0 54
NOR G St St 1.2 1 255 12 42 20 1
NOR H Ho Ax 1.2 1 26 0 1 0 1
NOR H B Ax 1.2 1 5 0 1 3 1
NOR G St RL 1.2 0 0 0 1 0 34
NOR G B Ax 1.2 1 282 0 34 31 5
NOR G BI RL 1.2 0 0 0 5 7 0
NOR G C RL 1.2 0 0 0 0 0 0
ENG E C RL 2.1 0 3 0 0 0 0
ENG K C Ax 2.1 0 0 0 0 0 26
ENG E Ho Ax 2.1 1 17 0 26 22 0
ENGE Ho RL 2.1 0 0 0 0 2 43
ENG K St Ax 2.1 1 1 36 7 8 5
ENG E C Ax 2.1 0 0 5 0 0 13
ENG E St Ax 2.1 1 75 0 13 19 14
ENG E B Ax 2.1 1 35 0 14 18 0
ENG L B RL 2.1 0 0 0 0 0 41
ENG K Ho Ax 2.1 1 11 32 9 7 0
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Visualisation of sporophyte count over time
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Additive treatment and location effect on gametogenesis
Day 14 Day 21 Day 30
Effect E SE T P E SE T P E SE T P
Blade 0.0775 0.8135 0.0952 0.9241 1.2289 0.7512 1.6359 0.1019 3.3716 1.1389 2.9605 0.00307**
Holdfast 0.5840 0.7661 0.7623 0.4459 1.0973 0.7451 1.4727 0.1408 3.7509 1.1421 3.2841 0.00102%**
Meristem -0.3018 0.8596 -0.3510 0.7256 1.3762 0.7423 1.8540 0.0637 3.0928 1.1455 2.6999 0.00694**
Location 0.1477 0.5700  0.2592 0.7955 06236 05076 12284  0.2193 0.0624 05164  0.1209  0.9037
0l1 1.2100 0.6357 1.9035 0.05697* 1.4878 0.6440 2.3103 0.02087* 2.6953 1.0701 2.5188 0.01178*
112 1.3805 0.6421 2.1500 0.03155*% 2.5581 0.6910 3.7021 0.00021%** 3.8486 1.1058 3.4802 0.00050%**
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Post-hoc comparison of treatment effects on gametogenesis

Origin = Ax Origin = RL
contrast  estimate SE df z.ratio p.value contrast estimate SE df z.ratio p.value
C - Bl 3877 1195 Inf  -3.244 0.0065** C - B 3877 1195 Inf  -3.244 0.0065**
C - Ho -4345 1213 Inf  -3.582 0.0019** C - Ho  -4345 1213 Inf  -3582 0.0019**
C -M 3495 119  Inf  -2.936 0.0175* C -M 3495 119 Inf  -2.936 0.0175*
Bl - Ho 0468 0675 Inf  -0.694 0.8995 Bl - Ho  -0.468 0.675 Inf  -0.694 0.8995
Bl - M 0383 0683 Inf 0561 09437 Bl - M 0383 0683 Inf 0.561 0.9437
Ho- M 0.851 0692 Inf 123 06076 Ho - M 0.851 0.692 Inf 123 0.6076
Sporophyte counts culture flasks under aeration
Location Individual Temperature Duplicate Dayl Day7 Dayl14 Day24

ENG E 18 1 0 0 0 0

ENG E 18 2 0 0 0 0

ENG E 18 3 0 0 0 0

NOR H 18 1 0 0 0 0

NOR H 18 2 0 0 0 0

NOR H 18 3 0 0 0 0

ENG E 16 1 0 0 0 0

ENG E 16 2 0 0 0 0

ENG E 16 3 0 0 0 0

NOR H 16 1 0 0 0 0

NOR H 16 2 0 0 0 0

NOR H 16 3 0 0 0 0

ENG E 12 1 0 0 1 0

ENG E 12 2 0 0 1 0

ENG E 12 3 0 0 1 0

NOR H 12 1 0 0 0 0

NOR H 12 2 0 0 0 0

NOR H 12 3 0 0 0 0
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Binomial logistic regression

Estimate Std.Error z-value Pr(>|z])
(Intercept) -3.90E+00 1.2097 -3.22 0.00128**
Blade 7.50E-01 1.2707 0.59 0.55486
Holdfast 0.7503 1.2707 0.59 0.55486
Meristem 1.2154 1.2047 1.009 0.31301
Location (France) 1.2027 0.8481 1.418 0.15618

Visualisation of sporophyte counts after heatwaves
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