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Abstract 
Kelp forests are one of the most productive marine ecosystems, yet due to climate 
change and other anthropogenic stressors, they have known serious declines. These 
forests are characterized to provide ecosystems services as well as primary and 
secondary habitats. One of the main drivers of their declines is the rising seawater 
temperature, with marine heat waves increasing in frequency and intensity. This is a 
trend unlikely to reverse soon.  
 
In recent years, the concept of the kelp holobiont - encompassing the host and its 
associated microbiota - has gained increasing attention. The stability of this entity is 
crucial for the survival of kelp, yet the previously mentioned stressors may disrupt this 
functional host-microbiome symbiosis. Therefore, with increasing external pressures, 
maintaining or restoring this equilibrium is important. As traditional restoration efforts 
struggle to keep pace with the rapid rate of climate change, other strategies must be 
explored.  
 
In this thesis, we investigated the potential of enhancing kelp resilience and reproductive 
success by adding bacteria we thought to be beneficial to its microbiome. The results 
indicate that the bacterial strain Cobetia amphilecti could be a promising probiotic. This 
bacterium enhanced the onset and output of reproduction in Laminaria ochroleuca and 
boosted its resilience to heat stress significantly, while maintaining overall physiological 
health. Although previous studies have shown similar positive effects of microbiota 
enhancing macroalgae, detrimental outcomes for these microbiome alterations have 
also been reported. In our study, the effects varied depending on the population to which 
certain bacterial strains were applied. Kocuria polaris, for example, inhibited growth in 
one population while promoting it in others. This highlights the importance of host-
specific interactions and the need for a precautionary approach.  
 
Nonetheless, this research supports the potential of probiotic treatments for kelp forest 
restoration, especially when combined with restoration methods such as green gravel, 
where kelp spores or gametophytes are applied to substrates and cultivated under 
controlled conditions before outplanting. This research opens new avenues for 
enhancing the resilience of these vital ecosystems in a rapidly changing ocean. 
 
 
Keywords: Laminaria ochroleuca, kelp holobiont, probiotic treatment, marine 
heatwaves, microbiome engineering, climate change resilience, recruitment success of 
kelp, kelp restoration, Cobetia amphilecti, Kocuria polaris
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1. Introduction 
1.1. Climate change and marine ecosystems 
Marine ecosystems are undergoing rapid changes due anthropogenic stressors like 
climate change (Wernberg et al., 2018). Rising seawater temperatures, ocean 
acidification, and deoxygenation are already exerting significant negative effects on 
biodiversity, coastal resilience, and global carbon cycling (IPCC, 2019). These impacts 
are expected to intensify with continued greenhouse gas emissions, leading to the 
disruption of ecological communities and the loss of ecosystem services (Smale, 2019).  
 
Among these ecosystems, one stands out as highly productive and ecologically critical 
habitats: kelp forests (Mann, 1973). These underwater forests, formed by large brown 
macroalgae, are found in temperate waters of both hemispheres. They typically 
dominate shallow rocky coasts (Teagle et al., 2017) but can also occur at depths of up to 
30–60 meters and are even predicted to extend beyond these depths under certain 
conditions (Graham et al., 2007).  
 
Vegetated coastal habitats represent up to 10% of the global marine net primary 
production (Duarte, 2017). Kelp contributes substantially to the carbon fluxes, with kelp 
detritus representing an average of 301 C m−2 yr−1 (Smale et al., 2021), this detritus can 
be transferred to "sink" habitats where it can be stored, highlighting its role in carbon 
sequestration (Krause-Jensen et al., 2018). With the 2015 Paris Agreement aiming to limit 
the global temperature increase to 1.5°C above pre-industrial levels, blue carbon is 
gaining increasing attention as a natural solution to enhance carbon sequestration 
potential (Macreadie et al., 2019). 
 

1.1.1. Ecological role of kelp  
Kelp forest provide food and shelter to a diverse range of marine life (Teagle et al., 2017), 
protect coastlines by attenuating wave energy (Morris et al., 2019) and serve as both 
primary and secondary habitats for organisms such as epiphytes (Teagle et al., 2017) and 
endophytes (Egan et al., 2013).   
 
Besides their ecological function, their economic role is gaining importance with an 
estimated average annual revenue of $500 billion (Eger et al., 2023). It can be concluded 
that kelp ecosystems are of significant importance, and their disruption and decline can 
lead to cascading negative effects on biodiversity and the services they provide 
(Wernberg et al., 2019).  Over recent decades, these forests have experienced severe 
declines due to increasing anthropogenic stressors, with warming sea temperatures 
acting as a major amplifier (Filbee-Dexter et al., 2016).  
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1.1.2. Warming seawater temperatures  
Franco et al. (2017) showed that temperature will be the most critical physiological factor 
for the survival of L. ochroleuca, a conclusion also supported by Biskup et al. (2014). In 
addition to long-term warming trends, short-term extreme events such as marine 
heatwaves (MHWs) pose an increasingly urgent threat. MHWs refer to anomalous warm 
seawater events that possibly affect marine ecosystems (Oliver et al., 2021). Because of 
prolonged ocean warming, due to ongoing climate change, a rise in MHWs is anticipated 
to persist (Frölicher et al., 2018). 
 
Warming sea temperatures impact kelp both directly and indirectly (Wernberg et al., 
2019). MHWs can directly cause mortality through thermal stress and disrupting 
reproduction (Smale et al., 2019). Given their non-mobile nature and restricted 
distribution within a specific temperature range (Hobday et al., 2016), they may be 
particularly vulnerable to temperatures increasing beyond their upper physiological 
limits (Wiens, 2016). The effects vary with species, local thermal history, and the 
intensity of the MHW (Wernberg et al., 2019). While moderate warming may boost growth 
below thermal optima (Smale & Wernberg, 2013), temperatures above these limits lead 
to mortality (Wernberg et al., 2012). 
 
Although kelp possesses the ability to mitigate negative effects of climate-related 
disturbances (Bertocci et al., 2014), they still face severe declines or changes in their 
distribution patterns (Krumhansl et al., 2016; Figure 3). Especially in low latitudes, 
declining trends in macroalgae linked to temperature increases have been observed 
(Fernández, 2011).  

 

 
 

Figure 1. Distribution and responsens of kelp populations and ecosystems to ocean 
warming. Source: Smale (2019). 
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1.2. The holobiont perspective  
To understand this functional entity, it is not only important to understand the host 
(section 1.2.1.) and its associated microbiota (section 1.2.2.), but also how they 
assemble and interact (section 1.2.3.).  
 

1.2.1. The golden kelp Laminaria ochroleuca  
Laminaria ochroleuca – or the 'Golden Kelp' – is a species from the order Laminariales 
(Dayton, 1985) and falls under the scope of this thesis. The species is distributed from 
Morocco to southern UK (Franco et al., 2017). Unlike many other kelp species, L. 
ochroleuca is adapted to warmer temperate waters (Smale et al., 2014). 
 
Like other marine macroalgae, they are multicellular, photosynthetic eukaryotes. Even 
though they have a plantlike morphology (Figure 2), due to their lack of specialized 
tissues (e.g. root system and vascular structures), they are differentiated from plants 
(Schiel & Foster, 2006).  The holdfast, resembling the root-system, is purely for 
attachment to the substrate and does not serve nutritional purposes (Mann, 1973). 
 
 

 

1.2.1.1. Lifecycle of L. ochroleuca 
L. ochroleuca has a pluriannual haplo-diplontic lifecycle (Biskup et al., 2014), meaning it 
contains of two free-living stages: a macroscopic diploid sporophyte alternating with 
microscopic haploid gametophytes (Steneck et al., 2002).  
 

Figure 2.  An illustration of Laminaria hyperborea (left) and Laminaria ochroleuca 
(right) showing the blade, stipe and holdfast alongside the epiphytes as secondary 
habitat components. Source: Teagle et al. (2017) 
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The stages have distinct optimal temperatures. Optimal reproductivity occurs at 15°C to 
18°C (Izquierdo et al., 2002). While sporophytes can grow vegetatively in warmer waters, 
the production of microscopic gametophytes fails when temperatures exceed the range 
of 10 – 15°C (Pereira et al., 2011). This helps explain their northern distributional limit 
(Van Den Hoek, 1989). When conditions deteriorate, these microscopic forms enter a 
slow-developing phase known as the "seed banks". They remain in this vegetative state 
until conditions become favorable again and the development resumes (Dieck, 1993).  

 
Figure 3 illustrates this lifecycle. Once this gametogenesis is initiated by blue-light 
(Lüning, 1981), male gametophytes produce motile, biflagellate sperm, while female 
gametophytes develop elongated oogonia containing eggs. Each oogonium releases a 
single egg prior to fertilization (Kim & Bhatnagar, 2011). The eggs secrete a pheromone 
called lamoxirene (Maier et al., 2001). This serves as a chemotaxis for male 
gametophytes to release their sperm cells and attract them to eggs (Mamer et al., 1984). 
After fertilization, the zygote forms a flat proembryo that matures into the large, familiar 
kelp sporophyte structure (Dayton, 1985). 
 

1.2.2. Marine microbiota  
Marine macroalgae host dense and diverse microbial communities.  Microbiota - 
consisting of communities of bacteria, archaea, protists, and unicellular fungi - are 
omnipresent in the oceans waters with abundances exceeding 105 mL-1 (Sogin et al., 
2006). These microorganisms can be found from surface water to deep-sea sediments 
(Huber et al., 2007). Therefore, they are continuously exposed to changing environmental 
factors, making them ideal for potential bioremediation or bioindicators of ecosystem 
change (Dash et al., 2012).  
 

Figure 3. The life cycle of kelp with an alternation 
of two life stages: a haploid gametophyte and a 
diploid sporophyte. Source: Wernberg et al. 
(2019) 

https://link.springer.com/article/10.1007/s00253-012-4584-0#ref-CR96
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Abundances vary by species, sporophyte tissue region, and season with densities 
varying from 102 to 107 cells cm-2 (Bengtsson et al., 2010). They form a unified functional 
entity or holobiont (Figure 3; Egan et al., 2013) and are characterized by their complex 
interactions (van der Loos et al., 2019).  Marine bacteria are involved in key functions that 
support algal development and health. This includes nutrient exchange, growth hormone 
production, morphogenesis and biofilm formation. These functions occur through 
complex biochemical and signaling interactions (Amin et al., 2015; Bengtsson et al., 
2012; Singh & Reddy, 2014; Cirri & Pohnert, 2019). A detailed overview of a selection of 
genera and their functional roles is provided in Appendix Table A -  1. 

1.2.3. Microbiome assembly and functional interactions 
Some algae rely on their epiphytic bacterial communities for normal morphological 
development (Spoerner et al., 2012). These bacteria can also provide protection against 
harmful or secondary colonization by other micro- and macroscopic epibiota, due to 
their antifouling properties (Rao et al., 2005). These interactions can result in mutualistic, 
commensal, competitive, or antagonistic relationships, depending on the processes 
involved (Egan et al., 2013).  Thus, the health and functioning of the algal holobiont 
depend on stable and context-sensitive interactions between the host and its microbial 
partners (Dittami et al., 2021). The following sections highlight key principles that shape 
these interactions. 
 

 

1.2.3.1. Chemical gardening  
How these organisms communicate has been studied by Thøgersen et al. (2018), 
showing that algae–bacteria interactions are primarily mediated through chemical 
signalling, rather than direct physical contact between cells. Key mechanisms – such as 
polysaccharides, secondary metabolite signalling and quorum sensing (QS)— shape the 
dynamics within the algal holobiont (Saha et al., 2012). QS enables bacteria to detect 
their own population density and upon reaching a threshold or quorum of cells, initiate 
changes in gene expression (Vannini et al., 2002). Algae can influence microbial 
communities by releasing bioactive compounds (Inderjit et al., 2011) and can detect and 
respond to bacterial QS signals (Zhou et al., 2016) 

Figure 4. The seaweed holobiont and the various 
factors or organisms proposed to influence 
bacterial colonization on macroalgal hosts. 
Source: Egan et al. (2013) 
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This selective microbial recruitment is sometimes referred to as “chemical gardening”, 
a process where macroalgae attract beneficial bacteria while deterring harmful ones 
(Saha et al., 2020). 
 

1.2.3.2. Host-specifity 
This “chemical gardening” further supports the idea that the microbiome composition is 
largely shaped by the host’s identity, implying host-specificity (Grossart et al., 2005). This 
means that a specific set of bacterial epiphytes can be found on one species but be 
absent on another (Egan et al., 2013).  Such specificity likely contributes to holobiont 
stability, as the host selectively maintains beneficial microbial partners across different 
conditions and locations. 
 
Lachnit et al. (2009) showed that the microbiota of the same algae species from different 
geographic locations are more similar to each other than to those of other macroalgae 
species from the same environment or to the surrounding seawater.  This supports the 
idea of species-specific selection process that shapes the microbial community (Egan 
et al., 2013). 
 

1.2.3.3. Competitive lottery model 
While host identity influences microbial community composition, randomness also 
plays a role. With the competitive lottery model, Burke et al. (2011) suggested that 
coexisting bacteria randomly colonize ecological niches with similar ecological 
functions. This highlights the concept of functional redundancy, the notion that multiple 
microbial taxa can fulfill equivalent roles within the holobiont (Grueneberg et al., 2016). 
 
This suggests that maintaining key microbial functions—rather than specific taxa—may 
be more important for holobiont health and probiotic applications. This is further 
supported by the study of van der Loos et al. (2025) on the genus Ulva across a 2000-km 
salinity gradient, where functional changes remain low despite a great taxonomic 
turnover. 
 

1.2.3.4. Ulva mutabilis: example of interkingdom communication   
A well-studied example involves the green macroalga Ulva mutabilis. This symbiosis, 
known as the tripartite interaction Ulva–Maribacter–Roseovarius (Burgunter-Delamare 
et al., 2024), exemplifies quorum sensing (QS)-mediated communication between algae 
and bacteria. U. mutabilis releases dimethylsulfoniopropionate (DMSP) to attract 
Roseovarius species, which in turn use QS signals to coordinate their activity and 
stimulate algal thallus development (Kessler et al., 2017). 
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However, development remains incomplete without Maribacter, which secretes 
complementary morphogens. Roseovarius and Maribacter resemble cytokinin- and 
auxin-like signaling roles, respectively (Spoerner et al., 2012), and their effects cannot be 
mimicked by known phytohormones (De Clerck et al., 2018). This indicates that U. 
mutabilis requires at least two bacterial partners with distinct but synergistic functions 
(Ghaderiardakani et al., 2017), supporting the competitive lottery model of microbial 
niche colonization (Grueneberg et al., 2016; Burke et al., 2011).  
 

1.2.4.  Environmental changes influencing the holobiont 
Besides an algae-bacteria interaction, the environment plays a crucial role in shaping the 
structure and function of the holobiont (Rosenberg & Zilber-Rosenberg, 2016). Van der 
Loos et al. (2019) proposed three pathways how they can influence the holobiont (Figure 
6).  Firstly, environmental stressors such as warming or acidification can directly affect 
the microbial communities on the host (Bengtsson et al., 2010; Erwin et al., 2012). 
Secondly, factors like MHWs can have a direct effect on the host, e.g. impacting algal 
physiology (Wernberg et al., 2019; Strasser et al., 2022). Similarly environmental shifts 
can mediate the effects on interactions and modify the functional roles of microbes or 
host physiology (Van der Loos et al., 2019). These complex and dynamic interactions 
highlight the sensitivity of the holobiont to environmental perturbations. 
 

 

1.2.5. Microbial dysbiosis  
Holobiont health depends on a dynamic balance between resistance (the ability to 
maintain stability) and resilience (the ability to recover after disturbance) (Pita et al., 
2018). When biotic or abiotic stressors disturb this equilibrium, it may result in dysbiosis, 
a break-up of the holobiont (Egan & Gardiner, 2016). This disruption increases host 
susceptibility to disease and stress (Egan & Gardiner, 2016). In marine macroalgae, 
microbial dysbiosis has been linked to bleaching, tissue necrosis, and reduced 
reproductive success, threatening the stability of coastal ecosystems (Fernandes et al., 
2012; Li et al., 2022; Veenhof et al., 2025; Campbell et al., 2011).   

Figure 5. Overview of the holobiont and its 
interaction with changes in climate either directly 
effecting the microbiota, the host or the interactions 
between the host and the microbiota. Source: van 
der Loos et al. (2019) 
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A compelling example of how delicate this balance is can be found in the “Jekyll and 
Hyde” behavior of certain bacteria. For example, Seyedsayamdost et al. (2011) 
illustrated that Phaeobacter gallaeciensis typically supports algal growth but can 
switch to a pathogenic role as the host ages.  
 
This duality illustrates that microbial function is not fixed but context-dependent, shaped 
by both abiotic and biotic conditions. Therefor studying them can reveal mechanisms 
that maintain holobiont stability. Applying ecological frameworks to host-microbe 
interactions can help identify key microbial functions, improve predictions of host 
resilience under stress (Bourne et al., 2009), and guide restoration efforts. 
 

1.3. Previous restoration efforts  
In their review, Eger et al. (2022) identified four main strategies for kelp reforestation: 
transplanting, seeding, grazer control, and artificial reefs. Transplanting adult donor 
sporophytes in degraded reefs remains a commonly applied approach, happening via 
various techniques e.g. gluing holdfast to substrate, tying to ropes or attaching to small 
rocks (Eger et al., 2022). Yet they face many challenges to overcome before reproduction 
can occur (Campbell et al., 2014). 
 
Multiple efforts to restoration have occurred with variable success. Although short-term 
improvements, long-term successes have been limited (Layton et al., 2020). Combining 
seeding - the deployment or growth of juvenile gametophytes in the ocean - with 
transplanting might increase the chances of successful restoration (Verdura et al., 
2018). Chemello et al. (2024) studied the potential of “green gravel”, where kelp spores 
or gametes are put on substrates and grown under laboratory conditions before 
outplanting.  
 
An overall conclusion is that all efforts are small scale, labor intensive and cost 
prohibitive (Eger at al., 2022). Successful restoration should advance beyond current 
limitations.  Synthetic biology offers potential tools to "future-proof" existing kelp forests 
(Coleman & Goold, 2019).  
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1.4. Probiotics as a solution 
Derived from the Greek meaning “for life”, probiotics are widely recognized in human 
health for their immune-boosting properties (Isolauri et al., 2001). Chauhan and Singh 
(2018) suggested the analogous use of probiotics for marine holobionts, particularly to 
enhance the resilience of kelp to rising ocean temperatures and MHWs as seen in corals 
(Peixoto et al., 2017).  Manipulating the kelp microbiome has already shown promise in 
boosting productivity, recruitment and algal growth (Flórez et al., 2021; Amin et al., 2009;  
Wichard, 2023), supporting the potential of probiotics as a tool for enhancing algal 
resilience under environmental stress. 
 
The study of Li et al. (2022) showed promising results for Phaeobacter spp. and 
Pseudoalteromonas spp. to be general marine probiotics. These bacteria may protect 
their host not by directly inhibiting pathogens, but by mitigating dysbiosis and stabilizing 
the native microbiota of Delisea pulchra (Figure 6). This ability for a probiotic strain to 
establish itself within the host microbiome is an important quality for its effectiveness 
(Chauhan & Singh, 2018).  
 

  

Figure 6. The states of symbiosis and dysbiosis of the Delisea pulchra 
holobiont. Source: Li et al. (2022) 
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1.5. Expected challenges  
Whilst literature about terrestrial and aquatic holobionts bring valuable insights, Dittami 
et al. (2021) emphasize the need for caution when applying successful strategies from 
one to the other. Aquatic systems exhibit higher phylogenetic diversity, with much still to 
be discovered (Thompson et al., 2017). This implies complex cross-lineage interactions 
that remain largely unexplored in marine holobionts (Dittami et al., 2021). Due to the 
open nature of marine ecosystems, microbial communities can shift more rapidly in 
response to environmental changes (Martin-Platero et al., 2018).  
 
Field conditions are inherently more variable and less predictable than laboratory 
settings, increasing the risk of unintended negative outcomes with cascading effects on 
the ecosystem functioning and services provided by kelp (Coleman & Goold, 2019; 
Coleman and Wernberg, 2020). 
 
The expected challenges include the complexity of the kelp life cycle, which involves an 
alternation of generations (Biskup et al., 2014). Gametophytes and sporophytes may 
exhibit different physiological responses to laboratory conditions, potentially affecting 
the consistency and interpretation of experimental outcomes (Coleman & Goold, 2019).  
Additionally, the kelp holobiont microbiome varies with factors such as tissue region, 
season, geography, and host specificity (Girão et al., 2019; Lemay et al., 2021; Lachnit et 
al., 2009; Egan et al., 2013). It is therefore essential to highlight that working with 
microbiomes is a "snapshot" reflecting the environmental conditions present at the time.   
 

1.6. Research objective 
This thesis aimed to evaluate whether selected bacterial strains can improve the 
reproductive success and resilience of Laminaria ochroleuca, and potentially other kelp 
species, to support holobiont-based approaches for kelp forest restoration. 
 
The primary focus was to test whether the selected probiotic treatments can enhance 
the reproduction and recruitment under controlled laboratory conditions.  To assess 
potential microbial shifts, the kelp’s microbiome was analyzed using 16S rRNA gene 
sequencing. A follow-up experiment using only female gametophytes explored potential 
sex-specific effects. Additionally, the study examined whether a single bacterial isolate 
could improve kelp resilience under elevated temperature conditions, which is 
particularly important given the rise in both frequencies and intensities of marine 
heatwaves. 
 
This work is a collaboration between the Phycology Research Group at the Ghent 
University (Belgium) and the Centre of Marine Sciences (CCMAR) at the University of the 
Algarve (Portugal). It is part of the RestoreSeas project, aiming to develop effective 
restoration measures for kelp forests alongside seagrasses and deep-sea corals. 
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2. Material and Methods 
During this thesis, three different experiments were set up. A "bacteria experiment" was 
conducted to study the effects of four different bacteria on the development of kelp, 
followed by a microbiome analysis. A follow-up experiment where the effects of two 
selected bacteria were studied on the production of ontogenetic structures was called 
"ontogenetic experiment". The last experiment was the "heatwave experiment" to study 
the effects of a bacteria strain on kelp gametophytes exposed to heat stress.   
 
The first experiment was conducted in the lab of CCMAR (University of Algarve, Portugal) 
until DNA analysis. The latter, together with the ontogenetic and heatwave experiment, 
took place in the lab of Prof. De Clerck at UGent (Ghent University, Belgium). 
 

2.1. Bacteria experiment 

2.1.1. Origin and preparation of L. ochroleuca strains 
For the experiment, L. ochroleuca strains originating from mature specimens collected 
in the Strait of Messina, Italy and Gatteville-le-Phare were used. Three different strain 
compositions were tested and hereafter referred to as ‘populations’: 
 

1. IT MONO: A monoculture of Italian strains consisting of male and female 
individuals from different specimens—specifically, individual 10.4 (female) and 
11.2 (male), with the first number referring to the parent strain. 

2. IT POOL: A mix of male and female strains from both IT 10 and IT 11 of the Italian 
population. 

3. FR MONO: A monoculture consisting of male and female individuals from 
different French specimens. 

 
All metadata is provided in Table 1. 
 
Table 1.  Metadata of the Laminaria ochroleuca sampled and used in this experiment. Lab cultured refers to the 
research group that had sampled and maintained theses kelp strains. 

Population Sampling date Site Coordinates Depth (m) Lab cultured 
      

France (FR) 16/08/2022 Gatteville-le-Phare 
49°41'47.2"N 
1°15'53.1"W 
  

4 UGent 

Italy (IT) 16/11/2019 Messina Strait 
38°15’27.97”N 
15°37’40.04”E 

50 CCMAR 

 
The experimental set-up can be found in Figure 7. Gametophytes were grinded with 
pestles and mortars that were precooled at 15°C to avoid extra heat stress. Followed by 
a size-selective sieving (< 100µm) via filtering the grinded L. ochroleuca through sterile 
sieves with tropical marine in falcon tubes of 50mL. Tropical marine was made by 
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autoclaving 2L of distilled water. After cooling down, sea salt (Classic Meersalz, Tropic 
Marin, Germany) was added to obtain a concentration of 32 ‰ per Liter. When this 
concentration was confirmed by a salinity refractometer (Atago, Japan), Provasoli-
Enriched Seawater (PES) with a mix of vitamins was added with a concentration of 
10mL/L. To limit stress to the gametophytes, the tropical marine was stored at 15°C. 
 
This solution was then stirred with magnetic stirrers in crystalizing dishes for minimum 
one minute before the densities were checked under the microscope with a counting grid 
(Zeiss Axio Observer D1, Carl Zeiss MicroImaging GmbH, Göttingen, Germany) on 100x 
magnification.  
 
For an optimal experiment, the previous steps were repeated until a density of a 
minimum of 150 gametophytes per cm2 per sex was reached. This is a trade-off between 
a dense medium that limits movement and having too few gametophytes that reduce 
encounter chances. The treatments were prepared in Petri dishes (55 mm ⌀) with a total 
volume of 12 mL (Equation 1).  Each kelp population received four distinct mono-bacteria 
treatments and had a control group (no bacteria added). Four replicates were made per 
kelp population.  
 

2.1.2. Origin and preparation of bacteria strains 
The bacteria used in this experiment are in Table 2 and their taxonomy in Table 3. The 
bacteria were isolated during experiments that preceded this thesis. From their stock 
solution (30% glycerol, 70% marine broth) 5 µl of suspension was taken and plated out 
on agar plates (BD DIFCO™, USA) under the Vertical Flow (Aura Vertical S.D.4, BioAir, 
Italy). A single colony of each isolate was transferred to 50mL Marine Broth (Marine agar 
2216, BD DIFCO™, USA) in 200 mL Erlenmeyer flasks.  Marine Broth was made by adding 
37.4g in 1L of distilled water that was subsequently autoclaved and stored at 15°C. 
 

Table 2. Overview of the metadata of the bacteria strains used in the experiments. Their code for internal use in the lab 
of UGent, the harvested region of the kelp individual and the country of origin.  

 
 

Species  Code Harvested region L. ochroleuca Country of origin 

Cobetia amphilecti  RosG3M4 Blade individual G-Roscoff France 

Kocuria polaris  RosH3M4 Blade individual H-Roscoff France 

Tritonibacter scottomollicae EngE-AKF1 Gametophyte of parent  E-Plymouth United Kingdom 

 Zobellia alginiliquefaciens EngO – AKR1 Gametophyte of parent O-St Mawes United Kingdom 
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Table 3. Taxonomic classification of the bacteria strains used, up to family level. The genus corresponds to the first 
word of the species name.  

 
They were incubated at 15ºC for 48 hours on a shaker (Orbital mini shaker, VWR 
International, LLC., The Netherlands). Cultures were then centrifuged (3000RPM, 15°C, 
5 minutes; Centrifuge 5180 R, Eppendorf SE, Germany) and the supernatant discarded. 
Pellets were washed twice in tropical marine water, each time vortexed and centrifuged 
under the same conditions. After the final wash, the suspension was vortexed again and 
the bacterial density was assessed. 
 
To assess optical density (OD), 100µl of the bacteria culture was diluted 1:1000 in a 96 
well-plate and measured at 600nm using a microplate reader (Agilent Biotek synergy 4 
Hybrid Microplate Reader, Agilent BioTek, USA). An OD of 0.015, corresponding to 106-
107 colony forming units per mL (CFU/mL) was used to calculate the required volume for 
a 12mL filled Petri dish (Equation 1). 
 

2.1.3. Experimental set-up  
The experimental set-up (Figure 7) was as follows: after cultivating bacteria and grinding 
gametophytes followed by size-selective sieving (100 µm), they were added to the Petri 
dishes. The volume was calculated as follows:  

12 mL = w mL + x mL + y mL + z mL   
 
Equation 1. The total volume of the Petri dishes. The formula is as follows: w = solution solution female gametophytes 
(150 gametophytes cm-2),  x = solution of male gametophytes (150 gametophytes cm-2),  y = bacterium solution (OD600 
= 0.0015 mL -1),  z = tropical marine medium. 

The set-up of the experiment happened over two days: IT MONO (all replicas) and IT 
POOL (replicas 1-2) were given bacteria treatments first. IT POOL (replicas 3-4) and FR 
MONO (all replicas) the next day. After a 5-day recovery at 15°C under red light (3-7 µmol 
photons m-2 s-1; ULM-500 Walz MQSC 0301, Heinz Walz GmbH, Germany), the Petri 
dishes were placed into white light (18-22 µmol photons m-2 s-1) with a light-dark cycle of 
14:10 at 15 °C. This induces gametogenesis and is considered as DAY 0 of the 
experiment.  

They  were randomly counted on DAY 0, 7, 14, 21 and 26. Dataloggers tracked the 
temperature levels throughout the entire experiment. 

Species Phylum Class Order  Family 

Cobetia amphilecti Proteobacteria Gammaproteobacteria Oceanospirillales Halomondaceae 

Kocuria polaris Actinobacteriota Actinobacteria Micrococcales Micrococcaceae 

Tritonibacter scottomollicae Proteobacteria Rhodobacterales Rhodobacterales Rhodobacteraceae 

Zobellia alginiliquefaciens Bacteroidota Flavobacteriales Flavobacteriales Flavobacteriaceae 
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The medium refresh was done every 10 days under the vertical flow where 5mL was 
removed and replaced with newly made Tropical Marine. This was done with caution to 
avoid disturbing the settled gametophytes.  
 
Pictures of the gametophytes were taken with Nikon D800 (Nikon Corporation, Japan) 
mounted on the microscope. The counting of different structures was done via the 
Simplest Manual Counter (version 1.1.1., GNU General Public License, Open source). 
 

2.1.3.1. Counting scheme 
On DAY 0, the density was checked counting all gametophytes (male and female). On 
DAY 7, 14, and 21, the occurrence of the reproductive structures (vegetative, 
gametophytes with eggs, or gametophyte with sporophytes) was classified by the most 
developed stage observed. The first visible cell division marked the onset of the 
sporophyte stage. At the end of the experiment (DAY 26), the reproductive success was 
assessed by counting the total number of sporophytes per gametophyte. Sporophytes 
with irregular morphology were counted separately. Presumed parthenogenic 
sporophytes (not attached to a gametophyte) were not counted.  
  

Figure 7. Schematic overview of the experimental set-up, including preparations of both gametophytes and bacteria, 
recovery under red light, induction of gametogenesis (DAY 0), and counting overview together with the PAM 
fluorometry. Graph was made in Canva. 
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2.1.4. Pulse amplitude modulation (PAM) fluorometry 
The maximum quantum yield of photosystem II (PSII) was measured as a proxy for the 
gametophyte fitness via PSI AquaPens (AquaPen-P AP 110-P fluorometer, Photon 
Systems Instruments, Czech Republic). A dark room was recreated where three replicas 
simultaneously could be measured (Figure 8). Samples were dark-adapted for 10 
minutes to open their reaction centres (Murchie & Lawson, 2013). The measurements 
could be retained via FluorPen 1.2.0.0 software. The intensity settings for the actinic, 
super and flash pulse lights were respectively 20%, 70% and 20%. The measurements 
were carried out on DAY 9, 16 and 23. 
 

 

2.1.5. Microbiome analysis 
2.1.5.1. Transferring samples  

To check how the bacteria had established themselves on the kelp compared to their 
original gametophyte microbiome, a 16S rRNA analysis was done. To transfer the 
samples from the lab in Faro (CCMAR) to Ghent, they were put in RNA later and frozen 
upon arrival. 
 
Working under the vertical flow, 8mL of the tropical marine was removed from each Petri 
dish. The gametophytes attached to the bottom were scraped by the same pipet tip and 
1.5 mL of the suspension was transferred into 1.5 mL microcentrifuge tubes. Once the 
gametophytes settled to the bottom of these tubes, as much excess Tropical Marine as 
possible was removed. Then, 1 mL of RNA later (Merck, Germany) was added and the 
tube was sealed with parafilm.  
 

Figure 8.  Set-up for PAM (Pulse Amplitude Modulated) 
fluorescence measurements designed to eliminate ambient 
light interference. A dark room environment was simulated using 
two stacked plastic boxes. The PAM probes were inserted 
through the lower box, while the 
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2.1.5.2. DNA-Sequencing 
Extracting the DNA of the samples was done by following the QIAamp DNA Mini Kit 
protocol (QIAGEN, Aarhus, Denmark).  The samples were defrosted at room 
temperature, followed by centrifuging (Centrifuge 5425 R9, Eppendorf SE, Germany) a 
first time for 15 min with 1000 RPM at 4°C followed by a second time (20 min, 16000 rcf, 
4°C ). An additional step was added to the protocol wherein paramagnetic (PAE) beads 
were added to the samples with lysis buffer whereafter they were shaken for 5 minutes 
with a bead beater (30beats/sec). After finalizing the extraction, a polymerase chain 
reaction (PCR) was done by putting DNA, the pre-mix (Phire Tissue direct PCR Master Mix, 
Thermo Fisher Scientific INC., USA) and 16S primer together. The primers used were:  
 

1. 27F_BCtail-FW (TTTCTGTTGGTGCTGATATTGC_AGAGTTTGATCMTGGCTCAG)  
2. 1492R_BCtail-RV (ACTTGCCTGTCGCTCTATCTTC_CGGTTACCTTGTTACGACTT). 

 
With PCR conditions being 98 °C 3min, 30x (98°C 8sec , 60°C 8sec, 72°C 30 sec), 72°C 
3min, 12°C ∞. 
 
The DNA was transferred onto an agarose gel and run on 100 V, variable mA for 30 
minutes. Afterwards, the gel was placed in a bath of ethylbromide to stain the DNA and 
a UV picture was made (ChemiDoc™ XR+ Imaging System, Bio-Rad Laboratories, Inc. 
United States) to check the quality of the DNA samples. Each sample was tagged with a 
barcode following the protocol of Oxford Nanopore PCR Expansion 1-96 barcode primers 
(Oxford Nanopore Technologies, UK) under PCR conditions 95 °C 3min, 13x (95 °C 15sec, 
62 °C 15sec, 65°C 40sec), 65°C 2min, 12°C ∞. The concentration of DNA was measured 
via the Qubit fluorometer (Thermo Fisher Scientific INC., USA), followed by the library 
preparation via the Oxford Nanopore Technologies Ligation and PCR barcoding kit 
protocol.  
 
Sequencing was performed using a MinION Mk1B (Oxford Nanopore Technologies). Base 
calling and read assignment were conducted using the EMU pipeline (v3.4.5) with the 
SILVA v138.1 reference database. Initial quality control was assessed using NanoPlot. 
Low-quality and non-target reads, such as chloroplast sequences, were filtered out 
using Chopper (v0.7.0), applying a minimum quality threshold of Q15 and retaining 
fragments between 1300 and 1800 bp. With this curated dataset, statistical analyses 
were performed. 
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2.2. Ontogenetic experiment 
This experiment aimed to assess whether the bacteria treatments influenced the 
development of ontogenetic stages, using cultures with only female gametophytes. Two 
bacteria treatments were tested: the best-performing strain (C. amphilecti) and the most 
inhibitory strain (K. polaris) which were determined by the first treatment experiment. 
Only the populations IT MONO and FR MONO were tested, maintained under the same 
culture conditions as previously described. 
 
Due to limitations of the shaker available (Gyrotory Shaker Model G2, New Brunswic 
Scientific Co., inc. Edison, USA), the bacteria were cultivated at 125 RPM in plastic culture 
flasks (25cm2). The bacteria treatment was added to both strains on the same day. All 
other conditions for the set-up were the same as the treatment experiment, with the 
exception of some equipment and a light-dark cycle of 12:12 (Table 4). 
 
Table 4.  An overview of the equipment used in the phycology lab of uGent that differed primarily in term of brands from 
the ones used in CCMAR. 

 
After a 5-day recovery at 15ºC in a red-light incubator (Thermostatschrank aqualytic, VWR 
International LLC., Belgium), the replicates were transferred into white light at 15 °C (DAY 
0) in the climate control room (Fermod, France). The ontogenetic stages were counted 
and afterwards categorized as "eggs" or "no eggs". When eggs were present, their 
number per gametophyte was counted, including loose eggs in the medium. The 
counting happened on DAY 10 and DAY 18. The latter marks the end of the experiment.  
 
Their medium was refreshed once (DAY 15).  
  

Material Series Company Country 

Camera Olympus SC50 + Olympus CellSens Entry 
Olympus 
Corporation 

Japan 

Plate reader Cytation 3 Imaging reader Biotek USA 

Laminar flow 
Airstream Class II Type A2 Biological 
Safety Cabinet - K series 

Esco Micro Pte. Ltd. Singapore 

Centrifuge Sigma 4k15 DJB Labcare UK 
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2.3. Heatwave experiment 
To study the effect of our best-performing bacteria on kelp when exposed to heat stress, 
a heatwave experiment was performed with three different temperatures (15, 19 and 23 
°C) after referred to as HW15, HW19 and HW23. HW15 served as the control condition, 
representing the baseline temperature. Temperatures were gradually increased by 2°C 
per day until the respective target temperature were reached. The temperature range for 
optimal reproductive development of L. ochroleuca is 15-18 °C (Izquierdo et al., 2002) 
but tolerates temperatures up to 24°C (Franco et al., 2017). 
 
The same protocol was followed, and material used as in the ontogenetic experiment for 
the preparation of the replicates.   
The heatwave experiment followed the timeline shown in Figure 9. After being transferred 

to white light with a 12:12 dark-light cycle (DAY 0), samples were acclimated at 15 °C 
before being placed in their respective heat treatment incubators (HW19: 
Thermostatschrank Lovibond, Tintometer GmbH, Germany; HW23: Thermostatschrank 
Aqualytics, VWR International, LLC, Belgium). The heatwave peaked on DAY 4 and lasted 
for 10 days, after which temperatures were gradually reduced by 2 °C per day to 15 °C, 
followed by a recovery phase of 25 days (HW19) and 23 days (HW23). 
 
At DAY 0, densities of all replicas were counted. Due to unforeseen circumstances, 9 out 
of 48 replicas were counted on DAY 1. The reproductive structures of replicas 1-2 were 
randomly counted on DAY 8, those of replicas 3-4 on DAY 9. Medium refresh was done 
every seven days and tropical marine was stored for each corresponding HW treatment. 
 
PAM-measures (Walz IMAG k4, Heinz Walz GmBH, Germany) were conducted with intensity 
settings for the actinic, super and flash pulse lights all set to 8. The samples were dark-
adapted for a minimum of 10 minutes.  
  

Figure 9. Timeline of the heatwave experiment with the three heatwave (HW) treatments. The corresponding temperatures (ºC) 
and days are marked in the y- and x-axis. The colored blocks refer to the corresponding counting day or measurements 

conducted. 
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2.4. Statistical Analysis 
All statistical analyses were performed in R (version 2024.12.1) using the vegan, 
emmeans, multcomp, car, ggplot2 packages or otherwise specified. Normality (Shapiro–
Wilk test) and homogeneity of variances (Levene’s test) were confirmed (p > 0.05) prior 
to analyses.  
 

2.4.1. Bacteria experiment  
2.4.1.1. Statistical analysis  

Two replicates (IT TRIT 2 and MIX ZOB 1) were identified as invalid due to spills during 
bacteria treatments applications. These data points were therefor replaced with the 
average of the remaining replicates within their respective treatment group and 
population to ensure consistency in the analysis. 
 
The gametophyte densities were compared across populations using one-way ANOVA. 
 
Counts of reproductive structures were transformed into relative abundances and 
reshaped with dplyr and tidyr packages to enable comparisons across populations and 
bacterial treatments. A generalized linear model (GLM) with a quasibinomial family was 
fitted with Bacteria × Stage interaction, and Day and Population as fixed factors. 
Estimated marginal means (EMMs) were calculated for each combination of Day and 
Population, with pairwise comparisons performed using the Dunnett method against the 
control. 
 
To assess the recruitment success, sporophyte counts were averaged per field and 
normalized to the population-specific control. Due to heteroscedasticity (Levene’s p < 
0.05), a GLM with Gaussian distribution was fitted with population, bacteria, and their 
interaction as fixed factors. EMMs of bacteria treatments were calculated within each 
population, with Dunnett-adjusted comparisons to the control. 
 
For the fitness of the gametophytes, Y(II) values were analyzed using a GLM (Gamma 
family, log link) with Day × Bacteria × Population as fixed factors. The null deviance was 
assessed to evaluate model fit. EMMs were extracted for the bacteria treatment within 
each Day and Population, using Dunnett contrasts. Repeated measures were tested but 
excluded due to boundary warnings (singular fit). 
 

2.4.1.2. Microbiome analyses  
Microbial counts were aggregated at the genus level using the tax_glom() function in the 
phyloseq package (McMurdie & Holmes, 2013). Genera with undefined taxonomy were 
excluded, and relative abundance transformations were applied for visual and statistical 
analysis. 
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Microbial community structure was explored using Principal Coordinates Analysis 
(PCoA) and differences in community dispersion were tested with the betadisper() and 
anova() functions. Analysis of Principal Coordinates (CAP) based on Bray–Curtis 
dissimilarities was performed, with Treatment and Population as constraining factors. 
The significance was assessed using PERMANOVA via the adonis2() using 999 
permutations and marginal tests (by = "margin"). 
 
Exploratory barplots were generated to explore the top genera, the establishment of 
bacteria treatments in the core microbiome and the relative abundance of different 
orders using the viridis and patchwork package. The core microbiome was defined (80% 
prevalence, ≥0.01% mean abundance), using the microbiome package. Core genera 
were identified within each population and treatment group. Venn diagrams were used 
to visualize shared and unique taxa across populations and within populations using the 
forcats package.  
 

2.4.2. Ontogenetic experiment 
Starting densities were checked via ANOVA after log transformation (all assumptions 
met). Absolute count of gametophytes with ontogenetic structures (eggs or sporophytes) 
data was converted to relative values by dividing per total gametophytes. 
 
Reproductive success was calculated by dividing the total number of eggs (loose + 
attached) by the number of observed fields and normalized by the relative abundance of 
gametophytes with reproductive structures. This was repeated for sporophyte counts. 
To assess bacterial effects over time within each population, separate day-by-day GLMs 
(Gamma family, log link) were performed with bacteria as the sole fixed factor. 
 
The presence of ontogenetic structures on gametophytes was analyzed as binary data. 
Due to complete separation in the FR MONO population, Firth’s penalized logistic 
regression was applied using the logistf package to obtain reliable estimates. 
 

2.4.3. Heatwave experiment 
Both males and female gametophytes were counted until a total of 150 gametophytes 
was obtained at DAY 0 and at DAY 17. The initial densities between the two populations 
were checked via a one-way ANOVA, as well as a one-way ANOVA for each HW treatment 
within each population to check densities within bacteria treatments (assumptions met). 
Survival trends were analyzed using a four-way GLM (Day × Population × Temperature × 
Bacteria) with a Gaussian distribution. EMMeans and pairwise comparisons evaluated 
factor differences. 
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The counts of the different reproductive structures were transformed to relative 
abundance. A quasibinomial GLM tested for Bacteria, Temperature, Stage, Population 
and Day including a three-way interaction (Bacteria × Temperature × Stage). Separate 
GLMs were performed for each stage and EMMeans with Tukey adjustments assessed 
HW treatments within each Bacteria, Day, and Population. 
 
A GLM with quasibinomial family was fitted for (Bacteria x Population x Treatment) to 
check the reproductive success on DAY31. Recruitment of healthy sporophytes per 
gametophyte was modeled with a Gamma GLM (log link), correcting for zeros by adding 
a small constant. 
 
To assess the PAM-measures, a three-way ANOVA (Treatment × Population × Bacteria) 
was performed (assumptions met). TukeyHSD post-hoc tests were used for pairwise 
comparisons. Plots were finetuned with the ggh4x package.  
 

2.5. Digital tools 
Some pictures and figures were edited for clarity using Canva (Canva Pty Ltd, Sydney, 
Australia). Support with statistical coding and grammar improvements was provided by 
ChatGPT (OpenAI, 2024).  
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3. Results 
To avoid confusion, when referring to the bacteria treatment itself the genus name was 
used (e.g. Cobetia). The full species name was used (e.g. C. amphilecti) when the 
bacteria itself was addressed. Figures and tables in appendix are referred to as “Figure 
A – x“ and  “Table A – x“. 

3.1. Bacteria experiment 
Mean initial densities of gametophytes per cm2 with standard deviation (SD) for each 
population at DAY 0 were above 150; IT MONO (201,5 ± 45,27 SD), FR MONO (195,7 ±  
29,31 SD) and IT POOL (159,3 ±  32,46 SD). The one-way ANOVA showed IT POOL 
significant lower compared to the other populations (p = 0.0018 and p < 0.001 
respectively, Figure 10). 

 

3.1.1. Reproductive structures 

The relative abundances of the reproductive structures are visualized in Figure 11. A 
significant interaction between bacteria treatment and reproductive structure was found 
(p < 0.001), indicating that the effect of bacteria differed across stages. No significant 
main effects were found for Day or Population.  

The most pronounced overall differences on the relative abundance of reproductive 
structures were observed within IT MONO, where Cobetia enhanced reproduction (p < 
0.001), while Kocuria had an inhibitory effect (p < 0.001). Across populations, the effects 
also differed. By DAY 7, reproductive activity was observed across all populations. With 
FR MONO showing the greatest effects of the bacteria treatments (Cobetia, 
Tritonibacter, and Zobellia: p < 0.001) for both reproductive structures. The effect of the 

Figure 10. Boxplots of starting densities of the total gametophytes (males and females) for different bacteria 
treatments after a 5-day recovery in red light at 15 ºC for all three populations. This is considered as DAY 0 of the 
experiment. The legend shows the bacteria treatments with their corresponding color. 
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treatments only became apparent in IT MONO and IT POOL for gametophytes with 
sporophytes with the latter having an overall relative abundance of ~75%.  Table 5 
summarizes the significance of effects of this growth across treatments during the 
experiment and their relative abundances are visualized in Figure 12. The vegetative and 
eggs stages are presented in the Figure A -  1 and 2.  

 
Table 5. The significant effects of each bacteria treatment on the Relative abundances of gametophytes with 
sporophytes per population and day. A positive effect is resembled by '+' , negative by '-'. The significance of the effect 
depends on the number of symbols: (+++) = p <0.001, (++) = p < 0.01, (+) = p <0.05. 

Sporophyte 
growth 

FR MONO IT MONO IT POOL  

DAY 7  DAY 14  DAY 21 DAY 7  DAY 14  DAY 21 DAY 7  DAY 14  DAY 21 
Cobetia +++ +++ +++ +++ ++ +++ +++ + ++ 
Kocuria ++ +   --- --- --- +++ + + 
Tritonibacter +++ ++ ++    +++ +    
Zobellia  +++  +++ ++  + +++ +++  + +  

 
 
 
 
 
 

Figure 11. Relative abundance of reproductive structures per population and day for female 
gametophytes. The most advanced staged was counted when both eggs and sporophytes were 
observed on the same individual.  
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On the final counting (DAY 21), Cobetia stood out as the only bacterial strain that 
consistently promoted sporophyte formation across all three populations. Its effect was 
strongest in FR MONO (p < 0.001), but it also significantly enhanced development in IT 
POOL (p = 0.0022) and IT MONO (p < 0.001). This consistent response contrasts with the 
more variable effects of Kocuria. This had a positive effect in IT POOL (p = 0.0108), no 
effect in FR MONO, and a significantly negative impact in IT MONO (p < 0.001).  
  

Figure 12. Boxplot showing the relative abundance of gametophytes with sporophytes in percentages across different 
bacteria treatments. The plot is faceted by the three populations and different counting days.  Legend shows the 
bacteria with their corresponding color. 
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3.1.2. Morphology observations 
Observations were made regarding the growth of the gametophytes. The three different 
reproductive stages are shown in the appendix (Figure A -  3)  Kocuria sporophytes of IT 
MONO appear to be smaller on DAY 21 compared to the others (Figure 13). All other 
populations are presented in the appendix (Figure A -  4 and 5). 
 
Unidentified organisms were observed for all IT POOL samples (Figure 14). At DAY 7, they 
appeared to be motile on DAY 7 and were often found directly on the gametophytes. 
Whether they were feeding on them or engaging in other interactions remained unclear. 
By DAY 21, these motile microorganisms were considered dead or immobilized (personal 
observation). 
 

 
. 

 
  

Figure 14. Pictures of IT POOL for Tritonibacter treatment with living organism on the gametophyte on DAY 7, at 
DAY21 these organisms are still present but stopped moving. Pictures are taken on a magnitude of x 100. Scale is 
added for reference (ruler = 1mm). 

Figure 13. Gametophytes with sporophytes on DAY 21 for Italian Mono. Pictures are taken on a magnitude of  x100. 
Scale is added for reference (ruler = 1mm). Labels on the pictures refer to: CONT = Control; COB = Cobetia; KOC = 
Kocuria; TRIT = Tritonibacter; ZOB = Zobellia.  
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3.1.3. Reproductive success 
 
A significant interaction between bacteria treatment and population (p < 0.001) indicated 
that the effect of bacterial strains on sporophyte recruitment differed depending on the 
population. While bacteria treatment had a significant overall effect (p < 0.001), there 
was no main effect of population alone. 

 
Cobetia’s positive role remained affective in FR MONO and IT MONO (p < 0.001). This 
effect was not observed for IT POOL. Unlike the other populations, where multiple 
treatments showed beneficial effects, only Zobellia improved recruitment in IT POOL (p 
< 0.001).  Kocuria consistently had a negative impact on IT MONO (p < 0.001). 
 
Looking at the abnormal sporophyte growth, Zobellia had significant more abnormal 
sporophytes for FR MONO (p = 0.0319) and IT MONO (p = 0.0111). Yet the relative 
abundance of the abnormal structures never exceeded 3%.   

Figure 15. Sporophyte recruitment per field for every bacteria treatment for all populations. The data was normalized 
within each population compared to their control group. The graph is faceted by the three different populations and 
the bacteria treatments are in the legend with their corresponding colors.  
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3.1.4.  PAM measures 
Photosynthetic yields (Fv/Fm) were significant influenced by all fixed factors, including 
their Bacteria x Day x Population interaction (p < 0.001). The only non-significant 
interaction was between Population x Day.  
 
The temporal trend in yields across treatments, including control, holds an increase at 
DAY 9 and remains on this level at DAY16, to decrease again at DAY 23. 
 
Despite variable baseline values across populations, treatment effects relative to 
controls revealed distinct and time-dependent patterns in photosynthetic performance 
(Figure 17).  Kocuria showed a striking shift over time. In IT MONO, it significantly reduced 
yields at DAY 2 and 16 (p < 0.001). However, by DAY 23, this effect reversed, with 
significantly enhancing yields (p < 0.001). A similar late-stage improvement was 
observed in IT POOL, where both Kocuria and Zobellia positively affected Fv/Fm (p < 0.01 
and p < 0.001 respectively).  
 
Other treatments followed these similar delayed benefits. For instance, Cobetia led to 
improved yields at DAY 23 in both FR MONO and IT MONO (p < 0.001).  
 
Although control yields at DAY 2 varied across populations, all treatment effects were 
evaluated within populations relative to their respective controls, thereby avoiding 
confounding effects due to baseline differences.  

Figure 16. Gametophytes with sporophytes of IT MONO at DAY 26. Pictures are taken on a magnitude of x 100. Scale 
is added for reference (ruler = 1mm). Each picture represents a bacteria treatment. Left: Control – Right: COB = 
Cobetia, KOC = Kocuria, TIRT = Tritonibacter and ZOB = Zobellia.  



 
 
 

28 

 

3.1.5.  Microbiome analysis 
3.1.5.1. Composition of the different taxa 

After merging the data on genus level, 190 unique taxa were left in the dataset. The CAP 
(Figure 18) shows a distinct separation of the three populations. PERMANOVA confirmed 
this significance (p < 0.001).  The composition within populations is discussed further 
(section 3.1.5.4.) Patterns can be observed within the populations between treatments 
with IT POOL and IT MONO sharing the same CAP 1 coordinates.  

Figure 17. Boxplot of the photosynthetic yields (Fv/Fm) of female gametophytes across different populations and different time 
points for different bacteria treatments. These bacteria treatments with their corresponding colors can be found in the legend.  

Figure 18. Constrained Analysis of Principal 
Coordinates (CAP) based on Bray–Curtis 
dissimilarities, showing bacteria treatment effects 
across populations. Ellipses represent 95% 
confidence intervals for each treatment–population 
combination. 
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The stacked bar chart (Figure 19) illustrates key compositional differences in bacterial 
classes among the three populations. While Alphaproteobacteria, 
Gammaproteobacteria, and Bacteroidia dominate across all groups, population-
specific patterns emerged. Figure 20 explores these differences on genus level.  
  

 
Proteobacteria dominated, with Marinobacter, Nisaea, and Epibacterium among the key 
genera. The first two belong to the phylum Gammaproteobacteria, the latter belongs to 
alphaproteobacteria. Marinobacter was the only genus consistently detected across all 
samples. This also counts for Nisaea, reaching particularly high relative abundances in 
several individuals in FR MONO.  In contrast in IT MONO, it did not reach thresholds in 
KOC and TRIT to be considered in the core microbiome. Epibacterium was uniquely 
associated with TRIT-treated samples across all populations. 
  
Lentimonas, from the phylum Verrucomicrobiota, was especially abundant in IT MONO.   
 
Another notable class is Actinobacteria present in Kocuria for IT MONO only. For FR 
MONO it is present in all treatments. Additional bar plots showing phylum-level 
distributions are included in the appendix (Figure A -  6 - 8). 
 
 
 
 

Figure 19. Barplots of the relative abundances for the different classes of bacteria for all three populations. 
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3.1.5.2. Core microbiome across populations 
 

 

Figure 20. Bubble plot comparing the relative abundance of key bacterial genera across the three populations: FR 
MONO, IT MONO, and IT POOL. Genera are grouped by corresponding phylum (right side). Relative abundances are 
represented both by circle size and a color gradient. This allows for a visual comparison between populations and 
abundances. 

Figure 21. Venn-diagrams showing the number of shared and unique taxa for the three populations IT MONO, FR 
MONO and IT POOL (left to right) for bacteria treatments Control, Cobetia and Kocuria. The first to share 
Marinobacter and Nisaea. In contrast, only Marinobacter is shared under the Kocuria treatment.  
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Given the results following section 3.1., focusing on IT MONO seemed particularly 
interesting. And specifically zooming in on the bacteria treatments Kocuria and Cobetia.  
Figure 21 shows the three different populations and the core microbiome of the bacteria 
treatments and their overlap.  
 
For the Kocuria treatment, there is one unique taxon or all populations. IT MONO and FR 
MONO share K. polaris (phylum Actinobacteriota) as their unique taxa, confirming the 
successful settlement.  
 

Cobetia has two unique taxa for IT MONO and IT POOL, C. amphilecti (Gammaproteobacteria) 

and Aestuariicoccus spp. (Alphaproteobacteria). FR MONO has no unique taxa for this bacteria 

treatment, yet Aliiglaciecola spp. (Gammaproteobacteria) is present with relative abundances 

exceeding 50% for some samples (Figure 20).  

 

3.1.5.3. Establishment of the bacteria treatments  

 
The settlement is successful for K. polaris in FR MONO and IT MONO and for C. amphilecti in 

both Italian populations (Figure 22). Z. scottomollicae was confirmed but the relative 

abundances are too little to be visualized (1.09% and 0.89% for IT MONO and IT POOL 

respectively). T. alginiliquefaciens is not included in this graph, meaning it had not known an 

establishment.  

Figure 22. A barplot showing the relative abundances in percentages of the genera corresponding to our 
treatments and “other”. The latter represent all other genera present in the microbiome. This graph helps to 
visualize the successful settlement of the treatments. 
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However, when looking at Figure 20, Epibacterium is a genus found across all populations 

unique to the Tritonibacter treatment. This proves an effect on the microbiome with relative 

abundances it both Italian populations around 50%. Therefore, this taxa is included in Figure 
23. 

 

3.1.5.4. Shared core microbiome within populations 
CAPS per populations (Figure 24) show distinct patterns between bacteria treatments. 
PERMANOVA analysis confirms this significance (p < 0.001).  Yet this varied, 91% of the 
variation in Italian Mono (R² = 0.91, F = 36.60), 85% in FR MONO (R² = 0.85, F = 21.75), and 
74% in Italian Pool (R² = 0.74, F = 10.85). 

Figure 23. A barplot showing the relative abundances in percentages of the genera corresponding to our treatments 
with an addition of the genera Epibacterium and “other”. The latter represent all other genera present in the 
microbiome. This graph helps to visualize the successful settlement of the treatment.  
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Figure 24. Canonical Analysis of Principal Coordinates (CAP) illustrating microbiome community structure within each 
Laminaria ochroleuca population, constrained by bacteria treatment. Ellipses represent 95% confidence intervals for 
each treatment group based on Bray–Curtis dissimilarities. 

 
Looking at the different bacteria within each population the core microbiome, meaning 
taxa shared across all bacteria treatments, consists for IT MONO of 7 different taxa and 
are shown in Table 6.  Regarding phyla, Verruocomicrobiota and Planctomycetota are 
unique to this core microbiome compared to the other populations. Their overview is also 
shown for FR MONO (Table 7) and IT POOL (Table 8). On class-level, they all share 
Bacteroidota and  α-  and γ- proteobacteria (Figure 19).  In the appendix an overview of 
the shared and unique taxa of each population can be found (Table A - 7 ).  
 
Table 6. Core microbiome taxa of the IT MONO population, shared among all bacteria treatments. Total number = 7.  

 

Phylum Class Order Family Genus 

Proteobacteria Gammaproteobacteria Pseudomonadales Porticoccaceae C1-B045 

Proteobacteria Gammaproteobacteria Pseudomonadales Marinobacteraceae Marinobacter 

Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Tropicibacter 

Verrucomicrobiota Verrucomicrobiae Opitutales Puniceicoccaceae Lentimonas 

Planctomycetota Phycisphaerae Phycisphaerales Phycisphaeraceae Phycisphaera 

Bacteroidota Bacteroidia Cytophagales Cyclobacteriaceae Reichenbachiella 

Bacteroidota Bacteroidia Flavobacteriales Crocinitomicaceae Fluviicola 
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Table 7.  Core microbiome taxa of the FR MONO population, shared among all bacteria treatments. Total number = 6.  

 
Table 8. Core microbiome taxa of the IT POOL population, shared among all bacteria treatments. Total number = 10.  

Phylum Class Order Family Genus 

Proteobacteria Alphaproteobacteria Thalassobaculales Nisaeaceae Nisaea 

Proteobacteria Gammaproteobacteria Pseudomonadales Marinobacteraceae Marinobacter 

Proteobacteria Alphaproteobacteria Rhodospirillales Thalassospiraceae Thalassospira 

Proteobacteria Gammaproteobacteria Enterobacterales Alteromonadaceae Paraglaciecola 

Proteobacteria Alphaproteobacteria Rhizobiales Stappiaceae Labrenzia 

Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Sphingorhabdus 

Bacteroidota Bacteroidia Flavobacteriales Crocinitomicaceae Fluviicola 

Proteobacteria Alphaproteobacteria Sneathiellales Sneathiellaceae Sneathiella 

Proteobacteria Alphaproteobacteria Thalassobaculales Thalassobaculaceae Thalassobaculum 

Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Cohaesibacter 

 

3.2. Ontogenetic experiment 
The starting densities differ significantly with FR MONO having lower starting densities  
 (p = 0.0456) with mean gametophytes per cm2 (106.74 ± 7.09 SD) and IT MONO (129.20 
± 14.99 SD). The model revealed significant main effects (Table A -  6). 
 
At DAY 7, a first effect of bacteria treatments on the reproductive development was 
observed (Figure 25). In IT MONO, Kocuria significantly increased the proportion of 
gametophytes with eggs (p = 0.0164), and both treatments led to significantly higher egg 
numbers per gametophyte (p = 0.0141 and p = 0.0057, respectively). FR MONO 
responded only to Kocuria, with a comparable enhancement in egg production (p = 
0.0042). 
 
However, by DAY 16, the proportion of egg-bearing gametophytes had declined 
significantly in both populations (IT MONO: p < 0.001; FR MONO: p = 0.0437). In terms of 
sporophyte development, a significant increase was only detected in IT MONO treated 
with Kocuria at Day 16 (p = 0.0358). 
  

Phylum Class Order Family Genus 

Proteobacteria Gammaproteobacteria Enterobacterales Alteromonadaceae Aliiglaciecola 

Bacteroidota Bacteroidia Flavobacteriales Cryomorphaceae Owenweeksia 

Proteobacteria Alphaproteobacteria Kiloniellales Kiloniellaceae Pelagibius 

Proteobacteria Alphaproteobacteria Thalassobaculales Nisaeaceae Nisaea 

Proteobacteria Gammaproteobacteria Pseudomonadales Marinobacteraceae Marinobacter 

Proteobacteria Gammaproteobacteria Enterobacterales Alteromonadaceae Alteromonas 
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A notable observation was the absence of ontogenetic structures in the FR MONO 
control group, except for one replicate. At DAY 7, both bacteria treatments significantly 
increased the likelihood of egg presence compared to the control (p = 0.0067). On DAY 
16 this effect had disappeared. 
 
 

 

3.3. Heatwave experiment 

3.3.1. Survival rate 
Starting densities in IT MONO were 187 ± 27.6 (SD) gametophytes per cm2 for the control 
group and 134 ± 27.6 (SD) for the COB treatment. In FR MONO, values were 162 ± 35.6 
(SD) and 146 ± 15.6 (SD) for the control and COB treatments, respectively. These initial 
densities did not differ significantly across populations. However, within them, Cobetia 
consistently showed lower initial densities compared to the control. This pattern was 
particularly pronounced for HW19 and HW23, with significant differences in both 
populations (FR MONO: p = 0.0024 and 0.0315; IT MONO: p = 0.0429 and 0.0278, 
respectively). 
 
The overall model effects are summarized in Table A -  7. The total densities at DAY 17 
decreased in the control group of FR MONO for HW19 and HW23 (p < 0.001). These were 
not observed in IT MONO.    
 
Across all heatwave treatments in IT MONO, differences among bacterial groups 
remained consistent and significant (p < 0.05; Figure 26). 

Figure 25. Boxplots show the relative abundance of gametophytes with eggs for DAY 7 and DAY 16 for both 
populations. The legend shows the corresponding colours to the bacteria treatments. 
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Figure 26.  Boxplots of the survival rate of gametophytes at DAY 17 compared to DAY 0. The plot is faceted by heatwave 
treatment and population. This is the day the heatwave temperatures returned to the reference level of 15ºC.  

 

3.3.2. Reproductive structures 
The overall effects of the model are reported in Table A -  8. 
 
Heat stress – based on the control groups - had a strong negative impact on reproductive 
development, significantly reducing the proportion of gametophytes with eggs (Figure 27; 
p < 0.001). However, even at HW15, remained mostly vegetative with relative 
abundances up to 80% for IT MONO and 90% for FR MONO.  
 
At DAY 24 under HW23 in FR MONO, an increase in egg-bearing gametophytes was 
recorded compared to the other temperatures (p < 0.001). A similar trend was observed 
at DAY 38 for gametophytes with sporophyte (Figure 28). While heat stress generally 
suppressed the relative abundance of gametophytes with sporophytes across all 
populations (p < 0.001), HW23 again counteracted this effect (p = 0.0194). 
 
An interesting observation is that no eggs were present at DAY 38 for both populations in 
any HW treatments. 
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When looking at the bacteria effect, Cobetia had a consistent positive effect (p < 0.001) 
on reproductive development, but the start differed between populations with earlier 
effects for IT MONO (HW15 & HW19).  
 
Interestingly under HW23, Cobetia enhanced egg production from DAY 17 onwards (p < 
0.001) but was outperformed by the control group by DAY 24 (p < 0.001).  Boxplots of the 
vegetative structures and gametophytes with eggs are put in the appendix (Figure A -  10 
and - 11). 

Figure 27. Stacked bars of ontogenetic stages of female gametophytes as a relative abundance 
in percentages. The boxplots are plotted by population and heatwave (HW) treatment and 
faceted by different counting days. The legend shows the different reproductive structures. 
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3.3.3. Reproductive success 
The overall model is significant (Table A -  9) with the 3-way interaction significantly 
affecting the growth of gametophytes with sporophytes (p < 0.001).  
 
At DAY 31 – after two weeks recovery - Cobetia enhances the gametophytes with 
sporophytes for both populations across all HW treatments (p < 0.001) except for HW23 
in FR MONO. For this population, pictures of sporophytes are shown in Figure 30. For IT 
MONO they can be found in the appendix (Figure A -  13)   
 

Figure 28. Boxplots showing the relative abundances of gametophytes with sporophytes per 
heatwave treatment. The plots are faceted by days and population.  

Figure 29. Boxplots showing the relative abundances of gametophytes with sporophytes per heatwave 
treatment at DAY 31, marking a two-week recovery. The plots are faceted per population. 
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Regarding healthy sporophytes per gametophytes, Cobetia only had a positive effect in 
FR MONO for treatment HW19 (p = 0.0032) and in HW15 (p = 0.0149). Statistics are in the 
appendix (Table A -  10). Yet visual observations show more abnormal sporophyte growth 
for the bacteria treatments (Figure 32). 
 

 

Figure 31. Boxplots showing the healthy sporophytes per gametophyte carrying sporophytes on DAY 31. 

Figure 30. Pictures of gametophytes with sporophytes for FR MONO for both bacteria treatments and heatwave 
treatments on DAY 31, marking a 14-day recovery, taken at 100× magnification. Scale bar (0.1 mm) is shown in the 
bottom right corner. 
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3.3.4. PAM measures  
 
The three-way ANOVA revealed significant main effects for Treatment, Population, and 
Bacteria, as well as significant two-way interactions involving Treatment (Table A -  11). 
The three-way itself was not significant. Despite this non-significant effect, post-hoc 
comparisons did show biologically meaningful patterns.  
 
No significant heat stress effect was observed within both populations comparing 
groups without bacteria treatment. Cobetia showed a significant positive effect in HW15 
for both populations (p < 0.001) and in HW23 (p = 0.0363) for FR MONO.  When 
considering heat stress for COB itself, HW15 had higher yields with their significance 
shown in Figure 33. 

  
Figure 33. Boxplots with the maximum quantum yields (Fv/Fm) of both populations per heatwave treatment. These 
were measured on DAY 14, marking the end of the 10-day heatwave.  

Figure 32. Pictures of abnormal 
sporophyte growth observed on DAY 31, 
taken at 100× magnification. Scale bar 
(0.1 mm) is shown in the bottom right 
corner. 
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4. Discussion  
4.1. Bacteria experiment 

This experiment investigated the effect of bacteria treatments on kelp. First the overall 
trends and effects are discussed (section 4.1.1.) before focusing on changes in the 
microbiome specifically in (section 4.1.2.).  
 

4.1.1. Host-specific responses to bacteria treatments 
Most bacteria treatments showed a positive effect on the relative abundances of 
gametophytes with reproductive structure. Enhanced sporophyte production by DAY 7 
suggests that these treatments not only improved reproductive output but also 
accelerated its onset (Figure 11). This is consistent with growing evidence that microbial 
associations can enhance algae reproduction. Although research on L. ochroleuca is 
limited, similar effects of bacteria on growth and reproduction have been reported in 
other algae species (Wichard, 2015; Dittami et al., 2016; Tapia et al., 2016). 
 
Although the Cobetia treatment consistently enhanced reproduction across all three 
populations, this did not translate into improved sporophyte recruitment in IT POOL 
(Figure 12). This underscores the significant role of host-microbiome interactions in 
determining reproductive outcomes. For a bacterium to be considered a potential 
probiotic for restoration, it must not only promote reproduction but also lead to 
successful recruitment—i.e., the formation of healthy sporophytes capable of 
developing into reproductive adults.   
 
The varying effectiveness of treatments across populations highlights the complex 
interactions of the microbiome with the macroalgae holobiont (van der Loos et al., 2019; 
Egan et al., 2013). Although our main interest is the effect of the bacteria itself, exploring 
these differences across populations might bring valuable insights considering the 
hypothesis that microbiome functioning is host specific.  
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4.1.2. Baseline differences across populations  
Differences in treatment outcomes may result from underlying variation in baseline 
performances. The absence of an effect for successful recruitment for IT POOL may 
reflect a ceiling in reproductive output, where early onset of sporophyte development 
limited the potential for further enhancement.  
 
IT POOL reached over 75% relative abundance of gametophytes with sporophytes early 
on, whereas IT MONO and FR MONO achieved similar levels only by DAY 21 (Figure 11). 
By then, IT POOL had already reached ~90% for treated samples, indicating higher 
reproductive success. The control group of IT POOL also performed better (80%) 
compared to the others (~50-60%) suggesting that bacteria were not the sole 
contributing factor.  IT POOL started with lower initial gametophyte densities (Figure 10), 
which may have reduced nutrient competition supporting stronger performance 
(Edwards & Connell, 2012). 
 

4.1.2.1. Unidentified organisms 
Another difference observed in this population is the presence of unidentified motile 
microorganisms (Figure 14). Egan et al. (2013) emphasize the role of eukaryotic 
microorganisms in holobiont systems (Figure 5), indicating that these organisms might 
contribute indirectly to kelp reproduction through e.g. facilitating nutrient cycling, prey-
predator interactions, or modulation of microbial communities. Their interactions—
whether mutualistic, commensal, or antagonistic—remain unclear. As their taxonomic 
identity, origin, and functional role were not determined in this study, their contribution 
to kelp reproduction remains speculative. 
 

4.1.2.2. Kinship 
The strong performance of the control group in IT POOL may also relate to kinship among 
gametophytes, as this population was derived from pooled samples. Kinship, where 
female gametophytes produced more eggs in the presence of related males was 
observed in Macrocystis pyrifera —a strategy suggested to ensure reproductive success 
(Camus et al., 2021) yet how they can recognize kin remains unknown. 
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4.1.2.3. Experimental set-up limitations 
On the last counting day (DAY 26), many sporophytes in most treated groups had grown 
large and appeared curled up (Figure 16). This likely interfered with accurate counting, 
potentially causing over- or underestimation of recruitment. Such physical distortion 
probably impaired visibility under the microscope, complicating precise quantification. 
To address this in future studies, recording sporophyte recruitment earlier could prevent 
this.  
 
For IT POOL, the treatments may still have had an impact, but this was likely masked by 
the already high performance of the control group. This is consistent with the stress-
gradient hypothesis (SGH), which predicts that facilitative interactions become more 
frequent under higher stress (Maestre et al., 2009), as well as with context-dependent 
mutualism theory (Bronstein, 1994). 
 

4.1.3. Mechanisms of bacterial influences on kelp  
The quantum yields (Fv/Fm) indicated that bacteria-treated samples generally 
maintained or had higher photosynthetic efficiency during the experiment, suggesting 
that presence of bacteria improved the overall health (Figure 17). This improved 
physiological state could underlie higher reproductive success or be an indication that 
healthier hosts recruit better. Yet within populations, the extent of each bacteria 
treatment varied.   
 
This suggest that bacteria may promote kelp reproduction through multiple and varying 
mechanisms.  Some examples are the production of signalling molecules that trigger 
developmental pathways (Frenkel et al., 2014), excreting hormone-like substances that 
stimulate morphogenesis (Spoerner et al., 2012) or enhancing nutrient exchange that 
supports energy-demanding stages such as sporophyte formation (Tapia et al., 2016). 
These mechanisms potentially contribute to enhanced reproductive success at different 
lifecycle stages or may lead to inhibition when one of them is disrupted.  For example, in 
IT MONO, Kocuria had an inhibitory effect. The possible reasons will be discussed in 
section 4.5.2. 
 
The consistent positive effect of Cobetia is reflected in its ability to stimulate early 
reproductive structures, accelerating reproductive onset and enhance reproductive 
success. In contrast, other bacteria like e.g. Zobellia exerted their effects mostly later in 
the life cycle or more indirectly, possibly enhancing sporophyte recruitment or 
physiological resilience rather than initial gametogenesis.  In contrast, Zobellia was also 
the treatment reported to have shown more abnormal sporophyte growth, yet it can be 
considered negligible given their low abundances. 
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4.2. Microbiome analysis 

4.2.1. Overall composition  
The microbiome composition (Figure 18) shows a clear separation between the three 
populations rather than clustering by bacteria treatment. The Italian populations overlap 
along Axis 2, indicating both location and strain-specific patterns. This is supported by 
comparison with the core microbiome of the control groups (Figure 21) where IT MONO 
and IT POOL shared the most taxa. These patterns reflect strong host-specific 
associations, as previously observed (Lachnit et al., 2009) and may explain why added 
bacteria did not override existing population-level microbiome structures. 
 
Grown under common garden conditions, this observed population-level difference 
suggest vertical transmission of the microbiome (Wilkins et al., 2019). Dash et al. (2012) 
propose that environmental pressures select for different energy acquisition 
mechanisms, which can lead to genetic divergence in associated microbial populations. 
This aligns with the hypothesis by Veenhof et al. (2025), suggesting that juvenile 
sporophytes actively select microbial symbionts based on their specific functional or 
metabolic needs. The microbiome is then passed on from adult sporophytes to 
gametophytes. Such a combination of vertical and horizontal transmission is referred to 
as mixed-mode transmission (Ebert, 2013). 
 

4.2.2. The core microbiome 
The core microbiome phyla observed in this study (Table 6 - 8) aligns with those reported 
in previous macroalgal microbiome research (Freitas et al., 2012; Wiese et al., 2008). 
Proteobacteria, along with Bacteroidetes, Actinobacteria, Planctomycetes, and 
Verrucomicrobia, were dominant across samples, consistent with typical epiphytic 
communities on brown algae (Wahl et al., 2012). However, notable population-specific 
differences emerged when looking at class and genus level (Figure 19). These 
compositional differences reinforce the idea that host population or strain specificity 
plays a significant role in shaping microbial communities (Martin-Platero et al., 2018).  
 
Egan et al. (2013) also highlighted the difficulty of assigning a core microbiome since 
specific taxa vary but phyla remain consistent. Besides this, defining a “core 
microbiome” is highly dependent on the defined thresholds, yet there is limited literature 
available to standardize this. Taxa that fall below these thresholds may still be 
functionally relevant, particularly across genetically distinct populations. This may result 
in varying interpretations and makes comparisons between studies difficult. 
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4.2.2.1. General taxa of the core microbiome 
However, one bacterium Marinobacter (Gammaproteobacteria) was consistently shared 
across all samples, even within bacteria treatments. Its ability to synthesize alginate (Si 
et al., 2024), a major component of brown algal cell walls (Mabeau & Kloareg, 1987), may 
explain its persistent presence. Nisaea (Alphaproteobacteria) is also commonly present, 
although below the core microbiome threshold in some treatments.  
 
Additional functions of other prominent genera are listed in the Table A -  1. Although 
these genera belong to different phyla, many perform overlapping functions. This 
functional redundancy suggests that similar traits can be delivered by taxonomically 
diverse microbes (Ghaderiardakani et al.,2017; van der Loos et al., 2025).  
 

4.2.2.2. Shifts of the microbiome within populations 
While treatments may not override population-level differences - they do influence the 
microbiome within the same host species (Figure 24).  
 
The strongest effect was observed in IT MONO, where 91% of the variation was explained 
by treatment, indicating high microbiome plasticity. FR MONO showed comparatively 
lower microbiome shifts (85%). In literature, a genetic difference is observed between 
northern and southern populations, with the former having less genetic diversity, mainly 
due to past climate changes (Assis et al., 2018). Our observed patterns align with the 
competitive lottery model (Burke et al., 2011). This may further imply that hosts with a 
greater genetic diversity have less selective pressures on specific microbiomes, allowing 
for a more variable community composition.   
 
The relative stable core microbiome of IT POOL (74% alteration) – sharing 10 taxa across 
treatments (Table 8) – might be explained by possible inbreeding, reducing genetic 
diversity and resulting in reduced microbial plasticity.  
 

4.2.2.3. Settlement within the microbiome 
The most important proxy of assigning effects of the bacteria treatments on kelp, is their 
settlement in its core microbiome (Chauhan & Singh, 2018). This is considered 
successful for C. amphiliecti, K. polaris and Z. alginiliquefaciens yet the extent within and 
across populations differ (Figure 22). These differences might reflect the “chemical 
gardening” of the host (Saha et al., 2019). T. alginiliquefaciens was not included. Yet one 
genus Epibacterium, was unique for the latter treatment in all populations (Figure 23). 
 
A possible hypothesis could be that the EMU tool assigned the sequence to Epibacterium 
whilst average nucleotide identity (ANI) prior to this thesis assigned this to Tritonibacter 
(97.51% similarity). These genera are closely related, and papers discussed assigning 
one genera to the other (Hördt et al., 2020; Liang et al., 2021).  In the study of Li et al. 
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(2021), Epibacterium was officially assigned to Tritonibacter. Figure 23 would then not 
only confirm the settlement but would make it the most successful too. Although this 
theory is most likely true, without a possibility to verify our data, it remains speculative. 
 
The Italian populations showed the most similarities, with IT MONO having all three 
bacteria treatments settled. This supports the above-mentioned findings of the greater 
microbiome alteration in IT MONO and supports the plasticity argument and aligns with 
the ceiling effect in IT POOL (section 4.1.2) 
 
Similar to findings in other marine organisms like corals (Apprill, 2017), the success of 
microbial colonization in kelp is shaped by both host genetics and environmental 
factors. This host-microbiome specificity might explain the varying outcomes observed 
in different populations.  
 
The distinct effects of C. amphiliecti and K. polaris are discussed in section 4.5 

4.2.3. Summary and implications 
The distinct population patterns in the microbiome and the different outcomes of 
bacteria treatments illustrate that they likely act through a combination of biochemical 
signalling, nutrient support, physiological modulation and the chemical gardening 
capacities of the host to influence kelp reproductive success. Fully understanding these 
complex interactions will require targeted functional analyses beyond the scope of this 
study, representing a promising direction for future research. Yet some first attempts are 
made. 

4.3. Ontogenetic experiment 
To further investigate the variable responses to bacteria treatments, a sex-specific 
experiment was conducted using exclusively female gametophytes. The experiment 
tested two bacterial strains: C. amphilecti as best performing and K. polaris as inhibiting 
bacteria strain. The populations tested were FR MONO and IT MONO.  
 

4.3.1. Development of reproductive structures and total egg output 
Bacteria treatments boosted both populations, yet their patterns regarding the relative 
abundances of gametophytes with eggs and egg-production were inconsistent (Figure 
25). These results support our previous findings that bacteria possibly enhance 
reproduction via different mechanisms, including chemical gardening tailored to the 
host’s needs, confirming host-specificity.  
 
Notably, FR MONO started with much lower initial densities, a pattern also observed for 
IT POOL in the first experiment, where Cobetia similarly did not exert a positive effect on 
the final recruitment. 
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4.3.2. Temporal trends 
A temporal decline in both total counts and relative abundance was observed from DAY 
7 to DAY 16, without bacteria counterbalancing this trend. As stated above, the absence 
of males is unlikely to explain this (Camus et al., 2021). Therefore, female gametophytes 
may have a limited timeframe following the onset of gametogenesis during which they 
can sustain egg production or maintain egg viability. However, this remains a hypothesis 
in the absence of supporting literature. 
 

4.3.3. Formation of parthenosporophytes 
In this same study, Camus et al. (2021) showed that female gametophytes of kelp 
species can produce parthenosporophytes without the presence of males, a suggested 
strategy for reproductive assurance. Other studies confirm that Laminariales can 
develop sporophytes via parthenogenesis from unfertilized eggs (Dieck, 1992; Martins et 
al., 2019). 
 
For both populations Kocuria enhances the production of sporophytes. IT MONO showed 
higher absolute counts, whereas in FR MONO, sporophytes only occurred in the Kocuria-
treated samples. This supports the idea that Kocuria boosts egg-production and without 
fertilization results in parthenogenesis.   
 
However, this contrasts with the expected inhibitory effect based on the results from 
experiment 3.1. The effects of Kocuria are discussed in greater detail in section 4.5.2. 
 

4.3.4. External stressor 
An important observation in FR MONO is that ontogenetic structures were absent for the 
control group but increased significantly with both treatments. This absence suggest – 
for an unknown reason – that FR MONO is experiencing stress when grown in the Ghent 
Lab. Camus et al. (2021) observed higher values of female fecundity and fertility for M. 
pyrifera when unrelated males were absent, making the lack of males an unlikely 
explanation for the reduced egg production observed. This supports the likelihood that 
an unidentified stressor is affecting this population in this experiment. 
 
Despite this stressor, this experiment reveals the consistent enhancing effects of 
bacteria treatments on the reproduction of L. ochroleuca.  These findings further support 
– especially for C. amphiliecti - the potential of these bacteria as probiotic treatments. 
  



 
 
 

48 

4.4. Heatwave experiment 
This experiment provides valuable insights into the response of L. ochroleuca to heat 
stress and explores how the Cobetia treatment may enhance the macroalga’s resilience 
to this stressor. First, the response to heat stress independent of bacteria treatments is 
discussed (Section 4.4.1), followed by an evaluation of Cobetia’s potential to improve 
resilience (Section 4.4.2). 

4.4.1.  Response to heat stress 
Heat stress appeared to negatively affect the survival of gametophytes. By the final day 
of the heatwave, the relative abundance of gametophytes significantly decreased. This 
density drop is consistent with previous studies (Strasser et al., 2022). The lower relative 
abundances of reproductive structures for both HW treatments are another indication 
that kelp was experiencing heat stress. This low rate of gametogenesis can be explained 
by temperatures exceeding the optimal range of 15-18°C for optimal gametophyte 
development in L. ochroleuca (Izquierdo et al., 2001). The later onset of gametogenesis 
as a response to a heatwave aligns with the findings of Alsuwaiyan et al. (2021). 
 
Although not quantified, male gametophytes were observed more frequently under 
HW19 and HW23 (personal observation). This could support the formation of a “seed 
bank”, where gametophytes remain vegetative under suboptimal conditions (Dayton, 
1985; Silva et al., 2022).  Alternatively, it may indirectly support the hypothesis that sperm 
release did not occur. If sperm had been released, the males would likely have died off 
shortly after (Izquierdo et al., 2002). One possible explanation could be that the few eggs 
present did not release enough lamoxirene to trigger sperm release in most males. 
 
The lower quantum yields observed under HW23, measured on the last day of the 
heatwave, confirm a negative impact of heat stress on the overall physiological health 
(Figure 33). “Seed banks” may explain why there is no significant difference between 
HW19 and HW15, as dormancy in response to heat stress could counterbalance 
negative effects and help maintain quantum yields. This would reflect a trade-off 
between physiological performance and ontogeny (Strasser et al., 2022). Under HW23, 
the stress might have been too severe, making dormancy insufficient to offset the 
damage. This greater stress, although not always significant, can be confirmed by the 
lower relative abundances of sporophyte growth (Figure 27 and Figure 29). 
 
After 14 days of recovery, there was no difference observed between healthy numbers of 
sporophytes per gametophyte between temperature treatments (Figure 31). The relative 
abundance of gametophytes with sporophytes was still lower for HW23, suggesting that 
the extent of recovery depends on the experienced heat stress. This later start of 
reproduction under stress conditions is in line with literature findings (Strasser et al., 
2022; Martins et al., 2020). However, HW23 does not follow these patterns for FR MONO, 
indicating differences among populations.  
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4.4.1.1. Differences among populations 
These differences are not uniquely to HW23, other trends have been observed across 
populations. This aligns with population-level variation in heat stress responses reported 
by Strasser et al. (2022).  
 
A similar finding of our experiment to this study is the greater decline in densities for FR 
MONO compared to IT MONO. This might indirectly suggest that less genetically fit 
individuals are less likely to survive the heatwave. Besides the survival rate, differences 
were observed in the onset of gametogenesis and the relative abundances of 
reproductive structures (Figure 27). The germination of colder adapted species is 
expected to be more negatively affected (Gonzalez et al., 2018). The differing capacity to 
recover and reproduce between populations aligns with findings by Silva et al. (2022), 
suggesting species-specific thermal tolerance. Assis et al. (2018) highlight possible 
genetically based thermal responses for their reproductive investments linked to their 
origin. This is consistent with a study on M. pyrifera showing local adaption to thermal 
gradients (Hollarsmith et al., 2020).  
 
Interestingly, the relatively high performance of the HW23 treatment in FR MONO might 
not indicate genuine thermal tolerance, but rather reflect an ultimate stress-induced 
survival response, as previously observed in seagrasses (Marín-Guirao et al., 2019).  
 

4.4.1.2. Marine heatwaves in the Mediterranean Sea 
The Mediterranean Sea has faced an increase of MHWs in intensity and frequency in the 
last two decades (Pastor & Khodayar, 2022). Veenhof et al. (2022) mentioned that 
different thermal tolerances of gametophytes can possibly have been influenced by the 
temperatures their parents experienced. Considering that three out of the six MHWs in 
2019 reached deep into the water column (Hamdeno & Alvera-Azcaráte, 2023), which 
corresponds to the location and time of the sampling of our Italian populations, the 
better performance of IT MONO strains might be explained by this thermal history.  
 

4.4.1.3. Possible external stressor impact 
When comparing experiment 3.1. and 3.3. in terms of the relative abundance of 
reproductive structures, a key difference emerges. In Faro (experiment 3.1, without heat 
stress), control groups of both populations consistently showed a minimum of 50% 
relative abundance of eggs and sporophytes. In contrast, the highest relative abundance 
observed in the current heat stress experiment is only around 20% in the control groups 
of both populations. This further indicates the possibility of an external stressor being 
present, as suggested in the ontogenetic experiment.  
 
Possible reasons will be explored in supplementary 7.1.1. 
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4.4.2. Effect of Cobetia treatment   
4.4.2.1. Overall findings  

At the end of the heatwave, unlike the control groups, the Cobetia-treated groups 
showed no significant decline in kelp survival across all populations. It resulted in the 
earlier onset of gametogenesis whereas the control groups remained vegetative.  
 
The overall fitness maintained its positive effect for Cobetia treatment under HW15 in 
both populations, confirming its benefit under normal conditions (Figure 33). Although 
no significant effect was detected at the higher stress level (HW19), this does not 
necessarily mean that Cobetia had no influence. Based on the seedbank theory, the 
earlier onset of egg production observed with Cobetia treatment (Figure 27) might have 
been expected to reduce fitness due to higher energy demands. However, this was not 
the case, suggesting that Cobetia enhances reproduction while maintaining healthy 
fitness levels even under stress conditions, thereby explaining the status quo.  
 

Thermal threshold  
The bacterium also consistently boosted the relative abundance of reproductive 
structures in all populations, yet values appeared to decrease with increasing HW 
temperatures. This might imply a threshold beyond which Cobetia cannot fully 
counteract the negative effects of heat stress.  
 
This pattern is particularly evident in FR MONO, where baseline levels in control groups 
for gametophytes with sporophytes remained similarly low across heatwave treatments 
(Figure 29).  This consistent baseline might suggest that the variation in performance is 
driven by the temperature effect, not in host performance. It highlights that Cobetia 
provided a strong and stable benefit that appears to be lost entirely under HW23.  
 
In contrast, the control groups in IT MONO differed for each HW treatment, yet the 
increase of Cobetia relative to the control appeared stable across treatments. Overall, 
effect sizes for Cobetia are largest under moderate heat stress (HW15), reduced at 
intermediate stress (HW19), and minimal or absent under severe heat stress (HW23), 
regardless of how control groups perform. 
 

Successful recruitment 
Although healthy sporophyte numbers didn’t differ significantly (Figure 31), abnormal 
sporophytes were relatively more abundant when treated with Cobetia (Figure 32). This 
suggests that while Cobetia may promote overall sporophyte growth, excessive growth 
could lead to space limitations or stress, causing a higher proportion of abnormal 
development. These observations are visual only, so future work should include 
quantitative measures to confirm these patterns.  
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4.4.2.2. Population-level differences 
Differences across populations are also observed regarding the bacteria treatment. In 
HW23, Cobetia only enhanced gametogenesis in FR MONO (Figure 27). Interestingly, on 
DAY 24, the control group outperforms Cobetia regarding egg-carrying gametophytes. 
This potentially confirms the earlier suggestion that the strong performance of HW23 in 
FR MONO is driven by an ultimate stress-induced survival mechanism (section 4.4.1.1.) 
 
Yet, this enhanced egg-production results in a status quo between the control group and 
Cobetia-treated replicas at the end of the experiment regarding sporophytes. This 
suggests that not all eggs in the control group were fertilized. A reason could be a 
mismatch with the timing of sperm release - as male gametophytes are known to develop 
faster - and sperm typically remains viable for only around 12 hours (Li et al., 2013). The 
heatwave may have impaired sperm motility or fertility. However, studies investigating 
such post-MHW effects remain lacking. At this time, there is a total absence of eggs in all 
treatments across all populations (Figure A -  11). Therefore, this non-fertilization 
hypothesis cannot be confirmed due to the disappearance of all eggs.  
 
Another population difference is that only FR MONO was enhanced by Cobetia in healthy 
sporophytes per gametophytes (HW15 and HW19). The contrast with the relative 
abundances being significant higher for Cobetia in all treatments and populations, 
supports our previous hypothesis that the bacteria treatment can boost different 
mechanisms or the chemical gardening depending on the host’s need.  
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4.4.2.3. Summary and implications 
These observations suggest a context-dependent interaction, where the beneficial effect 
of Cobetia is modulated by the host’ stress level. This ability of the microbial community 
to buffer negative effects up to a certain threshold has also been observed in the study 
of Brodie et al. (2016) in corals. The consistent positive effect of Cobetia during heat 
stress aligns with the ability of microbiota to modify the response of the host to changes 
in the environment (van der Loos., 2019). Rather than altering the microbiome, it may 
have mitigated dysbiosis or stabilized the microbiota to avoid additional heat stress as 
previously proposed by Li et al. (2022).  
 
An important limitation in this study is the very low occurrence of reproduction in the FR 
MONO control group. Possible reasons for this are discussed in the supplementary 
(7.1.1.). 
 

4.5. Concluding effects for probiotics 
Although not consistent, all bacteria treatments did exert a positive effect in some way, 
which means they should not be dismissed as insignificant. Exploring each one in depth 
would require more time and resources than were available. As a result, this discussion 
focuses on C. amphilecti and K. a polaris.  The consistently positive effect of Cobetia 
treatment highlights its promise as a probiotic candidate (4.5.1.). However, fully 
understanding the inhibitory effect of Kocuria treatment is essential to anticipate 
potential limitations in future applications (4.5.2.).  

4.5.1. The positive effect of Cobetia amphilecti 
Across all three experiments, the Cobetia treatment significantly enhances kelp’s 
reproductive success, overall fitness and resilience to heat stress. To better understand 
these benefits, it is important to consider the biological and ecological characteristics of 
this bacterium. 
 

4.5.1.1. Key characteristics of Cobetia amphilecti 
Cobetia spp. are gram-negative, halophilic and facultative psychrophilic marine bacteria 
with a temperature range of 0 – 27 ºC (Yumoto et al., 2004). They are motile because of 
their peritrichous flagella (Arahal et al., 2002). They are oxidase negative (Arahal et al., 
2002) and can store energy efficiently via accumulating polyhydroxybutyrate that acts as 
carbon reserves (Roohi et al., 2017).   
 
C. amphilecti may be considered a functional generalist, based on the generalist 
hypothesis introduced in the context of Sargassum muticum (Aires et al., 2022). It might 
suggest that as a generalist, Cobetia can occupy broad metabolic or ecological niches, 
making them more likely to persist across varying hosts and environmental conditions. 
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Literature has shown that C. amphilecti possesses a range of functional traits that may 
contribute to its effectiveness as a probiotic. It exhibits antibiofilm activity (Balabanova 
et al., 2017) and anti-microbial activity (Balabanova et al., 2016). This can keep away 
pathogens and prevent diseases (Goecke et al. 2010). It can cleave certain proteins 
(Noskova et al., 2025) and can tolerate toxic concentrations of heavy metals and 
suggested that it may adapt its metabolism according to its surrounding environment 
(Ivanova et al., 2005). A different species, called Cobetia marina, is found to have a 
metabolic co-operation, meaning it helps other microbes break down and use nutrients 
(Ivanova et al., 2005). This inter-species communication was also confirmed by 
Balabanova et al. (2016). Noskova et al. (2025) highlighted the potential of C. amphilecti 
for various fields like biotechnology and ecology.  
 

4.5.1.2. Sampling region on the kelp individual 
A reason C. amphilecti might outperform the other bacteria strains as a probiotic, could  
be attributed to its context-dependent colonization. Given it was sourced from kelp 
blades of a French population, it is plausible that it naturally exists of traits beneficial for 
exposed tissue such as stress-tolerant capacities, capable of biofilm formation or 
antagonism against pathogens.  
 
Regional and tissue-specific differences in microbiomes have been documented in 
various Laminaria species, with studies showing distinct microbial communities 
between e.g. blade and thallus tissues (Lemay et al., 2021; Ihua et al., 2020), across 
geographical origins (Morrissey et al., 2019) and seasons (Tujula et al., 2009).  
 
 

4.5.1.3. Establishments in the core microbiome  
For both Italian populations, the establishment was successful. These dynamics suggest 
distinct colonization strategies: IT POOL retained most control-associated taxa, whereas 
IT MONO showed a stronger shift, with Cobetia-associated taxa replacing those of the 
control. This pattern aligns with the competitive lottery model, where introduced 
microbes compete for niche establishment. The fact that Alphaproteobacteria in the 
core microbiome replaced other Alphaproteobacteria, confirms this (Table A -  3).  
 
For FR MONO, C. amphilecti did not establish in the microbiome yet Aliiglaciecola spp. 
was significantly boosted.  In line with the holobiont theory (Rosenberg & Zilber-
Rosenberg, 2016) the positive effects of Cobetia on FR MONO could be attributed to 
synergistic interactions with the host, where the microbiome provides functional 
benefits that enhance host fitness, despite not being fully integrated into the core 
microbiome. Therefore, the enhancement of Aliiglaciecola spp. could be a proof of the 
above-mentioned metabolic co-operation (Ivanova et al., 2005).   
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4.5.2. The negative effect of Kocuria polaris 
4.5.2.1. Key characteristics of Kocuria polaris 

K. polaris is an orange-pigmented, gram-positive bacterium (Gundlapally et al., 2015) 
belonging to the phylum Actinobacteria. It can grow in temperatures ranging from 5 – 28 
ºC (Zhou et al., 2008), contains high proportions of fatty acids and can reduce nitrate 
(Reddy et al., 2003). 
 
Kocuria spp. are known for their strong surface adhesion properties (Ananieva et al., 
2018), which may facilitate their integration into the host microbiome and influence 
community composition more directly. Actinobacteria can produce antimicrobial 
metabolites (Girão et al., 2019) and might thereby improve the ability to compete on the 
host surface (Table A -  1). 
 

4.5.2.2. The alteration of the core microbiome of Italian Mono 
For both Italian Mono and FR MONO, K. polaris was established in the core microbiome 
(figure 23).  The establishment was not successful in IT POOL, supporting our hypothesis 
that it is more stable and therefore the host-microbiome resisted colonization.   
 
Gametophytes treated with K. polaris had the highest relative abundance of 
Verrucomicrobia, indicating that the holobiont equilibrium was altered. The absence of 
the Nisaea genus in the core microbiome is supporting this change. As a result, the core 
microbiome kelps treated with K. polaris only shared Marinobacter across populations 
and treatments. Little literature can be found about a potential interplay of these 
bacteria, but if so, the absence may reflect the loss of an important microbial 
partnership.  
 
This alteration of the core microbiome in IT MONO may promote an antagonistic shift in 
K. polaris or other involved bacteria as proposed by the Jeykyll-Hyde theory of 
Seyedsayamdost et al. (2011) or outcompeted taxa with functional traits. In contrast, 
since FR MONO already hosted members of the Actinobacteria phylum, it potentially 
buffered against such disruption through functional redundancy (Figure A -  7). 
 
 

4.5.2.3. Mechanisms affecting and inhibiting growth  
Since Kocuria inhibited especially the sporophyte growth in IT MONO, this discussion will 
explore several mechanisms that might have negatively affected reproduction.  
 

The bacterium Sulfitobacter   
An important genus in both Italian populations is Sulfitobacter, which interacts with the 
host by promoting growth, morphogenesis, and protects against pathogens (Table A -  1). 
It is also known to have a quorum-sensing (QS) system (Zhou et al., 2016).  
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It has been observed that Sulfitobacter can switch from mutualistic to algicidal activity. 
One hypothesis suggests that the bacterium is lysing microalgae to obtain more DMSP, 
but it is unknown if this is regulated by the QS system (Hu et al., 2021). The establishment 
of K. polaris might have promoted this switch by e.g. inducing a stress-response due to 
the alteration of the microbiome.  Besides this antagonistic shift, K. polaris may have 
disrupted quorum sensing or chemical signalling more broadly, thereby destabilizing the 
symbiosis and impairing functional interactions. However, further research is needed to 
fully understand this.  
 
The different outcomes in populations - where FR MONO had no Sulfitobacter and IT 
POOL had no establishment of K. Polaris – are consistent with this Jekyll-and-Hyde 
hypothesis where context-dependent shifts in microbial function can dramatically alter 
holobiont outcomes (Seyedsayamdost et al., 2011). 
 

Possible egg-production impairment 
Although only starting from DAY 14, Kocuria did start egg production in the first 
experiment (Figure A -  2Figure A -  11). The ontogenetic experiment confirmed this boost 
in egg production in both populations (Figure 25). Therefore, it is more likely that other 
reasons are related to the inhibition of fertilization or sporophyte growth. 

 
The ontogenetic experiment also showed a significant positive effect of KOC on 
parthenosporophytes forming. This could explain that the little observed sporophytes in 
the first experiment (experiment 3.1.) were parthenosporophytes.  
 

Possible lamoxirene inhibition 
Since egg production itself appeared unaffected, the failure of fertilization may be linked 
to the secretion of the pheromone Lamoxirene being impaired.  This hormone is a 
chemotaxon that activates sperm production and the motility of these cells towards the 
eggs (Mamer, 1984). Disruption of this signal — whether by microbial interference, 
community imbalance, or altered host physiology — could represent a form of 
interkingdom signalling failure, potentially explaining the absence of sporophyte 
recruitment despite gametogenesis. Given the strict stereochemical specificity of 
lamoxirene (Müller et al., 1979), even subtle disruptions could affect gamete release and 
fertilization success. 
 
Further research could provide more insights in this. A follow-up experiment was 
considered but due to lack of equipment and expertise to conduct experiments with such 
volatile and rather expensive molecules, the ontogenetic experiment was conducted 
first.  
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Possible affected motility of fertility of males  
Another hypothesis might be that affected males prevented fertilization. Disruption 
could occur at multiple levels, including the general fitness of male gametophytes, the 
development of antheridia, the release of sperm cells, or the motility and viability of 
those sperm cells. An example in literature is Pseudomonas protegens immobilizing the 
motile Chlamydomonas reinhardtii via deflagellation by accumulating around the algae 
(Cirri & Pohnert, 2019). However, very limited literature is available on the development 
and physiology of male reproductive structures in L. ochroleuca or other kelps (Veenhof 
et al., 2021).  
 
Efforts were made to examine male-specific reproductive success but were 
unsuccessful to bring insights due to the lack of detailed knowledge regarding 
recognizing antheridia formation and sperm release mechanisms, highlighting a key gap 
in the field ( Supplementary o-) 
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4.6. Future outlook 
The consistent positive response to C. amphilecti highlights its promising potential for 
microbial enhancement in kelp restoration. This aligns with recent work of Noskova et al. 
(2025), which identified the potential of C. amphilecti for several applications, including 
biotechnology and ecology. This underscores the value of the bacterium as an especially 
exciting target for future studies.  However, the variability observed across populations 
and differing effects of other bacterial strains highlight the complexity of host-
microbiome interactions and the need for further exploration. 
 
Metagenomic and metabolomic approaches could clarify functional shifts and better 
identify microbial traits critical for kelp resilience.  It will also be essential to screen for 
context-dependent negative effects, as certain strains—such as K. polaris —may inhibit 
successful recruitment in specific populations while showing neutral or beneficial 
effects in others. Understanding these population-specific responses is crucial to avoid 
unintended outcomes in restoration efforts.  
 
Under this precautionary approach, field trials to study ecological interaction should 
only be considered once such risks have been ruled out. Therefore, research should first 
prioritize laboratory and mesocosm experiments.  
 
The Baldwin effect suggests that environmentally induced changes can drive 
evolutionary responses (Crispo, 2007). If microbial manipulation promotes phenotypic 
flexibility in kelp, repeated exposure to beneficial microbes might influence long-term 
adaptation, especially under climate stressors like marine heatwaves. Future research 
should include long-term trials to evaluate the persistence of introduced probiotic 
treatments.  
 
This cautious approach could be supported by combining strategies like the green gravel 
approach (Chemello et al., 2024), with controlled probiotic testing prior to outplanting. 
These frameworks account for the discrepancy between laboratory and real-world 
conditions, while also minimizing the risk of unintended consequences in open-ocean 
environments (Coleman & Goold, 2019). Together, they offer a pathway toward the 
successful, sustainable, and scalable use of probiotics in kelp restoration.  
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5. Conclusion 
With anthropogenic stressors increasing and marine heatwaves expected to more 
frequently occur, probiotics are gaining attention as a tool to boost the health of marine 
holobionts and its resilience to environmental stress.  
 
In this study, the application of bacterial strains to kelp revealed that Cobetia amphilecti 
significantly enhanced both the onset and success of reproductive development. Its 
positive effects were maintained even under heat stress, suggesting that C. amphilecti 
not only supports reproductive processes but may also improve the resilience of 
Laminaria ochroleuca to warming seawater temperatures.  
 
This thesis supported previous findings that elevated temperatures negatively impact 
kelp reproductive success and survival, with differing outcomes per population. These 
population-specific differences were also observed regarding the effectiveness of the 
bacteria treatments. This highlights the importance of host-specificity, where different 
bacteria have different outcomes depending on the species.  This is further supported by 
our findings that the bacteria treatments could not override the microbiome composition 
on population-level yet could alter the microbiome within populations.  
 
All four bacteria treatments (Cobetia, Kocuria, Tritonibacter and Zobellia) exerted 
positive effects at some point of this research. These variations suggest not only host-
specificity, but also that bacteria are probably acting on different mechanisms. 
Particularly notable is the inhibitory effect of Kocuria polaris on the Italian Mono 
population, despite showing neutral or beneficial effects in others. It is of utmost 
importance to first fully understand the reason behind these contrasting outcomes, 
before applying probiotics to kelp ecosystems. Considering the ocean is an open system, 
unforeseen negative effects can be detrimental.  
 
These findings open exciting avenues for using probiotics in kelp restoration, though a 
precautionary approach remains essential. Future research should aim to better 
understand the mechanisms, duration, and stability of probiotic effects. When 
thoughtfully combined with techniques like the green gravel method, probiotics have the 
potential to become a powerful tool in strengthening kelp forests against the challenges 
of a changing ocean. 
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7.  Appendix  
7.1. Supplementary 

7.1.1. External stressor 
Considering the consistently lower abundances of reproductive structures in the lab of 
uGent compared to the outcomes of Faro, the presence of an unknown external stressor 
is suggested. This is supported by the higher absolute counts of abnormal sporophyte 
morphology for both populations (Figure A -  13).  Additionally, bleaching of the 
sporophytes also occurred more frequently in the last experiment (3.3.). It is important 
to highlight that these are personal observations (Figure A -  12).  
 
Although every effort was made to replicate the experiment accurately, subtle 
differences may have contributed to these discrepancies. 
 
- Tropical Marine: In Belgium, the salt was added to the distilled water before 

autoclaving.  Although the salinity concentrations were checked prior to autoclaving, 
the concentrations were lower than expected. Therefore, salts were added again after 
autoclaving, followed by the addition of PES. It appeared that both PES and salt did 
not dissolve properly, something not observed in Faro.  
 

- PES: This solution is made, together with vitamins, as a nutrient boost for the kelp. 
PES is home-made and therefor differences might have accounted for our different 
outcomes.  To explore this, the methodology of both labs should be checked. 

 
- Settlement: Gametophytes in Gent tended not settle properly, but rather cluster 

together. This could – verry locally – cause nutrient depletion or competition in 
general. Due to their suspended state and continuous growth, it was nearly 
unavoidable that some gametophytes were removed during medium refreshment. 
Densities dropped at DAY 38 (Figure A -  9) which may confirm the non-settlement.  
 

- Different light:dark cycle: The light:dark cycle at UGent was 12:12 h, compared to 
14:10 h at CCMAR. Although previous studies by the Phycology Lab did not report 
such low abundances, Martins et al. (2021) demonstrated that variations in the 
light:dark cycle can influence outcomes. 

 
- Climate room: The largest discrepancies were seen at 15ºC. These samples were 

incubated in a climate room rather than a climate chamber. Given that multiple users 
share this room, the temperatures might have fluctuated. Additionally, no 
dataloggers were available to verify temperature stability during the experiment. 
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7.1.2. Sperm-release experiment 
 
To assess whether K. polaris inhibited sperm release, an experiment was conducted 
where the suspension of female gametophytes was added to a petri dish with only 
containing males, either treated with K. polaris or without. This setup was observed 
under the microscope to detect sperm-release. Although the use of lamoxirene was 
considered, it was not used due to its volatile character and its high cost. It is important 
to recognize the lack of knowledge and experience to recognize antheridia. As a result, it 
could not be determined whether sperm release was absent, not observed, or male 
gametophytes were affected by the bacteria.  
 
 

7.2. Supporting figures and tables 

7.2.1. Functional traits of bacteria 
 
Table A -  1.  Functional traits of different bacteria genera and their corresponding phylum. (1) Wienhausen et al. 
(2017), (2) Croft et al. (2005), (3) Dogs et al. (2017), (4) Amin et al. (2009), (5) Amin et al. (2015), (6) Spoerner et al. 
(2012), (7) Johnson et al. (2016), (8) Singh and Reddy (2014), (9) Holmström and Kjelleberg (2006), (10) Bengtsson et 
al. (2012), (11) Wichard (2022), (12) Si et al. (2024), (13) Freitas et al. (2012), (14) Girão et al. (2019), and (15) Beiralas 
et al. (2023). 

Genus Phylum Role in Algal Interaction Citation 

1. Vitamin and Nutrient Exchange 
Phaeobacter 
inhibens α-Proteobacteria 

Exchanges vitamins/precursors with 
auxotrophic algae [1,2] 

Dinoroseobacter 
shibae α-Proteobacteria Same as above [1] 

Halomonas spp. γ-Proteobacteria Supplies vitamins to algae [2] 

Sulfitobacter α-Proteobacteria Supplies vitamin B12 [3] 

Marinobacter γ-Proteobacteria Provides bioavailable Fe²⁺  [4] 

2. Auxin and Growth Hormone Production 

Phaeobacter 
inhibens α-Proteobacteria 

Produces auxins and ammonium in 
exchange for tryptophan [5] 

Roseobacter α-Proteobacteria 
Produces cytokinins that promote 
cell division and morphogenesis. [6] 

Halomonas spp. γ-Proteobacteria 
Produces cytokinins that promote 
cell division and morphogenesis. [6] 

Sulfitobacter α-Proteobacteria 

Produces auxins and ammonium in 
exchange for tryptophan, quorum 
sensing (QS) facilitates 
communication [5,6] 
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Ruegeria pomeroyi α-Proteobacteria 

Produces auxins and quorum-
sensing molecules in response to 
algal sulfuric signals [7] 

3. Morphogenesis Induction 

Bacillus Firmicutes Promotes structural development [8] 

Cytophaga Bacteroidetes 
Produces auxins promoting 
structural development [6,8] 

Pseudomonas γ-Proteobacteria Induces morphogenesis [8] 

Caulobacter α-Proteobacteria Induces morphogenesis [8] 

Halomonas spp. γ-Proteobacteria 

Produces cytokinins that promote 
algal cell division and 
morphogenesis. [6] 

Sulfitobacter α-Proteobacteria 

Produces cytokinins that promote 
algal cell division and 
morphogenesis. [6] 

Roseobacter α-Proteobacteria 

Produces cytokinins that promote 
algal cell division and 
morphogenesis. [6] 

Maribacter Bacteroidetes 

Promotes morphogenesis and 
formation cell wall of rhizoid cells 
and  [11] 

4. Biofilm Formation 

Planctomycetes  Planctomycetota 
Supports microbial community 
structuring on algal surfaces [10] 

Pseudoalteromonas γ-Proteobacteria Employs EPS production [9] 

Marinobacter γ-Proteobacteria 
Synthesizes alginate (a kind of 
extracellular polysaccharide)  [12] 

5. Nitrogen Fixation and Uptake 

Azotobacter γ-Proteobacteria Fixes nitrogen for algal use [8] 

Rhizobium α-Proteobacteria Same as above [8] 

Marinomonas γ-Proteobacteria 
Nitrogen-fixing inducing 
morphogenesis and algal growth [8] 

Agrobacterium α-Proteobacteria Same as above [8] 

6. Polymer Degradation & Antibacterial Activity 

Pseudoalteromonas γ-Proteobacteria 
Degrades polysaccharides; 
produces catalase [9] 

unspecified genus Planctomycetes Degrades polymers or anammox [13] 

unspecified genus Bacteriodetes Degrades polymers or anammox [13] 
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unspecified genus Actinobacteria 
Produces antimicrobial compounds; 
Degrades polymers or anammox [13,14] 

7. Protection from pathogens 

Sulfitobacter α-Proteobacteria 
Protection from pathogens 
(mechanism unrevealed)  [15] 

 

7.2.2. Results of Bacteria treatment 
 

7.2.2.1. Reproductive structures 

 
Figure A -  1 Boxplot showing the relative abundance of vegetative gametophytes in percentages across different 
bacteria treatments. The plot is faceted by the three populations and different counting days.  Boxes represent 
median and interquartile range; whiskers indicate 1.5× IQR; points show outliers. 
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Figure A -  2 Boxplot showing the relative abundance of gametophytes with sporophytes in percentages across 
different bacteria treatments. The plot is faceted by the three populations and different counting days.  Boxes 
represent median and interquartile range; whiskers indicate 1.5× IQR; points show outliers 
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7.2.2.2. Pictures of reproductive stages 
 

 
Figure A -  4.  Pictures of sporophyte growth for the IT POOL for all treatments at DAY 21.  Scale is added for reference 
(ruler = 1mm). Pictures are taken at 100x magnification. Scale is added for reference (ruler = 1mm). Labels on the 
pictures: COB = Cobetia; KOC = Kocuria; TRIT = Tritonibacter; ZOB = Zobellia. 

Figure A -  3. Pictures of the three different reproductive stages from IT MONO population on DAY7. A = vegetative, B = 
gametophyte with eggs, C = gametophyte with a sporophyte showing first cell divisions. Pictures were taken on 100x 
magnification. Scale is added for reference (ruler = 1mm) 
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Figure A -  5. Pictures of sporophyte growth for the FR MONO for all treatments at DAY 21. Scale is added for 
reference (ruler = 1mm). Pictures are taken at 100x magnification. Scale is added for reference (ruler = 1mm). Labels 
on the pictures: COB = Cobetia; KOC = Kocuria; TRIT = Tritonibacter; ZOB = Zobellia. 

 

7.2.2.3. PAM results 
Table A -  2. Results of a three-way GLM for the effects of Bacteria, Population and Day on the photosynthetic yields of 
female gametophytes of L. ochroleuca with likelihood ratio test. Significance is highlighted. 

Term Chisq Df p-value Significance 

Bacteria 19.64 4 0.0006 *** 

Population 13.51 2 0.0012 ** 

Day 77.86 3 < 2.2e-16 *** 
Bacteria × Population 92.15 8 < 2.2e-16 *** 

Bacteria × Day 21.97 12 0.0378 * 
Population × Day 7.61 6 0.2682  

Bacteria × Population × Day 157.43 24 < 2.2e-16 *** 
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7.2.3. Microbiome overview 
7.2.3.1. Different phyla of populations 

 
 

 

 

 

Figure A -  6. Relative abundance (%) of the different bacteria phyla across 
treatments for Italian Mono. 

Figure A -  7. Relative abundance (%) of the different bacteria phyla across 
treatments for FR MONO. 
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7.2.3.2. Composition of the core microbiome of each population shared 
across all treatments 
 

 
Table A -  3. The core microbiome of all the bacteria treatments of FR MONO. The presence or absence of a genus is 
represented by 1-0. Coding refers to CONT = Control; COB = Cobetia; KOC = Kocuria; TRIT = Tritonibacter; ZOB = 
Zobellia. 
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Phylum Class Order 

Aliiglaciecola 1 1 1 1 1 Proteobacteria Gammaproteobacteria Enterobacterales 

Owenweeksia 1 1 1 1 1 Bacteroidota Bacteroidia Flavobacteriales 

Pelagibius 1 1 1 1 1 Proteobacteria Alphaproteobacteria Kiloniellales 

Nisaea 1 1 1 1 1 Proteobacteria Alphaproteobacteria Thalassobaculales 

Marinobacter 1 1 1 1 1 Proteobacteria Gammaproteobacteria Pseudomonadales 

Alteromonas 1 1 1 1 1 Proteobacteria Gammaproteobacteria Enterobacterales 

Fabibacter 1 1 0 1 1 Bacteroidota Bacteroidia Cytophagales 

C1-B045 1 1 0 1 1 Proteobacteria Gammaproteobacteria Pseudomonadales 

Marinomonas 1 0 1 0 0 Proteobacteria Gammaproteobacteria Pseudomonadales 

Antarctobacter 1 0 0 1 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Kocuria 0 1 0 0 0 Actinobacteriota Actinobacteria Micrococcales 

Kordiimonas 0 0 0 1 1 Proteobacteria Alphaproteobacteria Kordiimonadales 

Ilumatobacter 0 0 0 1 1 Actinobacteriota Acidimicrobiia Microtrichales 

Epibacterium 0 0 0 0 1 Proteobacteria Alphaproteobacteria Rhodobacterales 

Figure A -  8. Relative abundance (%) of the different bacteria phyla across treatments for 
Italian Pool. MIX refers to the labelling used during the experiments to mark the Italian pool 
samples. 
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Table A -  4. The core microbiome of all the bacteria treatments of Italian Mono. The presence or absence of a genus 
is represented by 1-0. Coding refers to CONT = Control; COB = Cobetia; KOC = Kocuria; TRIT = Tritonibacter; ZOB = 
Zobellia. 
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Phylum Class Order 

C1-B045 1 1 1 1 1 Proteobacteria Gammaproteobacteria Pseudomonadales 

Marinobacter 1 1 1 1 1 Proteobacteria Gammaproteobacteria Pseudomonadales 

Tropicibacter 1 1 1 1 1 Proteobacteria Alphaproteobacteria Rhodobacterales 

Lentimonas 1 1 1 1 1 Verrucomicrobiota Verrucomicrobiae Opitutales 

Phycisphaera 1 1 1 1 1 Planctomycetota Phycisphaerae Phycisphaerales 

Reichenbachiella 1 1 1 1 1 Bacteroidota Bacteroidia Cytophagales 

Fluviicola 1 1 1 1 1 Bacteroidota Bacteroidia Flavobacteriales 

Sulfitobacter 1 1 1 1 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Erythrobacter 1 1 1 1 0 Proteobacteria Alphaproteobacteria Sphingomonadales 

Marivirga 1 1 1 1 0 Bacteroidota Bacteroidia Cytophagales 

Thalassospira 1 1 0 1 1 Proteobacteria Alphaproteobacteria Rhodospirillales 

Alteromonas 1 1 0 1 1 Proteobacteria Gammaproteobacteria Enterobacterales 

Marinoscillum 1 1 0 0 0 Bacteroidota Bacteroidia Cytophagales 

Nisaea 1 0 1 1 0 Proteobacteria Alphaproteobacteria Thalassobaculales 

Thalassococcus 1 0 0 1 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Pseudophaeobacter 1 0 0 0 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Phaeobacter 1 0 0 0 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Nioella 0 1 1 1 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Kocuria 0 1 0 0 0 Actinobacteriota Actinobacteria Micrococcales 

Rhodopirellula 0 0 1 1 1 Planctomycetota Planctomycetes Pirellulales 

Sneathiella 0 0 1 1 0 Proteobacteria Alphaproteobacteria Sneathiellales 

Balneola 0 0 1 1 0 Bacteroidota Rhodothermia Balneolales 

Oceanibulbus 0 0 1 1 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Cobetia 0 0 1 0 0 Proteobacteria Gammaproteobacteria Pseudomonadales 

Aestuariicoccus 0 0 1 0 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Ruegeria 0 0 0 1 1 Proteobacteria Alphaproteobacteria Rhodobacterales 

Altererythrobacter 0 0 0 1 0 Proteobacteria Alphaproteobacteria Sphingomonadales 

Tateyamaria 0 0 0 1 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Octadecabacter 0 0 0 1 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Aliikangiella 0 0 0 1 0 Proteobacteria Gammaproteobacteria Enterobacterales 

Epibacterium 0 0 0 0 1 Proteobacteria Alphaproteobacteria Rhodobacterales 
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Table A -  5. The core microbiome of all the bacteria treatments of Italian Pool. The presence or absence of a genus is 
represented by 1-0. Coding refers to CONT = Control; COB = Cobetia; KOC = Kocuria; TRIT = Tritonibacter; ZOB = 
Zobellia. 
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Phylum Class Order 

Nisaea 1 1 1 1 1 Proteobacteria Alphaproteobacteria Thalassobaculales 

Marinobacter 1 1 1 1 1 Proteobacteria Gammaproteobacteria Pseudomonadales 

Thalassospira 1 1 1 1 1 Proteobacteria Alphaproteobacteria Rhodospirillales 

Paraglaciecola 1 1 1 1 1 Proteobacteria Gammaproteobacteria Enterobacterales 

Labrenzia 1 1 1 1 1 Proteobacteria Alphaproteobacteria Rhizobiales 

Sphingorhabdus 1 1 1 1 1 Proteobacteria Alphaproteobacteria Sphingomonadales 

Fluviicola 1 1 1 1 1 Bacteroidota Bacteroidia Flavobacteriales 

Sneathiella 1 1 1 1 1 Proteobacteria Alphaproteobacteria Sneathiellales 

Thalassobaculum 1 1 1 1 1 Proteobacteria Alphaproteobacteria Thalassobaculales 

Cohaesibacter 1 1 1 1 1 Proteobacteria Alphaproteobacteria Rhizobiales 

Sulfitobacter 1 1 1 1 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Pelagibius 1 1 1 0 1 Proteobacteria Alphaproteobacteria Kiloniellales 

Ekhidna 1 1 1 0 1 Bacteroidota Bacteroidia Cytophagales 

SM1A02 1 1 1 0 1 Planctomycetota Phycisphaerae Phycisphaerales 

Roseovarius 1 1 1 0 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Phycisphaera 1 1 0 1 0 Planctomycetota Phycisphaerae Phycisphaerales 

Lentimonas 1 0 0 1 0 Verrucomicrobiota Verrucomicrobiae Opitutales 

Limimaricola 1 0 0 1 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

Gimesia 0 1 0 1 0 Planctomycetota Planctomycetes Planctomycetales 

Marinoscillum 0 1 0 0 1 Bacteroidota Bacteroidia Cytophagales 

Fabibacter 0 1 0 0 0 Bacteroidota Bacteroidia Cytophagales 

Cobetia 0 0 1 0 0 Proteobacteria Gammaproteobacteria Pseudomonadales 

Aestuariicoccus 0 0 1 0 0 Proteobacteria Alphaproteobacteria Rhodobacterales 

C1-B045 0 0 0 1 0 Proteobacteria Gammaproteobacteria Pseudomonadales 

Gaetbulibacter 0 0 0 1 0 Bacteroidota Bacteroidia Flavobacteriales 

Crocinitomix 0 0 0 1 0 Bacteroidota Bacteroidia Flavobacteriales 

Hoeflea 0 0 0 1 0 Proteobacteria Alphaproteobacteria Rhizobiales 

Ruegeria 0 0 0 0 1 Proteobacteria Alphaproteobacteria Rhodobacterales 

Vicingus 0 0 0 0 1 Bacteroidota Bacteroidia Flavobacteriales 

Epibacterium 0 0 0 0 1 Proteobacteria Alphaproteobacteria Rhodobacterales 
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7.2.4. Results of ontogenetic experiment 
 

Table A -  6. Results of a generalized linear model (GLM) testing the effects of Bacteria, Day, and Population on the 
relative abundance of gametophytes with eggs.  Significant main effects (p < 0.05) are highlighted. 

Predictor Estimate Std. Error t value p-value Significance 

(Intercept) –2.948 0.316 –9.34 6.49 × 10⁻¹² *** 
Bacteria: Cobetia 0.214 0.182 1.18 0.246  

Bacteria: Kocuria 0.511 0.175 2.93 0.005 ** 

Day –0.205 0.020 –10.13 5.90 × 10⁻¹³ *** 

Population: IT MONO 2.759 0.254 10.88 6.37 × 10⁻¹⁴ *** 
 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
 

7.2.5. Results of heatwave experiment 
7.2.5.1. Survival rate 

 

Table A -  7. Analysis of deviance table from the four-way generalized linear model (GLM) assessing the effects of Day, 
Population, Temperature, and Bacteria treatment on total gametophyte survival. Significant main effects and 
interactions (p < 0.05) are highlighted. 

Effect LR Chisq Df Pr(>Chisq) 

Population 1.717 1 0.1901 
Day 27.757 1 < 0.001 *** 
Bacteria 46.987 1 < 0.001 *** 
Temperature 2.739 2 0.2543 
Population:Day 1.823 1 0.1769 
Population:Bacteria 13.648 1 0.0002 *** 
Day:Bacteria 5.728 1 0.0167 * 
Population:Temperature 4.042 2 0.1326 
Day:Temperature 0.065 2 0.9682 
Bacteria:Temperature 6.316 2 0.0425 * 
Population:Day:Bacteria 5.106 1 0.0238 * 
Population:Day:Temperature 5.638 2 0.0597 . 
Population:Bacteria:Temperature 5.315 2 0.0701 . 
Day:Bacteria:Temperature 3.866 2 0.1447 
Population:Day:Bacteria:Temperature 2.479 2 0.2896 
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7.2.5.2. Reproductive structures 
 
Table A -  8. Results of a generalized linear model (GLM) testing the effects of Bacteria, Heatwave, Population and 
stage on the total abundance of gametophytes.  Significant main effects and interactions (p < 0.05) are highlighted. 

Term LR Chisq Df Pr(>Chisq) 

Bacteria 0.1 1 0.709407 

Temperature 5.3 2 0.068976 . 

Stage 3371.6 2 < 2.2e-16 *** 

Population 0.3 1 0.568343 

Day 11.9 3 0.007868 ** 

Bacteria:Temperature 8.5 2 0.014046 * 

Bacteria:Stage 123.4 2 < 2.2e-16 *** 

Temperature:Stage 152.2 4 < 2.2e-16 *** 

Bacteria:Temperature:Stage 17.9 4 0.001299 ** 
 
 

Figure A -  9. Overview of the densities per cm2. Counted the first day, two days after the heatwave and the last day of 
the experiment.  
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Figure A -  10. Boxplots of the relative abundance of female vegetative gametophytes. The plot is faceted per day and 
population.  

 
 
 

 
Figure A -  11. Boxplots of the relative abundance of gametophytes with eggs. The plot is faceted per day and 
population. 
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7.2.5.3. Recruitment success 

  

Figure A -  13. Pictures of gametophytes with sporophytes for IT MONO for both bacteria treatments 
and heatwave treatments on DAY 31, marking a 14-day recovery, taken at 100× magnification. Scale 
bar (0.1 mm) is shown in the bottom right corner. 

Figure A -  12. Pictures of bleaching sporophytes for IT MONO for both Cobetia 
HW15 on DAY 31, marking a 14-day recovery, taken at 100× magnification. Scale 
bar (0.1 mm) is shown in the bottom right corner. 
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Table A -  9. Results from the analysis of deviance for a generalized linear model (GLM) with a quasibinomial family, 
evaluating the effects of Bacteria, Population, and Treatment on gametophytes with sporophytes. Significant 
interactions and main effects are highlighted. 

Effect LR Chisq Df Pr(>Chisq) Significance 

Bacteria 171.758 1 < 2.2e-16 *** 
Population 2.074 1 0.1497949  

Treatment 152.226 2 < 2.2e-16 *** 
Bacteria:Population 5.462 1 0.0194327 * 
Bacteria:Treatment 23.596 2 7.521e-06 *** 
Population:Treatment 7.399 2 0.0247346 * 
Bacteria:Population:Treatment 18.233 2 0.0001099 *** 
 
 
Table A -  10. Results from the analysis of deviance for a generalized linear model (GLM) with a quasibinomial family, 
evaluating the effects of Bacteria, Population, and Treatment on healthy sporophytes per gametophyte. Significant 
interactions are highlighted. 

Effect LR Chi-Square Df Pr(>Chi) Significance 

Treatment 19.7563 2 5.13e-05 *** 
Bacteria 3.3563 1 0.0669 . 
Population 1.7102 1 0.1910  

Treatment × Bacteria 15.1031 2 0.00053 *** 
Treatment × Population 3.7293 2 0.1550  

Bacteria × Population 4.8976 1 0.0269 * 
Treatment × Bacteria × Population 1.8304 2 0.4004  

 

7.2.5.4.  PAM values 
Table A -  11. Results of three-way ANOVA testing the effects of Treatment, Population, and Bacteria and their 
interactions on the quantum yields (Fv/Fm). Significant main effects and interactions are highlighted. 

Source Df Sum Sq Mean Sq F value Pr(>F) Significance 

Treatment 2 0.00797 0.00399 16.74 7.26e-06 *** 
Population 1 0.01083 0.01083 45.49 7.12e-08 *** 
Bacteria 1 0.01474 0.01474 61.89 2.48e-09 *** 
Treatment × Population 2 0.00464 0.00232 9.74 0.000416 *** 
Treatment × Bacteria 2 0.00470 0.00235 9.87 0.000384 *** 
Population × Bacteria 1 0.00062 0.00062 2.62 0.114  

Treatment × Population × Bacteria 2 0.00112 0.00056 2.35 0.110  

Residuals 36 0.00857 0.00024    
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