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Seaweeds, also known as marine macroalgae, are eukaryotic plant-like organisms that grow 

in aquatic environments and are ecologically important ecosystem engineers. They are 

abundant in marine coastal areas and are vital in maintaining stable ecosystems. Like many 

organisms, they are host to diverse microbial communities that associate both inside as well 

as on the surface. These microbial associations form part of the algal microbiome and are 

essential for algal health and ecological success. The concept of an algal ‘holobiont’ has arisen 

through the observation of integral symbiotic associations with microbes performing 

fundamental metabolic processes. However, this concept is still highly under debate with 

conflicting views of what constitutes a ‘holobiont’ and what levels of selection should be 

considered in host-microbe symbioses. 

Extensive research has been done on microbial diversity and dynamics in general, yet little is 

known regarding the impact of changing environments on algal-bacterial associations and the 

cascading ecological effects. In this thesis, we explored the genetic diversity and the impact of 

changing environments on the microbiomes of two algal genera, namely Caulerpa and 

Cystoseira. Associated bacteria were identified using the 16S rRNA marker gene approach and 

drivers of bacterial community composition were investigated through statistical analyses. 

A high degree of variability was observed for Caulerpa-associated bacterial communities 

between algal individuals, as well as within an algal thallus. While stochastic processes were 

prevalent in natural bacterial communities, several deterministic factors such as the 

physiochemical properties of surrounding seawater, host species and biogeography proved to 

drive bacterial community assembly. Furthermore Caulerpa thallus differentiation forms 

unique morphological niches that was shown to influence bacterial community composition, 

potentially linking to the functional capacities of each niche.  

Simulated changes in environmental conditions such as temperature and nutrient load, 

elicited different responses of Caulerpa niche-specific bacterial communities. This indicates 

that the resistance and resilience of the epi-, endo- and rhizomicrobiome vary, dependent on 

the type of environmental stress, further eluding to the complexity of the algal microbiome. 

Changes to the epibacterial community composition of Cystoseria in response to 

environmental stress were linked to functional shifts in the community and were also 
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correlated to changes in host condition. These results show that there is a need to consider 

the entire algal-bacteria ‘holobiont’ when investigating environmental impacts on seaweeds. 

Additionally, we evaluated the use of DNA-stable isotope probing for the investigation of 

bacteria associated to carbon metabolism in Caulerpa. Here we establish the viability of the 

technique and conclude that this is potentially an effective method for identifying key bacteria 

species involved in carbon uptake.  

Collectively, the results of the studies within this thesis contribute to a deeper understanding 

of the algal microbiome and the ecological impacts of environmental changes on host-bacteria 

interactions. Moreover, bacterial interactions with a host facilitate environmental adaptations 

that may have evolutionary implications and should be further investigated. These findings 

suggest that the algal ‘holobiont’ itself is more complex than previously described and a more 

definitive explanation needs to be developed to incorporate multiple levels of species 

interactions and drivers.  
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Zeewieren, ook bekend als mariene macroalgen, zijn eukaryote plantachtige organismen die 

in aquatische milieus groeien en er belangrijk zijn als ecosysteemingenieurs. Ze zijn massaal 

aanwezig in kustzones en zijn van vitaal belang voor het stabiliseren van ecosystemen. Zoals 

de meeste organismen, functioneren  ze als gastheer voor microbiële gemeenschappen die 

zich zowel intern als extern met de alg associëren. Deze microbiële associaties maken deel uit 

van het alg microbioom en zijn essentieel voor de gezondheid en het ecologisch succes van de 

alg. Het concept 'holobiont' is ontstaan uit de observaties van geïntegreerde symbiotische 

associaties met microben die fundamentele metabole processen uitvoerden. Dit concept staat 

echter nog steeds sterk ter discussie met tegenstrijdige opvattingen over wat een ‘holobiont’ 

is en welke selectieniveaus moeten overwogen worden in gastheer-microbiële symbioses. 

Er is uitgebreid onderzoek gedaan naar de microbiële diversiteit en dynamiek in het algemeen, 

maar er is weinig bekend over de impact van veranderende omgevingen op algen-bacteriële 

associaties en de daaruit volgende ecologische effecten. In dit proefschrift hebben we de 

genetische diversiteit en de impact van veranderende omgevingen op de microbiomen van 

twee algengenera onderzocht, namelijk Caulerpa en Cystoseira. Geassocieerde bacteriën 

werden geïdentificeerd aan de hand van  16S rRNA-merkers en de factoren die de bacteriële 

gemeenschapssamenstelling beïnvloeden werden onderzocht door middel van statistische 

analyses. 

Er werd een hoge mate van variabiliteit waargenomen in de, met Caulerpa geassocieerde, 

bacteriële gemeenschappen: tussen algen, maar ook binnen de alg zelf, tussen verschillende 

thalli. Terwijl stochastische processen sterk aanwezig waren in de natuurlijke bacteriële 

gemeenschappen, bleken verschillende deterministische factoren, zoals de fysicochemische 

eigenschappen van het omringende zeewater, de gastheersoort en de biogeografie, de 

samenstelling van bacteriële gemeenschappen te bepalen. Bovendien vormt de thallus 

differentiatie binnen Caulerpa unieke morfologische niches waarvan werd aangetoond dat 

deze de samenstelling van de bacteriële gemeenschap beïnvloeden. Dit zou mogelijks 

gerelateerd zijn aan de  functionele vereisten van elke niche. 

Geïnduceerde veranderingen in omgevingscondities zoals temperatuur en 

nutriëntconcentraties, veroorzaakten verschillende responsen niche specifieke bacteriële 
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gemeenschappen van Caulerpa. Dit geeft aan dat de weerstand en de veerkracht van het epi-

, endo- en rhizomicrobioom variëren, afhankelijk van het type omgevingsstress, en draagt 

verder bij tot de complexiteit van het algen microbioom. Veranderingen in de samenstelling 

van de epibacteriële gemeenschap van Cystoseria als reactie op omgevingsstress konden 

worden gerelateerd aan functionele verschuivingen in de gemeenschap en waren eveneens 

gecorreleerd aan veranderingen in de conditie van de alg. Deze resultaten tonen aan dat het 

nodig is om de ‘holobiont’ als geheel te beschouwen bij het onderzoeken van de 

milieueffecten op zeewier. 

Daarnaast evalueerden we het gebruik van DNA-stabiele isotopenanalyse voor het onderzoek 

naar bacteriën betrokken bij het koolstofmetabolisme van Caulerpa. Hier stelden we de 

haalbaarheid van deze methode vast en concludeerden dat dit mogelijk een efficiënte 

methode is voor het identificeren van belangrijke bacteriesoorten die betrokken zijn bij de 

koolstofopname. 

De resultaten uit de verschillende hoofdstukken binnen dit proefschrift dragen bij tot een 

beter inzicht in het algen microbioom en de ecologische impact van veranderingen in de 

omgeving op interacties tussen gastheer en bacteriën. Tevens vergemakkelijken bacteriële 

interacties met een gastheer het adaptatie vermogen aan een veranderende omgeving. Dit 

zou evolutionaire implicaties kunnen hebben die verder onderzocht zouden moeten worden. 

Deze bevindingen suggereren dat de 'holobiont' zelf complexer is dan eerder beschreven en 

dat er een bredere definitie moet worden ontwikkeld waar de meerdere niveaus van 

soortsinteracties en factoren in opgenomen kunnen worden.



 

A brief overview of Seaweeds  

Marine macroalgae, commonly referred to as seaweeds, are photosynthetic eukaryotes 

estimated to have originated approximately 1.9 billion years ago (Sanchez-Baracaldo et al. 

2017).(Ponce-Toledo et al. 2017) However, unravelling algal evolution is a challenging topic 

due to the antiquity of diversification events such as is the case for the Ulvophyceae (Cocquyt 

et al. 2010) as well as multiple endosymbiotic events, and is even more confounded by the 

continuing process of horizontal gene transfer (HGT) with other microbial symbionts (Brodie 

and Lewis 2007, Lemanceau et al. 2017). Seaweeds are polyphyletic and can be broadly 

divided into three diverse groups, red (Rhodophyta), green (mostly restricted to Ulvophyceae) 

and brown seaweeds (Phaeophyceae).  

Seaweeds have great ecological importance forming the basis of many food webs and 

contributing to global primary production (Lobban et al. 1994, Schiel and Foster 2006). 

Moreover, they provide the physical habitat structure of coastal ecosystems serving as fish 

nurseries, refuges for many invertebrates as well as epibiont attachment (Barbier et al. 2011). 

Seaweeds also establish vital interactions with other benthic macrophytes (Thomsen et al. 

2012). Furthermore, there has been an increasing demand for seaweeds and seaweed derived 

products over the last few years. Commercial applications include: food sources, medicinal 

products and applications, cosmetics, fertilizers in agriculture, as well as potential biofuel 

solutions. Therefore over the last 50 years seaweed farming and aquaculture has been 

growing significantly, contributing to the global aquaculture industry that is estimated at over 

US$10 billion (FAO 2018).  

 

Seaweed structure, in contrast to land plants, usually lacks specialised organs such as roots 

and vascular structures (Chapman 2012). They are generally multicellular in nature with the 

exception of siphonous green algae, which consist of a single cell but are multi- or 

macronucleate (Coneva and Chitwood 2015). The basic anatomy of multicellular seaweed is 
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structured into differentiated parts, sometimes facilitating different functional capacities 

(Lobban et al. 1994). An algal body is referred to as a thallus and is divided into separate 

differentiated regions (Figure 1). Some seaweeds have thalli that are made up of a basal 

region, holdfast, along with rhizoids, which provide attachment onto a substrate. Extending 

from the holdfast is the lamina or blade, occasionally preceded by a stem-like stipe, this entire 

region is collectively described as the frond. Some seaweeds even make use of an air bladder 

or float that facilitates floatation (Chapman 2012). Morphogenesis does not solely rely on cell 

differentiation. Siphonous algae, although only consisting of one cell, are some of the most 

morphologically diverse seaweeds with three designated differentiated morphological 

structures such as the frond, stolon and rhizoids (Jacobs 1994). Among the best-known 

siphonous seaweeds are those belonging to the Caulerpa genus. Seaweed sizes are also highly 

variable and range from smaller turf-forming algae (1-2 cm) to large habitat-forming kelp 

forests (individuals can reach up to 50m in length).  

 

Figure 1| Structure and morphology of seaweeds. Examples given are of a large multicellular 
brown alga such as Ecklonia maxima (A) and a siphonous green alga such as Caulerpa prolifera (B). 
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Ecosystem stability and regime shifts  

Ecosystems are made up of complex species-species interactions in which species directly and 

indirectly influence one another (Lees et al. 2006). Examples of this are seen as a result of 

predation, where an increase or decrease in grazing pressure can directly or indirectly result 

in a switch between key habitat-forming algal species, initiating new stable states (Barkai and 

McQuaid 1988, Steneck et al. 2002). Additionally changes in environmental conditions can 

lead to ecosystem regime shifts that favour alternative species compositions due to species 

habitat limits (Garrabou et al. 2009, Olabarria et al. 2013, Smale and Wernberg 2013).   

Seaweeds are integral contributors to the health and functioning of coastal ecosystems, 

thereby altering their abundance from an otherwise stable ecosystem can initiate unknown 

cascading effects (Harley et al. 2006). Environmental disturbances that alter macroalgal 

biodiversity, distribution and physiology may therefore reshape the entire structure and 

dynamics of an ecosystem (Garrabou et al. 2009; Wernberg et al. 2011a, 2013; Olabarria et al. 

2013; Smale and Wernberg 2013). Such changes in dynamics or regime shifts can result in a 

complete transformation of an ecosystem. Transitions between two alternative stable states 

may be reversible once the perturbation has been removed, however in some cases this is not 

possible (Biggs et al. 2009).  

Regime shifts have been observed as a result of coastal urbanization which has led to the loss 

of coastal kelp populations in Southern Australia (Connell et al. 2008), likewise, the decline in 

Cystoseira populations in the Mediterranean have been directly linked to increased 

urbanization (Perkol-Finkel and Airoldi 2010).  Urbanization increases the risk of urban run-off 

potentially causing eutrophication in coastal regions (Gouvêa et al. 2017). Increased nutrient 

load has shown to increase seaweed diversity and abundance (Ivesa et al. 2015, Fong and Fong 

2017). Extreme heatwave events in Western Australia have resulted in the demise of kelp 

forests shifting towards the establishment of a benthic community dominated by turf-forming 

algae (Wernberg et al. 2013). In the midst of the global climate crisis, vast amounts of evidence 

has shown that ecologically important coastal ecosystems are threatened as a result of 

multiple anthropogenic and global climate stressors (Steneck et al. 2002, Connell et al. 2008, 

Hoegh-Guldberg and Bruno 2010, Perkol-Finkel and Airoldi 2010). As a result of climate change 

there has been a marked increase in extreme temperature events (Perkins et al. 2012, Hobday 

et al. 2016) which have led to these shifts in kelp ecosystems (Wernberg et al. 2016, Gouvêa 
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et al. 2017, Duarte et al. 2018). The global increase in carbon dioxide levels is driving changes 

to the physical and chemical properties of the oceans, including ocean acidification, warming  

and sea-level rise (Harley et al. 2012). It has been well established that climate driven stressors 

negatively impact algal health with physiological performance severely affected (Beardall et 

al. 1998). Drastic changes to one or more of the multiple factors involved in modulating 

ecosystem fitness and defining habitat niches can lead to species extinctions and changes in 

ecological species composition (Bruno et al. 2018). 

Population declines of important seaweeds have been documented around the world 

(Benedetti-Cecchi et al. 2001, Airoldi and Beck 2007, Connell et al. 2008, Mangialajo et al. 

2008, Wernberg et al. 2011). Research has shown that due to the frequent occurrence of 

extreme events in the Mediterranean Sea, coastal populations in this region are most 

vulnerable to the effects of climate change (Rahmstorf and Coumou 2011, Christidis et al. 

2015, Oliver et al. 2018). Alternatively populations of seaweeds such as Sargassum have seen 

community expansions in the Atlantic ocean as a result of climate changes (Wang et al. 2019). 

With the evident reorganization of coastal communities already underway, this can have 

severe implications both ecologically and socioeconomically (Walther et al. 2002). However, 

evidence is beginning to suggest that seaweed populations may be able to acclimatize and 

adapt to climatic stress (Harley et al. 2012).  

Additionally the introduction of invasive non-native species into coastal regions can cause 

changes in ecosystem dynamics. Species with no known predators, differing life cycles and 

broader habitat limits can therefore establish themselves (Marcelino and Verbruggen 2015), 

influencing other benthic macrophytes (Thomsen et al. 2013) and prominent grazers (Tomas 

et al. 2010). Invasive algae have been shown to also outcompete native species as well as 

transform benthic habitats causing a community shift that may be irreversible without 

removal of the invader (Bulleri et al. 2016). Two of the most notorious invasive seaweeds 

belong to the genus Caulerpa, (Meinesz et al. 1995, Verlaque et al. 2003). C. taxifolia and C. 

cylindracea have been shown to adapt to various habitats due to their inherent characteristics 

(Ohba et al. 1992, Meinesz et al. 1995, Raniello et al. 2006). 

Many studies focus on individual drivers of regime shifts, however in reality environmental 

conditions and external pressures on seaweed-dominated ecosystems are interconnected. 

Consequently, multiple drivers should be taken into consideration for a more holistic 
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understanding of ecosystem changes (Lees et al. 2006, Conversi et al. 2014). One way to better 

understand regime shifts and thresholds for ecosystem transformations are to use models 

that account for multiple factors (Scheffer and Carpenter 2003).  

Recent research in both terrestrial and aquatic ecosystems has suggested that the bacteria 

associated to a host are able to mediate host performance and resilience in response to 

environmental changes (Cho and Blaser 2012, Vorholt 2012, Egan et al. 2013, Thompson et al. 

2015). Bacteria are known to facilitate chemical defences on the seaweed surfaces, providing 

protection from pathogens, biofouling and grazers (Wahl et al. 2012, Egan et al. 2013, Egan et 

al. 2014). Links to algal disease have also been attributed to disruption in bacterial 

composition caused by climate driven stressors (Campbell et al. 2011). 

 

Seaweed models used in this study 

The siphonous green seaweed Caulerpa 

The genus Caulerpa J.V.Lamouroux, 1809 are siphonous seaweeds with coenocytic thalli i.e., 

they are made up of a multinucleate, continuous mass of protoplasm enclosed by one cell 

wall. Caulerpa thalli consist of a green prostrate axis (stolon) with downward growing rhizophores, 

which attach to a hard substrate or anchor in unconsolidated substrate. The stolons give rise to upright 

photosynthetic fronds with a diverse range of morphologies (Figure 2). Caulerpa has a circum-

tropical to warm temperate geographic distribution (Figure 3) and are known to occupy a 

range of environmental niches that differ significantly with regards to temperature, light 

availability, water movement, depth, grazing pressure and benthic substrate (Svedelius 1906, 

Børgesen 1907, Peterson 1972, Calvert 1976, Ohba et al. 1992, Gacia et al. 1996, de Senerpont 

Domis et al. 2003, Fernández-García et al. 2012, Crockett and Keough 2014). The genus also 

includes notoriously invasive taxa such as C. taxifolia and C. cylindracea (Meinesz et al. 1995, 

Verlaque et al. 2003). The invasive potential of the genus has been linked to intrinsic 

characteristics of the genus that facilitate the adaptation to various environmental niches.  
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Figure 2| Structure and morphological variations of Caulerpa. 

                                                                                                                                                                                                                                                                                                                               

 

Figure 3| Distribution map of Caulerpa spp. Created using iOBIS mapper2, incorporating 10,726 
records of Caulerpa species found within the OBIS database (2019) that uses the World Register of 
Marine Species (WoRMS) as its taxonomic backbone. 
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Caulerpa, like many other algal species, harbours a rich diversity of associated bacteria 

(Delbridge et al. 2004, Aires et al. 2013). Distinct bacterial communities are associated to each 

morphologically differentiated thallus part and are linked to functional requirements of each 

pseudo-tissue type (Aires et al. 2015). Bacterial endobionts from siphonous seaweeds, such 

as Caulerpa and Bryopsis, are known to form tight associations with their host and certain 

bacterial groups have been shown to be inherited from host parents (Aires et al. 2013, Hollants 

et al. 2013b). Alternatively, it is suggested that bacterial endobionts are assimilated from the 

surrounding environment through lateral transfer via grazers, sexual reproduction and asexual 

proliferation (Aires et al. 2015). Epiphytic bacteria exist in a complex biofilm on the surface of 

macroalgae and are assumed to be more dynamic in their composition due to an increased 

interaction with the environment (Wahl et al. 2012). Bacterial communities associated to 

Caulerpa are highly diverse for both endobionts and epibionts across several species (Aires et 

al. 2015). Some bacterial associations have been suggested to influence the ecological success 

of Caulerpa and perhaps play a vital role in the invasive potential (Arnaud-Haond et al. 2017). 

Significant research on the microbiome of Caulerpa has been done by Aires (Aires et al. 2012, 

Aires et al. 2013, Aires et al. 2015). These studies use novel approaches to distinguish between 

the Caulerpa endobiome and epibiome with the elimination of chloroplast DNA via select 

primers (Aires et al. 2012). This work has laid the basis for further investigations into the 

functional profiles of these communities and how they related to abiotic changes (Aires et al. 

2013, Aires et al. 2015).   

 

Habitat-forming seaweed Cystoseira  

Cystoseira C. Agardh are a genus of brown seaweeds known to be important in coastal 

ecosystems as habitat formers in Mediterranean Sea (Oliveras Plá and Gómez-Garreta 1989). 

forming complex interactions with algae, invertebrates and fish (Mineur et al. 2015). 

Cystoseira thalli are differentiated into holdfast, stipe and blade broadly divided into a basal 

and apical region (Cecchi and Cinelli 1992). The natural distribution of this genus ranges from 

the infralittoral down to the upper circalittoral zone (Serio 1994, Bulleri et al. 2002) and 

environmental factors such as depth, temperature, wave exposure and nutrients play a role 

in the limits of this distribution (Ballesteros 1990, Vergés et al. 2009). Research has shown that 

there have been extreme population declines of these habitat-forming seaweeds in the 

Mediterranean Sea, particularly within coastal waters (Benedetti-Cecchi et al. 2001; Thibaut 
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et al. 2005, 2015; Airoldi and Beck 2007; Connell et al. 2008; Mangialajo, Chiantore and 

Cattaneo-Vietti 2008; Perkol-Finkel and Airoldi 2010). Due to global changes and human 

stressors, these habitats are under increasing threat (e.g. Steneck et al., 2002; Connell et al., 

2008; Perkol-Finkel and Airoldi, 2010; Wernberg et al., 2011, 2016). Changes in Cystoseira 

assemblages have been linked to multiple anthropogenic and environmental stressors (Airoldi 

2003; Halpern et al. 2007; Strain et al. 2014; Mancuso et al. 2018) and the interaction between 

nutrient enrichment and increase in temperature has been of great interest (Gouvêa et al. 

2017).  

Research suggests that host-associated microbial communities can increase resilience to 

abiotic perturbations (Cho and Blaser, 2012; Vorholt, 2012; Egan et al., 2014; Thompson et al., 

2015). Bacteria have been linked to seaweed growth, morphogenesis and germination 

(Matsuo et al. 2003; Spoerner et al. 2012) and disruptions to associated bacterial communities 

can be indicative of algal stress (Marzinelli et al. 2015) and may even increase susceptibility to 

pathogens (Campbell et al. 2011). Mancuso et al. (2016) investigated the bacterial 

communities associated to Cystoseira, describing the temporal dynamics of the epibacterial 

communities. This study proposed that algal-bacterial interactions play a role in resilience to 

environmental stress and highlighted the need for further studies into the stress responses of 

these communities. 
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The Holobiont: a symbiotic view of life  

Algae, like many other eukaryotic organisms, are host to a variety of microbial associations, of 

which some interactions are fundamental to their health and ecological success (Relman 2008, 

Egan et al. 2013, Webster and Thomas 2016). These microbial associations are referred to as 

the host microbiome which can be further divided into the viriome (viruses), bacteriome 

(bacteria), mycobiome (fungi) and protistome (microbial eukaryotes/protists), referring to the 

nature of the microbe being discussed. The term ‘holobiont’ was initially coined by Lynn 

Margulis in 1991 (Margulis and Fester 1991) and has been used it to describe the tight 

association of several organisms acting as though they were one individual. In corals, a 

holobiont has been described as a host with associated microbiota, which over time have 

developed functional dependencies through the loss of redundant genetic information, both 

through vertical inheritance as well as horizontal gene flow and therefore establishing the 

hologenome theory of evolution (Rosenberg et al. 2007, Zilber-Rosenberg and Rosenberg 

2008). The hologenome refers to the total genetic information contained within a host and its 

associated microbiota. The holobiont together with its hologenome should be considered as 

a unit of evolutionary selection (Roughgarden et al. 2017). However the idea of a holobiont 

based purely on the association of a host with co-evolved microbes has recently been 

contested, as not all host systems demonstrate consistent evidence of co-evolution with 

selected microbes and the overall concept confines microbiome dynamics to restricted 

assumptions (Douglas and Werren 2016). Since not all microbes have shown to be tightly 

associated to the host, alternative theories have separated the total microbiome (Figure 4) 

into two parts: 1) a core microbiome made up of both co-evolved symbionts (Figure 4A) and 

function performing symbionts (Figure 4B); and 2) transient microbial associations (Figure 4C) 

also referred to as an environmental microbiome (Theis et al. 2016). The core microbiome is 

suggested to be fairly stable taking on functions that are essential to the host health, these 

interactions most likely developed through long-term coevolution and gene flow. The 

environmental microbiome is thought to be more dynamic in nature and allows a degree of 

functional plasticity in response to environmental changes. Microbiome dynamics, however, 

are not so simple. The concept of coevolved functional dependencies is more complex as it is 

an ongoing process and not a once off event (Lemanceau et al. 2017). This suggests that the 
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proposed separation of the microbiome into a static core and dynamic environmental faction 

is flawed as the whole microbiome has the ability to be dynamic through the loss and gain of 

different microbial players. Co-evolution is also driven by different selection pressures for the 

host and bacterial constituents. A host may exert microbial selection determined by functional 

symbioses, whereas bacteria evolve in response to competition within the microbiome (Foster 

et al. 2017). Additionally, it has been established that functional requirements dictate the 

microbial associations with the host (Figure 4B). High functional redundancy is exhibited in 

bacterial groups and it is therefore more likely that core bacterial associations are driven by 

functional dependencies and not taxonomic association (Burke et al. 2011a). Further 

confounding the situation is the presence of ongoing horizontal gene flow between bacterial 

species within the microbiome (Sitaraman 2018). 

 

 

Figure 4| Conceptualization of the proposed concepts in one graph. All host-microbe associations 
are either part of the transient microbiome (C) or core microbiome (A + B). Within a core 
microbiome, a portion are co-evolved symbionts (A), while the rest associate based on functional 
capacities (B). Due to functional redundancy, this component is also dynamic. 

 
 
 



11 
 

Bacterial dynamics: Deterministic vs stochastic  

With the integral importance of bacterial associations established, it is essential to understand 

the underlying mechanisms of bacterial assembly and recruitment. While initially some 

research provided evidence of randomized stochastic assembly of bacteria, this has been 

contested due to recent evidence of deterministic factors influencing bacterial assembly. Five 

main ecological biodiversity models or ideologies (Figure 5), partially summarized by Saha and 

Weinberger (2019), have been described in recent research to illustrate bacterial recruitment 

mechanisms and explain what has been observed in many host systems.  

(1) The neutral theory (Figure 5A) initially proposed by Hubbell (2001), suggests that all species 

(of the same trophic level) within an ecosystem perform with equivalent fitness. The ecological 

equivalence or functional redundancy between species has been regularly observed in 

ecosystems. Therefore combining this assumption with the inherent stochastic factors of 

death, dispersion and speciation within a meta-community, can account for the variation in 

species composition observed for alike ecosystems (Hubbell 2006, Woodcock et al. 2007). 

High species variability has been described for several host-associated bacterial communities 

(Singh and Reddy 2014) and variability within the microbiome is present even at an inter-

individual level both in species composition as well as abundance profiles (Bashan et al. 2016).  

(2) Niche-based models (Figure 5B) on the other hand, propose that species are uniquely 

adapted to occupy specific habitat niches (Dumbrell et al. 2010). However, how do we define 

a “niche”? Hutchinson (1991) proposed that a niche could be defined on two levels, a 

fundamental niche and a realized niche. The fundamental niche takes into account the 

environmental conditions and resources necessary for the ecological success of a species. This 

niche can be narrowed to a realised niche due to niche partitioning as a result of interactions 

with other species within a community (Chase and Leibold 2003). Dispersal also plays a role in 

determining the realized niche as the distribution of a species is influenced by environmental 

constraints and barriers, as well as resource limitations from intraspecific competition (Pulliam 

2000). Considering this, niches can therefore be defined over large (Crockett and Keough 

2014, Lima-Mendez et al. 2018) and small scales (Marcelino et al. 2018), and are defined by 

abiotic and biotic factors that dictate the distribution limits of a species within a habitat 

(Grinnell 1924, Pocheville 2015, Polechová and Storch 2019) or microhabitat (Stubbendieck et 

al. 2016). The central idea is that niche differentiation is vital for ecosystem stability and 
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maintenance of biodiversity (Levine and HilleRisLambers 2009).  Although studies have shown 

clear evidence of abiotic and biotic drivers of bacterial composition, a high degree of bacterial 

variation remains unexplained (Hollants et al. 2013b, Lima-Mendez et al. 2018). 

(3) Functional priority, also termed the lottery hypothesis (Figure 5C), derived from studies of 

reef fish (Sale 1976) combines the idea of ecological equivalence with the concept that 

bacterial associations are defined by functional requirements of a host. Bacterial recruitment 

is then driven by functional priority based on metabolic capability rather than the taxonomic 

composition (Burke et al. 2011a). This essentially means that if two species perform the same 

function, they are interchangeable within a community. Host-associated bacterial 

communities therefore form functionally stable, but taxonomically variable interactions with 

their respective host (Fan et al. 2012).   

(4) Additionally, we must consider “microbial gardening” of the host (Kessler et al. 2018) and 

other established microbes (Saha & Weinberger, 2019)(Figure 5D). Mediated chemical cues 

can control bacterial associations through nutrient production that attracts certain bacterial 

species, as well as untargeted defence mechanisms that deter bacteria from settling on or 

within a host (Weinberger et al. 1994, Wahl et al. 2012, Egan et al. 2013, Kessler et al. 2018, 

Saha and Weinberger 2019).  

(5) Furthermore, we need to consider the effect of eco-evolutionary dynamics on the 

microbiome structure (Figure 5E). Within a holobiont there is a continuous exchange of 

genetic information, either between the host and associated microbes (Pita et al. 2018, Simon 

et al. 2019), or between microbes themselves (Hassani et al. 2018, Sitaraman 2018). It has 

been observed that numerous bacterial symbionts, have experienced genome reductions with 

gene transfer to the host, therefore indicating a co-evolutionary relationship between host 

and symbiont (McCutcheon and Moran 2011). Alternatively Agosta and Klemens (2008), 

building on the concept of ecological fitting (Janzen 1985), have proposed that the continuous 

and transient associations of species over multiple generations provide unique selective 

pressures that are integral components of community assembly and evolution. Mutualism can 

also develop as a result of continuous co-occurrence of ecological associations, which reduces 

the pressure to maintain genetic independence as proposed by Kazamia et al. (2016) with the 

Foraging-to-Farming model. This is further supported by the Black Queen Hypothesis (Morris 

et al. 2012) which proposes that while a community as a whole will maintain full genetic 
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diversity, or functional capacity, individual species may lose genes of costly functions giving 

way to functional dependencies. However, our understanding of how eco-evolutionary 

principles are involved in shaping microbiome structure still remains limited (Limborg and 

Heeb 2018). 

Each of the above-mentioned concepts manages partially to describe the mechanisms of 

bacterial assembly, but each fails to compose a full picture accounting for all variables 

observed in nature. Both stochastic and deterministic elements have been described in the 

influence of bacterial communities, suggesting that bacterial assembly involves a complex 

combination of the two (Zhou et al. 2013). Research has shown that within controlled systems, 

deterministic and stochastic influences of bacterial recruitment are significant with regards to 

time (Zhou et al. 2014). Therefore in algal systems recruitment mechanisms present at 

different developmental stages could impact bacterial associations and consequently account 

for the inter-individual variability observed (Morrissey et al. 2019). The question still remains 

how each of these concepts fits together in the broader picture and how do we begin to 

attempt to tease apart such complex interactions? 
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Figure 5| Summary of the different models and theories of bacterial dynamics within a 
microbiome. 
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Drivers of bacterial diversity in seaweeds  

Distinct microbiomes found in different morphological niches  

Bacterial associations with seaweeds have been shown both inter- and intracellularly as well 

as biofilms of algal surfaces (Egan et al. 2013). Distinctions have been identified in the 

structure and function of these bacterial communities related to the location on the algal 

thallus (Aires et al. 2015, Serebryakova et al. 2018). Morphological niches for macroalgae, such 

as Caulerpa, can broadly be described as the exterior surface, the interior cytoplasm and the 

rhizosphere associated to the sediment (Jacobs 1994). In this study, we refer to these 

morphological niches as the epibiome, endobiome and rhizobiome, respectively. Further 

niche separations can also be made for seaweeds with greater differentiation of tissues 

(Lobban et al. 1994, Chapman 2012). The separation of endobionts and the epiphytic biofilm 

in Caulerpa showed distinct differences in bacterial associations between these two niches 

irrespective of host species or geography (Aires et al. 2015). For Sargassum Serebryakova et 

al. (2018) showed that in addition to differences observed between bacteria associated to 

separate locations within a thallus, these bacterial communities also respond differently to 

temporal shifts. This study showed that these differences in morphological niches are not 

insignificant. Bacterial community similarity has been observed to decrease with increasing 

spatial distances even at the minute scale of a few centimetres. This has been demonstrated 

for marine corals (Marcelino et al. 2018), and could potentially be the case for macroalgae 

when considering the functional differences observed in the transcriptome of the Caulerpa 

thallus (Ranjan et al. 2015). Therefore, we can infer that bacterial communities within one 

morphological niche i.e. epi- or endobiome, would not be uniform for an algal thallus.  

Some endobionts form tight associations with their host and certain bacterial groups have 

been hypothesized to be inherited by host progeny (Burr and West 1970, Aires et al. 2013, 

Hollants et al. 2013b). It has also been suggested that bacterial endobionts are acquired from 

the surrounding environment through lateral transfer via grazers, sexual reproduction and 

during asexual proliferation (Aires et al. 2015). Complex biofilms are present on the surfaces 

of seaweeds and are assumed to have an increased interaction with the environment 

compared to endophytic symbionts (Wahl et al. 2012, Egan et al. 2013). Although research has 

indicated that the environment impacts both the endo- (Hollants et al. 2013b) and epibiome 

communities (Marzinelli et al. 2018). Additionally, little experimental research has shown that 
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bacteria in the rhizobiome of the species C. taxifolia facilitate specific functions relating to 

nitrogen fixation (Chisholm and Moulin 2003) and may have a higher similarity in composition 

to the surrounding sediment. 

 

Environmental factors & biogeography  

The link between the ecological performance of seaweeds and environmental conditions has 

been well established (Airoldi and Beck 2007, Strain et al. 2014, Wernberg et al. 2016). A clear 

link exists between algal performance and its associated microbiome, therefore we can 

deduce that the environment is either directly or indirectly a key driver of bacterial community 

composition (Egan et al. 2014, Singh and Reddy 2014, Campbell et al. 2015, Marzinelli et al. 

2015). Factors known to modulate bacterial diversity include, but are not limited to 

temperature, salinity, nutrient availability, dissolved oxygen, pH as well as physical ocean 

properties.  

Biogeography has been shown also to influence bacterial diversity, although not to the same 

extent as environmental factors (Lima-Mendez et al. 2018). Host availability, physical 

oceanographic properties and dispersion ranges are determined by biogeography. Therefore, 

a level of correlation exists between biogeography and environmental conditions as 

biogeography dictates certain environmental parameters such as nutrient profiles, 

temperature, benthic habitat and light availability. While some research has shown many 

bacterial species are found regardless of biogeography supporting the notion that “everything 

is everywhere”, other studies have shown that biogeographic signals can still be observed for 

bacterial communities, although, they are less pronounced than what is observed for macro-

organisms (Van der Gucht et al. 2007). Physical barriers found in aquatic systems also limit 

dispersal ranges of bacteria and differences would therefore be expected in the dispersal 

limits of bacteria associated to different niches (Pulliam 2000). One could therefore infer that 

host associated bacteria would have a smaller distribution range compared to free-living 

bacteria. Furthermore, obligate endobionts would be limited by the host cell wall as opposed 

to epibionts that have a higher degree of interaction with the environment (Wahl et al. 2012). 

This would therefore further confound gene flow within these communities (De Meester et 

al. 2002). 
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Host specificity and chemical cross-talk 

Bacterial groups can form tight associations with a specific host, as evidence has been found 

of common bacteria within the same species across biogeographical regions and certain 

bacterial groups showing a higher affinity towards specific host species (Hollants et al. 2011b, 

Aires et al. 2013, Aires et al. 2015). Additionally bacteria are suggested to be inherited by host 

progeny (Arnaud-Haond et al. 2017), first documented for sexual reproduction by the 

observation of intracellular bacteria in the gametes from Bryopsis hypnoides (Burr and West 

1970). Asexual propagation of siphonous seaweeds, such as Bryopsis, through fragmentation 

can also lead to the vertical transfer of endosymbionts (Hollants et al. 2013b). 

It has been suggested that host organisms are also able to modulate their microbiome 

composition through chemical queues. Seaweeds produce chemical metabolites that act as 

defence mechanisms for unwanted epibionts and pathogens (Egan et al. 2014). Certain algal 

hosts employ the secretion of chemotactic compounds acting as signals to attract beneficial 

bacteria that aid in algal morphogenesis and growth. This interaction has been termed 

“microbial gardening” (Kessler et al. 2018). Microbial gardening can also be facilitated by the 

microbiome itself where metabolites are produced by surface bacteria (Wahl et al. 2012, Saha 

and Weinberger 2019).   

 

Species-species interactions  

Initial microbial colonizers are able to determine the structure of the microbiome through 

inter-species interactions. Established bacterial species can exclude other microbes through 

the production of antimicrobial compounds (Rao et al. 2005, Saha and Weinberger 2019). 

Resident bacterial groups may also compete for nutrients as well as compete to facilitate 

functional symbioses for the host. Furthermore, metabolic interactions between bacterial 

species may attract certain bacterial groups and exclude others (Song et al. 2015, Bashan et 

al. 2016). Long term co-existence of bacterial groups may also provide opportunities for 

transfer of genetic information between distant taxa that may further promote functional 

redundancy (Fraser et al. 2009).  Bacteria can also act as strongly interacting species (SIS) or 

keystone species, which can directly affect species composition (Berry and Widder 2014, 

Layeghifard et al. 2017, Singer et al. 2017). A holobiont should therefore be considered as a 
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small-scale ecosystem with a complex network of interactions (Rao et al. 2006, Coyte et al. 

2015). 

 

Genetic plasticity and Functional adaptation  

Microbial interactions with a host are shaped by functional requirements, where holobiont 

success is maintained through symbiotic sharing of essential genes and functions (Mee et al. 

2014, Lemanceau et al. 2017). Many bacterial groups display ecological equivalence, or 

functional redundancy as they perform similar functions (Yin et al. 2000). Therefore, although 

a high variability is observed in bacterial community composition, community functional 

profiles remain constant (Burke et al. 2011b, Bashan et al. 2016). While some studies have 

shown that taxonomic structure of a bacterial community is dependent on host specificity and 

environmental factors (Hollants et al. 2011b, Aires et al. 2013, Aires et al. 2015). The lottery 

hypothesis (Burke et al. 2011a) suggests that for algal systems bacterial assembly can also be 

linked to functional capacities as opposed to taxonomic structure, with further evidence of 

this being recently highlighted for Ulva australis (Roth-Schulze et al. 2018). Bacterial 

communities therefore form functional symbioses with their respective host (Fan et al. 2012).  

Furthermore, algal functions are related to individual tissues or pseudo-tissues and therefore 

bacterial communities associated to specific morphological niches are most likely adapted to 

the metabolic requirements of the respective niche (Burke et al. 2011a, Wahl et al. 2012, Singh 

and Reddy 2014, Morrissey et al. 2019). 

 

Microbial resistance & resilience 

Stability in microbial communities is defined by the response to environmental disruptions of 

the community structure and the recovery thereof (Pimm 1984, Worm and Duffy 2003). 

Microbial resistance is the stability of the community structure response to a perturbation, 

whereas, the capability of the community to recover to an equilibrium is termed resilience 

(Pimm 1984). Two types of resilience have been described by Holling (1996): engineering 

resilience and ecological resilience. Engineering resilience is in reference to the recovery of a 

community to the initial pre-disturbed state, whereas ecological resilience indicates that 

functional stability is maintained through a regime shift towards a new community stable 
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state. Analysis of community stability (Figure 6A) is done through quantifying a community 

metric, e.g. community diversity, in response to a perturbation (Shade et al. 2012). The 

ecological state of a community can then be assessed and categorized as either returning to 

the original community state (Figure 6B) or shifting towards a new equilibrium (Figure 6C). 

Alternatively, the community cannot recover and becomes unstable ultimately leading to a 

collapse (Figure 6D) (Gunderson 2000). Resistance and resilience can be quantified either 

compositionally or functionally. Research suggests that generally microbial communities are 

compositionally sensitive to environmental perturbations (Allison and Martiny 2008), but 

remain functionally stable as a result of bacterial functional redundancy (Burke et al. 2011a, 

Shade et al. 2012, Bashan et al. 2016). 

 

 

Figure 6| Graphical representation of ecological stability adapted from Holling (1996) and 
Gunderson (2000). A perturbation leads to the shift from (i) to (ii), if the community is resistant it 
will not shift, if it has engineering resilience it will move back from (ii) to (i) as in B. If the 
community is sensitive, but has ecological resilience it will create a new stable state shifting from 
(i) to (iv) as in C. If the perturbation is too great it will become unstable having unknown 
consequences to the community, shifting from (i) to (ii) and never reaching (iv) as in D. 
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Considerable research has been done on seaweed associated microbial diversity and their 

dynamics in general, however, very few studies have focussed on the influence of abiotic 

stress on these associations and the cascading ecological effects. The studies in this thesis will 

address, for the first time, bacterial community separations base on location within a 

macroalgal thallus and will provide further insight into the bacterial community changes both 

compositionally and functionally in response to environmental stress. This thesis aimed to 

provide a better understanding of the genetic diversity of bacterial communities associated to 

seaweeds and optimizing the methodological tools used to characterise such communities. 

Here we provide more information on mechanisms of bacterial recruitment and assembly, as 

well as the resistance and resilience of bacterial communities in response to environmental 

perturbations.  

In chapter 2, naturally occurring bacterial communities associated to both native and invasive 

species of the siphonous green alga Caulerpa were characterized. The aim of this chapter was 

to disentangle drivers behind bacterial community diversity found naturally in the coastal 

waters of Izmir, Turkey. These drivers were assessed through variation partitioning 

incorporating environmental profiles (nitrite, nitrate, phosphate, silicate, and temperature), 

biogeography, host association and microscale location on the thallus i.e. morphological 

niche.  

In chapter 3, the effect of environmental disturbances on bacterial communities associated 

to different morphological niches of the invasive C. cylindracea were investigated. In situ 

simulations of increased temperature and nutrient enrichment were done in submerged 

mesocosms for a stress period of three days, after which the algae were allowed to recover 

under natural conditions for nine days. Bacterial resistance and resilience to each treatment 

were determined using community composition similarities.  

In chapter 4, in light of the detrimental effects of climate change on ecologically important 

coastal ecosystems, changes to the health and epibacterial communities of the habitat-

forming seaweed, Cystoserira compressa, were characterized in response to heatwave stress 

and excessive nutrient load. The photosynthetic activity of the alga was used to evaluate the 

physiological condition in response to stress. Epibacterial community structure and 
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functioning was assessed to detect correlations to host conditions as well as trends in stress 

related bacterial community shifts. 

DNA-stable isotope probing (SIP) is an effective method of identifying bacteria involved in 

carbon utilization from various carbon sources, however, this technique has never before 

been used in siphonous seaweeds. In chapter 5, we explored the potential of using DNA-SIP 

for the identification of bacteria associated to Caulerpa involved in the acquisition of carbon 

from dissolved inorganic carbon (DIC) in the water column. First, we established a carbon 

incorporation curve for Caulerpa prolifera through labelled incubations with ¹³C labelled 

bicarbonate. Next, we critically evaluated the use of a well-established DNA-SIP protocol for 

uses in this algal model to identify potential key bacterial species from the total Caulerpa 

microbiome as well as the separations of the endo- and epibiome. This technique could be 

used to expand on research done in the previous chapters to elucidate further the key bacteria 

involved in carbon uptake under stress conditions. 

The general discussion, chapter 6, further summarizes the results from this thesis and delves 

deeper into their meaning in a larger context. Here we compare the individual research 

chapters to each other and provide potential links between the significant over-arching 

observations. This chapter also assesses the methods used in this thesis addressing the 

limitations of each technique and indicating potential alternatives. We end this chapter with 

a few overall conclusions and expand on future research. 

Appendix I, presents a concise review of the genus Caulerpa. This describes in more detail the 

physiology, genetics, distribution, ecology and economic value of Caulerpa. The diverse nature 

of the Caulerpa genus is explored and inconsistencies across previous research is resolved. 

The review also highlights areas of research where more in depth investigations should be 

performed.  
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Siphonous green seaweeds, such as Caulerpa, are among the most morphologically diverse 

algae with differentiated algal structures (morphological niches). Caulerpa is also host to a rich 

diversity of bacterial endo- and epibionts. The degree to which these bacterial communities 

are species-, or even niche-specific remains largely unknown. To address this, we investigated 

the diversity of bacteria associated to different morphological niches of both native and 

invasive species of Caulerpa from different geographic locations along the Turkish coastline of 

the Aegean Sea. Associated bacteria were identified using the 16S rDNA marker gene for three 

morphological niches, such as the endobiome, epibiome and rhizobiome. Bacterial community 

structure was explored and deterministic factors behind bacterial variation were investigated. 

Of the total variation, only 21.5% could be explained. Pronounced differences in bacterial 

community composition were observed and variation was partly explained by a combination 

of host species, biogeography and nutrient levels. The majority of the explained bacterial 

variation within the algal holobiont was attributed to the microenvironments established by 

distinct morphological niches. This study further supports the hypothesis that the bacterial 

assembly is largely stochastic in nature and bacterial community structure could possibly be 

linked to functional genes rather than taxonomy. 
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Bacteria are omnipresent in the marine environment. Biologists have also become increasingly 

aware that some bacteria form close associations with eukaryotic organisms (Relman 2008). 

Essential symbiotic relationships are established between bacteria and host organisms such 

as corals, sponges and macroalgae. Both corals and sponges are host to a rich diversity of 

microbes, both prokaryotic and eukaryotic, that are integral to their health and ecological 

success (Rosenberg et al. 2007, Webster and Thomas 2016). In seaweeds bacteria have been 

identified to associate both as intracellular endobionts and as epibionts integrated in complex 

surface biofilms (Egan et al. 2013). Endobionts and epibionts are distinct from one other and 

are hypothesized to contribute independently to specific functions that aid in maintaining 

regular functioning of the host (Wahl et al. 2012, Singh and Reddy 2014). Certain bacteria have 

developed functionally integrated symbioses with their respective host species and therefore 

can be regarded as a single biological entity, or holobiont. The genes present in the host as 

well as the associated microbial component are therefore collectively referred to as the 

hologenome (Reshef et al. 2006, Zilber-Rosenberg and Rosenberg 2008). Further reinforcing 

the hologenome theory, is the presence of cooperative bacteria that produce essential 

secondary metabolites and nutrients (Chisholm 1996, Dobretsov et al. 2006), which have been 

directly and indirectly linked to growth, morphogenesis, and the ecological success of 

macroalgae (Aires et al. 2013, Hollants et al. 2013b). Specific extracellular metabolites from 

the Cytophaga-Flavobacterium-Bacteroides group have been identified to have a direct 

influence on differentiation of Monostroma oxyspermum, as well as on the normal 

morphogenesis and germination of Ulva species (Matsuo et al. 2003, Spoerner et al. 2012). 

The algal chemosphere accommodates a complex interaction of cross-kingdom signalling 

molecules to facilitate symbiotic growth and development. For example, Ulva produces a mix 

of chemicals including DMSP, involved in microbial gardening that attracts and promotes the 

growth of beneficial bacteria. These symbiotic bacteria in turn release a range of metabolites, 

known as morphogens, that mediate successful cell division and rhizoid formation in the alga 

(Kessler et al. 2018).  

Despite these specific interactions high variability is observed in bacterial communities 

associated to macroalgae (Singh and Reddy 2014), which suggests that stochastic processes 
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are also involved in their assembly and recruitment. While variability at the individual level of 

host-associated bacteria is seemingly universal from observations regarding the human 

microbiome to observations in marine systems, these communities exhibit functional 

redundancy (Burke et al. 2011b, Bashan et al. 2016). Burke et al. (2011a) therefore proposed 

a lottery hypothesis illustrating that the assembly of specific bacterial groups in algae is related 

to their functional diversity as opposed to their taxonomic structure. Under this lottery 

hypothesis, the functional competency of a bacterial species is the key to their recruitment by 

a host. This has been recently demonstrated for Ulva australis where a core bacterial 

community could not be identified from the taxonomic composition, but rather a functional 

core was defined based on common gene profiles (Roth-Schulze et al. 2018). 

Several potential factors are involved in shaping bacterial communities and can act either 

independently of one another or as a combination of multiple effects (Figure 1). 

Environmental factors dictate the functional requirements of an ecosystem (Darling and Cote 

2008), and therefore are key drivers in bacterial community composition (Egan et al. 2013). 

Additionally, the evolutionary history of the host influences associated bacterial composition, 

with certain bacterial groups showing a higher affinity towards specific host species (Hollants 

et al. 2011b). Bacterial community composition can also be attributed to biogeography, 

although its contribution has been shown to be less notable than the variation seen from 

environmental factors (Lima-Mendez et al. 2018). While biogeography mainly dictates the 

range of biological dispersal, it can influence both available hosts as well as environmental 

parameters such as nutrient profiles, temperature, benthic habitat and light availability. 

Therefore, combining all these factors together, a biogeographic signature can be seen for 

bacterial community profiles. Although a large homogeneity of bacterial species is still 

observed across geographic regions and the signal is less prominent than what is seen for 

macro-organisms, environmental parameters should still be considered a driving force behind 

observed bacterial structure (Van der Gucht et al. 2007). 
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Figure 1| Overview of the potential influences on bacterial community composition. Each panel 
describes individual drivers of bacterial variation observed within the marine biosphere 

 

The importance of bacterial interactions concerning seaweeds is evident through the study of 

several organisms. More specifically siphonal green algae, which are large single-celled 

organisms with multiple nuclei that are differentiated into morphologically distinct niches 
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(Jacobs 1994), have been shown to host integrated bacteria both as endobionts and epibionts 

(Delbridge et al. 2004, Aires et al. 2013). Taxonomically diverse bacterial communities have 

been shown in Bryopsis, with certain bacterial groups consistently identified across 

geographical regions (Hollants et al. 2011b). The green alga Caulerpa has also been shown to 

contain complex and rich bacterial associations more diverse than Bryopsis, and is emerging 

as a model to study algal-bacterial associations in green seaweeds (Aires et al. 2015, Arnaud-

Haond et al. 2017). A high percentage of the endobacteria associated to Caulerpa show a tight 

association with their host species, while epibacterial communities are more likely to be 

influenced by the environment (Aires et al. 2013). A significant portion of these tightly 

associated endobionts has been suggested to be inherited by host progeny through asexual 

reproduction and bacterial associations with gametes (Arnaud-Haond et al. 2017). This is 

consistent with findings from Burr and West (1970), where intracellular bacteria were 

observed inside the gametes from Bryopsis hypnoides. Several Caulerpa species from different 

geographic locations also share common bacteria (Aires et al. 2015), suggesting that some 

bacterial groups persist in various ecological niches regardless of host species or geography. 

Furthermore, differences identified in the transcriptome of Caulerpa from base to apex of the 

thallus (Ranjan et al. 2015) suggest that functional requirements within siphonous algae are 

unique to each segment of the thallus. It has been described that differentiated parts of the 

siphonal algae Caulerpa form individual morphological niches that have distinct functions 

associated to each niche (Chisholm 1996, Dobretsov et al. 2006, Ranjan et al. 2015); therefore, 

it is logical to suggest that bacterial associations differ correspondingly. 

Comparisons between the bacterial communities of the Caulerpa endobiome, epibiome and 

rhizobiome have not yet been fully described, with little known regarding the environmental 

drivers of algal microbiome composition as well as these influences on particular 

morphological niches. In this study, bacterial communities for different morphological niches 

of Caulerpa cylindracea and Caulerpa prolifera found along the Turkish coastline of the Aegean 

Sea were characterized. This study aims to (1) discriminate between bacteria associated to 

the endobiome, epibiome and rhizobiome; (2) assess common and unique bacterial 

operational taxonomic units (OTUs) for each sample type; (3) partition driving forces behind 

bacterial community compositions, such as morphological niche, and a combination of host 

species and ecological factors; and (4) investigate drivers for each morphological niche 
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individually. Here we propose two main hypotheses, firstly that bacterial species in common 

between algal hosts are also shared across morphological niches, whereas unique bacteria 

associated to a morphological niche are also then unique to each host species.  Secondly, we 

hypothesize that inter-variability within an algal thallus, i.e. functional requirements of each 

morphological niche, has a larger influence on bacterial community composition, than other 

environmental factors.  

 

Sample collection and preparation  

Along the Turkish coast of Izmir, four sampling sites were chosen for this study (Figure 2). Sites 

differed in their nutrient profiles, depth and benthic composition concerning surrounding 

macrophyte community. Site characteristics collected in situ on day of sampling are 

summarized in Table 1. Native C. prolifera was present at two of the sites (CS1 and CS2), 

whereas the invasive C. cylindracea was present at three (SF, DK, CS2), with only one site, CS2, 

where both occurred together. Morphologically, sampling units (SUs) comprised of 

interconnected thalli, stolon and rhizoids, were taken for each species from each site in 

triplicate, totalling 15 individuals, where three replicates were taken for each species at each 

site (i.e. three SUs of C. cylindracea from each of the sites DK, SF and CS2; and three SUs of C. 

prolifera from each of the sites CS and CS2). Each SU obtained originated from a separate algal 

individual. Each algal thallus was further separated into three distinct morphological niches, 

namely endobiome, epibiome and rhizobiome fractions (n = 45). One frond from each SU was 

surface sterilized using a protocol adapted from Hollants et al. (2013) (further detailed in the 

supplementary information), in order to recover the endobiome fraction. Prior to sterilization, 

swabs of the surface epibionts were taken by gently swabbing the surface of the entire frond 

to collect the maximum amount of epiphytic bacteria. Rhizoids were washed with sterile 

seawater and separated with a sterile blade. All samples were then frozen at -20°C until 

further analysis. Nutrient levels of the standard seawater nutrients nitrite, nitrate, phosphate, 

ammonia and silicate were measured using a SAN++ Automated Wet Chemistry Analyzer - 

Continuous Flow Analyzer (Skalar Analytical B.V.) following the manufacturer’s instructions. 
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DNA isolation and sequencing 

Microbial DNA was extracted from all samples following the protocol by Doyle and Doyle 

(1987), with slight modifications. Both the thallus and rhizoid samples were homogenized with 

liquid nitrogen and were subjected to an additional bead-beating step preceding the standard 

protocol. The bacteria-specific 16S rDNA gene was amplified in a nested PCR approach, first 

using the universal primers 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5'-

TACGGYTACCTTGTTACGACTT-3’) according to Lane (1991). A post-PCR clean-up was done 

using AMPure® bead purification (Beckman Coulter, Inc., CA) according to the manufacturer’s 

instructions. Following the approach used by Aires et al. (2012), a second PCR was done 

targeting the V5-V7 hypervariable regions of the bacterial 16S rRNA gene using the primers 

799mod3F (5’-GGATTAGATACCKGG-3’) and 1193R (5’-ACGTCATCCCCACCTTCC-3’) which have 

been shown by Hanshew et al. (2013) and Bodenhausen et al. (2013), to reduce chloroplast 

contamination. These primers included Illumina overhang sequences used for ligation of index 

tags during library preparation. The second PCR started with an initial denaturation step of 5 

min at 95°C. This step was followed with 10 cycles of 1 min denaturation at 95°C, a touchdown 

annealing step starting at 65°C, decreasing in increments of 0.5 to 60°C, and an extension at 

72°C for 3 min. An additional 15 cycles using the lowest annealing temperature were then 

performed, with a final extension period of 20 min at 72°C. Again AMPure® bead purification 

was used to clean PCR products. Sequence libraries were constructed using the NexteraXT 

DNA sample preparation kit for dual indexing of the sequences, ligated by an additional PCR 

of 12 cycles. Sequences were sent to BaseClear for Illumina MiSeq v3 (2 x 300bp) sequencing 

after additional AMPure® bead purification and equimolar pooling of the samples.  
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Figure 2| Map of the sampling sites along the Izmir coast in Turkey. A total of four sites were 
selected, two within the Çeşme region (CS1 & CS2) as well as Dikili (DK) and, Seferihisar (SF).



 

 

Table 1. Summary of the environmental parameters for each site.  

Site 
Substrate 
composition 

Spatial 
Coordinates 

Caulerpa 
species 

Sampling 
Units (SU) 

Total nr. 
Samples 

Temp 
(°C) 

Nitrite 
(µg/l) 

Nitrate 
(µg/l) 

Silicate 
(µg/l) 

Ammonia 
(µg/l) 

Phosphate 
(µg/l) 

 

SF Mixed 38°11’50.5”N; 
26°46’19.7”E 

C. cylindracea 3 9 19 3.99 23.27 318.54 185.67 12.58  

DK Sandy 39°07’27.7”N; 
26°51’08.1”E 

C. cylindracea 3 9 18 5.3 28.01 < 50.00 367.49 64.17  

CS1 Sandy 38°19’39.6”N; 
26°17’50.3”E 

C. prolifera 3 9 17 1.17 15.29 < 50.00 50 0.99  

CS2 Sandy 38°19’03.5”N; 
26°17’12.0”E 

C. cylindracea & 
C. prolifera 

6 18 19 1.18 7.87 < 50.00 75.99 0.9  
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Data processing 

Demultiplexed files with primers pre-trimmed were obtained from the sequencers. After 

initial quality assessment of the raw amplicon reads, the reverse reads were trimmed to 

improve overall sequence quality. Paired-end sequences were then merged using the 

BBMerge function as a part of the BBTools package (Bushnell et al. 2017) with a minimum 

overlap of 50 bp and no gaps were allowed in the overlapping region of the aligned reads. 

Reads with a length less than 260 were removed before assembly. Further quality filtering was 

done with a maximum expected error set at 0.5 and assembled reads with a length longer 

than 420 bp were discarded. Following the pre-processing of the reads, sequences were 

processed using the UPARSE pipeline (Edgar 2013) as part of the USEARCH package (Edgar 

2010). After dereplication, OTUs were binned at a similarity threshold of 97%. Clustering was 

done using the cluster_otus command based on the UPARSE-OTU algorithm that 

simultaneously removes chimeric sequences. Taxonomy was assigned with mothur (Schloss 

et al. 2009) using the RDP database release 11 (Cole et al. 2014) at a confidence of 90%. An 

OTU table was generated and amended with metadata using qiime 2 (Caporaso et al. 2010) in 

the biom JSON format for further statistical analysis.  

 

Statistical analyses and visualization 

All statistical analyses were performed in R software 3.1.2 (R Development Core Team 2010), 

using the “phyloseq” package (McMurdie and Holmes 2013). Data were imported as a biom 

complex file incorporating a phylogenetic tree constructed using FastTree2 (Price et al. 2010). 

All samples were rarefied to the minimum sample size of 3753 reads, with a Good’s coverage 

index calculated for each sample (Good 1953). Sample β-diversity was explored visually using 

a non-metric multidimensional scaling (nMDS) plot using Bray-Curtis dissimilarity and 

variables were investigated by permutational multivariate analysis of variance (PERMANOVA) 

performed using the adonis2 function in the “vegan” R-package version 2.4-6 (Oksanen et al. 

2016). Moreover, variation partitioning was done using the varpart function also included in 

the “vegan” R-package version 2.4-6 (Oksanen et al. 2016) and relevant explanatory matrices 

tested for significance using the anova.cca command. For these analyses, nutrient values were 

log transformed and spatial coordinates were converted into Principal Coordinates of 

Neighbourhood Matrix using distances calculated in the earth.dist command as part of the 
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“fossil” R-package. Further community comparisons were explored using the “microbiome” R-

package (Lahti and Shetty et. al 2017) and key bacteria, classified to order level, were 

identified by performing a species indicator analysis with the “indispecies” R-package, v 1.7.6 

(De Caceres 2009). 

 

Functional Analysis 

The functional profiles of each morphological niche in response to different treatments were 

determined by inferring one or more metabolic function (chemoheterotrophy, aerobic 

chemoheterotrophy, sulphate respiration, respiration of sulphur compounds, fermentation, 

sulphite respiration, methylotrophy, methanol oxidation, nitrate reduction, animal parasites 

or symbionts, hydrocarbon degradation, human pathogens all, methanotrophy, intracellular 

parasites, anoxygenic photoautotrophy S oxidizing, anoxygenic photoautotrophy, 

photoautotrophy, phototrophy, nitrate respiration, nitrogen respiration, predatory or 

exoparasitic, dark oxidation of sulphur compounds, aromatic compound degradation 

cellulolysis, nitrate denitrification, nitrite denitrification, nitrous oxide denitrification, 

denitrification, nitrite respiration, ureolysis, human gut, mammal gut, dark hydrogen 

oxidation, aerobic nitrite oxidation, nitrification, aromatic hydrocarbon degradation, aliphatic 

non methane hydrocarbon degradation, chitinolysis) from the 16S rRNA gene using the 

Functional Annotation of Prokaryotic Taxa (FAPROTAX) database (Louca et al. 2016). 

FAPROTAX, an alternative to genomic prediction approaches such as PICRUST (Langille et al. 

2013), is a manually curated database that links assigned taxonomy identifications to putative 

functions derived from cultured prokaryotes representative of a specific species or genus. 

FAPROTAX therefore assumes that uncultured bacterial species have similar functional 

profiles to that of cultured species within a particular genus. As a result, the accuracy of this 

prediction is highly dependent on the quality and resolution of 16S rRNA gene identification 

and thus leads to only a few functional assignments. 

The functional profiles of the bacteria associated to each morphological niche were compared 

by permutational multivariate analysis of variance (PERMANOVA) with 9999 unrestricted 

random permutations based on the Bray-Curtis dissimilarities performed using the ”adonis2” 

function and significant functional groups were identified using the similarity of percentages 

(SIMPER) analysis both from the “vegan” R-package version 2.4-6 (Oksanen et al. 2016) 
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Applying a meta-barcoding approach targeting the V5-V7 region of the 16S rRNA gene, a total 

of 1.05 million raw paired–end reads (approximate length of 300 bp each) were generated 

using the Illumina MiSeq v3 platform. After merge-pair assembly, chimera detection and 

quality filtering, 86% of the reads were retained. Downstream analysis was performed on 907 

639 high quality reads corresponding to the sample set used in this study. The OTU richness 

observed in the samples was 1657, with OTU binning set at 97% similarity. The number of 

OTUs per sample ranged from 62 to 469 OTUs, with an average of 14 516 reads per sample 

and a Good’s coverage between 98.5% and 99.9% (Table S1). Read numbers were normalized 

through rarefaction to the minimum number of reads, 3640 (Figure S1), removing 177 OTUs 

of low abundance. A total of 1480 OTUs remained after rarefaction (Figure 3), of which 624 

were shared between both Caulerpa species. C. prolifera had a set of 464 unique OTUs, 

whereas C. cylindracea had 392 unique OTUs. Of the shared fraction, 325 OTUs were found 

across all three morphological niches. Within the species-specific OTUs, 5 to 10 times the 

number of OTUs were found to be unique to each morphological niche as opposed to being 

shared among any of the respective niches. 

Bacterial communities shared between Caulerpa species are presented in Figure 4a. 

Classification is comprised of 13 classes, with the unclassified portion constituting less than 

10% on average. The number of Proteobacteria, dominated by Gammaproteobacteria, 

outweighed the other taxonomic groups across all morphological niches. Betaproteobacteria 

were more prevalent in the endobiome, whereas Deltaproteobacteria were more abundant 

in the rhizobiome.  Alphaproteobacteria were found consistently across all samples. Although 

variability is observed between samples, overall the community structure of each 

morphological niche among the shared OTUs was noticeably similar. The classification of the 

unique OTUs specific to each Caulerpa species is illustrated by Figure 4b and Figure 4c, with 

the relative abundances averaged across samples to observe trends. Proteobacteria were still 

found in high abundances and were dominant in all niches, but class structure within this 

phylum varied among sample types. In contrast to the shared fraction, community profiles of 

the unique OTUs were distinct from each other, with more unclassified phyla observed (~18-

40%). Within these unique fractions, Fusobacteriia were only present in the epibiont samples, 

with high abundances observed in C. cylindracea, and minimal presence in C. prolifera. 
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Comparing the unique OTUs for the two species, Actinobacteria are shown to be more 

abundant than Acidobacteria Gp10 in C. cylindracea, however the opposite is true for C. 

prolifera. Bacteroidia were found in the unique endobiome and rhizobiome fractions for C. 

prolifera, as well as the unique epibiome fraction of C. cylindracea. Bacilli were more abundant 

in both endobiomes. Planctomycetia were only present in the unique endobiome and 

epibiome C. cylindracea OTUs. Verrucomicrobiae were exclusively observed in the unique 

endobiome and epibiome OTUs of C. prolifera, with Armatimonadetes Gp5 also exclusively 

being found in the epibiome fraction.  

Comparisons between microbiomes were done to analyse significant factors influencing the 

bacterial composition. A NMDS plot was done to visually investigate the β-diversity of the 

samples (Figure S2). No highly distinct separations were observed and the potential 

explanatory variables were further investigated using PERMANOVA. Results of the 

PERMANOVA (Table 2; Table S2) indicate that morphological niche (p = 0.0001), 

environmental conditions (p = 0.0001) and the combination thereof (p = 0.0211) contributed 

significantly to the differences observed. Furthermore, host species had a significant effect on 

the bacterial communities (p = 0.0222). Different factors were observed to influence the 

bacterial diversity for the individual morphological niches (Table 2; Table S2). While the 

influence of both host species and the environment was significant for the epibiome (p = 0.037 

and p = 0.0079, respectively), neither showed a significance for the endobiome. The bacterial 

rhizobiome demonstrated significant influences from environmental factors (p = 0.0431) 

alone. 
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Figure 3| Venn diagram showing the separation of OTUs between Caulerpa species and 
morphological niches. Shared OTUs as well as unique OTUs for each species are shown in 
shades of green. Further separations between morphological niches for both shared and 
unique OTUs are shown: endobiome (green), epibiome (blue), rhizobiome (beige). 
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Figure 4| Taxonomic distribution of the bacterial communities. Relative abundances of phyla 
are shown for the shared fractions for each Caulerpa species (a), as well as the average 
relative abundances of unique fractions for C. cylindracea (b), and C. prolifera (c). 

 

 

To investigate the drivers of bacterial diversity between samples further, variation partitioning 

was performed. The explanatory variable with the most significant influence on total variation 

was morphological niche (p = 0.002). The combination of environmental factors including 

physiochemical parameters, host species and spatial coordinates (Table 1) were arguably 

significant (p = 0.047). While the majority of the variation observed remains unexplained at 

78.50%, the morphological niche exclusively contributes to 12.35% of the variation, while the 

environmental component is responsible for 8.02% of the variation. Additionally, when 

examining the influences on individual bacterial phyla, proportions attributed to the 

explanatory variables shift depending on the phylum. Significant contributing factors for each 

phylum were summarized (Table 3).  The contribution patterns observed for the entire dataset 

are also observed for the most dominant phylum, Proteobacteria. Analysis of Bacteroidetes 

and Acidobacteria revealed that less than 5% of the variation can be explained by either the 
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morphological niche or the environment. For Actinobacteria, morphological niche influences 

7.01% of the variation, whereas the environment contributes less than 1% to the variation. 

Alternatively, when focusing on Ignavibacteriae, morphological niche accounted for none of 

the variation observed, while 6.86% was attributed to the environment.  

Separating the individual morphological niches provided no significant partitioning for the 

bacterial variation in the endobiome and epibiome. However, when analysing the rhizobiome 

separately, the contribution of environmental influence is 30.48% (p = 0.042), with 69.52% 

remaining unexplained. The factor contributing significantly to the environmental influence is 

nitrate level (p = 0.0457). Further analysis for each bacterial phylum indicated the significant 

influence of environmental factors for four phyla, Acidobacteria, Actinobacteria, Deinococcus-

Thermus and Proteobacteria. For Proteobacteria and Actinobacteria, nitrite level was the 

most significant factor contributing to the total environmental effect. For Acidobacteria and 

Deinococcus-Thermus, this was ammonia and silicate levels, respectively (Table 4).  

Additionally, a species indicator analysis revealed certain bacteria responsible for the 

differences seen between each morphological niche (Figure 5). The majority of bacteria having 

a significant contribution to the variation seen belong to the phylum Proteobacteria, with 

unclassified Alphaproteobacteria, Rhizobiales, Rhodobacterales and unclassified 

Gammaproteobacteria  identified as significant indicator species for all three morphological 

niches. Bacteroidetes classified as Flavobacteriales and an unknown order also contained 

species significant for all morphological niches. Xanthomonadales were exclusively significant 

for the endobiome, whereas Sphingobacteriales and Sphingomonadales were only significant 

in the epibiome. Cytophagales and Desulfuromonadales were significant indicator species for 

the rhizobiome. Indicator species exclusive for a particular niche correlated with high 

abundances (>50%) represented within the respective niches. For the endo- and epibiome, 

Acidimicrobiia, an unknown order of Actinobacteria, Chromatiales and Enterobacteriales, 

were significant indicators, correspondingly found in low abundances (<10%) within the 

rhizobiome. Burkholderiales was the only order significantly shared by the endo- and 

rhizobiome, with low abundances in the epibiome.  

Further investigations were done into the differences between bacterial communities at a 

functional level by assigning functional capabilities to the available OTUs using FAPROTAX 

(Louca et al. 2016). From the total 1480 OTUs, 147 OTUs were assigned to a functional group, 
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with the remaining OTUs being unassigned (90.07%). More than one functional group was 

assigned to a particular OTU resulting in 360 functional assignments. The functional profiles 

of each morphological niche were compared and found to be significantly different from one 

another (Table 5). Key functions attributing to the differences between morphological niches 

were identified by SIMPER analysis. The rhizobiome exhibited a significantly higher abundance 

of two functional groups when compared to the epibiome (chemoheterotrophy and aerobic 

chemoheterotrophy; Table 6, Table S3.1), whereas when compared to the endobiome 

significant differences were observed in 12 functional groups (chemoheterotrophy, aerobic 

chemoheterotrophy, sulphite respiration, nitrate reduction, animal parasites or symbionts, 

hydrocarbon degradation, human pathogens all, anoxygenic photoautotrophy, 

photoautotrophy, phototrophy, nitrate respiration, and nitrogen respiration; Table 6, Table 

S3.2). There was a significantly higher abundance of animal parasites or symbionts found in 

the epibiome in comparison to the endobiome (Table 6, Table S3.3). 

 

 

Table 2.  Summary of the PERMANOVA analyses based on Bray–Curtis dissimilarities of OTU 
abundances for bacterial communities within the whole microbiome and separate 
morphological niches. 

Factor 
Complete 

microbiome 
Endobiome Epibiome Rhizobiome 

Morphological niche 0.0001 - - - 

Host  0.0222 0.0501 0.037 0.2437 

Environment* 0.0001 0.2074 0.0079 0.0431 

Morphological niche:Host  0.0753 - - - 

Morphological niche:Environment* 0.0211 - - - 

*Environment = spatial coordinates + nutrient profiles; Significant p-values (alpha ≤ 0.05) are 
shown in bold. 
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Table 3. Significant contributions to observed variation for individual bacterial phyla for all three morphological 
niches. 

Phylum 
Source of variation 

Unexplained 
Morphological 

niche 
p-value Environment* 

Contributing 
environmental factor 

p-value 

Actinobacteria 92.11% 7.01% 0.007 0.15% -  

Acidobacteria 97.13% 0.78% 0.014 1.97% 
Host  0.0002 

Ammonia 0.0030 

Bacteroidetes 95.00% 1.24% 0.507 3.54% 
Silicate 0.0033 

Nitrite 0.0549  

Ignavibacteria 93.14% 0.00% 0.177 6.86% Silicate 0.0080 

Proteobacteria 77.17% 13.97% 0.001 7.24% 
Nitrite 0.0357 

Silicate 0.0744 

*combination of all environmental variables (geography, host, nutrient levels and temperature) 

Table 4. Significant contributions to observed variation for bacterial phyla found in the rhizobiome. 

 

Phylum 
Source of variation 

Unexplained Environment* Contributing environmental factor p-value 

Actinobacteria 89.34% 10.66% Nitrite 0.0103 

Acidobacteria 95.32% 4.68% Ammonia 0.0039 

Deinococcus-Thermus 97.22% 2.78% Silicate 0.0372 

Proteobacteria 63.96% 36.04% Nitrite 0.0487 

* combination of all environmental variables (geography, nutrient levels and temperature) 
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Figure 5| Results of the species indicator analysis and the analysis of similarity of variance between 
the three morphological niches. ANOSIM: R = 0,236; P value = 0.0001. The proportion of each 
bacterial group within a morphological niche was calculate calculated as a percentage of total 
reads assigned to each classification level 
 

 

Table 5. PERMANOVA analyses based on Bray–Curtis dissimilarities of functional profiles of the bacterial 
communities. 

Source df SS MS Pseudo F R² p 

Morphological niche 2 12.917 0.64585 26.183 0.05239 0.0074 

Species 1 0.2858 0.28576 11.585 0.01159 0.2932 

Morphological 
niche:Species 

2 16.159 0.80793 32.753 0.06554 0.0013 

Residuals 87 214.604 0.24667  0.87047  

Total 92 246.537   100.000  
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Table 6. SIMPER analysis. Contribution of the different functional groups of the bacterial community associated 
to different morphological niches of Caulerpa thalli 

Function average sd ratio avRhiz avEpi avEndo cumsum p-value 

(a) Rhizobiome vs. Epibiome         

chemoheterotrophy 0,308 0,155 1,994 3702,000 2467,667  0,438 0,037 

aerobic chemoheterotrophy 0,303 0,157 1,930 3631,778 2449,133  0,869 0,021 

(b) Rhizobiome vs. Endobiome         

chemoheterotrophy 0,296 0,146 2,030 3702,000  1155,451 0,407 0,026 

aerobic chemoheterotrophy 0,286 0,151 1,894 3631,778  1104,510 0,799 0,049 

sulphite  respiration 0,011 0,023 0,480 23,519  11,451 0,947 0,023 

nitrate reduction 0,003 0,008 0,369 5,333  2,157 0,967 0,021 

animal parasites or symbionts 0,002 0,006 0,400 5,111  0,333 0,970 0,002 

hydrocarbon degradation 0,002 0,005 0,316 3,704  0,000 0,972 0,001 

human pathogens all 0,002 0,004 0,390 2,556  0,725 0,974 0,001 

anoxygenic photoautotrophy 0,001 0,004 0,265 1,593  0,000 0,981 0,006 

photoautotrophy 0,001 0,004 0,265 1,593  0,000 0,982 0,006 

phototrophy 0,001 0,004 0,265 1,593  0,000 0,984 0,006 

nitrate respiration 0,001 0,004 0,265 1,593  0,000 0,985 0,006 

nitrogen respiration 0,001 0,006 0,209 1,148  0,020 0,987 0,002 

(b) Epibiome vs Endobiome         

animal parasites or symbionts 0,001 0,006 0,202   1,667 0,000 0,990 0,048 

average = average contribution to overall dissimilarity, sd = standard deviation of contribution, ratio = average to 
sd ratio, avRhiz = average abundance of the functional groups belonging to the rhizobiome community,  avEpi = 
average abundance of the functional groups belonging to the epibiome community, avEndo = average 
abundance of the functional groups belonging to the endobiome community, cumsum = cumulative 
contribution, p-value = probability of getting a larger or equal average contribution in random permutation of 
the group factor 
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This study characterises bacterial communities associated to both native and invasive species 

of the green alga Caulerpa and investigates the taxonomic composition of these communities 

distributed on a macroscale between different geographical locations and at a microscale 

relating to location within an algal individual. Drivers influencing the observed bacterial 

community variation were assessed and partitioned into two categories describing 

environmental effects and the impact of morphological niche. Both the native and invasive 

species of Caulerpa are host to a rich microbiome, with unique OTUs specific to each species. 

Distinct communities were also associated with the different niches studied. While the 

majority of the variation observed remains unexplained, the largest identified portion (approx. 

12%) was attributed to microscale location within the alga, i.e. the morphological niche. 

Approximately 8% of the variation was linked to a set of environmental parameters which was 

comprised of host species, biogeography, and nutrient profiles 

Bacterial variation has been shown to be influenced by several factors, including host species, 

geography and environmental parameters, with a large fraction remaining unexplained 

(Hollants et al. 2013b). The results shown here in which the 78,5% of the observed microbial 

variation remains unexplained, are congruent with previous studies. A possible explanation 

for the high level of unexplained variation is that using the 16S rDNA gene meta-barcoding 

approach is insufficient to capture phenotypic differences between bacterial groups. This can 

be a result of a phylogenetic decoupling between the 16S rDNA gene and other functional 

capacities described for bacteria, assigning the same bacterial classification to functionally 

distinct bacteria (Angermeyer et al. 2016, Cheaib et al. 2018, Fang et al. 2019). Alternatively, 

it could be a similarity threshold issue concerning the resolution of 16S rDNA gene binning 

based on limited reference databases or an overestimation of diversity due to intra-genomic 

heterogeneities of the 16S rRNA gene (Bodilis et al. 2012). Additionally the unexplained 

proportion can also be attributed to current variation models failing to simulate accurate 

environmental and spatial factors and therefore these models can only be used as exploratory 

tools (Gilbert and Bennett 2010).  

The bacterial variation observed in this study suggests either one of two main underlying 

mechanisms of bacterial recruitment. Firstly, that bacterial recruitment is predominantly 

deterministic and the high degree of variation could possibly be explained by environmental 
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and biotic factors, or a complex combination thereof, which were not captured in this study. 

Indeed many physical and chemical properties of the surrounding seawater were not 

addressed in this study. Our results show that deterministic factors such as host, environment 

and morphological niche do in fact influence bacterial communities, albeit only 21.5%. While 

incorporating more factors into the analyses may resolve some of the unknown bacterial 

variation, it is likely that a large proportion would remain unexplained as is observed in other 

studies (Hollants et al. 2013b, Lima-Mendez et al. 2018), leading to the proposal of a second 

mechanism of bacterial recruitment. This proposes that bacterial assembly may be largely 

stochastic in nature, but still adheres to certain deterministic elements such as environmental 

factors, biogeography, host and location within the algal thallus. These elements influence 

bacterial community structure by creating functional niches that define which bacteria will be 

ecologically successful (Dumbrell et al. 2010). Additionally we observed distinct functional 

differences between bacterial communities of unique morphological niches (Table 5), 

therefore we can support the notion that bacterial composition may be reliant on functional 

organisation of bacterial communities rather than on the taxonomic component. Specific 

bacterial compositions therefore emerge, forming functionally stable interactions with their 

respective host (Fan et al. 2012).  This concept has been developed in context of algal-bacterial 

associations by the competitive lottery hypothesis proposed by Burke et al. (2011a), in which 

Ulva associated bacterial communities displayed a higher similarity based on metabolic 

capability rather than on the taxonomic composition. Variation in bacterial communities 

between identical host species also indicates a high degree of stochasticity involved in 

bacterial recruitment dynamics (Bashan et al. 2016), suggesting that bacterial assembly 

involves a complex combination of deterministic and stochastic features (Zhou et al. 2013). 

Variation between samples also could be attributed to temporal fluctuations of environmental 

factors, resulting in temporal bacterial variation as seen with the epibacterial communities of 

Cystoseira compressa (Mancuso et al. 2016). Moreover the influences of deterministic and 

stochastic factors have been found to be dynamic, affecting microbial community composition 

differently in relation to time (Zhou et al. 2014). Therefore different conditions present during 

algal thallus development could influence early microbial colonizers, resulting in alternative 

bacterial communities for morphological niches at different vegetative stages. Due to this 

added complexity, the developmental stage of the algal thallus combined with past 
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environmental conditions should be taken into consideration when analysing natural 

seaweed-bacterial communities.  

Another factor to consider is host mediated microbial gardening through the release of 

chemical compounds Metabolic cooperation is essential in shaping microbial community 

structures (Mee et al. 2014), with complementary functions being facilitated by different 

bacteria that support holobiont stability and ecological fitness (Lemanceau et al. 2017). This 

study supports this notion by demonstrating that there are distinct bacterial functional 

profiles between the endo-, epi- and rhizobiome, which are likely linked to the functional 

requirements of each specific niche. Research has shown that complex bacterial interactions 

are present within communities, suggesting a stochastic mechanism for recruitment of 

bacteria and the absence or presence of certain bacterial groups within a community is 

therefore dictated by inter-species interactions with existing bacterial groups as well as a 

degree of randomness caused by competition of functionally equivalent alternatives (Song et 

al. 2015, Bashan et al. 2016). The bacterial community that is initially associated to a host 

therefore partially governs the subsequent bacterial community succession.  

The concept of functional priority in bacterial recruitment is further supported by the 

identification of unique communities associated to individual morphological niches. 

Differences in functional requirements for each microenvironment are evident in the 

literature, therefore variations in bacterial community composition on a microscale are 

expected (Stubbendieck et al. 2016). Studies done on Sargassumm muticum also indicate a 

separation of distinct bacterial communities at a tissue level, and demonstrate that these 

communities respond differently to temporal factors (Serebryakova et al. 2018). Within 

Caulerpa taxifolia, distinct transcriptomic differences are identified between the base and 

apical region (Ranjan et al. 2015). Functional expression of genes is therefore niche-specific 

and bacterial association would follow suit. The epi- and endobiome communities of Caulerpa 

species have been shown to be distinct from one another (Aires et al. 2013). Epiphytic biofilms 

are complex systems that have been underestimated regarding their ecological impact and 

have been shown to provide essential metabolites for the ecological success of the host (Wahl 

et al. 2012, Egan et al. 2013). Endophytic symbionts have been shown to be tightly associated 

to their host and stable over time (Hollants et al. 2011b, Arnaud-Haond et al. 2017). It is 

assumed that epibacterial communities are less stable than endobionts due to increased 
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susceptibility to environmental factors (Arnaud-Haond et al. 2017) and the data shown in this 

study demonstrates the influence of host and environment play a significant role in the 

bacterial structure of the epibiome and do not for that of the endobiome, although the 

principle of stochastic recruitment is evident across both niches. 

Distinct bacterial associations were identified for each morphological niche, where the 

bacterial orders Flavobacteriales, Sphingobacteriales, Rhodobacterales, Sphingomonadales 

and Enterobacteriales were found to be more abundant in the epibiome. Aires et al. (2013) 

similarly showed the high prevalence of Flavobacteriales, Sphingobacteriales and 

Rhodobacterales in non-disinfected samples linking them the epibiome of Caulerpa species.  

At the family level Flavobacteriaceae, Sphingomonadaceae and Rhodobacteaceae have been 

shown to associated to the epiphytic bacterial communities of Ulva australils (Burke et al. 

2011b). In contrast, Flavobacteriaceae have been exclusively linked to the endobiome of 

Bryopsis (Hollants et al. 2011a). While Xanthomonadales have been previously associated to 

the epibiome of Caulerpa (Aires et al. 2013), our results indicate that Xanthomonadales are 

more prevalent in the endobiome of C. prolifera and C. cylindracea, as is observed in Bryopsis 

(Hollants et al. 2011a). In the study by Aires et al. (2015), Burkholderiales was identified as a 

key bacterial group belonging to the core microbiome community in Caulerpa. Similarly our 

results identified Burkholderiales as highly abundant in the Caulerpa endobiome also 

significantly attributing to the bacterial variation between endobiome and other 

morphological niches. In the rhizobiome, Cytophagales, Desulfobacterales and 

Desulfuromonadales were highly abundant and significant contributed to the community 

dissimilarity of the rhizobiome compared to the endo- and epibiomes. 

Factors influencing bacterial community composition in the rhizobiome can be subdivided into 

two levels; function-related and environment-related. Rhizoids of Caulerpa are involved in 

substrate adhesion as well as specialised functions such as nutrient uptake from the sediment 

and organic matter turnover (Chisholm and Moulin 2003, Fagerberg et al. 2012). Surface 

bacteria, as well as intracellular bacteria have been identified within rhizoid structures of 

Caulerpa taxifolia and have been linked to metabolic functions such as nitrogen fixation 

(Chisholm 1996). Therefore, the Caulerpa rhizobacterial community is distinct from other algal 

niches, reflecting the functional requirements of the rhizobiome. Additionally, marine 

sediments exhibit a horizontal heterogeneity that results in spatial variability of bacterial 
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communities even on a centimetre scale (Scala and Kerkhof 2000). In this study environmental 

factors are shown to have higher influence on the community composition of the rhizobiome 

than other morphological niches, with nitrate concentration contributing significantly to the 

variation observed. Furthermore sediment microbes have also been shown to influence the 

invasive potential of macrophytes, signifying that microbial community functions are 

important for successful invasions (Gribben et al. 2017). Comparisons between bacterial 

communities between native and invasive species of Caulerpa, have suggested that bacterial 

symbionts influence the invasive capacity (Arnaud-Haond et al. 2017). However, our data does 

not indicate that the invasive C. cylindracea has a bacterial advantage, based on the taxonomic 

structure of the communities. Additional investigations into the functional profiles in 

responses to different environments for both native and invasive species should be done to 

further elucidate the potential role microbes play in algal invasions. 

Shifts in bacterial diversity over time and functional redundancy within bacterial groups allow 

for the continued stability of the algal holobiont. While exclusive bacterial interactions may 

be metabolically more efficient, there is an increased chance of ecological collapse. Therefore 

highly competitive bacterial groups promote flexible metabolic dependencies that sustain 

ecological stability (Coyte et al. 2015). Additionally the physiological state of a host influences 

bacterial colonization (Mancuso et al. 2016). Host physiology can be affected by the presence 

of parasitic organisms as well as environmental conditions. Unfavourable conditions may lead 

to the ecological demise of a host and introduce opportunistic bacterial colonizers (Gachon et 

al. 2010). Alternatively in such situations the host may attract bacteria able to alleviate stress 

effects.  

The results presented in this study show that OTUs shared by both species tend to also be 

shared across morphological niches, whereas the majority of the species-specific OTUs are 

also unique to a specific niche (Figure 3). Niche specificity at an OTU level supports the concept 

of functional differentiation between niches and that bacterial recruitment is influenced by 

function (Burke et al. 2011a), which should be further investigated to confirm. Nevertheless, 

the 325 shared OTUs may be indicative of a conserved core microbiome specific to Caulerpa. 

However, the presence of a core microbiome should be further analysed through the 

characterisation of functional profiles rather than taxonomic identification due to functional 

redundancy exhibited in bacterial groups (Lemanceau et al. 2017).  
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In conclusion, this study extends the framework of the research previously done in this field, 

with several interesting findings complementary to the work done by Aires et al. (2015). The 

results here further elaborate on the separation of morphological niches and incorporate 

variation partitioning to further understand the driving forces involved in bacterial 

recruitment. While a considerable amount of the variation seen within bacterial communities 

is largely unexplained, it can be determined that location within an alga, here defined as 

distinct morphological niches, has a larger influence on the variation observed than 

biogeography and environmental factors. However, it is important to note that bacterial 

variations could also be accounted for by factors not included in this study such as temporal 

changes, developmental stage of the algal thallus etc. In essence this study identifies unique 

bacterial communities for each morphological niche, indicating that variation within an algal 

individual is greater than variation between individuals and therefore supports the concept 

that functional requirements are involved in dictating bacterial assembly. 
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Figure S1| Rarefaction curve of raw sequence data. Morphological niches indicated by 
colours, endobiome (dark red), epibiome (green), rhizobiome (blue). Rarefaction cut off 
indicated by the black line. A) C. cylindracea and  B) C. prolifera. 
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Figure S2| NMDS plot showing the β-diversity based on Bray-Curtis dissimilarity of the 
samples for each Caulerpa species, C. cylindracea (circle) and C. prolifera (triangle). 
Morphological niches are represented by colours,  endobiome (red), epibiome (green), 
rhizobiome (blue). 
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Table S1. Overview of the samples 

Sample ID Type Species of Caulerpa Site nr. Sequences nr. OTUs Good's Coverage (%)  

c10 rhizobionts cylindracea SF 12941 109 99.81 

c11 epibionts cylindracea SF 13311 194 99.71 

c12 endobionts cylindracea SF 3640 65 99.67 

c13 endobionts cylindracea SF 14350 103 99.86 

c14 rhizobionts cylindracea SF 12252 299 99.63 

c15 epibionts cylindracea SF 11130 171 99.67 

c16 endobionts cylindracea SF 4219 315 98.51 

c17 rhizobionts cylindracea SF 14927 75 99.94 

c18 epibionts cylindracea SF 3835 206 99.40 

c19 endobionts cylindracea DK 21925 103 99.92 

c1 rhizobionts cylindracea CS2 12959 128 99.75 

c20 endobionts cylindracea DK 7865 62 99.78 

c21 epibionts cylindracea DK 7019 253 99.27 

c22 rhizobionts cylindracea DK 7374 250 99.20 

c23 endobionts cylindracea DK 23130 71 99.96 

c24 epibionts cylindracea DK 9248 171 99.59 

c25 rhizobionts cylindracea DK 18181 90 99.87 

c26 rhizobionts cylindracea DK 10665 101 99.83 

c27 epibionts cylindracea DK 6697 222 99.22 

c2 rhizobionts cylindracea CS2 23488 175 99.88 

c3 rhizobionts cylindracea CS2 31944 172 99.91 

c4 endobionts cylindracea CS2 17950 235 99.74 

c5 epibionts cylindracea CS2 21674 133 99.93 

c6 epibionts cylindracea CS2 9306 88 99.75 

c7 endobionts cylindracea CS2 13082 95 99.89 

c8 epibionts cylindracea CS2 9535 130 99.82 

c9 endobionts cylindracea CS2 25976 71 99.95 

p19 endobionts prolifera CS2 23691 238 99.81 

p20 epibionts prolifera CS2 16753 245 99.80 

p21 rhizobionts prolifera CS2 14695 141 99.84 

p22 endobionts prolifera CS2 28498 86 99.94 

p23 epibionts prolifera CS2 9106 363 99.31 

p24 rhizobionts prolifera CS2 15532 197 99.67 

p25 endobionts prolifera CS2 7120 469 98.65 

p26 rhizobionts prolifera CS2 10956 148 99.77 

p27 epibionts prolifera CS2 8849 224 99.42 

p58 endobionts prolifera CS 14208 216 99.53 

p59 epibionts prolifera CS2 32547 390 99.81 

p60 endobionts prolifera CS 9660 277 99.39 

p61 epibionts prolifera CS2 7902 292 99.41 

p62 endobionts prolifera CS 9747 210 99.34 

p63 rhizobionts prolifera CS 12208 355 99.52 

p64 epibionts prolifera CS2 19504 70 99.94 

p65 rhizobionts prolifera CS 17406 259 99.71 

p66 rhizobionts prolifera CS 26233 209 99.83 
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Table S2.  PERMANOVA analyses based on Bray–Curtis dissimilarities of OTU abundances for bacterial 
communities within the whole microbiome and separate morphological niches. 

Source df SS MS Pseudo F R² p 

(a) Complete Microbiome       

Morphological niche 2 1.9385 0.96923 3.8935 0.13689 0.0001 

Host  1 0.5079 0.5079 2.0403 0.03587 0.0222 

Environment 3 1.6724 0.55748 2.2395 0.1181 0.0001 

Replicate number 1 0.2232 0.2232 0.8966 0.01576 0.5362 

Morphological niche:Host 2 0.7143 0.35713 1.4346 0.05044 0.0753 

Morphological niche:Environment 6 2.1482 0.35803 1.4382 0.1517 0.0211 

Morphological niche:Replicate number 2 0.4699 0.23495 0.9438 0.03318 0.5378 

Host:Replicate number 1 0.2077 0.2077 0.8344 0.01467 0.6317 

Environment:Replicate number 3 0.6364 0.21214 0.8522 0.04494 0.7418 
Morphological niche:Host:Replicate 
number 2 0.4255 0.21277 0.8547 0.03005 0.6854 
Morphological 
niche:Environment:Replicate number 6 1.4826 0.24711 0.9926 0.1047 0.5089 

Residuals 15 3.734 0.24894 0.26369   

Total 44 14.1607 1    

(b) Endobiome       

Host 1 0.3733 0.37331 1.7575 0.11444 0.0501 

Environment 3 0.7705 0.25682 1.2091 0.23618 0.2074 

Replicate number 1 0.1791 0.17906 0.843 0.05489 0.6327 

Host:Replicate number 1 0.2371 0.2371 1.1162 0.07268 0.3014 

Environment:Replicate number 3 0.6401 0.21338 1.0046 0.19624 0.4775 

Residuals 5 1.0621 0.21241 0.32557   

Total 14 3.2621 1    

(c) Epibiome       

Host  1 0.519 0.51903 1.92451 0.10584 0.037 

Environment 3 1.6117 0.53722 1.99195 0.32866 0.0079 

Replicate number 1 0.2905 0.29047 1.07703 0.05923 0.3657 

Host:Replicate number 1 0.2593 0.25929 0.96141 0.05288 0.4781 

Environment:Replicate number 3 0.8748 0.2916 1.08122 0.17839 0.378 

Residuals 5 1.3485 0.26969 0.27499   

Total 14 4.9037 1    

(d) Rhizobiome       

Host  1 0.3298 0.32982 1.24599 0.08131 0.2437 

Environment 3 1.4385 0.4795 1.81147 0.35463 0.0431 

Replicate number 1 0.2236 0.22357 0.84462 0.05512 0.568 

Host:Replicate number 1 0.1368 0.13685 0.51699 0.03374 0.9006 

Environment:Replicate number 3 0.6041 0.20137 0.76072 0.14893 0.7853 

Residuals 5 1.3235 0.2647 0.32628   

Total 14 4.0564 1    

The analysis was based on Bray–Curtis dissimilarities of OTU abundances and pseudo F statistics were 
calculated for each term using direct analogues to univariate expectations of mean squares (EMS); p-values 
were obtained using 9999 permutations under a reduced model; Significant p-values (alpha ≤ 0.05) are shown 
in bold. 
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Table S3.1   SIMPER analysis. Contribution of the different functional groups of the bacterial community 

associated to different morphological niches of Caulerpa thalli 

Function average sd ratio avRhiz avEpi cumsum p-value 

(a) Rhizobiome vs Epibiome 

chemoheterotrophy 0,308 0,155 1,994 3702,000 2467,667 0,438 0,037 

aerobic chemoheterotrophy 0,303 0,157 1,930 3631,778 2449,133 0,869 0,021 

sulphate respiration 0,021 0,038 0,543 71,630 37,067 0,898 0,992 

respiration of sulphur compounds 0,021 0,038 0,543 71,630 37,067 0,927 0,992 

fermentation 0,011 0,022 0,511 34,444 10,133 0,943 0,833 

sulphite respiration 0,007 0,020 0,363 23,519 0,267 0,953 0,624 

methylotrophy 0,006 0,012 0,493 36,852 8,533 0,962 0,399 

methanol oxidation 0,005 0,010 0,451 36,852 6,867 0,968 0,609 

nitrate reduction 0,002 0,007 0,315 5,333 2,267 0,972 0,370 

animal parasites or symbionts 0,002 0,005 0,373 5,111 0,467 0,974 0,172 

hydrocarbon degradation 0,002 0,007 0,238 0,778 2,733 0,976 0,182 

human pathogens all 0,001 0,005 0,291 3,704 0,000 0,978 0,190 

methanotrophy 0,001 0,006 0,192 0,000 1,667 0,980 0,082 

intracellular parasites 0,001 0,004 0,350 2,556 0,000 0,982 0,237 

anoxygenic photoautotrophy S 
oxidizing 0,001 0,004 0,252 1,593 0,000 0,983 0,189 

anoxygenic photoautotrophy 0,001 0,004 0,252 1,593 0,000 0,985 0,189 

photoautotrophy 0,001 0,004 0,252 1,593 0,000 0,986 0,189 

phototrophy 0,001 0,004 0,252 1,593 0,000 0,988 0,189 

nitrate respiration 0,001 0,004 0,214 1,704 0,133 0,989 0,363 

nitrogen respiration 0,001 0,004 0,214 1,704 0,133 0,990 0,363 

predatory or exoparasitic 0,001 0,003 0,327 0,926 1,733 0,992 0,135 

dark oxidation of sulfur 
compounds 0,001 0,003 0,265 1,148 0,067 0,993 0,206 

aromatic compound degradation 0,001 0,002 0,323 1,111 0,067 0,994 0,630 

cellulolysis 0,001 0,004 0,137 0,704 0,000 0,994 0,773 

nitrate denitrification 0,000 0,002 0,279 0,815 0,133 0,995 0,508 

nitrite denitrification 0,000 0,002 0,279 0,815 0,133 0,996 0,508 

nitrous oxide denitrification 0,000 0,002 0,279 0,815 0,133 0,996 0,508 

denitrification 0,000 0,002 0,279 0,815 0,133 0,997 0,508 

nitrite respiration 0,000 0,002 0,279 0,815 0,133 0,998 0,508 

ureolysis 0,000 0,003 0,161 1,926 0,000 0,998 0,512 

human gut 0,000 0,002 0,182 1,889 0,000 0,999 0,384 

mammal gut 0,000 0,002 0,182 1,889 0,000 0,999 0,384 

dark hydrogen oxidation 0,000 0,001 0,172 0,259 0,000 1,000 0,648 

aerobic nitrite oxidation 0,000 0,001 0,139 0,111 0,000 1,000 0,650 

nitrification 0,000 0,001 0,139 0,111 0,000 1,000 0,650 

aromatic hydrocarbon degradation 0,000 0,000 0,292 0,185 0,067 1,000 0,933 

aliphatic non methane 
hydrocarbon degradation 0,000 0,000 0,292 0,185 0,067 1,000 0,933 
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Table S3.2  SIMPER analysis. Contribution of the different functional groups of the bacterial community 
associated to different morphological niches of Caulerpa thalli 

Function average sd ratio avRhiz avEndo cumsum p-value 

(b) Rhizobiome vs Endobiome 

chemoheterotrophy 0,296 0,146 2,030 3702,000 1155,451 0,407 0,026 

aerobic chemoheterotrophy 0,286 0,151 1,894 3631,778 1104,510 0,799 0,049 

sulphate respiration 0,039 0,064 0,603 71,630 126,863 0,853 0,556 

respiration of sulphur compounds 0,039 0,064 0,603 71,630 126,863 0,906 0,556 

fermentation 0,018 0,033 0,548 34,444 43,255 0,931 0,164 

sulphite respiration 0,011 0,023 0,480 23,519 11,451 0,947 0,023 

methylotrophy 0,006 0,011 0,535 36,852 9,608 0,955 0,134 

methanol oxidation 0,006 0,011 0,535 36,852 9,608 0,963 0,259 

nitrate reduction 0,003 0,008 0,369 5,333 2,157 0,967 0,021 

animal parasites or symbionts 0,002 0,006 0,400 5,111 0,333 0,970 0,002 

hydrocarbon degradation 0,002 0,005 0,316 3,704 0,000 0,972 0,001 

human pathogens all 0,002 0,004 0,390 2,556 0,725 0,974 0,001 

methanotrophy 0,001 0,006 0,227 0,704 1,941 0,976 0,334 

intracellular parasites 0,001 0,005 0,245 1,704 0,765 0,977 0,093 

anoxygenic photoautotrophy S 
oxidizing 0,001 0,005 0,245 1,704 0,765 0,979 0,093 

anoxygenic photoautotrophy 0,001 0,004 0,265 1,593 0,000 0,981 0,006 

photoautotrophy 0,001 0,004 0,265 1,593 0,000 0,982 0,006 

phototrophy 0,001 0,004 0,265 1,593 0,000 0,984 0,006 

nitrate respiration 0,001 0,004 0,265 1,593 0,000 0,985 0,006 

nitrogen respiration 0,001 0,006 0,209 1,148 0,020 0,987 0,002 

predatory or exoparasitic 0,001 0,002 0,383 1,111 0,784 0,988 0,052 

dark oxidation of sulfur 
compounds 0,001 0,002 0,299 0,815 0,765 0,989 0,180 

aromatic compound degradation 0,001 0,002 0,299 0,815 0,765 0,990 0,180 

cellulolysis 0,001 0,002 0,299 0,815 0,765 0,991 0,180 

nitrate denitrification 0,001 0,002 0,299 0,815 0,765 0,992 0,180 

nitrite denitrification 0,001 0,002 0,299 0,815 0,765 0,993 0,180 

nitrous oxide denitrification 0,001 0,003 0,267 0,778 1,216 0,994 0,874 

denitrification 0,001 0,003 0,209 1,926 0,647 0,995 0,135 

nitrite respiration 0,001 0,003 0,231 0,926 0,216 0,996 0,202 

ureolysis 0,001 0,005 0,114 0,111 0,471 0,996 0,445 

human gut 0,001 0,005 0,114 0,111 0,471 0,997 0,445 

mammal gut 0,001 0,003 0,172 0,259 1,216 0,998 0,445 

dark hydrogen oxidation 0,000 0,002 0,198 1,889 0,000 0,998 0,016 

aerobic nitrite oxidation 0,000 0,002 0,198 1,889 0,000 0,999 0,016 

nitrification 0,000 0,001 0,146 0,000 0,392 0,999 0,618 

aromatic hydrocarbon degradation 0,000 0,001 0,146 0,000 0,392 1,000 0,618 

aliphatic non methane 
hydrocarbon degradation 0,000 0,001 0,196 0,185 0,392 1,000 0,698 

chitinolysis 0,000 0,001 0,196 0,185 0,392 1,000 0,698 
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Table S3.3  SIMPER analysis. Contribution of the different functional groups of the bacterial community 
associated to different morphological niches of Caulerpa thalli 

Function average sd ratio avEpi avEndo cumsum p-value 

(c) Epibiome vs Endobiome 

chemoheterotrophy 0,289 0,143 2,020 2467,667 1155,451 0,429 0,252 

aerobic chemoheterotrophy 0,285 0,145 1,967 2449,133 1104,510 0,851 0,172 

sulphate respiration 0,034 0,063 0,540 37,067 126,863 0,901 0,741 

respiration of sulphur compounds 0,034 0,063 0,540 37,067 126,863 0,951 0,741 

fermentation 0,010 0,025 0,419 10,133 43,255 0,967 0,936 

sulphite respiration 0,005 0,009 0,518 8,533 9,608 0,974 0,667 

methylotrophy 0,004 0,013 0,306 0,267 11,451 0,980 0,991 

methanol oxidation 0,004 0,008 0,512 6,867 9,608 0,985 0,852 

nitrate reduction 0,002 0,006 0,253 2,733 1,216 0,988 0,115 

animal parasites or symbionts 0,001 0,006 0,202 1,667 0,000 0,990 0,048 

hydrocarbon degradation 0,001 0,002 0,352 2,267 2,157 0,991 0,975 

human pathogens all 0,001 0,003 0,197 0,000 1,941 0,992 0,771 

methanotrophy 0,001 0,002 0,330 1,733 0,216 0,993 0,418 

intracellular parasites 0,000 0,002 0,230 0,467 0,333 0,993 0,992 

anoxygenic photoautotrophy S 
oxidizing 0,000 0,004 0,098 0,000 0,471 0,994 0,608 

anoxygenic photoautotrophy 0,000 0,004 0,098 0,000 0,471 0,994 0,608 

photoautotrophy 0,000 0,003 0,128 0,000 1,216 0,995 0,680 

phototrophy 0,000 0,001 0,217 0,133 0,765 0,995 0,819 

nitrate respiration 0,000 0,001 0,217 0,133 0,765 0,996 0,819 

nitrogen respiration 0,000 0,001 0,217 0,133 0,765 0,996 0,819 

predatory or exoparasitic 0,000 0,001 0,217 0,133 0,765 0,997 0,819 

dark oxidation of sulfur compounds 0,000 0,001 0,217 0,133 0,765 0,997 0,819 

aromatic compound degradation 0,000 0,001 0,217 0,133 0,765 0,998 0,894 

cellulolysis 0,000 0,001 0,217 0,133 0,765 0,998 0,894 

nitrate denitrification 0,000 0,001 0,228 0,067 0,784 0,999 0,953 

nitrite denitrification 0,000 0,001 0,162 0,000 0,725 0,999 0,999 

nitrous oxide denitrification 0,000 0,001 0,148 0,000 0,392 0,999 0,508 

denitrification 0,000 0,001 0,148 0,000 0,392 0,999 0,508 

nitrite respiration 0,000 0,001 0,147 0,000 0,647 1,000 0,897 

ureolysis 0,000 0,001 0,209 0,067 0,392 1,000 0,501 

human gut 0,000 0,001 0,209 0,067 0,392 1,000 0,501 

mammal gut 0,000 0,000 0,192 0,067 0,020 1,000 1,000 

 

 

 

 

 

 



63 
 

                                                                 

1 Umonium Master mixture: 1:1 mixture of Umonium master and distilled water filter sterilized. 
Umonium master composition: N-benzyl-N-dodecyl-N, N-dimethyl-ammonium chloride / N-benzyl-N, N-
dimethyl-N-tetradecyl-ammonium chloride. 99g.Lˉ¹. 

Sterilization protocol: 

Surface sterilization takes place in two parts, normally over two consecutive days and not waiting more than 

24 hours between part 1 and part 2. 

Sterilization (Part 1): 

- Fresh fronds are cut with sterile blade and time is allowed for wounding response to seal the opening 

- In micro tube containing a frond approximately 500 µL -1000 µL CTAB buffer is added to cover the 

entire frond 

- Tubes are placed in a hot water bath for 30 min (making sure frond is fully immersed in the CTAB 

buffer and the bottom of the micro tube is covered by the water of the water bath) 

- After 30 min has lapsed, CTAB buffer is removed with a sterile pipette 

- Samples are washed with sterile artificial seawater 3 times, or until there is no CTAB buffer residue 

(observed by foa/bubbles) 

- An amount of approximately 500 µL - 1000 µL 1:1 Umonium Master mixture1 is added to the tube and 

incubated overnight 

Sterilization (Part 2): 

- Umonium Master mixture is removed with a  sterile pipette 

- Samples are washed with sterile artificial seawater 5 to 10 times depending on the rigidity of the 

sample and amount of Umonium Master mixture residue still present 

- Samples are then frozen @ - 20°C until further processing 
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Algal associated bacteria are fundamental to the ecological success of green macroalgae such 

as Caulerpa. Microbial resistance and resilience to environmental stress can promote algal 

health and genetic adaptation to changing environments. Composition of bacterial 

communities have been shown to be unique to algal morphological niches. Therefore the level 

of response to various environmental perturbations may in fact be different for each niche-

specific community. In situ experiments were set up to investigate the effect of nutrient 

enrichment and temperature stress on the bacterial communities associated to Caulerpa 

cylindracea. Bacteria associated to separate morphological niches along the thallus were 

characterized using the 16S rRNA gene and community similarities were compared. Resistance 

and resilience were calculated to further understand the initial changes and recovery of 

microbial composition in response to different abiotic stresses. The bacterial community 

composition of the endo-, epi and rhizomicrobiome associated to C. cylindracea were shown 

to be distinct from one another as well as the surrounding water and sediment. Individual 

niche-specific communities had varying responses to each perturbation, with different 

resistance and resilience profiles. The results of this study provide evidence that nutrient 

enrichment and temperature stress have specific influences on individual bacterial 
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communities dependent on their morphological niche location. This further contributes to our 

understanding of algal microbiome dynamics in response to environmental changes. 

KEYWORDS: Holobiont, resistance, resilience, climate change, morphological niche 

 

Eukaryotic organisms across all kingdoms of life are host to complex interactions with 

microbial partners, otherwise known as their microbiome (Relman 2008). Associated bacteria, 

viruses, unicellular eukaryotes (protists) and fungi colonize host surfaces (Wahl et al. 2012), 

as well as inter- and intra-cellular spaces (Reinhold-Hurek and Hurek 2011). Symbiotic 

relationships with key microbial groups have evolved over time, forming integral functional 

dependencies, giving rise to the concept of a ‘holobiont’ (Reshef et al. 2006, Rosenberg et al. 

2007). While some research has shown associated bacterial species to be host specific 

(Grünwald et al. 2010, Franzenburg et al. 2013, Hollants et al. 2013a, Naim et al. 2014), other 

studies have alluded to the fact that these interactions are interchangeable as long as 

functional stability is maintained (Burke et al. 2011a, Roth-Schulze et al. 2018). High inter-

individual variability is often observed for host-associated microbial communities (Bashan et 

al. 2016) and the definition of a taxonomic ‘core’ microbiome remains unresolved (Shade and 

Handelsman 2012). Alternatively, in some systems a functional core has been alluded to 

(Turnbaugh et al. 2009, Burke et al. 2011a, Pita et al. 2018), suggesting that the microbiome 

is driven by functional requirements related to host growth and adaptation. Microbes can be 

recruited from the environment and are either temporarily associated to the host or 

integrated into the hologenome (Zilber-Rosenberg and Rosenberg 2008). This indicates that 

co-evolution of the hologenome is continuous and that the microbiome is assembled through 

a combination of evolutionary and ecological processes (Lemanceau et al. 2017). The current 

theory regarding the hologenome, however may be inherently flawed by focusing only on host 

driven selection for microbial communities. This has been recently revised to view the host-

microbiome as a dynamic ecological community with individual microbial components being 

influenced by a range of selection pressures (Douglas and Werren 2016). 

The bacterial component of a host microbiome has been described as highly dynamic with 

many factors involved in shaping these communities (Rosenberg and Zilber-Rosenberg 2018). 
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Both deterministic and stochastic processes have been shown to drive bacterial recruitment 

and these processes may vary in effect over time (Zhou et al. 2014). Substantial variability is 

observed for most host-associated bacterial communities across geographic regions, under 

different environments, for different species and even between individuals (Li et al. 2006, 

Martiny et al. 2006, Fraser et al. 2009, Hollants et al. 2013a, Aires et al. 2016, Groussin et al. 

2017, Gilbert et al. 2018). However, bacterial communities are shown to be ecologically stable 

and potential shifts in these communities are assumed to relate to changing abiotic conditions 

(Douglas and Werren 2016).  

Disturbances in environmental conditions such as increased temperature and nutrient load 

have been observed globally both occurring as long-term “press” perturbations and short-

term “pulse” perturbations (Bender et al. 1984, Hobday et al. 2016, Fong and Fong 2017). 

Increased nutrient load can lead to eutrophication of coastal waters and has been linked to 

changes in macroalgal community assemblages (Druon et al. 2004, Fong and Fong 2017). Pulse 

marine heatwaves, also known as extreme temperature events (Hobday et al. 2016), have 

been shown to impact coastal benthic algal communities (Wernberg et al. 2016, Gouvêa et al. 

2017, Duarte et al. 2018) causing temperature stress that cause shifts in algal associated 

microbes (Campbell et al. 2011, Mensch et al. 2016, Qiu et al. 2019b). These extreme 

temperature events have been predicted to increase in frequency, intensity and duration as a 

result of climate change (Perkins et al. 2012). 

Bacterial community stability can be defined as a community-level response to an 

environmental disturbance, and incorporates both resistance and resilience which can be 

quantified using community metrics (Shade et al. 2012). The resistance of a community is the 

extent to which the community structure remains stable in response to a perturbation, 

whereas, resilience is defined as the rate at which the community reverts back to its original 

state. Microbiome stability either indicated by compositional structure or functional capability 

can be achieved by being resistant to the environmental perturbation, having the ability to 

return to the previous stable state, or establishing a new stable state (Allison and Martiny 

2008, Coyte et al. 2015). Bacterial community stability can be enhanced through the 

phenotypical plasticity of key microbes (Shade et al. 2012) as well as the functional 

redundancy observed for many bacterial groups (Burke et al. 2011a, Bashan et al. 2016). 
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In the marine environment, extensive microbiome research has been done on sessile 

organisms such as sponges, corals and macroalgae (Rosenberg et al. 2007, Egan et al. 2013, 

Webster and Thomas 2016). Marine macroalgae, commonly referred to as seaweeds, are 

known to harbor highly diverse bacterial communities that demonstrate a niche-specificity 

corresponding to the micro-scale location either within the endosphere, as part of the epi-

biofilm, or associated to differentiated structures such as holdfasts and rhizoids (Serebryakova 

et al. 2018, Morrissey et al. 2019). Studies indicate that tight associations between algae and 

intracellular bacteria represent a form of bacterial inheritance, in which the origin of an algal 

population can be identified. This has been demonstrated by tracing the origin of the invasive 

seaweed Caulerpa taxifolia in the Mediterranean (Burr and West 1970, Meusnier et al. 2001, 

Arnaud-Haond et al. 2017). Endobionts have been previously demonstrated to be stable over 

time (Meusnier et al. 2001, Hollants et al. 2011b), whereas epibacterial communities have 

been assumed to be more dynamic as they display temporal changes (Bengtsson et al. 2010, 

Mancuso et al. 2016). However, growing research suggests that both endo- and epibacterial 

communities are influenced by environmental factors (Hollants et al. 2013b, Aires et al. 2016). 

Extensive work has been done on microbiomes both from terrestrial and aquatic 

environments (Orwin and Wardle 2004, Allison and Martiny 2008, Makhalanyane et al. 2016, 

de Vries and Griffiths 2018, Mandakovic et al. 2018). Nevertheless, little is known regarding 

environmental effects on algal-associated bacterial communities across different 

morphological niches. Within the marine environment, research has been done on planktonic 

bacterial communities and communities associated to corals and sponges (Webster and 

Reusch 2017, Ziegler et al. 2017, Glasl et al. 2018, Lima-Mendez et al. 2018). In the field of 

algal microbiomes, studies have mainly focused on characterizing associated bacteria from 

natural habitats that differ in environmental parameters and not from simulated experiments 

(Bengtsson et al. 2010, Burke et al. 2011a, Egan et al. 2013, Hollants et al. 2013b, Campbell et 

al. 2015, Aires et al. 2016, Mancuso et al. 2016). There has been no research to date that 

investigates algal bacterial community resistance and resilience of different morphological 

niches in response to environmental perturbations. We propose that bacteria associated to 

each morphological niche have different community resistance and resilience to stress, and 

this may have varying implications for total algal-microbiome stability.  Therefore this study 

aims to effectively assess these ecological dynamics in situ.   
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In this study we hypothesize that 1) bacterial community resistance and resilience to 

environmental perturbation are dependent on morphological niche assoctiation, and 2) 

bacterial community responses differ between types of stress and the combination of two 

stressors. To address this we performed in situ heatwave manipulations and nutrient 

enrichments within semi-closed mesocosm systems. The aim of these investigations was to 

characterize the effect of pulse abiotic disturbance on the bacterial communities associated 

to individual morphological niches of the green algae Caulerpa cylindracea, as well as the 

surrounding environment. We took the native bacterial communities as a baseline then 

analyzed the effects of a 3 day stress duration and a 9 day recovery period. We assessed the 

bacterial community changes and calculated microbial resistance and resilience to individual 

abiotic stressors as well as a combination of the two. 

 

Sampling and Mesocosm design 

Experiments were conducted in situ at Funtana, Croatia (45.177953 N, 13.593907 E) where 

Caulerpa cylindracea formed a thick mat on shallow subtidal (2-4 meters) sand and rock 

bottoms with frond lengths ranging from 2-5 cm (Fig 1A). Mesocosm tubes, encompassing a 

volume of 12,5 litres each, were set up more than 2 m apart and randomly assigned a 

treatment (Figure 1B). Four treatments were carried out: temperature stress, nutrient 

enrichment, combination of temperature and nutrient, and a control. The treatments were 

executed for 3 consecutive days. For the temperature manipulations we simulated pulse 

heatwave conditions based on the definition used by Sorte et al. (2010) adopted from Meehl 

and Tebaldi (2004), in which daily maximum sea surface temperatures exceed 3-5°C above 

normal for a minimum of 3 days. The yearly sea surface temperatures for the region range 

from approximately 8-27°C (Ivesa et al. 2015). For the respective sampling period (October 

2016) temperatures were measured between 15-20°C. In our experiment the mesocosms 

were heated for 12 hours, reaching a peak of 26°C after 6 hours. At night (12 hours) the 

mesocosms were not actively heated and therefore allowed to cool down to ambient 

temperatures. This was repeated for a duration of 3 days. Nutrient enrichment was added in 

liquid form made from dissolved fertilizer at a final concentration of ~9550 µg/L Nitrogen, 50 

times the maximum recorded natural concentration of DIN (~191,47 µg/L) previously 
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observed in the region (Djakovac et al. 2012). As a by product of the fertilizer, phosphorous 

was added to the concentration of ~12 260 µg/L, well above the natural recorded values of 

phosphate at ~0.004 mg/L. This was done to simulate a hypereutropic environment (Yang et 

al. 2008), as the Adriatic Sea has been characterised by the eutrophication risk index (EUTRISK) 

as a high risk area (Druon et al. 2004). After the 3 day stress period, the mesocosm tubes were 

removed and sites marked for re-sampling. The algae were then left to recover for a period of 

9 days (Fig 1C). This entire mesocosm set up was repeated three times on separate algal 

patches more than 2 m apart. The total duration of the experimental period lasted no longer 

than 14 days (11th October – 25th October 2016). Samples were taken prior to the disturbance, 

directly after the 3-day disturbance and after the recovery period. Sampling units (SU) 

included interconnected thalli (uprights, stolon and rhizoids). These were further separated in 

the lab into three distinct morphological niches, namely endobiome, epibiome and 

rhizobiome fractions and washed with sterile seawater. Epibionts were retrieved by swabbing 

the surface with a sterile swab and transferring directly into an Eppendorf tube. Thalli were 

surface sterilized using a protocol following Hollants et al. (2010) (Further detailed in the 

supplementary information of Chapter 2) to acquire the associated endobionts and rhizoids 

separated with a sterile blade after being separated from any attached substrates. The 

samples were frozen at -20°C and kept for DNA extraction. The environmental conditions 

during the full length of the experiment were analysed (Table S1). Nutrient levels and 

temperature were measured for the surrounding environment before stress as well as after 

the recovery period. Mesocosm nutrient levels were also measured directly after the in situ 

manipulations for each treatment.   

 

DNA extraction and 16S metabacrcoding 

Bacterial DNA was extracted from all samples following the protocol by Doyle and Doyle 

(1987), with slight modifications (Morrissey et al. 2019). Algal samples were homogenized in 

liquid nitrogen prior to an additional bead-beating before adding the CTAB extraction buffer. 

The 16S rDNA gene amplification was done using the universal primers 27F (5’-

AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5'-TACGGYTACCTTGTTACGACTT-3’) (Lane 1991). 

Following a post-PCR cleanup with AMPure® bead purification (Beckman Coulter, Inc., CA) a 

second nested PCR was done to amplify the V5-V7 hypervariable region of the bacterial 16S 
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rRNA gene using the primers 799mod3F (5’-GGATTAGATACCKGG-3’) and 1193R (5’-

ACGTCATCCCCACCTTCC-3’) to reduce chloroplast contamination (Aires et al. 2012, 

Bodenhausen et al. 2013, Hanshew et al. 2013). The last round of PCR, the primers included 

Illumina adaptors used for indexing as part of the library preparation. The settings of the 

touchdown PCR were as follows: 5 min at 95°C, followed by 10 touchdown cycles of 1 min at 

95°C, 1 min at 65°C and 3 min at 72°C. The annealing temperature started at 65°C and was 

reduced to 60°C in increments of 0.5°C per cycle. Upon reaching a minimum annealing 

temperature of 60°C, another 15 cycles were performed, consisting of 1 min at 95°C, 1 min at 

60°C and 3min at 72°C. A final elongation step was performed for 20 min at 72°C. Following 

PCR analysis, amplicons were purified using AMPure® bead purification and subsequently 

examined for successful amplification by agarose gel electrophoresis. An index PCR was 

performed to add Illumina sequencing adapters and dual indices to the end of each amplicon 

using the Nextera XT Index Kit (Illumina, San Diego, USA). Indexed amplicons were purified 

using AMPure beads and DNA concentrations were quantified using the Qubit dsDNA Broad 

Range Assay Kit (Invitrogen, Carlsbad, USA). Quantified PCR products were then pooled at 

equimolar concentration and sent to BaseClear B.V. for Illumina MiSeq v.3 (2 x 300 bp) 

Sequencing.  

Bacterial community analysis and characterisation 

Quality assessment of the retrieved sequences was performed using fastqc. Primers were then 

removed and reads shorter than 260 bp were removed. Read pairs were then merged using 

the BBMerge function as a part of the BBTools package (Bushnell et al. 2017). Merging was 

done with a minimum overlap of 100 bp and no gaps were allowed in the overlapping region 

of the aligned reads. Additional quality filtering was done by setting the maximum expected 

error at 0.5 and assembled reads longer than 420 bp discarded. After pre-processing, 

sequences were processed using the UPARSE pipeline (Edgar 2013) within the 

USEARCH  sequence analysis package (Edgar 2010). Unique sequences were identified and 

OTUs were clustered at 97% similarity based on the UPARSE-OTU algorithm which 

simultaneously removes chimeric sequences. Taxonomy was assigned to the genus level at a 

confidence of 90% using the RDP database release 11 (Cole et al. 2014) in Mothur v. 1.36.1 

(Schloss et al. 2009). In qiime 2  (Caporaso et al. 2010) the OTU output table, metadata file, 

reference sequences and phylogenetic tree, constructed using FastTree2 (Price et al. 2010), 
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were merged into a biom file with JSON format. All downstream statistical analyses were done 

using R software 3.5.2 (R Development Core Team 2010). 

 

 



76 
 

 

Figure 1| Sample site and Experimental design. 
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Data Analysis 

Data import and pre-processing were done using the “phyloseq” package (McMurdie and 

Holmes 2013) and “microbiome” R-package (Lahti and Shetty et. al 2017). Cyanobacteria 

sequences as well as potential non-prokaryote contamination sequences, such as chloroplasts 

and mitochondria were removed and samples were normalized using the CLR transformation 

(Aitchison 1986). The CLR transformation was compared to rarefaction and no differences in 

data trends were observed between the data transformations, therefore in order to retain as 

much information as possible the CLR transformed data was used for further analysis. 

Multivariate analysis of variance tests with permutations (PERMANOVA) were done on the 

complete data set using the adonis2 function included in the “vegan” R-package version 2.4-

6 (Oksanen et al. 2016). Beta-diversity of the bacterial communities was explored for each 

sample type and a non-metric Multidimensional Scaling (nMDS) ordination plot was generated 

to visualise the bacterial community variation observed. For only the algal samples, Bray-

Curtis dissimilarities were calculated for the bacterial communities in comparison to the 

control treatments for each morphological niche. These distances were then plotted for each 

treatment. To analyse the effect of each treatment on the community similarity after the 

stress and recovery periods, we performed a one-way analysis of variance (ANOVA) and 

calculated the least-squares means with the lsmeans function in “emmeans” R-package 

version 2.30-0 (Lenth 2016) to compute the contrasts between treatments. We then 

determined the significance of the effects with general linear hypotheses in combination with 

the single-step method of multiple testing correction using “multcomp” R-package version 

1.4-10 (Hothorn et al. 2008). 

 

Functional Analysis 

Functional changes in response to environmental stress were determined by first assigning 

functional attributes (listed in Table S4) to the OTU identifications of the 16S rRNA gene using 

the Functional Annotation of Prokaryotic Taxa (FAPROTAX) database (Louca et al. 2016). The 

FAPROTAX database is used as an alternative to PICRUST or Tax4Fun, and uses known 

functional information collected from literature on cultured prokaryotes as a reference for 

inferences. Therefore the putative functions of bacterial species within a community are 

inferred from functions performed by similar genera. 



78 
 

Functional similarities of the bacterial communities associated to each morphological niche 

were compared to the control for each treatment directly after stress (3 days) and after the 

recovery period (12 days). This was done using a one-way analysis of variance (ANOVA) on the 

Bray-Curtis dissimiliarities of treatment samples compared to the control. Significance of each 

treatment was determined by general linear hypotheses using “multcomp” (R-package 

version 1.4-10)(Hothorn et al. 2008) based on lsmeans function in “emmeans” (R-package 

version 2.30-0)  and corrects for multiple testing (Lenth 2016) Functional groups responsible 

for the differences seen were identified using the similarity of percentages (SIMPER) analysis 

from the “vegan” R-package. 

 

Calculating community resistance and resilience 

Bacterial communities were compared on an OTU level using the Bray-Curtis dissimilarity as a 

community metric representative of community similarity between samples taking into 

account composition and abundance. Distances were calculated from the control community 

sampled at each timepoint. Controls across all three timepoints were tested against each 

other to determine temporal variability. Using the community distances as a response 

variable, resistance and resilience of the microbial communities were calculated using 

equations defined by Orwin and Wardle (2004).   

Resistance to a treatment was calculated as: 

𝑅𝑆 = 1 −
2|𝐶1 − 𝐷1|

𝐶1 + |𝐶1 − 𝐷1|
 

where C₁ represents the control bacterial community dissimilarity directly after stress and D₁ 

represents the bacterial community for the respective treatment directly after stress. 

Resilience was calculated as: 

𝑅𝐿 =
2|𝐶1 − 𝐷1|

|𝐶1 − 𝐷1| + 𝐶2 − 𝐷2 ∨ −1
 

where C₂ represents the control bacterial community dissimilarity after recovery and D₂ 

represents the bacterial community for the respective treatment after recovery. 
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Bacterial community composition 

Raw reads of the V5-V7 region of the 16S rDNA gene were obtained from two sequencing runs 

(MiSeq v3 platform) and after filtering 5 118 598 high quality merge pairs remained. 

Sequenced were binned into a total of 8563 OTUs at a 97% similarity level, with an average of 

28037 reads per sample.  The number of OTUs varied across sample types, with only 52 OTUs 

shared between morphological niches out of the total 976 OTUs present in the natural 

bacterial communities before the stress perturbation (Figure S1). The control bacterial 

communities were assessed and compared visually using a non-multidimensional scaling 

ordination plot (Figure 2). The bacterial communities clustered according to their associated 

niche, with the rhizosphere and sediment being the most similar. The epimicrobiome shares 

similarity with both the endomicrobiome and rhizomicrobiome. The bacteria in the water 

column shared most similarity with the epimicrobiome. The taxonomic structure (Figure S3) 

of the algal samples showed differences between morpholoigcla niches. Variability was 

observed between samples of the same morphological niche, both over temporal scales of the 

controls as well as between treatments. However, the most abundant bacterial classes were 

consistently found across all samples of a specific morphological niche. 
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Figure 2| NMDS plot of bacterial communities associated to each sample type for the 
control samples. 

 

Changes to algal-associated bacteria in response to environmental stressors 

From the algal samples, the number of OTUs found in the controls were similar after 3 days 

and after 12 days with the endomicrobiome showing a slightly higher number of OTUs and 

rhizomicrobiome showing slightly less (Figure 3), however no significant changes were 

observed across the controls. For all timepoints the epimicrobiome had the highest number 

of total OTUs at 5295, whereas the endomicrobiome had the least at 2731 (Figure S2). The 

number of OTUs observed under different treatments revealed the epimicrobiome to be 

significantly more dynamic, with a larger amount of OTUs observed for the nutrient and 

temperature treatments directly after the stress and all three treatments having an observed 

difference to the control even after recovery (Figure 3). Alternatively, within the endosphere, 

the number of OTUs showed a decrease for the treatments after the recovery period when 

compared to the control. The rhizosphere did not show any notable fluctuations, except for a 

slight reduction of OTUs in the combined treatment for the recovery time point. 
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When comparing the bacterial community similarities for each of the algal morphological 

niches after the respective treatments and recovery time, we observe that for all algal niches, 

the control treatment did not indicate significant differences. The effects of the treatments 

on bacteria associated to each morphological niche was tabulated in Table 1. The 

epimicrobiome (Figure 4, Table 1), experienced a significant change (p = 0.00233) immediately 

after nutrient enrichment, however, this effect seemed to stabilize after the recovery period 

(p = 0.15023). Heat stress seemed to have a delayed effect on the epibacterial community 

with a significant difference observed only after the recovery period (p = 0.03439). Within the 

endomicrobiome community no significant differences in community similarity were observed 

directly after the stress (Figure 4, Table 1). However, both the nutrient and temperature 

treatments resulted in highly dissimilar communities after recovery (Nutr: p = 0.01254; Temp: 

p = 0.00941). All three stressor individually had an effect on the rhizomicrobiome bacterial 

communities after stress (Nutr: p = 0.00677; Temp: p <0.001; Temp+Nutr: p = 0.01398), 

however the bacterial community managed to recover from the effects of the nutrients (p = 

0.11456).  
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Figure 3| Changes in total OTU numbers for each treatment directly after stress and after 
recovery period. 

 

Functional responses of bacterial communities to environmental stressors 

Inferred functional annotations were analysed using FAPROTAX (Louca et al. 2016), in which 

only 905 of the total 8563 OTUs were assigned to a functional group. Some OTUs were 

assigned to more than one function leading to 2005 functional representatives. The majority 

of the OTUs remained unassigned (89.43%). The putative functional profiles of each sample 

showed that a significant difference in the functional profiles was observed only for the 

epimicrobiome after the recovery period for all treatment types. None of the other treatments 

had any significant effect on the functional capacities of the other morphological niches. The 

individual functions significantly contributing to variation observed between samples is found 

in Table S4.  
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Resistance and resilience of bacterial community taxonomic structure 

Resistance and resilience were assessed for each morphological niche under different 

treatments (Figure 5). It is observed that overall the endomicrobiome is more resistant to the 

influences of the treatments, and the only communities to drop below 0.5 resistance where 

the epimicrobiome and rhizomicrobiome that were exposed to increased nutrient load. 

Alternatively the highest resistance in the endomicrobiome is seen for the nutrient 

enrichment. It is also important to note that a high variability is observed in the responses, 

and so the assumptions made are on the average trends. Considering the resilience of each 

morphological niche, the endomicrobiome exhibits the least resilience overall, while the 

epimicrobiome shows a neutral resilience with values close to 0. Interestingly the 

rhizomicrobiome demonstrates the highest resilience in which communities exposed to the 

individual stresses of temperature and nutrient revert back to the original community 

structure, however, the combination of the two stresses follows a similar trend as for the 

epimicrobiome. 
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Figure 4| Changes in community similarity over time for each algal morphological niche.
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Table 1. Comparisons of bacterial community structure under Nutrient, Temperature and Combination stress treatments in response to the control, using General Linear 
Hypotheses of Bray-Curtis dissimilarity metrics corrected by the single step method 

AFTER 3 DAYS 

 Epibiome  Endobiome  Rhizobiome 

Treatment Estimate Std. Error t value Pr(>|t|)  Estimate Std. Error t value Pr(>|t|)  Estimate Std. Error t value Pr(>|t|) 
 

Nutrients 1.66376 0.46418 3.584 0.00233  0.09794 0.0564 1.737 0.39378  0.18723 0.04877 3.839 0.00677  

Temperature 0.7041 0.40223 1.750 0.38594  0.1524 0.05832 2.613 0.07731  0.23003 0.04562 5.042 <0.001  

Combination 0.68057 0.42049 1.618 0.47619  0.16377 0.05832 2.808 0.05012  0.17112 0.04877 3.509 0.01398  

               
 

AFTER 12 DAYS 

 Epibiome  Endobiome  Rhizobiome 

Treatment Estimate Std. Error t value Pr(>|t|)  Estimate Std. Error t value Pr(>|t|)  Estimate Std. Error t value Pr(>|t|) 
 

Nutrients 1.33727 0.60193 2.222 0.15023  0.2665 0.07864 3.389 0.01254  0.10918 0.04362 2.503 0.11456  

Temperature 1.91455 0.68821 2.782 0.03439  0.27559 0.07864 3.504 0.00941  0.13101 0.04362 3.003 0.04183  

Combination 0.94846 0.56461 1.680 0.43321  0.19863 0.07864 2.526 0.09315  0.21365 0.04362 4.898 <0.001  
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Table 2. Comparisons of the significant changes in functional structure  under Nutrient, Temperature and Combination stress treatments in response to the control, using 
General Linear Hypotheses of Bray-Curtis dissimilarity metrics corrected by the single step method 

AFTER 3 DAYS 
 Epibionts  Endobionts  Rhizobiont 

Treatment Estimate Std. Error t value Pr(>|t|)  Estimate Std. Error t value Pr(>|t|)  Estimate Std. Error t value Pr(>|t|) 
 

Nutrients 0.04751 0.09821 0.484 0.9943  0.02194 0.09503 0.231 0.9999  0.08129 0.07496 1.084 0.809  

Temperature 0.11203 0.09821 1.141 0.7706  0.24530 0.09862 2.487 0.0936  0.06788 0.07012 0.968 0.871  

Combination 0.07571 0.10258 0.738 0.9560  0.22308 0.09862 2.262 0.1491  0.14927 0.07496 1.991 0.265  

               
 

AFTER 12 DAYS 
 Epibionts  Endobionts  Rhizobiont 

Treatment Estimate Std. Error t value Pr(>|t|)  Estimate Std. Error t value Pr(>|t|)  Estimate Std. Error t value Pr(>|t|) 
 

Nutrients 0.41273 0.13243 3.117 0.0234  0.32715 0.13946 2.346 0.1260  0.12608 0.06491 1.942 0.287  

Temperature 0.74626 0.13243 5.635 <0.001  0.21941 0.13946 1.573 0.4809  0.01483 0.07012 0.211 1.000  

Combination 0.90269 0.13243 6.817 <0.001  0.12292 0.13946 0.881 0.9094  0.11552 0.07012 1.648 0.446  



 

 

Figure 5| Resistance and resilience metrics calculated for each morphological niche in 
response to different treatment types. 

 

 

 

 

 

 

 

 



 

This study shows the taxonomic changes in bacterial communities associated to the green alga 

Caulerpa cylindracea in response to in situ pulse disturbance of environmental conditions, 

calculating the resistance and resilience of bacterial taxonomic structure. Resistance was 

assessed as the immediate changes in bacterial community structure after a period of abiotic 

stress, and resilience was determined as the recovery of the bacterial community to the 

original state before disruption. Natural variation in the community composition of marine 

bacteria has been observed, with a large proportion attributed to unexplained variables or 

stochasticity (Hollants et al. 2013a, Lima-Mendez et al. 2018). However, environmental 

parameters, biogeography and specific host have been shown to influence bacterial 

composition (Li et al. 2006, Martiny et al. 2006, Aires et al. 2016). Furthermore distinct 

microbial communities have been shown to associate to specific niches of algal thalli 

dependent on the specific functional requirements of the differentiated tissue or pseudo-

tissue type (Serebryakova et al. 2018, Morrissey et al. 2019). Our results show that bacteria 

associated to specific algal morphological niches are shown to have unique responses to 

different stressors. 

Some research has suggested that endobionts are more stable over time (Meusnier et al. 

2001, Hollants et al. 2011b) than epibionts which are naturally more exposed and therefore 

more susceptible to changing environments (Bengtsson et al. 2010, Mancuso et al. 2016). The 

thought extends further into the nature of these bacteria with the underlying assumption that 

endobionts are more tightly associated to their respective host with symbioses co-evolved 

over time (Aires et al. 2013, Arnaud-Haond et al. 2017). In this study algal thalli did not show 

any visual signs of stress for any of the treatments. Endobionts were observed to have a higher 

resistance to all the stressors in comparison to the epi- and rhizomicrobiome (Figure 5), with 

no significant changes from the control (Table 1). However, endomicrobiome communities 

were shown to have very low resilience after the recovery period (Figure 5). Indicating that 

the bacterial community at recovery, was significantly different from both the original 

community state and the post-stress state. The delayed response observed in the 

endomicrobiome could be likely due to downstream effects relating to algal host physiology 

as well as the possibility of the epibacterial response influencing the endomicrobiome as these 

two communities cannot be totally independent from one another. For the epimicrobiome 



 

and rhizomicrobiome communities, the resistance profiles looked similar having the highest 

sensitivity to the nutrient treatments. However, low resistance to change does not reflect 

microbial resilience (Shade 2011) and the rhizosphere showed a high resilience in the 

individual treatments. Our results add to previous research that suggests both endo- and 

epimicrobiome community structures are in fact influenced by environmental changes 

(Hollants et al. 2013b, Marzinelli et al. 2018), although some research suggests that the 

environmental impact is only a secondary mechanism and that bacterial associations are 

strongly determined by host condition and growth stage (Marzinelli et al. 2015, Aires et al. 

2016, Mancuso et al. 2016). The resilience of bacterial communities under the combination 

treatment was low for all morphological niches. Combination effects of multiple stressors has 

been shown in some instances to have additive effects (Strain et al. 2014, Gouvêa et al. 2017). 

Our results suggest the combination of temperature and nutrient stress may have resulted in 

the establishment of a new state of equilibrium, although it is difficult to say for certain as 

additional recovery time points were not taken. Microbial communities are therefore 

influenced by a complex combination of factors such as the ecological state of the host 

organism, habitat niche and environmental conditions as well as the microbes present in the 

water column, where differences are observed both in bacterial abundance as well as species 

composition structure (Bengtsson et al. 2010, Bashan et al. 2016).  

Microbial community stability has been defined as resistance or resilience to environmental 

perturbations, or the consistency of the community structure or ecological attributes (Pimm 

1984, Worm and Duffy 2003). Although changes within bacterial community composition does 

not always result in community instability, and could rather indicate a shift to a new stable 

state (Shade et al. 2012). Holling (1996) summarized two forms of resilience; engineering 

resilience, which is defined as the ability of an ecological community to recover to the pre-

stress stable state; and ecological resilience, which takes into consideration the community 

shift from one stable state into a new regime in which the ecosystem is still in equilibrium but 

different from the initial state. Both types of resilience ensure microbiome stability and aid in 

maintaining the health of the host organism. Quantitative measures of resistance and 

resilience can be measured either as compositional stability or functional stability. Research 

suggests that microbial composition in general does not show high resistance to 

environmental perturbations (Allison and Martiny 2008). Our results agree with this notion 



 

showing that none of the samples were completely resistant to change. Due to bacterial 

plasticity and functional redundancy, microbiome stability can be further reinforced, through 

improved resilience and adaptation (Burke et al. 2011a, Shade et al. 2012, Bashan et al. 2016, 

Mandakovic et al. 2018). Therefore a community can appear to be compositionally sensitive, 

but functionally resistant to environmental stress as is seen in this study where functional 

profiles proved to be initially stable after 3 days, and the environmental stressor had no effect 

on the endo- and rhizomicrobiome functional capacities. Determining taxa-function 

robustness would provide further insight into the ecological resilience of the bacterial 

community (Eng and Borenstein 2018). However, functional redundancy is not uniform across 

different bacterial groups (Griffiths and Philippot 2013) and the level of functional redundancy 

within environmental systems remains unclear as the functional capacities of many bacterial 

groups are yet to be described  (Allison and Martiny 2008). Moreover, describing bacterial 

functional capacities does not elucidate functional expression and individual microbes may 

modulate their metabolic performance in response to environmental stress (Eng and 

Borenstein 2018). Resilience may also be observed for taxa-taxa interactions in which a core 

set of OTUs maintain crucial functions for bacterial community survival (Mandakovic et al. 

2018). Therefore changes in community composition may be more informative at this stage, 

and may indicate future functional changes (Liu et al. 2018).  

The higher taxonomic resilience observed for the rhizomicrobiome may also be due to a 

buffering effect of the surrounding sediment that may facilitate rapid recruitment of 

equivalent bacteria from the environment. It has been suggested that bacteria are able to 

modulate the responses of the host to environmental changes and can increase host 

adaptation (Dittami et al. 2016). Bacterial community shifts towards new stable states may 

facilitate functional changes in order to alleviate environmental stress, therefore lower taxa-

function robustness may be a mode of adaption utilized for maintaining ecosystem 

equilibrium (Eng and Borenstein 2018). Indeed the significant functional changes observed for 

the epimicrobiome as a response to all treatments maybe indicative of bacterial mitigation of 

stress, however, this cannot be confirmed without more detailed analysis of the effects on 

algal health and the algal-bacterial metabolome. Ecological stability is dependent on bacterial 

competition and increased diversity introduces metabolic plasticity improving chances for 

adaptation of species to a particular environmental condition (Coyte et al. 2015). Additionally 



 

the intermediate disturbance hypothesis (IDH) suggests that there is a trade-off between 

bacterial competition and community resilience, which supports a higher diversity of bacterial 

life strategies essential for system stability (Griffiths and Philippot 2013). Changes to 

microbiome composition introduces new genetic information through horizontal gene flow 

and by shuffling symbionts in response to environmental changes, and may increase the 

adaptive capacity of the holobiont (Webster and Reusch 2017, Ziegler et al. 2017).  

Environmental perturbations result in a wide range of downstream effects on microbial 

communities, and these communities depending on their innate species composition and 

associations with the host respond in different ways (Shade et al. 2011). Unfavourable changes 

to bacterial community composition can destabilize community dynamics and have 

detrimental effects on algal health, either through loss of functional capabilities or chemical 

defences (Wahl et al. 2012, Egan et al. 2013, Egan et al. 2014, Marzinelli et al. 2015) Which 

can potentially lead to the introduction of opportunistic pathogens (Campbell et al. 2011, Case 

et al. 2011). Pathogenic bacterial species may be naturally present in healthy microbial 

communities, but only in the decline of algal health and a decrease in algal defences be 

allowed to proliferate to detrimental levels. Additionally, pathogenic colonization may occur 

in stages, and only after a number of stress events does the system shift into a compromised 

state (Zozaya-Valdes et al. 2015). 

In conclusion, bacterial stability is dependent on complex interactions from various drivers 

(Orwin and Wardle 2004). Our results demonstrate that bacterial communities associated to 

individual morphological niches have distinct responses to different perturbation types and 

have varying levels of resilience. While we looked exclusively at community responses to 

environmental change based on compositional changes to microbiome structure, changes to 

functional capacities would provide added value in assessing both functional resilience and 

taxa-function robustness (Eng and Borenstein 2018). Additionally functional analyses would 

highlight key metabolic processes associated to the respective abiotic factors (Burke et al. 

2011a, Aires et al. 2016). This study definitively shows that environmental factors play a role 

in bacterial community composition, however, it is still unclear whether these changes 

observed are a direct response of the bacteria to the abiotic stress, an indirect influence of 

changes in host condition on the bacterial community or a complex combination of bacteria-

bacteria interactions. Furthermore the question remains to what extent these changes are 



 

necessary for enhancing the host’s ability to adapt to environmental change, and if they are 

not is this an indication of host demise.  
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Figure S1| Number of OTUs per morphological niche before stress perturbation. 

 

 

Figure S2| Rarefaction of samples. Endomicrobiome (black), epimicrobiome (red), 
rhizomicrobiome (green), sediment (dark blue), and water (light blue) 



 

 

Figure S3| Taxonomic separation of all  algal samples by class.  

 

Table S1. Summary of environmental conditions 

Environmental 
parameter 

S₀ (pre-stress) S₁ directly after stress S₂ (recovery) 
Ambient 

conditions 
Combination 

stress 
Temp Stress 

Nutrient 
stress 

Control 
Ambient 

conditions 

Tmax  (°C) 18.10 25.47 23.64 17.60 17.40 16.80 
NO2-  [µg/l] 6.71 1.03 6.72 2.58 4.21 7.22 

NO2- : NO3 [µg/l] 32.15 6.65 10.67 14.75 12.42 28.03 

NH3 [µg/l] 129.41 14288.85 360.44 9419.46 187.52 137.66 
PO4

3- [µg/l] <1.00 3160.66 68.40 2069.17 <1.00 <1.00 
NO3- [µg/l] 

(calculated) 
26.02 6.40 4.37 5.42 8.88 21.08 

 

 

 

 

 

 

 

 



 

       
Table S4. Summary of the significant putative functions for each morphological niche under different 
stressors compared between each timepoint determined by SIMPER analysis. 

Endobiome 

Temperature Stress 

  Average Std.Dev Ratio Average 1 Average 2 cumsum p-value 

a.) Control vs. 3 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 

b.) Control vs. 12 Days        

fermentation 0,1036 0,0326 3,1782 24634,1818 2411,3333 0,2882 0,0100 

nitrate reduction 0,0992 0,0360 2,7598 24189,6364 2274,6667 0,4197 0,0140 

animal parasites or 
symbionts 0,0966 0,0397 2,4325 24005,7273 2263,0000 0,5478 0,0160 

human pathogens all 0,0965 0,0397 2,4316 23979,6364 2263,0000 0,6757 0,0160 

human gut 0,0962 0,0397 2,4233 23925,4545 2257,6667 0,8032 0,0160 

mammal gut 0,0962 0,0397 2,4233 23925,4545 2257,6667 0,9308 0,0160 

c.) 3 Days vs. 12 Days        

chemoheterotrophy 0,1331 0,0667 1,9954 11948,3333 3641,3333 0,1872 0,0370 

fermentation 0,0793 0,0745 1,0643 4194,1667 1230,0000 0,2988 0,0040 

sulphate respiration 0,0522 0,0604 0,8629 1239,8333 2722,6667 0,9131 0,0040 

respiration of sulphur 
compounds 0,0522 0,0604 0,8629 1239,8333 2722,6667 0,9864 0,0040 

phototrophy 0,0001 0,0002 0,6608 1,8333 1,3333 0,9995 0,0320 
anoxygenic 
photoautotrophy S 
oxidizing 0,0001 0,0001 0,6071 0,0000 1,3333 0,9997 0,0270 

anoxygenic 
photoautotrophy 0,0001 0,0001 0,6071 0,0000 1,3333 0,9998 0,0270 

photoautotrophy 0,0001 0,0001 0,6071 0,0000 1,3333 0,9999 0,0270 

dark oxidation of sulphur 
compounds 0,0001 0,0001 0,4985 1,3333 1,3333 1,0000 0,0420 

Nutrient stress 

  Average Std.Dev Ratio Average 1 Average 2 cumsum p-value 

a.) Control vs. 3 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 

b.) Control vs. 12 Days        

cellulolysis 0,0001 0,0001 0,8582 0,0000 41,6667 0,9999 0,0330 

c.) 3 Days vs. 12 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 

Nutrients & Temperature stress 

  Average Std.Dev Ratio Average 1 Average 2 cumsum p-value 

a.) Control vs. 3 Days        

aerobic 
chemoheterotrophy 0,0109 0,0083 1,3204 4126,3333 2218,5714 0,9702 0,0250 

b.) Control vs. 12 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 

c.) 3 Days vs. 12 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 

        



 

Epibiome 

Temperature stress 

  Average Std.Dev Ratio Average 1 Average 2 cumsum p-value 

a.) Control vs. 3 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 

b.) Control vs. 12 Days        

fermentation 0,1036 0,0326 3,1782 24634,1818 2411,3333 0,2882 0,0100 

nitrate reduction 0,0992 0,0360 2,7598 24189,6364 2274,6667 0,4197 0,0080 

animal parasites or 
symbionts 0,0966 0,0397 2,4325 24005,7273 2263,0000 0,5478 0,0080 

human pathogens all 0,0965 0,0397 2,4316 23979,6364 2263,0000 0,6757 0,0080 

human gut 0,0962 0,0397 2,4233 23925,4545 2257,6667 0,8032 0,0080 

mammal gut 0,0962 0,0397 2,4233 23925,4545 2257,6667 0,9308 0,0080 

c.) 3 Days vs. 12 Days        

chemoheterotrophy 0,1331 0,0667 1,9954 11948,3333 3641,3333 0,1872 0,0390 

fermentation 0,0793 0,0745 1,0643 4194,1667 1230,0000 0,2988 0,0040 

sulphate respiration 0,0522 0,0604 0,8629 1239,8333 2722,6667 0,9131 0,0010 

respiration of sulphur 
compounds 0,0522 0,0604 0,8629 1239,8333 2722,6667 0,9864 0,0010 

phototrophy 0,0001 0,0002 0,6608 1,8333 1,3333 0,9995 0,0270 
anoxygenic 
photoautotrophy S 
oxidizing 0,0001 0,0001 0,6071 0,0000 1,3333 0,9997 0,0230 

anoxygenic 
photoautotrophy 0,0001 0,0001 0,6071 0,0000 1,3333 0,9998 0,0230 

photoautotrophy 0,0001 0,0001 0,6071 0,0000 1,3333 0,9999 0,0230 

Nutrient stress 

  Average Std.Dev Ratio Average 1 Average 2 cumsum p-value 

a.) Control vs. 3 Days        

aerobic 
chemoheterotrophy 0,0384 0,0284 1,3508 3866,6000 670,6667 0,9921 0,0170 

sulphite respiration 0,0040 0,0043 0,9248 14,4000 231,0000 0,9973 0,0450 

predatory or exoparasitic 0,0007 0,0010 0,7317 19,6000 10,3333 0,9994 0,0340 

b.) Control vs. 12 Days        

hydrocarbon degradation 0,0002 0,0001 1,6740 4,8000 35,5000 0,9996 0,0280 

c.) 3 Days vs. 12 Days        

sulphate respiration 0,1228 0,0152 8,0951 326,0000 17808,5000 0,2700 0,0130 

respiration of sulphur 
compounds 0,1208 0,0126 9,5572 22,6667 17190,5000 0,3994 0,0170 

fermentation 0,1208 0,0126 9,5572 22,6667 17190,5000 0,5289 0,0170 

nitrate reduction 0,1205 0,0126 9,5510 22,6667 17155,0000 0,6580 0,0170 

human pathogens all 0,1205 0,0126 9,5510 22,6667 17155,0000 0,7872 0,0170 

animal parasites or 
symbionts 0,1205 0,0126 9,5510 22,6667 17155,0000 0,9163 0,0160 

hydrocarbon degradation 0,0003 0,0001 3,0891 0,0000 35,5000 0,9998 0,0050 

        

        

Nutrients & Temperature 

  Average Std.Dev Ratio Average 1 Average 2 cumsum p-value 



 

a.) Control vs. 3 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 

        

b.) Control vs. 12 Days        

dark hydrogen oxidation 0,0008 0,0014 0,5771 0,0000 36,3333 0,9946 0,0340 

nitrate respiration 0,0004 0,0004 0,9308 5,0000 89,6667 0,9985 0,0370 

nitrogen respiration 0,0004 0,0004 0,9308 5,0000 89,6667 0,9991 0,0370 

        

c.) 3 Days vs. 12 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 

        

        

Rhizbiome 

Temperature stress 

  Average Std.Dev Ratio Average 1 Average 2 cumsum p-value 

a.) Control vs. 3 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 

b.) Control vs. 12 Days        

fermentation 0,1036 0,0326 3,1782 24634,1818 2411,3333 0,2882 0,0110 

nitrate reduction 0,0992 0,0360 2,7598 24189,6364 2274,6667 0,4197 0,0120 

animal parasites or 
symbionts 0,0966 0,0397 2,4325 24005,7273 2263,0000 0,5478 0,0120 

human pathogens all 0,0965 0,0397 2,4316 23979,6364 2263,0000 0,6757 0,0120 

human gut 0,0962 0,0397 2,4233 23925,4545 2257,6667 0,8032 0,0120 

mammal gut 0,0962 0,0397 2,4233 23925,4545 2257,6667 0,9308 0,0120 

c.) 3 Days vs. 12 Days        

chemoheterotrophy 0,1331 0,0667 1,9954 11948,3333 3641,3333 0,1872 0,0330 

fermentation 0,0793 0,0745 1,0643 4194,1667 1230,0000 0,2988 0,0020 

sulphate respiration 0,0522 0,0604 0,8629 1239,8333 2722,6667 0,9131 0,0020 

respiration of sulphur 
compounds 0,0522 0,0604 0,8629 1239,8333 2722,6667 0,9864 0,0020 

phototrophy 0,0001 0,0002 0,6608 1,8333 1,3333 0,9995 0,0270 
anoxygenic 
photoautotrophy S 
oxidizing 0,0001 0,0001 0,6071 0,0000 1,3333 0,9997 0,0280 

anoxygenic 
photoautotrophy 0,0001 0,0001 0,6071 0,0000 1,3333 0,9998 0,0280 

photoautotrophy 0,0001 0,0001 0,6071 0,0000 1,3333 0,9999 0,0280 

dark oxidation of sulfur 
compounds 0,0001 0,0001 0,4985 1,3333 1,3333 1,0000 0,0490 

        

        

        

        

Nutrient stress 

  Average Std.Dev Ratio Average 1 Average 2 cumsum p-value 

a.) Control vs. 3 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 



 

        

b.) Control vs. 12 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 

        

c.) 3 Days vs. 12 Days        

chemoheterotrophy 0,0802 0,0376 2,1305 2636,3333 4719,3333 0,6933 0,0350 

        

Nutrients & Temperature stress 

  Average Std.Dev Ratio Average 1 Average 2 cumsum p-value 

a.) Control vs. 3 Days        

N.A N.A N.A N.A N.A N.A N.A N.A 

        

b.) Control vs. 12 Days        

aromatic compound 
degradation 0,0004 0,0006 0,6960 11,6667 0,0000 0,9989 0,0360 

nitrogen fixation 0,0001 0,0001 0,7529 2,6667 0,0000 0,9990 0,0310 

        

c.) 3 Days vs. 12 Days        

nitrate reduction 0,0173 0,0168 1,0310 677,6667 17,2500 0,8923 0,0480 

aromatic compound 
degradation 0,0003 0,0003 0,9954 13,3333 0,2500 0,9998 0,0480 
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Habitat-forming seaweeds are under ongoing threat due to a compound of environmental and 

anthropogenic stressors, to the point where several species are becoming rare at local and 

regional scales. It has recently been established that seaweed associated bacteria are 

intrinsically linked to health of their algal host. However, little is known about the 

environmental influences on seaweed microbiomes and the impact this has on the ecological 

success of seaweeds. We performed in situ experiment to elucidate the effects of nutrient 

enrichment and a heatwave event on intertidal Cystoseira compressa and epibacterial 

communities associated. Bacterial diversity was determined using meta-barcoding of the 16S 

rRNA gene and functional profiles were inferred using FAPROTAX. Changes in photosynthetic 

efficiency were used to evaluate the physiological condition of the seaweed. C. compressa 

showed significant responses to heatwave stress, where changes were observed in 

microbiome structure and function, as well as the inhibition of photosynthetic activity. Our 

results show the presence of an integral functional relationship between host and their 

associated microbiome, thereby reinforcing the notion that in order to understand 

environmental driven loss of habitat-forming seaweeds, there is a need to investigate impacts 

on the whole ecological unit, or ‘holobiont’. 
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Research suggests that host-associated microbial communities can critically modulate the 

performance and resilience of their eukaryotic hosts, as is evident for a wide range of 

terrestrial and aquatic ecosystems (Cho and Blaser, 2012; Vorholt, 2012; Egan et al., 2014; 

Thompson et al., 2015). The ecological success of a host has been intrinsically linked to 

symbioses with bacteria that possess complementary metabolic functions, produce 

metabolites vital for host health or provide resistance to disease (Reshef et al. 2006; Foster et 

al. 2017; Rosenberg and Zilber-Rosenberg 2018). In the marine environment, bacteria have 

been directly associated to the growth, morphogenesis and germination of macroalgae 

(Matsuo et al. 2003; Spoerner et al. 2012). The formation of integral functional relationships 

between hosts and their associated microbes, further establishes the notion that both host 

and its associated microbiome act as one ecological unit, or ‘holobiont’ (Egan et al. 2013; 

Thompson et al. 2015; Hassani, Durán and Hacquard 2018; Dittami et al. 2019). Therefore, in 

order to fully comprehend the physiological responses of eukaryotic hosts to environmental 

stresses, analysis of their associated bacteria is fundamental.  

Habitat-forming seaweeds dominate temperate rocky coasts around the world (Steneck et al. 

2002; Smale et al. 2013), yet these habitats are increasingly threatened by global changes and 

human stressors (e.g. Steneck et al., 2002; Connell et al., 2008; Perkol-Finkel and Airoldi, 2010; 

Wernberg et al., 2011, 2016). Compelling evidence has reported extreme population declines 

of these seaweeds in the Mediterranean Sea, particularly within shallow waters (Benedetti-

Cecchi et al. 2001; Thibaut et al. 2005, 2015; Airoldi and Beck 2007; Connell et al. 2008; 

Mangialajo, Chiantore and Cattaneo-Vietti 2008; Perkol-Finkel and Airoldi 2010). Decreases in 

populations are typically attributed to the interaction of multiple anthropogenic and 

environmental stressors (Airoldi 2003; Halpern et al. 2007; Strain et al. 2014; Mancuso et al. 

2018). In a context of global change, the link between nutrient enrichment and increase in 

temperature is highly relevant (Gouvêa et al. 2017). The increase in eutrophication caused by 

local-scale human impact, poses a direct threat on coastal ecosystems. Improving water 

quality by mitigating high nutrient loads would therefore increase the resilience of habitat-

forming seaweeds exposed to increasing temperatures as a consequence of climate-change 

(Strain et al. 2014, 2015; Gouvêa et al. 2017). 



 

Although the effects of environmental and human stressors on seaweeds’ performances has 

been widely documented, it has been only in recent studies that host-associated microbial 

community changes in response to environmental factors have been linked to overall algal 

health and ecological success (Case et al. 2011; Stratil et al. 2013; Marzinelli et al. 2015, 2018; 

Zozaya-Valdes, Egan and Thomas 2015). Environmental stressors can disrupt algal bacterial 

communities limiting the antibacterial activities of the host and make it more susceptible to 

pathogen infection (Campbell et al., 2011; Case et al., 2011) leading to mass mortality (Egan 

et al. 2013). Such events are supposed to increase with changes in the marine environment 

induced by anthropogenic stressors (pollutants, urbanization) and exacerbated by the effects 

of climate change (Harvell et al. 2002; Lafferty, Porter and Ford 2004; Campbell et al. 2011). 

Higher temperatures and nutrient load often lead to the host chemical defense being 

compromised and resulting in a diminished ability of the host to detect pathogenic bacterial 

strains  (Case et al. 2011; Marzinelli et al. 2015, 2018). Different clades within the 

Rhodobacteraceae and Flavobacteriaceae, contain well-known or putative pathogens, such as 

Ruegeria sp., Nautella italica R11, Phaeobacter sp. LSS9, Aquimarina sp., Alteromonas sp. and 

Vibrio that can cause macroalgal disease (Egan et al. 2014). There is, however, some 

uncertainty in attributing pathogenicity to specific bacterial groups as a whole, because 

phylogenetically related microbes can contain several accessory genes critical in determining 

their metabolic functions. For example, taxa within the Roseobacters clade have been 

involved in the development of Ulva mutabilis (Spoerner et al. 2012), while other bacterial 

taxa assigned to this clade have been associated to the bleaching of red and brown macroalgae 

(Case et al. 2011; Marzinelli et al. 2015). This suggests that studies on host-bacteria 

interactions require a more holistic approach analysing the structure, composition and 

functions of the bacteria associated with the macroalgae (Florez et al. 2017). 

In this study we investigated the effects of nutrient enrichment and heatwave events on the 

epibacterial communities and the photosynthetic activity of Cystoseira compressa (Esper) 

(Gerloff & Nizamuddin). C. compressa is one of the most widespread habitat-forming species 

of Cystoseira in the Mediterranean Sea, able to colonize the rocky shore from the infralittoral 

(max 40 m depth) to the intertidal zone in both exposed and sheltered regions (Gómez-

Garreta et al. 2002). It remains one of the relatively common species of Cystoseira along the 

shallow Italian coasts and studies have shown that its ecological status is related to co-



 

occurring anthropogenic and environmental stressors within this region (Mancuso et al. 

2018). The natural variation of epiphytic bacteria communities associated to C. compressa 

over its vegetative season has been described and within these communities six potential 

pathogenic genera have been identified, namely Ruegeria, Nautella, Aquimarina, Loktanella, 

Saprospira, and Phaeobacter (Mancuso et al. 2016). However, the effect of environmental 

changes on these community compositions and functional capacity of the epibacterial 

communities associated with C. compressa, has not yet been described.  

We ran a 4-month field experiment to examine the effects of nutrient enrichment and 

heatwaves on the diversity of epibacterial communities for intertidal C. compressa at the 

central Adriatic Sea of the Italian coastline (Figure 1). Nutrient enrichment began in May, and 

after two months, a realistic heatwave was simulated during low tide and investigated if there 

were any changes in the physiological responses of C. compressa and its associated 

epibacterial communities (Figure 2). Illumina 16S rRNA gene-tag sequencing was used to 

compare the structure and function of the microbial communities associated with C. 

compressa and to detect patterns correlated to host conditions. Moreover, we quantified the 

photosynthetic efficiency of the seaweeds. We hypothesize that the epibacterial communities 

of C. compressa would differ between thalli exposed to different ambient and stressed 

conditions and that these differences could possibly be related either directly or indirectly to 

physiological changes of the host such as the photosynthetic efficiency of C. compressa, in 

which higher photosynthetic activity would be observed in the ambient conditions compared 

to the stressed conditions.  

 

Study site and species  

We collected C. compressa and associated microbial communities from the lower intertidal 

zone (the area between the mean sea level and the extreme low water of spring tides, ≈ 30 

cm) in the central Adriatic Sea, at the rocky shore of Punta Aderci promontory, Vasto, Italy 

(42°10'50.3" N, 14°41'15.0" E) (Figure 1). This promontory is characterized by clay–sand–

conglomerate lithotypes (Miccadei et al. 2011), with moderate exposure to wave action 

(Figure 1). Annual seawater temperature ranges from 8 °C to 27.5 °C (Figure S5 A), while the 



 

air temperature follows seasonal variation with the lowest and highest average values of 6.5 

°C and 28 °C, respectively (Figure S5 B). Extreme heatwave events, may push air temperature 

well beyond 40 °C, as witnessed by the heatwaves events between June and July 2005 (Figure 

S5 B). Assemblages in the lower intertidal zone at the Punta Aderci promontory were 

comprised of mussel beds (Mytilus galloprovincialis), and sparse C. compressa belts mixed to 

ephemeral algae (Ulva rigida). The thallus height of C. compressa from this zone were on 

average ~ 20-25 cm (Mancuso et al. 2018). 

 

 

Figure 1| Experimental study site of the Punta Aderci promontory.  

 

Experimental design  

From late May to early August 2014, we undertook a field experiment to test the effects of 

nutrient enrichment and a realistic atmospheric heatwave event during low tide (air exposure) 

on C. compressa (Figure 2). In late May, we randomly selected 16 thalli of C. compressa (~ 50 

cm apart) at the lower intertidal zone, and assigned them either to control or nutrient 

enriched treatments (n = 8) (Figure 2 A). Nutrient treatment received 300 g of coated fertilizer 

(Osmocote Exact, 5-6 month release; N15-P9-K12) placed within nylon mesh bags (1 mm mesh 

size) within close proximity (~ 5 cm)  to C. compressa thalli. Mesh bags were replaced every 

30 days to ensure a continuous nutrient supply of the treatment. To test the effectiveness of 

the nutrient manipulation, we analyzed the elemental composition of the algal tissue for each 



 

treatment (n = 5) after 30 days. Carbon (C) and nitrogen (N) content of C. compressa were 

assessed with a ThermoFisher organic elemental analyzer (Flash 2000).  

After 2 months of nutrient manipulation, we simulated an extreme heatwave event on C. 

compressa by manipulating ambient air temperature around the thalli (Figure 2 B). The 

temperature manipulation was based on the highest air temperature (42 °C) recorded during 

the previous 10 years from the Ortona oceanographic buoy of ISPRA (Istituto Superiore per la 

Protezione e Ricerca Ambientale, http://www.mareografico.it, Figure S6). At high tide, the 16 

thalli (8 ambient nutrients and 8 nutrient enriched) of C. compressa were collected, half were 

assigned to ambient and half to heatwave treatments (i.e. n = 4 for each combination of 

factors), and acclimated for 1 hour into plastic boxes (40 × 90 × 30 cm) opened on the top and 

filled with natural seawater (27 °C). After acclimation, we simulated the low tide by removing 

the thalli from the plastic boxes and placed them into Plexiglas transparent boxes (25 x 25 cm) 

opened both above and below, placed on natural rocky shore of the site (above the seawater) 

exposing C. compressa to natural light intensity. Air exposure lasted for 3 hours which is the 

average time that C. compressa experiences during sunny summer days with high atmospheric 

pressure at intertidal zone (Figure S6). The heatwave temperature was reached by applying 

four electrical heat traces mounted on the inside walls of the Plexiglas boxes. Power was 

supplied by a portable electric generator. Temperature was constantly monitored with 

thermometers (±0.1 °C) placed near the algal surface. Heatwave temperature was reached 

after 1 hour and constantly maintained for the remaining 2 hours. At the end of the air 

exposure, the thalli of C. compressa were re-attached to the site, using epoxy putty (Subcoat 

S, Veneziani), and measured the evolution of the photosynthetic activity for the subsequent 3 

and 24 hours of recovery (Figure 2 C). 

 



 

 

 

Figure 2| The schematic diagram of the experiment. The experiment was designed to measure the 

effects of nutrients enrichment and a realistic heatwave event during low tide condition (air 

exposure) on C. compressa. In late May, 16 thalli of C. compressa were randomly selected (~ 50 cm 

apart) at the lower intertidal zone, and assigned them to either to control or nutrient treatments 

(manipulated adding coasted fertilizer) [A]. After two months, the thalli of C. compressa were 

collected, acclimated for 1 hour into plastic boxes filled with natural seawater, and exposed to air 

both under ambient and heatwave temperatures [B]. Air exposure lasted 3 hours to simulate 

condition of maximum air exposure, typically of a hot sunny day with high atmospheric pressure 

condition. At the end of the air exposure all treated thalli were re-attached to the site and recovery 

were monitored during the subsequent 3 and 24 hours [C].   

 

Physiological attributes of C. compressa 

We quantified the effects of the respective treatments on the photosynthetic activity of C. 

compressa by measuring the maximum quantum yield (Fv/Fm) of photosystem II (PSII) with a 

portable pulse amplitude modulated fluorometer (Diving-PAM, Waltz). The decrease of Fv/Fm 

is considered a valuable indicator of physiological stress in plants and macroalgae, and it is 

widely used to monitor temperature-induced changes of photosynthetic activity (Bruhn and 

Gerard 1996; Eggert 2012; Pereira et al. 2015).  Prior to measurement, the thalli of C. 

compressa from each experimental treatment were dark-adapted for 30 min, sufficient time 

for a complete oxidation of the PSII reaction centers (Murchie and Lawson 2013). We 

measured the basal fluorescence (Fo), and the maximum fluorescence (Fm) after a saturation 



 

pulse (9000 mol photon m-2 s-1, 800 ms) of actinic light. Then the maximum quantum yield 

was calculated as Fv/Fm = Fm − Fo/Fm (Murchie and Lawson 2013). For each individual C. 

compressa, three measures of Fv/Fm were made randomly on its surface, and their average 

was used for subsequent calculations and statistical analyses. The measurements were 

repeated at 4 distinct time points: just before the treatment, at the end of the simulated low-

tide emersion, after a 3 hour recovery period, and after 24 hours of recovery.  

 

Sampling and characterization of the epibacterial community 

The epibacterial communities on C. compressa were sampled after the 3 hours of aerial 

exposure. From each treatment we collected 3 replicates of the microbial biofilm by collecting 

approximately 12 cm2 of surface of C. compressa via a sterile cotton swab (Aptaca). Swabs 

were immediately transferred to sterile 1.5 ml Eppendorf tubes. Thalli overgrown with 

epiphytic seaweeds or animals were avoided. Samples were transported on ice from the field 

site to the lab and stored at -80 °C until DNA extraction.  

Microbial DNA was extracted from each cotton swab as described in Mancuso et. al (2016). 

The V1-V3 region of the bacterial 16S rRNA gene was amplified using forward pA 

AGAGTTTGATCCTGGCTCAG 8–27 (Edwards et al. 1989) and reverse BKL1  

GTATTACCGCGGCTGCTGGCA 536– 516 (Cleenwerck et al. 2007) primers. Libraries for Illumina 

MiSeq v3 (2 × 300 bp) were constructed using the NexteraXT DNA sample preparation kit with 

a dual indexing strategy consisting of two 8-base indices (Mancuso et al. 2016). The microbial 

amplicon sequences were processed using the UPARSE pipeline (Edgar 2013), implemented in 

the USEARCH package version 10.0.240 (Copyright 2013-17 Robert C. Edgar, 

http://drive5.com/usearch), unless stated otherwise. Due to the low-quality score of the 

reverse reads we modified the UPARSE pipeline to get the maximum number of reads with 

good quality. 

Paired-end reads were merged with a minimum overlap of 30 bp, discarding reads shorter 

than 470 bp or longer than 540 bp, and allowing a maximum of 3 gaps in the overlapping 

region. These parameters were defined using the shiny app “Find primers position and 

amplified fragment of bacterial 16S rRNA”  (https://cystoseira.shinyapps.io/ 

find_amplified_16s_rrna_region/). Samples were pooled and the primer sequences were 

http://drive5.com/usearch)
https://cystoseira.shinyapps.io/%20find_amplified_16s_rrna_region/)
https://cystoseira.shinyapps.io/%20find_amplified_16s_rrna_region/)


 

removed. Then, the merged reads were quality-filtered by applying a maximum expected 

error of 0.1. After the identification of unique sequences through dereplication, singletons 

were discarded, and sequences were clustered into operational taxonomic units (OTU) with a 

minimum identity of 97 %. Then, the merged reads were mapped to unique OTUs with lower 

restricted parameters. This allowed to retain all merged reads that have a 97% of similarity to 

an OTU sequence (see supplementary material for further details). Taxonomy assignment was 

performed in Mothur v. 1.39.5 (Schloss et al. 2009) using three reference databases 

Greengenes 13_8_99 (DeSantis et al. 2006), Silva v132 (Quast et al. 2013) and RDP training set 

February 2016 (Cole et al. 2014). The Silva database allowed a higher classification success 

from Kingdom to Genus levels and was used for the downstream analyses (Figure S4). Finally, 

a phylogenetic tree was constructed using a single linkage method.  

Downstream analyses were performed in R software 3.5.1 (R Core Team 2018) using the 

“phyloseq” R-package (McMurdie and Holmes 2013). Chloroplast and mitochondrial 

sequences were removed from the dataset. Microbial composition was described from 

phylum to genus level. 

 

Data analyses 

One-way analysis of variance (ANOVA) was applied to test the effect of the nutrient 

manipulation (Nu; 2 fixed levels = ambient and enriched) on the C/N rate and the Fv/Fm of C. 

compressa before the heatwave simulation.  

We applied a two-way ANOVA to test the effects of nutrient (Nu; 2 fixed levels = ambient and 

enriched) and air temperature (At; 2 fixed levels = ambient and heatwave temperatures) 

conditions on the Fv/Fm of C. compressa. 

Alpha and beta diversity of the epibacterial communities of C. compressa were characterized 

as follows. To estimate alpha diversity, the OTU table was rarefied at the minimum number of 

sequences of the samples (18940 seqs.). For each treatment we estimated OTU richness, 

Chao1 and Shannon-Wiener indexes, as well as Pielou’s evenness calculated as H/ln(S), where 

S and H are the estimated OTU richness and Shannon-Wiener diversity, respectively. 

Differences in alpha diversity parameters between nutrient (Nu; 2 fixed levels = ambient and 

enriched) and air temperature (At; 2 fixed levels = ambient and heatwave temperatures) were 



 

statistically tested by performing univariate permutational analyses of variance 

(PERMANOVA) with PERMANOVA+ (Anderson et al., 2008) for PRIMER v.6 (Clarke and Gorley, 

2006). The analysis was based on a Bray-Curtis dissimilarity matrix of untransformed data with 

type III of sum of squares, 9999 permutations, and unrestricted permutation of raw data. 

PERMANOVA was chosen for univariate analyses because it does not assume a normal 

distribution of errors. 

With regards to the beta diversity, microbial community structure (which tacks into account 

identity and abundance of OTUs) was compared between nutrient (Nu; 2 fixed levels = 

ambient and enriched) and air temperature (At; 2 fixed levels = ambient and heatwave 

temperatures) conditions using PERMANOVA (Anderson, Gorley and Clarke 2008) in the 

PERMANOVA+ add-on for PRIMER v6 (Clarke and Gorley 2006). Non-metric Multidimensional 

Scaling (NMDS) ordination plot was generated to visualise the variation of microbial 

community structure in different sample groups. The analysis was based on Bray–Curtis 

dissimilarity measure of square-root transformed OTUs abundance. PERMANOVA’s P-values 

were generated using 9999 unrestricted random permutations of raw data and Type III sums 

of squares. PERMDISP command was used to test for homogeneity of multivariate dispersions 

within groups (Anderson, Gorley and Clarke 2008). 

We used general linear models (GLMs) to find which OTU changes significantly among levels 

of treatment. GLMs were conducted using the R package “DESeq2”  (Love, Huber and Anders 

2014) assuming a negative binomial distribution. The OTUs differed significantly (adjusted p-

value < 0.05) between treatments were showed using log2-fold change bar plots. 

 

Microbial functional groups related to C. compressa 

To provide the functional profiling of the bacterial communities associated to the different 

treatments we compared each taxonomically annotated OTUs with one or more metabolic 

functions (aerobic chemoheterotrophy, cellulolysis, fermentation, methanogenesis, 

methylotrophy, nitrogen respiration, sulfate respiration, photoautotrophy, ureolysis) using 

the Functional Annotation of Prokaryotic Taxa (FAPROTAX) database (Louca et al. 2016). 

FAPROTAX contains metabolic or ecologically relevant functions associated to cultured 

prokaryotes identified at the genus or species levels. If a cultured species within a bacterial 



 

genus have been identified with a putative function, FAPROTAX assume that all uncultured 

members of that genus to the same function. FAPROTAX performance relies on the quality 

and resolution of taxonomic identification, and thus only a small percentage of OTUs may be 

assigned to at least one functional group. However, FAPROTAX can be a plausible alternative 

to genomic prediction approaches such as PICRUST (Langille et al. 2013), because it only 

considers cultured bacterial species with characterized functions. 

We used PERMANOVA analysis compared the microbial functional groups of the epibacterial 

community of C. compressa between nutrient (Nu; 2 fixed levels = ambient and enriched) air 

temperature (At; 2 fixed levels = ambient and heatwave temperatures) conditions.  

PERMANOVA was based on Bray–Curtis dissimilarity measure, of square-root transformed 

functional groups abundance, using 9999 unrestricted random permutations of raw data and 

Type III sums of squares. PERMDISP command was used to test for homogeneity of 

multivariate dispersions within groups. Similar Percentage analysis (SIMPER) (Clarke 1993) 

was performed to identify those functional groups that most characterized the epibacterial 

community of C. compressa among significant treatments. SIMPER was conducted using the 

R package “vegan” (Oksanen et al. 2015)  with a cut-off value 90% and 9999 and permutations.  

Results 

Physiological responses of the host 

During nutrient manipulation (Figure 2 A), C. compressa exposed at high nutrients levels 

showed a low C:N ratio (21 ± 2.5) compared to the thalli left at ambient nutrient condition (25 

± 1.8)  [Analysis of variance (ANOVA) Nu: F(df = 1,8)= 8.792, P < 0.01, Table S1A, Figure S1 A]. The 

nutrient enrichment also impacted the photosynthetic efficiency (Fv/Fm) of the seaweed, with 

thalli exposed to high nutrients showing significantly higher values of Fv/Fm (0.727 ± 0.01) 

compared to natural (0.702 ± 0.01) conditions (ANOVA Nu: F(df = 1,8)= 21.43, P < 0.05, Table S1 

B, Figure S1 B). However, these differences were not significant just before the temperature 

manipulation, although the mean Fv/Fm in thalli exposed to high nutrients remained slightly 

higher (0.722 ± 0.04) compared to natural (0.688 ± 0.05) condition (ANOVA Nu: F(df = 1,4)= 

1.918, P > 0.05, Table S1 C, Figure S1 C).  

When exposed to air (Figure 2 B), all individuals of C. compressa suffered some stress even at 

ambient air temperatures with an average decrease in Fv/Fm of 14-15 % compared to 



 

submerged conditions for both nutrient treatments (Figure 3 A, Table S2). Thalli of C. 

compressa subjected to the heatwave conditions showed a notable decrease in Fv/Fm (42-45 

%) independent of the presence or absence of the added nutrients (ANOVA At: F(df = 1,28)= 46.2, 

P < 0.05,  Nu x At: F(df = 1,28)= 46.2, P > 0.05, Figure 3 A, Table S2). Three hours after the re-

immersion in seawater (Figure 2 C), the thalli of C. compressa exposed to ambient air 

temperature recovered complete photosynthetic efficiency (Figure 3 B), while the thalli 

exposed to the heatwave still showed lingering effects from the treatment  with lower values 

of Fv/Fm (~ 30% less) when compared to ambient temperature conditions (At: F(df = 1,28)= 

84.994; P  < 0.001, Figure 3 B, Table S2). After a 24 hours of recovery (Figure 2 C), there were 

no detectable effects of either treatment on the Fv/Fm (ANOVA At: F(df = 1,28)= 3.692, P > 0.05; 

Nu: F(df = 1,28)= 0.202, P > 0.05, Figure 3 C, Table s2), indicating that C. compressa recovered full 

physiological competence.  

 

 

Figure 3| Maximum quantum yield (Fv/Fm) in response to different nutrient levels (low vs. high) and absence 

(no hw) or presence (hw) of the heatwave event at the end of the experiment (A) and after 3h (B) and 24h 

recovery (C). Data are average values (n= 4, ± 1 SE). 

 

 

 

Epibacterial community composition of C. compressa 

The 16S rDNA sequencing of the epibacterial communities for the 12 treated thalli of C. 

compressa analyzed produced a combined total of 1.46 million reads filtered with an average 

length of 492 ± 21 bp. The number of sequences differed between treatments, with lowest 

detected from the thalli of C. compressa at ambient conditions and highest values for thalli 



 

exposed to the heatwave (Table S3, Figure S2). Overall, these sequences clustered to 1172 

bacterial operational taxonomic units (OTUs), at an identity of 97 % (Table S3). Rarefaction 

curves showed saturation for most of the samples, indicating a good coverage of the 

environmental diversity (Figure S3). Taxonomic assignment against the Silva database 

decreased from kingdom to genus taxonimc leves, to 99 % and 55.5 % respectively (Figure S4). 

Classification of OTUs detected 15 bacterial phyla, that differed in abundance between 

treatments, with the most abundant taxa represented by Proteobacteria (60-74%), 

Bacteriodetes (8.5-22 %), Cyanobacteria (4-13 %) and Actinobacteria (1-4 %) (Figure S7 A). At 

the family level, most of the sequences across treatments were assigned to Rhodobacteraceae 

(40-64 %), Flavobacteriaceae (6-15 %), Saprospiraceae (2-10 %) and Phormidiaceae, (10 %) 

abundant in the thalli of C. compressa under ambient conditions (Figure S8 B). At the genus 

level, OTUs were classified mainly to Loktanella (5-7%), Trichodesmium_IMS101 (1-10%) and 

Litoreibacter (3-10%) and Erythrobacter (2-4%) (Figure S7 C).  

There was a significant interaction between nutrient and air temperature conditions on the 

alpha diversity indexes (OTU richness, Shannon and Pielou’s evenness indexes) of the 

microbial community associated to the thalli of C. compressa. At ambient nutrient condition, 

the bacterial diversity was lower on thalli exposed to ambient than heatwave air temperatures 

(Figure 4, Table S5). These differences were not observed on the thalli exposed nutrient 

enrichment (Figure 4, Table S5). 

Microbial community structure differed between the thalli of C. compressa exposed to 

temperature manipulations and those at ambient temperature [permutational multivariate 

analyses of variance (PERMANOVA) At, pseudo-F(df =1,8) = 4.9382, p (perm) < 0.05; Figure 5, 

Table 1], independent of nutrient levels (PERMANOVA Nu, pseudo-F(df =1,8) = 2.0271, p (perm) 

> 0.05; Nu x At, pseudo-F(df =1,8) = 1.8601, p (perm) > 0.05, Figure 5, Table 1). General linear 

models (GLMs) identified 71 OTUs whose abundances differed significantly among the thalli 

of C. compressa exposed to the heatwave compared to ambient conditions (Figure 5). Most 

of the OTUs more abundant in heatwave condition were taxonomically identified as 

Rhodobacteriaceae and Flavobacteriaceae with some of them related to the potential 

pathogenic genera Aquimarina and Ruegeria (Figure 6). 

 



 

 

Figure 4| Alpha diversity measures of the microbial communities associated to C. compressa under nutrient 

(amb_nutr = ambient nutrients, enrich_nutr = enriched nutrients) and air temperatures (amb_air_tmp = 

ambient air temperature, heatwave = heatwawe air temperature) conditions. Observed OTUs (A), Chao1 

species richness estimates (B), Shannon diversity H’ (C), and Pielou’s evenness index (D). 



 

 

 

Figure 5| Variation in the structure of the epibacterial microbial communities of C. compressa. NMDS 

based on Bray-Curtis dissimilarity measure on square-root transformed abundance of OTUS on C. 

compressa exposed to the ambient (grey symbols) and heatwave (black symbols) air temperatures, 

and to the ambient (circle symbols) and enriched (square symbols) nutrients. 

 

Table 1. Effects of nutrient enrichment and air temperature on the structure of the epibacterial communities 

of C. compressa.  

Source df     MS Pseudo-F P 

nutrients = Nu 1 1620.2 2.0271 0.0687 

air temperatures = At 1 3946.9 4.9382 0.0026 

Nu x At 1 1486.7 1.8601 0.0912 

Res 8 799.26   

Total 11    

PERMANOVA analyses based on Bray Curtis measure of square-root transformed abundances of OTUs 

comparing the epibacterial communities of C. compressa between nutrients (Nu, 2 fixed levels, ambient and 

enriched) and air temperatures (At, 2 fixed levels, ambient and heatwave) conditions 

 

 

 



 

Functional annotations of the host-associated bacteria was explored using FAPROTAX (Louca 

et al. 2016). In total 215 out of 1,172 OTUs (18%) were assigned to at least one of 25 functions, 

with some OTUs were assigned to multiple functional groups, yielding a total of 496 functional 

representatives (Table S4). A substantial proportion of  OTUs, equal to 82 %,  were  not 

assigned to any functional group. The functional profiles of the epibacterial communities of C. 

compressa showed slight significant differences between thalli exposed to heatwave 

conditions and those at ambient temperature (PERMANOVA At, pseudo-F(df=1,8) = 4.0047, p 

(perm) < 0.05; Table 2]. SIMPER analysis revealed that 12 out of the 25 functional groups 

contributed to the 90 % of the variability observed and were more abundant in the thalli of C. 

compressa under heatwave stress (Table 3). Of these, 12 functional groups, 5 functional 

groups  (chemoheterotrophy, aerobic chemoheterotophy, cellulolysis, dark sulfide oxidation 

and dark oxidation of sulfur compounds) were significantly most abundant in thalli exposed 

to the heatwave (Table 3). 

 

Table 2. Effects of nutrient enrichment and air temperature on the functional groups of the epibacterial 

communities of C. compressa.  

Source df     MS Pseudo-F P 

nutrients = Nu 1 523.8 1.1319 0.3197 

air temperatures = At 1 1853.2 4.0047 0.0449 

Nu x At 1 488.14 1.0549 0.3412 

Res 8 462.75   

Total 11    

PERMANOVA analyses based on Bray Curtis measure of square-root transformed abundances of functional 

groups of the epibacterial communities of C. compressa between nutrients (Nu, 2 fixed levels, ambient and 

enriched) and air temperatures (At, 2 fixed levels, ambient and heatwave) conditions 

 

 

 

 

 

 



 

Table 3 SIMPER analysis. Contribution of the different functional groups of the bacterial community 

associated to thalli of C. compressa exposed or not to the heatwave treatment. 

Functional group 

averag

e sd ratio 

av 

heatwave.

y 

avheatwave.

n 

cumsu

m 

p-

value 

chemoheterotrophy 0.058 

0.03

1 

1.88

5 184.493 101.456 0.166 

0.006

3 

aerobic_chemoheterotrophy 0.057 

0.03

0 

1.88

1 182.092 100.482 0.330 0.008 

cyanobacteria 0.029 

0.01

9 

1.49

5 83.138 60.261 0.414 

0.459

3 

oxygenic_photoautotrophy 0.029 

0.01

9 

1.49

5 83.138 60.261 0.497 

0.459

3 

photoautotrophy 0.029 

0.01

9 

1.49

5 83.138 60.261 0.580 

0.459

3 

phototrophy 0.029 

0.01

9 

1.49

5 83.138 60.261 0.664 

0.459

3 

cellulolysis 0.024 

0.00

9 

2.62

3 44.736 24.915 0.731 

0.025

6 

fermentation 0.021 

0.01

5 

1.41

7 44.581 42.315 0.790 

0.987

4 

nitrogen_fixation 0.016 

0.01

6 

1.03

3 34.923 26.955 0.837 0.895 

dark_sulfide_oxidation 0.009 

0.00

6 

1.61

6 24.700 11.604 0.863 

0.006

3 

dark_oxidation_of_sulfur_compound

s 0.009 

0.00

6 

1.61

6 24.700 11.604 0.889 

0.006

3 

chloroplasts 0.006 

0.00

6 

1.12

4 17.385 9.184 0.907 

0.160

9 

Average = average contribution to overall dissimilarity, sd = standard deviation of contribution, ratio = average 

to sd ratio, avAty = average abundance of the functional groups belonging to the epibacterial community of C. 

compressa exposed to the heatwave temperature,  avAtn = average abundance of the functional groups 

belonging to the epibacterial community of C. compressa exposed to the ambient temperature, cumsum = 

cumulative contribution, p-value = probability of getting a larger or equal average contribution in random 

permutation of the group factor 



 

 

 

 

Figure 6| Most dominant OTUs associated with C. compressa exposed at ambient (blue bars) and 

heatwave (red bars) air temperatures. Log2-fold change times based on the OTUs abundances. 

Taxonomy identification (Phylum, family and genus) for each OTU are also reported. 

 

 

 

 



 

Our study assessed the in-situ effects of nutrient enrichment and temperature stress on 

intertidal C. compressa and associated microbial community. We simulated a short extreme 

heatwave through increased air temperature during air exposure and the effect of increased 

nutrient load representative of eutrophication. We observed changes in algal physiology as 

well as in the associated epibacterial community structure in response to heatwave stress 

experienced during low tide. The heatwave notably decreased the photosynthetic efficiency 

as well as the C:N ratio of C. compressa. This stress persisted for 3 hours after cessation of the 

air exposure, while total recovery was observed after 24 hours. Similarly, the heatwave 

changed significantly the microbial community associated to C. compressa, increasing the 

abundance of the potentially pathogenic genera Aquimarina and Ruegeria.  

Ecologically important coastal ecosystems are currently under threat due to the detrimental 

effects of local anthropogenic and climate stressors (Russell et al. 2009; Hoegh-Guldberg and 

Bruno 2010; Barbier et al. 2011; Coumou and Rahmstorf 2012). The Mediterranean Sea has 

been identified to be the most vulnerable to these changes, due to an increase of extreme 

events, such as heatwaves (Rahmstorf and Coumou 2011; Christidis, Jones and Stott 2015; 

Oliver et al. 2018). Heatwave events can severely impact the biodiversity, distribution and 

physiology of benthic macroalgae, reshaping biological interactions within these ecosystems 

(Garrabou et al. 2009; Wernberg et al. 2011a, 2013; Olabarria et al. 2013; Smale and Wernberg 

2013). The detection of significant photosynthetic stress from heatwave on C. compressa is 

consistent with previous studies, suggesting that intertidal seaweeds are sensitive to high 

temperature stress (Bell 1993; Martinez et al. 2012; Fernández et al. 2015). Intertidal 

seaweeds cope wide temperature fluctuations associated with submerged and emerged 

conditions on a daily basis, and physiological differences in response to this stress determine 

the upper limits of distribution of species and geographical distribution boundaries (Davison 

and Pearson 1996; Raffaelli and Hawkins 1996; Helmuth et al. 2006b; Eggert 2012). Seaweeds 

have developed physiological protective mechanisms, which include the dynamic 

photoinhibition of photosynthesis, a reversible process which inactivates photosystem II (PSII) 

when incident light exceeds the electron transport capacity (Häder et al. 1998). However, 

under high thermal stress, such as during a heatwave, coinciding with low tides, seaweeds 



 

may experience physiological damage, as a consequence of denaturation of proteins and 

nucleic acids, fluidization of membranes with disruption of the lipid bilayer, as well as the 

impairment of enzymatic reactions and oxidative stress (Christopher S. Lobban 1996; Helmuth 

et al. 2006a; Eggert 2012). Our results showed that while ambient treatments manifested clear 

signs of recovery after 3 hours of re-immersion, algal individuals under heatwave stress 

exhibited a delayed recovery only after 24 hours. Recovery time has been related to the 

magnitude of air temperature in other intertidal seaweeds, with slower recovery rates as air 

approaches higher lethal temperatures (Madsen and Maberly 1990; Bell 1993; Yu et al. 2013; 

Pereira et al. 2015). We propose that as heatwaves are increasing in intensity as well as 

frequency and duration (Meehl 2004; Rahmstorf and Coumou 2011; Christidis, Jones and Stott 

2015; Oliver et al. 2018), the incomplete photosynthetic recovery of C. compressa following 

an increasing number of repeated heat stresses during emersion could affect the persistence 

of this seaweeds from intertidal zone, although this was not tested in this study.  

Of particular interest was that after heatwave stress C. compressa showed marked changes in 

the structure of its associated microbial communities. All samples exhibited an increase in 

bacterial alpha diversity after heatwave stress, which has also been observed for Fucus mytili 

where bacterial diversity was higher for warm treatments (Mensch et al. 2016). Microbial 

communities have been shown to change over multiple timescales and in response to 

different biological and non-biological forces (Chow et al. 2013; Fuhrman, Cram and Needham 

2015). Bacterial communities have been described as continuously dynamic with several 

factors influencing their composition (Foster et al. 2017; Rosenberg and Zilber-Rosenberg 

2018), although the source of a large percentage of bacterial variation remains unexplained 

(Hollants et al. 2013; Lima-Mendez et al. 2015; Morrissey et al. 2019) 

However, macroalgal microbial communities have been shown to experience seasonal shifts, 

which may be a reflection of the host physiology, or chemical and physical parameters 

(Staufenberger et al. 2008; Bengtsson, Sjøtun and Øvreås 2010; Hengst et al. 2010; Tujula et 

al. 2010; Lachnit et al. 2011; Mancuso et al. 2016). Short-term variation in terms of few days 

of seaweeds associated bacteria was already observed in response to selective pressures 

(Case et al. 2011; Webster et al. 2011; Qiu et al. 2019). Our results show that unpredictable 

short-term environmental stressors, such as a heatwave, can rapidly changes the structure of 

bacterial communities in terms of hours.  



 

Disruptions to bacterial communities that play a role in essential functions can be indicative 

of algal stress, or transient ecological states in response to environmental stress (Marzinelli et 

al. 2015). Our results show that changes in bacterial communities were accompanied by a 

decrease in the photosynthetic activity of C. compressa. Changes in bacterial communities 

correlated to algal health could compromise the physiological success of the host (Case et al. 

2011; Egan et al. 2013; Campbell et al. 2015; Marzinelli et al. 2015). Bacteria have been known 

to mediate several algal functions and have been linked to morphogenesis and growth of 

macroalgae (Singh and Reddy 2014). Additionally, bacteria are known to contribute to the 

chemical defenses on the surfaces of macroalgae (Wahl et al. 2012; Egan et al. 2013, 2014). 

Therefore, changes to the bacterial community structure in these biofilms can negatively 

affect the ability of the alga to defend itself against pathogens, macrofouling and even grazers 

(Campbell et al. 2011; Wahl et al. 2012; Aires et al. 2018). Our study demonstrates that abiotic 

stress conditions influence the structure of the epibiotic bacterial community of C. compressa. 

The magnitude of the effect, however, differed between the types of stress. The bacterial 

communities between the nutrient treatments show minor changes in genus structure (Fig. 

S5), whereas the biggest disturbance to the bacterial community was observed for the 

heatwave treatments.  

Severe disruptions to the algal-bacterial interaction can become detrimental to normal algal 

health and functioning, affecting algal defenses and increasing susceptibility to pathogens 

(Campbell et al. 2011; Case et al. 2011; Egan et al. 2013, 2014; Egan and Gardiner 2016). We 

found that the most abundant groups of bacteria associated to stressed thalli of C. compressa 

belonged to the Rhodobacteraceae and Flavobacteriaceae, which are known to contain 

notable pathogens. These two groups of bacteria have been shown to contribute to difference 

between healthy and diseased red algal tissue (Zozaya-Valdes, Egan and Thomas 2015). 

Abundances of both Rhodobacteraceae  and Flavobacteriaceae on kelp surfaces have been 

linked to temperature changes (Minich et al. 2018), with a higher prevalence in blistered 

individuals correlated to a decrease in photosynthetic activity (Qiu et al. 2019). Furthermore, 

we found 45 OTUs that were more abundant in the epibiome of heat-stressed hosts for both 

nutrient treatments. These OTUs were classified as closely related to the pathogenic genera 

Aquimarina and Ruegeria. Pathogenic species have been observed for various other seaweeds 

and the abundances of these species are known to also increase when the algal host is under 



 

temperature stress (Vairappan et al. 2001; Campbell et al. 2011; Case et al. 2011; Fernandes 

et al. 2012; Peng and Li 2013). Aquimarina and Ruegeria have been related with the aging of 

annual axes over the growing season, suggesting that these taxa can proliferate following a 

decline of the seaweed’s physiological and antimicrobial activities (Mancuso et al. 2016). 

Members of Aquimarina have been previously reported to be associated with diseases of 

marine seaweeds (Zozaya-Valdes, Egan and Thomas 2015). For example, Aquimarina 

agaralytic, which was isolated from the red macroalga Porphyra haitanensis, produce diverse 

agarases (Lin et al. 2012) that may function to degrade host tissue, while Aquimarina salinaria 

was shown to produces metabolites with algicidal activity (Chen et al. 2011). Ruegeria have 

been associated to bleaching when algae are exposed to increased water temperatures (Case 

et al. 2011). We hypothesize that the increase of pathogens on C. compressa under heat stress 

could affect the resilience of the alga leading to the onset of diseases. 

Investigating stressors effects on surface bacteria further indicates that under heat stress 

significant changes are observed in bacterial functions related to chemoheterotrophy, 

cellulolysis, and the oxidation of sulphur compounds. The average abundances of the 

attributed OTUs were between 1,8 – 2,1 fold higher under heatwave conditions (Table 3). 

Burke et al., (2011) have previously demonstrated that bacterial composition, although 

seemingly variable in taxonomic structure, adheres to a functional priority in which bacterial 

associations with a host are based on metabolic requirements. Therefore, a significant 

temperature related increase in bacteria assigned to functions such as chemoheterotrophy, 

cellulolysis, and sulphur compound oxidation, indicates that temperature influences the 

functional stasis of the algal-bacterial symbiosis. It has been suggested that algae mediate 

their bacterial community through the recruitment of potentially beneficial bacteria to help 

alleviate the impact of environmental stress either temporarily or permanently where 

microbial associations can act as evolutionary drivers creating more resilient algae (Gachon et 

al. 2010). However, environmental stress can also create a weakened algal state which allows 

for opportunistic pathogens to colonize their surface and therefore potentially initiate the 

demise of these habitat-forming organisms. Whether these functional changes are intrinsically 

beneficial or detrimental to the health of C. compressa cannot be determined without a 

deeper understanding of the molecular processes involved. However, we can infer that there 



 

is a significant difference in functional state observed in algal responses to temperature 

changes.  

 

Here we show that stressful environmental conditions in a temperate marine macroalgae can 

affect the physiology of the alga and alter the structure of its associated microbiome, 

increasing the relative abundance of putative pathogens. We demonstrate that both 

temperature stress as well as nutrient enrichment have different effects on C. compressa and 

its associated microbiome. Heat stress has a significant impact on the photosynthetic 

efficiency of the alga as well as the epibacterial community taxonomic structure and functional 

profiles. Nutrient enrichment had a significant effect on the C:N ratio of the alga, but had not 

influence over the bacterial communities. Interestingly, the combination effects had no effect, 

possibly indicating that nutrient abundance may aid in temperature resistance. Seaweed 

communities play a central role in temperate coastal ecosystems as primary producers, 

ecosystem engineers and important participants in biogeochemical cycling (Mineur et al. 

2015). Decline of valuable habitat-forming seaweeds, such as Cystoseira, have been observed 

in the last decades caused by cumulative impacts of increasing human pressure and climate 

change (Blanfuné et al. 2019), resulting in ecosystem-wide impacts and potentially severe 

environmental and economic consequences (Mineur et al., 2015). Host-associated microbial 

communities can play a critical role in the normal development, functioning and defense of 

these valuable habitats (Egan et al. 2013), and recent studies highlight how the disruptions 

algal-bacterial interaction can negatively affect the normal algal health and functioning, 

modulating performance and resilience of their hosts. Overall our results show the presence 

of an integral functional relationship between host and their associated microbiome, thereby 

reinforcing the notion that to understand how environmental changes are leading to the loss 

of habitat-forming algae there is a need to study this biological association (host and 

microorganisms) holistically, as ‘holobionts’ (Marzinelli et al. 2015; Qiu et al. 2019). 
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Table S1. ANOVA results showing the effects of nutrient conditions (Nu, 2 fixed levels, ambient and enriched) 

on the C:N rate (A) and the maximum quantum yield (Fv/Fm) of C. compressa, one moth (B) and just before (C) 

air exposure.   

(A) Algal tissue nutrients C:N  (B) Fv/Fm 07-14 

 Df Sum Sq Mean Sq F 

valu

e 

Pr(>F)   D

f 

Sum Sq Mean Sq F 

value 

Pr(>F) 

Nu 1 40.72 40.72 8.79

2 

0.018*

* 

 Nu 1 0.001456 0.001456 21.4

3 

0.00169**

* Residual

s 

8 37.05 4.63    Residual

s 

8 0.000543

4 

0.000067

9 

  

---       ---      

(C) Fv/Fm before air exposure        

 Df Sum Sq Mean Sq F 

valu

e 

Pr(>F)        

Nu 1 0.0045

2 

0.00452

3 

1.91

8 

0.188        

Residual

s 

1

4 

0.0330

2 

0.00235

8 

         

---             

Signif. codes:   *p<0.1; **p<0.05; ***p<0.01        

 

 

 

Table S2. ANOVA results of photosynthetic stress (Fv/Fm) in response compared to nutrients (Nu, 2 fixed levels, 

ambient and enriched) and air temperatures (At, 2 fixed levels, ambient and heatwave) conditions at the end 

of air exposure (end), after 3 hours (3h.rc) and 24 hours (24h.rc) of recovery. 

 end   3h.rc  24h.rc 

 D

f 

Sum 

Sq 

Mea

n Sq 

F 

value 

Pr(>F

) 

 Sum 

Sq 

Mean 

Sq 

F 

value 

Pr(>F

) 

 Sum 

Sq 

Mean 

Sq 

F 

valu

e 

Pr(>F

) Nu 1 0.00

1 

0.00

1 

0.070 0.793  0.001 0.001 0.098 0.756  0.001 0.001 0.20

2 

0.657 

At 1 0.32

2 

0.32

2 

46.20

0 

0.00

0 

 0.476 0.476 84.99

4 

0.00

0 

 0.015 0.015 3.69

2 

0.065 

Nu x At 1 0.00

0 

0.00

0 

0.050 0.825  0.016 0.016 2.865 0.102  0.002 0.002 0.62

0 

0.438 

Residual

s 

2

8 

0.19

5 

0.00

7 

   0.156

7 

0.005

6 

   0.1114

3 

0.0039

8 

  

---                

Signif. codes:  0'***' 0.001'**' 0.01'*' 0.05'.' 

0.1' ' 1 

         

 

 

Table S3. Summary statistics of the number of reads of the epibacterial communities of C. compressa from all 

samples and each treatment of the experiment.  

Treatments n° samples OTUs Tot mean ± SD min max 

all samples     12 1172 1460132 121678 ± 89135 18940 303573 

ambient    3 720 82878 27626 ± 10651 18940 39509 

nutr.enrich  3 925 264955 88318 ± 72884 44887 172463 

heatwave   3 1062 583565 194522 ± 100262 106331 303573 

nutr_heat   3 975 528734 176245 ± 29253 151281 208433 

ambient = ambient nutrients concentration and air temperature conditions; nutr.enrich = nutrient enriched; 
heatwave = heatwave condition; nutr_heat = interaction between high nutrients and heatwave. 

 



 

Table S4: Number of OTUs assigned to each functional group, compared to the total number of taxonomically 

annotated OTUs.  

Functional group OTUs Fraction (%) 

chemoheterotrophy 121 10.3 

aerobic chemoheterotrophy 111 9.5 

cyanobacteria 41 3.5 

oxygenic photoautotrophy 41 3.5 

photoautotrophy 41 3.5 

phototrophy 41 3.5 

intracellular parasites 25 2.1 

cellulolysis 15 1.3 

chloroplasts 15 1.3 

fermentation 13 1.1 

predatory or exoparasitic 12 1.0 

nitrate reduction  3 0.3 

methanol oxidation 2 0.2 

methylotrophy 2 0.2 

nitrate respiration 2 0.2 

nitrogen respiration 2 0.2 

nitrate denitrification 1 0.1 

nitrite denitrification 1 0.1 

nitrous oxide denitrification 1 0.1 

denitrification 1 0.1 

dark hydrogen oxidation 1 0.1 

nitrogen fixation 1 0.1 

nitrite respiration 1 0.1 

dark sulfide oxidation 1 0.1 

dark oxidation of sulfur compounds 1 0.1 

 



 

 

Figure S1| Effects of nutrients conditions (ambient vs. enriched) into the C:N rate (A) and on the 

maximum quantum yield (Fv/Fm) of C. compressa, one moth (B) and just before (C) the heatwave 

simulation. Data are average values ± 1 SE (n = 5-8). 

 

 

Figure S2| Boxplot showing the number of reads of all samples (all) and each treatment of the 

experiment (see table S2 for further details). Ambient = ambient nutrients concentration and air 

temperature conditions; nutr.enrich = nutrient enriched; heatwave = heatwave condition; nutr_heat 

= interaction between high nutrients and heatwave. 
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Figure S3| Rarefaction curves generated for each sample. Grey and black lines refer to C. compressa 

samples under ambient and heatwave conditions, respectively.  

 

 

 

Figure S4| Total percentage of OTUs classified at each taxonomic level with Greengenes (green-

bars), ilva (blue bars) and RDP (red bars) databases. 

 



 

 

Figure S5| Monthly variability of water (A) and air (B) temperatures. Grey points show the average 

daily temperature of each year. Blue lines are the average temperature oscillation across year. Red 

points and line highlights maximum and average air temperature of the temperature anomaly 

occurred in 2005 respectively. Data obtained from the ISPRA (Istituto Superiore per la Protezione e 

Ricerca Ambientale, www. mareografico.it) buoy of Ortona between 2000 and 2013. Note: water and 

temperature values from 2009, 2010 and 2011 were excluded due to the lack of information.  

 

 



 

 

Figure S6| Example of a 24 hours’ tide excursion from 18-21 August 2014. Data obtained from the 

ISPRA (Istituto Superiore per la Protezione e Ricerca Ambientale, www. mareografico.it) buoy of 

Ortona in August 2014.  
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Table S5. Effects of nutrient enrichment and heatwave on the alpha diversity indexes of the epibacterial communities of C. compressa. 

  a) OTUs richness   c) Chao1    b) Shannon-Wiener   c) Pielou's evenness  

Source df     MS Pseudo-F P(perm)      MS Pseudo-F P(perm)       MS  Pseudo-F P(perm)      MS Pseudo-F P(perm) 

Nutrient = Nu 1 103.62 1.9888 0.1959  120.27 2.1751 0.1725  0.87159 5.96E-02 0.8391  1.3846 0.13464 0.7402 

Air temperature = At 1 249.63 4.7911 0.0506  296.37 5.36 0.0529  59.014 4.035 0.0676  26.496 2.5765 0.1438 

Nu x At 1 284.19 5.4545 0.0395  238.1 4.3062 0.0671  108 7.384 0.0167  59.211 5.7577 0.0307 

Res 8 52.102    55.294    14.626    10.284   

Total 11                

Pairwise tests At_amb: Nu_amb ≠ Nu_enr      Nu_amb: At_amb ≠ At_heat     

  At_heat: Nu_amb = Nu_enr      Nu_enr: At_amb  = At_heat     

Univariate PERMANOVA analuyses based on Bray-Curtis dissimilarity measure of untransformed data, comparting the alpha diversity indexes of the epibacterial 

communities of C. compressa between nutrients (Nu, 2 fixed levels, Nu_amb = ambient and Nu_enr = enriched) and air temperatures (At, 2 fixed levels, At_amb = 

ambient and At_heat = heatwave) conditions. 
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Figure S8| Pattern of the epibacterial communities of C. compressa across nutrient (amb_nutr = ambient nutrients, enr_nutr = enriched nutrients) and air temperature 

(amb_at = ambient air temperature, heat_at = heatwave air temperature) conditions. Data reported are the relative abundance (> 1%) of the classified OTUs at phylum 

(a), family (b), and genus (c) levels. 
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DNA stable‐isotope labelling of bacteria associated to seaweeds has the potential to be an 

effective technique for the study of key bacterial species involved in certain metabolic 

pathways. While many novel sequencing techniques have been applied to study algal-

bacterial interactions, more research is needed to understand targeted physiological 

processes involved in a microbiome. DNA-SIP provides a useful way to characterise bacteria 

in a culture independent way and when coupled with high throughput sequencing techniques 

provides a more complete understanding of key players related to substrate metabolism. In 

this study the use of DNA-SIP was evaluated for identification of bacteria associated to the 

siphonous green algae Caulerpa prolifera involved in dissolved inorganic carbon (DIC) 

assimilation. Culture experiments with the macroalgae showed that labelled carbon 

assimilation from the environment in the form of DIC is fairly simple to set up in laboratory 

conditions and may even be plausible for in situ applications. Furthermore, we produce 

evidence that the current DNA-SIP protocol can be used in algal systems, where high quality 

DNA may be challenging to obtain. 
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Bacterial associations are essential in promoting algal health and ecological success (Egan et 

al. 2013, Hollants et al. 2013b, Aires et al. 2015, Dittami et al. 2016). Host microbiome 

assembly is partly based on functional profiles, often dictated by morphological niche 

metabolic requirements (Burke et al. 2011a, Serebryakova et al. 2018, Morrissey et al. 2019). 

Functional symbioses are representative of a wide range of chemical interactions such as host 

growth, morphology, germination and spore settlement, as well as chemical defences on algal 

surfaces (Matsuo et al. 2003, Matsuo et al. 2005, Case et al. 2011, Spoerner et al. 2012, 

Marzinelli et al. 2015). Teasing apart the functional dependencies within a microbiome is a 

challenging aspect as host-associated bacterial communities have a wide range of diversity 

(Wang et al. 2016) and functional redundancy (Yin et al. 2000, Shade and Handelsman 2012). 

Taxonomic diversity and inferred functional capacities of bacterial communities provide little 

information on the active species involved in certain metabolic pathways.  

 

Carbon is a ubiquitous element involved in most biochemical reactions, and in marine systems 

is acquired by sessile organisms through various means such as uptake from detritus, as well 

as dissolved inorganic (DIC) and organic carbon (DOC) sources (Boschker et al. 1999, Boschker 

et al. 2000, Oakes et al. 2011, Kramer et al. 2016). In algal systems dissolved inorganic carbon 

(DIC) incorporation is essential for photosynthetic efficiency and vital for algal health 

(Bassham and Calvin 1960). The presence of carbon concentrating mechanisms (CCMs) have 

been established for several algal species, including Caulerpa, however CCM performance and 

presence varies for different species (Raven and Beardall 2003, Kevekordes et al. 2006). CCMs 

act to overcome the challenges in carbon acquisition from an aqueous environment. Although 

the actual mechanisms are diverse they all share a common feature of concentrating CO2 

around the carbon-fixing enzyme, RuBisCO, such that RuBisCO can operate at a higher 

efficiency. In essence, the accumulation of CO2 at the active site of RUBISCO overcomes the 

shortcomings of that enzyme by favouring the carboxylase over the oxygenase activities and 

thereby suppressing photorespiration and enhancing the affinity, in photosynthesis of whole 

cells or tissues, for inorganic carbon (Giordano et al. 2005). Research suggests that bacterial 

symbionts are able to photosynthesize, therefore increasing photosynthetic output of the host 

(Hollants et al. 2011b). This has been found for several Caulerpa species, where all endobionts 



 

were characterised as photosynthetic Alphaproteobacteria (Delbridge et al. 2004). 

Additionally, epiphytic biofilms have been coupled to photosynthetic activity by modulating 

light availability through the surface of the alga (Goecke et al. 2010). Some heterotrophic 

bacteria are able to assimilate DIC through a variety of pathways (DeLorenzo et al. 2012). 

Many features of carbon metabolism such as acquisition, utilization and enzyme involvement 

remain undescribed for certain algal species (Kevekordes et al. 2006), therefore further 

research is required to address these gaps and assess how bacteria fit into these pathways. 

 

In the past studies have used selection-based methods to characterise bacteria associated to 

carbon uptake, however, this only allows for the identification of cultivatable bacteria and 

therefore excludes potentially integral bacterial groups (Amann et al. 1995). DNA-stable 

isotope probing (DNA-SIP) allows for the identification of key species involved in targeted 

metabolisms. The principle of stable isotope probing makes use of the incorporation of 

labelled substrates (e.g. ¹³C or ¹⁵N) by microbes into cellular biomarker molecules such as 

phospholipid fatty acids, DNA or RNA to link species taxonomy to function (Neufeld et al. 

2007). Using these techniques allows for the capture of active substrate (e.g. carbon)  

incorporation by key bacterial groups, without the need for culture (Radajewski et al. 2000, 

Neufeld et al. 2007). SIP methods have been applied to various studies ranging from 

investigations into plant-microbe interactions in the rhizosphere (Prosser et al. 2006) to 

studies on specific metabolic pathways such as hydrocarbon degradation (Gutierrez et al. 

2013), and methane oxidation (Lin et al. 2004). Applications include investigations into 

microbial communities from diverse habitats including marine and freshwater sediments, 

terrestrial soils and bioreactor systems (Friedrich 2006). Coupling this technique with high 

throughput sequencing, builds a framework to effectively study bacterial mediated pathways 

and microbiome-host interactions (Grob et al. 2015, Coyotzi et al. 2016). The combination of 

the DNA-SIP technique with metagenomics provides a more detailed analysis of functional 

capabilities within systems that have not yet been explored by understanding syntrophic 

interactions of microbial consortia (Dumont and Murrell 2005), identifying new functionally 

linked genes (Haichar et al. 2016) and providing a deeper understanding into host-microbe 

interactions (Kandlikar et al. 2019). 

 



 

In this study we evaluate the effectiveness of DNA-SIP used on the green alga Caulerpa for the 

investigation of key bacteria involved in DIC incorporation. The aim was to establish a working 

concept for isotope labelled incubations for carbon incorporation into Caulerpa as well as 

assess the performance of standard DNA extraction and DNA-SIP protocols for this set up. For 

our experiments we used the well-established DNA-SIP protocol described by Neufeld et al. 

(2007).  

 

Algal cultures and labelled carbon incubations 

Caulerpa prolifera cultures were obtained from the Numerical Ecology of Aquatic Systems 

group at the University of Mons, original origin Kenya. Cultures were maintained using natural 

unfiltered seawater collected from the Belgian coast in aquaria under 26-27 µmol.m¯².s¯¹ light 

intensity at a 12:12 hour day-night light cycle. At the beginning of each experiment algal 

samples were separated into units of 3-4 fronds (approximately 1 gram fresh weight), washed 

with sterilized artificial seawater and placed into individual culture flasks containing 200 ml of 

sterilized artificial seawater with no added nutrients or carbon sources. Cultures were kept for 

24 hours under 12:12 hour day-night light cycle before the start of the experiment at a light 

intensity of 40 µmol.mˉ².sˉ¹. Labelled carbon was added in the form of bicarbonate (NaH¹³CO₃) 

to each flask. Label addition was calculated at final concentration of approximately 300 µmol 

per litre, and 60 µmol per gram of Caulerpa. This falls within the recommended concentration 

suggested by Neufeld et al. (2007), which was suggested that for soil and sediment samples 

5–500 µmol ¹³C be added per gram, and marine surface water only 1–100 µmol ¹³C be added 

per liter. The first set of incubations were set up with ¹³C added to the media under light and 

dark conditions as well as a control with no added substrate. Samples were taken in triplicate 

at five time intervals (6, 12, 24, 48 and 72 hours) as illustrated in Figure 1. The second set of 

incubations included an unlabelled control and sampled in triplicate at only two timepoints (6 

and 24 hours) as indicated in Figure 2. Samples were placed under normal day-night cycle as 

well as in complete darkness. Algae were then harvested at respective time points. Total 

biomass was measured as well as pH and salinity for each flask. 

 

 



 

 

 

 

 

 

 

 

Figure 1| Experimental set up of the first & second experiment. Labelled substrate was added to both 
light and dark treatments. Samples were taken at five timepoints after substrate addition; 6 hours, 
12 hours, 24 hours, 48 hours and 72 hours respectively. 

 

Establishing a carbon incorporation curve 

After incubation, algal thalli were cut with a sterile blade and freeze dried. Fresh weight and 

dry weight were taken for all samples. Optimal carbon content required for isotopic 

measurements was suggested to be 500 µg, using the previously known % organic carbon of 

23.2 (%DW) for C. prolifera (Holmer et al. 2004), this was determined to be an optimum of 

2.16 mg of dry Caulerpa (max = 8.62 mg; min = 0.86 mg). Samples were weighed accordingly 

(average sample weight = 2.24 mg) and enclosed into tin capsules to be sent off for analysis. 

Isotopic analysis was done at the UC Davis Stable Isotope Facility. Samples were analysed 

for ¹³C using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 

isotope ratio mass spectrometer (IR-MS) (Sercon Ltd., Cheshire, UK). Samples were 

combusted at 1000°C in a combustion column packed with chromium oxide and silvered 

copper oxide. Following combustion, N oxides were reduced to N₂ in a reduction column 



 

(reduced copper at 650°C). Helium was used as a carrier gas and flowed through a water trap 

(magnesium perchlorate). N₂ and CO₂ were separated on a Carbosieve GC column (65°C, 65 

ml/min) before entering the IRMS. During analysis, samples were interspersed with several 

replicates of at least two different laboratory standards. These laboratory standards, which 

were selected to be isotopically similar to the samples being analysed, have been previously 

calibrated against National institute of standards and technology (NIST) Standard Reference 

Materials (IAEA-600, USGS-40, USGS-41, USGS-42, USGS-43, USGS-61, USGS-64, and USGS-

65). Each sample’s isotope ratio was measured relative to reference gases analysed with each 

sample. These values were finalised by correcting the values for the entire batch based on the 

known values of the included laboratory standards and the total measured carbon was fully 

corrected by the initial weight of each sample. The long-term standard deviation is 0.2 per mil 

for ¹³C. The final delta values were expressed relative to international standards VPDB (Vienna 

PeeDee Belemnite), using the formula: 

 

𝛿13𝐶 =

(

 
 
(
¹³𝐶
¹²𝐶
)
𝑠𝑎𝑚𝑝𝑙𝑒

(
¹³𝐶
¹²𝐶
)
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

− 1

)

 
 
× 1000‰ 

Where the ¹³C:¹²C ratio for VPDB, defined by the International Atomic Energy Agency (IAEA) 

where the ¹³C proportion of VPDB is 0.01123720. 

 



 

 

Figure 2| Set up of additional experiments. Experiment followed a similar set up as before, with only 
two timepoints. Unlabelled controls were also added. 

 

DNA extractions 

The ¹³C incubation was repeated and algae were again harvested in triplicate at timepoints of 

6 and 24 hours following the set up shown in figure 2. Algal fronds were separated using a 

sterile blade and DNA was extracted using the Omniprep kit (G-Bioseciences). Additionally, to 

assess the potential use for morphological niche separations, surface swabs of the epibiome 

were taken from the algal thalli and pooled per flask. Thalli were then separated with a sterile 

blade and surface sterilized using a previously established protocol to remove epibionts from 

the surface (Morrissey et al. 2019) to obtain the endobiome fraction. DNA from the epibiome 

swabs was extracted using DNeasy blood and tissue kit from Qiagen, and endobiome DNA was 

extracted with the Omniprep kit (G-Bioseciences) both following the manufacturer’s 

instructions.  

 

 



 

Calculating DNA concentration and setting up gradient 

DNA quantity was measured by qubit and several fronds within the same flask were pooled to 

obtain the required amount of starting DNA. The required amount of DNA for optimal 

fractionation was determined by Neufeld et al. (2007) to be between 500 ng and 6 µg. Our 

samples contained between 1-4 µg of DNA after pooling (table 1). The total volume of the 

centrifugation tubes is approximately 5 ml, however approximately 6 ml is made to ensure 

there is sufficient solution. This was separated into 4.8 ml CsCl stock solution and 1.2 m  DNA 

and gradient buffer (GB) mixture. The CsCl stock density was calculated by weighing the same 

volume (150 µL) of CsCl and dH₂O and using the following equation to calculate density: 

 

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑤𝑒𝑖𝑔ℎ𝑡𝑜𝑓𝐶𝑠𝐶𝑙

𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑤𝑒𝑖𝑔ℎ𝑡𝑜𝑓𝑑𝐻₂𝑂
 

 

The amount of GB + DNA mixture to be added is calculated using the following formula: 

 

𝐺𝐵 + 𝐷𝑁𝐴 = (𝑑𝑒𝑛𝑠𝑖𝑡𝑦 − 𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑑𝑒𝑛𝑠𝑖𝑡𝑦) × 𝑣𝑜𝑙𝑢𝑚𝑒𝑜𝑓𝑠𝑡𝑜𝑐𝑘𝑎𝑑𝑑𝑒𝑑 × 1.52 

 

The desired density of the CsCl solution is 1.725 g.ml¯¹ and the volume of the stock in this case 

is set at 4.8 ml.  

 

Table 1. Concentration of DNA added to the CsCl tubes 

Sample nr.  Timepoint Substrate Final pooled DNA (µg) 

1 t1 12C 4,88 
2 t1 12C 4,91 
3 t1 12C 3,15 
4 t1 13C 2,13 
5 t1 13C 3,18 
6 t1 13C 2,01 
7 t2 12C 1,02 
8 t2 12C 3,04 
9 t2 12C 2,97 

10 t2 13C 3,09 
11 t2 13C 3,12 
12 t2 13C 3,04 

Endo 1 t1 13C 0,50 
Epi 1 t1 13C 0,51 

 



 

Ultracentrifugation and DNA fractionation 

The RI of the tubes were adjusted as close as possible to 1.4035 by adding or removing GB. 

Once tubes were prepared and sealed, they were placed into the centrifuge in balanced pairs. 

Rotor wells were sealed according to manufacturer’s instructions. Samples were centrifuged 

using a VTi 65.2 rotor at 44100 RPM for 36-40 hours within a vacuum at a temperature of 20°C 

without brake.  

Subsequent to ultracentrifugation, gradient fractionation was done on each tube. Tubes were 

removed from the rotor with careful consideration not to disturb the gradients. The 

ultracentrifuge tubes were placed on a stand held by a clamp and carefully pierced at the 

bottom with a small needle (0.5 x 16 mm). Rubber tubing connected to a larger needle (0.6 x 

25 mm) was inserted into the top of the tube. A low-flow peristaltic pump was used to inject 

coloured deionized water into the tube and fractions of approximately 425 µl were collected 

from the bottom every minute for 12 minutes until tube was cleared. The density was 

measured for each fraction using a refractometer to confirm density gradient was established. 

 

DNA precipitation and quantification 

DNA was precipitated for each fraction by adding 2-4 µL linear polyacrylamide (LPA) and 2 

volumes of polyethylene glycol (PEG) solution. Samples were mixed by inversion and left to 

incubate at room temperature overnight. After incubation, samples were centrifuged at 13 

000g for 30 min at 20°C and a visible pellet formed. The supernatant was discarded and pellet 

was washed with 500 µL of 70% ethanol. Centrifugation was done again at 13 000g for 10 min 

at 20°C and supernatant was discarded. The remaining pellet was left to dry for 15 min and 

then re-suspended in 30 µL molecular grade water ready to be quantified and used for 

downstream analysis. 

DNA concentrations were quantified using a qubit and bacterial DNA was confirmed by PCR 

using targeted primers to exclude chloroplasts following Morrissey et al. 2019. 

 

 

 



 

Carbon incorporation by Caulerpa 

In order to accurately validate the carbon incorporation into Caulerpa associated bacteria, we 

needed to validate the experimental incubations and establish a carbon incorporation curve. 

Previous studies have shown that Caulerpa species carbon incorporation from labelled organic 

detritus increases linearly over time (Oakes et al. 2011). Our results show that the amount of 

labelled substrate added is sufficient to detect carbon acquisition by Caulerpa. Carbon 

incorporation is visible from 6 hours and continued to increase over the full duration of the 

experiment (figure 3), with no saturation point being reached. Carbon incorporation did not 

occur under the dark conditions. This is confirmed in the pH changes over time shown in 

(figure 4). We observe that the pH increases steadily over the duration of the experiment for 

the light treatments, whereas a decline is seen for the dark treatments.  

 

 

Figure 3| Carbon incorporation curve. Average percentage of ¹³C is shown on the y 
axis, for several timepoints/days. Light treatment (blue) represents normal light 
conditions, dark treatments (red) show samples that were kept in the dark 
throughout the full duration of the experiment. 

 

 



 

 

Figure 4| pH curve. Average pH for Light treatments (blue) and dark treatments 
(red). 

Effective separation of DNA 

The current method for DNA extraction from Caulerpa has been adequate for meta-barcoding 

analyses as only small traces of DNA are needed. In order to obtain enough DNA for the DNA-

SIP protocol, DNA from several Caulerpa fronds needed to be pooled (table 1). Setting up the 

CsCl gradients requires significant knowledge regarding the protocol and is best done under 

the guidance of an operator that is trained in this skill. This technique is also very time 

consuming and requires several key pieces of equipment that is not commonly found in many 

laboratories. As the experiment starts off with very little quantities of DNA, it is important to 

be careful with valuable samples and downstream analysis call for highly sensitive options to 

detect such low levels of DNA. In our results we see that DNA separations were successful, 

with DNA being measurable in the expected fractions (Figure 5). We also observed that no 

isotope labelled DNA peak was detected in the 6-hour fractions, suggesting that the 

incorporation observed into Caulerpa (Figure 3) is not yet incorporated into the DNA of either 

host or bacteria. After 24 hours of incubation, there is a small DNA peak in fractions 6 and 7 

(Figure 5) confirming DNA isotope labelling has occurred. Furthermore, we have identified 



 

that the DNA extracted is not only from the Caulerpa itself, but also from the associated 

bacteria (Figure 6). For the samples separated into epi- and endobiome fractions, DNA 

concentrations were too low to detect in the heavy fractions and very low in the light fractions 

(Table S1). Therefore, we cannot make conclusions about the effectiveness of this technique 

regarding these samples. 

 

 

 

Figure 5| DNA fraction concentration. Amount of DNA detected in each isotopically 
separated fraction for samples incubated with the labelled ¹³C (blue) and unlabelled 
12C (red). Sample fractions are listed from heavy (2) to light (11). Fraction 1 and 12 
were not measured in this analysis. 

 

 

 

 



 

 

 

Figure 6| Bacteria targeted PCR. Indicating bacterial DNA present in a selection of 
samples. 

 

Highly complex interactions are present within a microbial community and evidence shows 

that bacteria provide essential functions for a host organism. Understanding this network of 

symbiotic relationships can be challenging due to both the diversity of bacteria (Wang et al. 

2016) as well as their functional redundancy (Yin et al. 2000, Shade and Handelsman 2012). 

Research has implemented a range of high-throughput sequencing tools in the study of algal-

bacterial interactions. Although high-throughput sequencing provides increasingly accurate 

identification of bacterial symbionts and the gene profiles within a microbiome, there still 

remains a gap in linking bacterial species to physiological traits (Sapp et al. 2008). The use of 

DNA-SIP has been able to bridge the gap, by characterising bacteria associated to a particular 

metabolic function (Gao et al. 2017). 

Due to the difficulty surrounding extraction of high quality DNA from algae using standard 

DNA extraction protocols, downstream molecular tools have proved unsuccessful, requiring 

further optimization (Doyle and Doyle 1987, Doyle and Doyle 1990, Rogers and Bendich 1994, 

Huang et al. 2000). The aim of this study was to validate the use of current DNA-stable isotope 

probing techniques in algal systems using standard algal culturing and DNA extraction 

techniques. This study successfully established algal culture incubations for the effective 

labelling of Caulerpa-associated bacterial DNA. Furthermore, we showed that the separation 



 

of stable-isotope labelled DNA was successful and this protocol can therefore be used for 

targeted analyses.  

Bacterial functional symbioses with marine algae have been proven to be essential for algal 

health (Egan et al. 2013), however, the structure of these metabolic dependencies remains 

largely unknown (Singh and Reddy 2014). Understanding the flow of carbon within the 

microbiome will further elucidate inter-dependencies between bacterial groups as well as 

provide insight into potential mechanisms involved in bacterial succession (Ortiz-Alvarez et al. 

2018). Additionally DNA-SIP could provide a deeper understanding of the carbon sources of 

algal-bacterial communities under different environmental conditions and the shifts in 

metabolic strategies (Holmer et al. 2004) as well as further insight into bacterial role in carbon 

physiology of seaweeds in climate driven ocean acidification (Cornwall et al. 2017a) Using 

DNA-SIP over a time series may also reveal strong species-species interactions and therefore 

identify keystone species within a microbiome (Berry and Widder 2014, Layeghifard et al. 

2017, Singer et al. 2017).  

Further investigating carbon metabolism within an algal holobiont may provide important 

knowledge regarding host-bacterial interactions. Carbon acquisition from the environment is 

proving to be an important topic of discussion with regards to global climate change and ocean 

acidification. The physiology behind DIC incorporation may shed light on the observed shifts 

in macroalgal dominance and distribution (Cornwall et al. 2017b) as well as provide indications 

of coastal ecosystem changes (Hepburn et al. 2011). Additionally, macroalgal ecosystems may 

also play a significant role in carbon storage (McLeod et al. 2011), however its inclusion into 

blue carbon strategies is still debated (Krause-Jensen et al. 2018, Raven 2018). 

Combining the use of DNA-SIP with complementary metagenomic analysis improves the 

understanding of microbial ecosystems by linking functional traits to phylogenomic 

information with regards to a specific substrate metabolism (Eyice et al. 2015).  Furthermore, 

this can be useful in identifying rare microbes actively involved under particular conditions as 

opposed to conventional functional metagenomics  (Chen and Murrell 2010) and is highly 

useful when investigating environmental microbial communities (Friedrich 2006). In 

conclusion, the combination of DNA-SIP with metagenomic sequencing provides a sounds 

methodological approach to understanding specific metabolic pathways within a highly 

complex microbial community (Coyotzi et al. 2016). The application of techniques used in this 



 

study could provide a substantial framework for investigating bacteria within a microbiome 

involved in carbon metabolism of Caulerpa. 

 

Critically evaluating the success of this study, we recommend that the process be further 

refined to increase replicate number and potentially optimized DNA extraction from separate 

bacterial communities associated endophytically as well as epibacterial communities. This 

would further expand on the current study by characterising carbon flow between alga and 

bacteria. Additionally, this system could be expanded into in situ applications through the use 

of closed mesocosm systems implemented in studies such as Roth et al. (2019) or modified 

versions of those used by Morrissey et al. (2019). We must also note that while DNA-SIP 

provides a more detailed understanding of bacterial groups when combined with sequencing, 

this technique is not without limitations. DNA-SIP generally requires high concentrations of 

labelled substrate which can be costly (Coyotzi et al. 2016). Phospholipid fatty acid stable 

isotope probing (PLFA-SIP) can also provide a basic overview of key bacterial groups as a cost-

friendly alternative and is sometimes used in combination with DNA-SIP (Webster et al. 2006). 

Another consequence of the need for high concentrations of labelled substrate is the effect 

of potentially altering the microbial composition, thus influencing the community dynamics as 

a result (Wang et al. 2016). Furthermore cross-feeding of labelled substrate from primary 

consumers to other non-target bacteria may confound the interpretation of the results 

(Radajewski et al. 2000, Coyotzi et al. 2016).  

 

 

 

 

 

 

 

 



 

 

 

Reagents used 

 CsCl (Fisher Scientific, C/0680/60) 
 EDTA, 0.5 M and pH 8.0 (Fisher Scientific, cat. no. BPE2482-500) 
 Ethanol, reagent grade (Sigma-Aldrich, cat. no. R8382) 
 HCl (Fisher Scientific, cat. no. H/1100/PB17) ! CAUTION Harmful. Handle using 

appropriate safety equipment. 
 KCl (BDH, cat. no. 101984L) 
 NaCl (Fisher Scientific, cat. no. S/3160/65) 
 Polyethylene glycol 6000 (VWR, cat. no. 295774B) 
 NaOH, pellets (Fisher Scientific, cat. no. BPE359-500) ! CAUTION Harmful. Handle using 

appropriate safety equipment. 
 Tris (Fisher Scientific, cat. no. T/P630/60) 

 

Stock solutions 

 Tris–HCl (1 M, pH 8.0): Tris base 121.1 g was dissolved in 800 ml of milliQ water and 
pH was adjusted to 8.0 with HCl. Volume was made up to 1.0 liter using milliQ water.  

 70% ethanol: Volume of 370 ml of 95% (v/v) ethanol was combined with 130 ml of 
milliQ water.  

 Gradient buffer (GB): 50ml of 1M  Tris–HCl, 3.75 g KCl and 1 ml of 0.5M EDTA were 
added to 400 ml of milliQ water. Mixture was stirred gently until all the KCl dissolved, 
then milliQ water was added for a final volume of  500 ml. The solution was filter-
sterilized (0.2 mm) and autoclaved. The final solution should be 0.1 M Tris, 0.1 M KCl 
and 1 mM EDTA. 

 CsCl solution: A 7.163 M CsCl solution was prepared by dissolving 603.0 g CsCl in milliQ 
water to a total volume of 500 ml. The solution was warmed to 30°C to help dissolve 
the CsCl. Solution was stored in a sealed bottle at room temperature (20°C). Density 
was checked using a refractometer and should fall between 1.88 and 1.89 g ml¯¹ at 
20°C. 

 PEG solution: 150 g of polyethylene glycol 6000 was combined with 46.8 g NaCl and 
dissolved in milliQ water to a final volume of 500 ml. The solution was filter-sterilized 
(0.2 mm) and autoclaved. Final solution is 30% PEG 6000 and 1.6 M NaCl. 

 

Equipment 

 Centrifuge tubes, 5.1-ml polyallomer (Beckman, cat. no. 342412) 
 Gloves, latex (Kimberly-Clark, cat. no. 330) 
 Microcentrifuge (Eppendorf, cat. no. 5415D) 
 Microfuge tubes, 1.5 ml (Eppendorf, cat. no. 0030 120.086) 
 Needle, 19-gauge 200 hypodermic (BD, cat. no. 301750) 



 

 Needle, 23-gauge 100 hypodermic (BD, cat. no. 300800) 
 Pasteur pipettes (Fisher Scientific, cat. no. PMK-290-032) 
 Peristaltic pump (Watson Marlow Ltd, cat. no. 101U/R) 
 Pipette tips (Sarstedt, cat. nos. 70.762, 70.760.002) 
 Pipettes (Gilson, cat. nos. F123600–F123602) 
 Pump tubing, 1.5 mm bore _ 1.5 mm wall (Appleton Woods, cat. no. MP380) 
 Refractometer, AR200 digital (Reichert, cat. no. 13950000) 
 Screw-cap tubes, 15 ml (Greiner Bio-One, cat. no. 188271) 
 Syringe filters, 0.2 mm (Whatman, cat. no. 10 462 200) 
 Tube rack, 1.5-ml tubes (VWR International, cat. no. 306750390) 
 Tube sealer (Beckman Coulter, cat. no. 349646) 
 Ultracentrifuge (Beckman Coulter, cat. no. 392049) 
 Ultracentrifuge rotor, Vti 65.2 (Beckman Coulter, cat. no. 362754) 

 

 

Table S1. DNA Concentration of fractions for niche-separated samples 

Sample DNA Conc. (ng/µl) Sample type Timepoint 

E1.2 too low Endomicrobiome 6 hours 

E1.3 too low Endomicrobiome 6 hours 

E1.4 too low Endomicrobiome 6 hours 

E1.5 too low Endomicrobiome 6 hours 

E1.6 too low Endomicrobiome 6 hours 

E1.7 too low Endomicrobiome 6 hours 

E1.8 too low Endomicrobiome 6 hours 

E1.9 0,068 Endomicrobiome 6 hours 

E1.10 0,159 Endomicrobiome 6 hours 

E1.11 0,216 Endomicrobiome 6 hours 

E4.2 too low Epimicrobiome 6 hours 

E4.3 too low Epimicrobiome 6 hours 

E4.4 too low Epimicrobiome 6 hours 

E4.5 too low Epimicrobiome 6 hours 

E4.6 too low Epimicrobiome 6 hours 

E4.7 too low Epimicrobiome 6 hours 

E4.8 0,135 Epimicrobiome 6 hours 

E4.9 0,23 Epimicrobiome 6 hours 

E4.10 0,223 Epimicrobiome 6 hours 

E4.11 0,231 Epimicrobiome 6 hours 
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Through the characterisation of algal-associated bacterial communities and disentangling 

bacterial diversity dynamics, we aimed to provide a deeper understanding of the mechanisms 

involved in bacterial recruitment and assembly of the Caulerpa microbiome. This thesis greatly 

contributes to the knowledge on seaweed associated bacteria, providing innovative 

approaches to studying algal-bacterial dynamics in situ and teasing apart influences on 

bacterial variation. Each of the studies encapsulated by this thesis provides individual insight 

into various aspects of bacterial community dynamics.  Firstly, we investigated the natural 

diversity of associated bacteria for two Caulerpa species occurring along the Turkish coast of 

the Aegean Sea. Four distinct sites were sampled, one where only the native C. prolifera was 

present, two where only the invasive C. cylindraea was present and one where both species 

co-existed. Using these data combined with measured environmental conditions, we 

described variables correlated to bacterial variation, including the separation of the alga into 

three specific morphological niches, namely the epi- endo- and rhizobiome. We then moved 

on to assessing the responses for the microbiome of C. cylindracea and examined bacterial 

community stability in terms of resistance and resilience to in situ environmental stress. Here 

we looked at the influence of increased temperature and nutrient load, as well as the 

combination of both effects for bacterial associated to each morphological niche (epi- endo- 

and rhizobiome). Applying this knowledge, we then studied the effects of stress on 

epibacterial community structure and function in relation to host physiological responses in 

Cystoseira compressa. Furthermore, we evaluated the application of DNA-SIP as a means for 

targeted analysis of key bacteria involved in carbon metabolism. Here we further discuss our 

findings and conclusions with regards to the genetic and ecological exploration of the algal 

microbiome. We re-evaluate the concept of a holobiont, discuss technical limitations of our 

studies and provide future perspectives in the field of algal microbiome research.  

 

High inter-variability has been observed between bacterial communities associated to 

separate individuals, indicating that high levels of stochasticity are present in bacterial 



184 
 

assembly. This has been observed for various systems, from the human microbiome (Bashan 

et al. 2016) to seaweed microbiomes (Singh and Reddy 2014). In chapter 2 we demonstrate 

that bacterial communities for two species of Caulerpa have inter-variability between host 

individuals as well as intra-variability within an individual. Our findings are in agreement with 

previous work on Caulerpa that has shown a rich diversity of associated bacteria and a clear 

distinction between bacterial endobionts and epibionts (Aires et al. 2013, Aires et al. 2015). 

However, the results from Aires et al. (2013, 2015) as well as earlier studies from Delbridge et 

al. (2004), suggest a high level of host specificity that we did not observe in our studies. Our 

results showed that a proportion of Caulerpa associated bacterial diversity could be attributed 

to deterministic factors such as physiochemical properties of the surrounding seawater, host 

and biogeography (8.02%). Furthermore, we observed that location within a specific 

morphological niche accounted for 12.35% of the variation, however, the majority of variation 

remained unexplained (78.50%). The incorporation of more factors into the analyses might 

have increased the percentage of explainable variables, however, evidence from other studies 

has shown that a portion of the variation consistently remains undefined (Hollants et al. 

2013b, Lima-Mendez et al. 2018). This is in line with the neutral model that proposes 

ecological equivalence of bacterial species  (Hubbell 2006, Woodcock et al. 2007). Therefore 

inter-species competition establishes a degree of randomness present in bacterial 

communities (Song et al. 2015, Bashan et al. 2016). This would mean that initial colonizers 

recruited on a “first come first served” basis would partially dictate subsequent bacterial 

associations, such as demonstrated by the monopolization hypothesis (De Meester et al. 

2002). Although this does explain some of the variability observed, we cannot ignore that 

deterministic factors do play a role in the observed bacterial variation, albeit a smaller 

fraction. 

 

Environmental and spatial influences on algal associated bacterial communities have been 

described for several seaweeds (Bengtsson et al. 2010, Hollants et al. 2013b, Campbell et al. 

2015, Aires et al. 2016, Mancuso et al. 2016), including Caulerpa (Aires et al. 2015, Morrissey 

et al. 2019). Temporal shifts in bacterial communities have also been observed (Lachnit et al. 

2011, Baho et al. 2012, Mancuso et al. 2016), indicating that these communities are dynamic 

and respond to changing environments and/or host physiology. This supports the niche based 
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model that proposes species compositions are influenced by ecological niches  (Dumbrell et 

al. 2010).  

 

Considering that a niche can be defined by a combination of abiotic and biotic conditions, an 

ecological niche in marine environments is therefore formed dependent on factors such as 

physical ocean properties, temperature, physiochemical profiles, external grazing pressure, 

inter-species interactions and functional performance of community members (Marcelino and 

Verbruggen 2015). While functional requirements within an ecosystem are set by the habitat 

conditions, for microbiomes one must also consider the influence of the host (Bordenstein 

and Theis 2015). Environmental factors impact host condition and therefore influence 

bacterial associations (Marzinelli et al. 2015, Qiu et al. 2019a). Host mediated curation of 

bacterial communities has been observed through the use of chemical compounds in 

“microbial-gardening” (Kessler et al. 2018). Some bacterial symbionts have also shown high 

host specificity that is stable over time, indicating possible co-evolved symbioses (Hollants et 

al. 2011b, Arnaud-Haond et al. 2017). However, this concept is currently under debate 

(Douglas and Werren 2016).  

 

Ecological niches are also dependent on spatial scale (Leibold et al. 2004). This can be on large 

spatial scales, but can also be applied to a smaller scale relating to morphological niches within 

an algal thallus (Marcelino and Verbruggen 2015, Serebryakova et al. 2018, Morrissey et al. 

2019). The importance of stochastic and deterministic influences on community structure was 

proposed to also be related to scale (Chase and Myers 2011). A degree of the intra-individual 

variation observed for Caulerpa can be attributed to distinct bacterial communities associated 

with morphologically differentiated niches within an algal thallus, defined in chapter 2 as the 

endo-, epi- and rhizobiome. In our research we have established that out of the identified 

drivers, morphological niche accounts for the majority of the observed variation (Morrissey et 

al. 2019). Previously, the bacterial epi- and endomicrobiome of Caulerpa have been shown to 

be significantly distinct from each other (Aires et al. 2013). Complementary to our study, 

Sargassum muticum (Serebryakova et al. 2018) demonstrated differences between 

epibacterial communities associated to the tip, receptacle, basal blade and holdfast within an 

individual. The separation of micro-niches within and algal thallus could possibly be an 
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undescribed factor in other datasets and should therefore be an important factor to consider 

in future studies.  

 

Furthermore, environmental influences have varying effects on morphological niches. In 

chapter 3, we explore changes in bacterial communities in response to changing 

environments. Here we observe that significant changes to respective abiotic stresses differ 

between Caulerpa endo-, epi- and rhizobionts. Additionally, our results showed recovery rates 

and the potential establishment of new stable states that were also different for each 

morphological niche. Serebryakova et al. (2018) demonstrated that for Sargassum muticum, 

bacterial communities associated to specific tissue types differed seasonally relating to shifts 

in host physiology. This further establishes a link between host condition and associated 

bacterial communities. 

 

In Caulerpa, variations in functional capacities have been observed with regards to distinct 

transcriptomic differences identified within a frond (Ranjan et al. 2015), as well as unique 

functions such as nutrient uptake described for the rhizoids (Chisholm and Moulin 2003, 

Fagerberg et al. 2012). This indicates that although Caulerpa is not compartmentalised into 

discrete cells, there is a division of functions across different morphological structures. 

Bacterial community structure has been shown to be shaped by metabolic cooperation such 

as the syntrophic exchange of essential resources (Mee et al. 2014), and research has shown 

that bacteria preferentially colonize microenvironments that are compatible to their 

metabolic strategies (Stubbendieck et al. 2016). Furthermore, Burke et al. (2011a) 

demonstrated that the competitive lottery hypothesis (Sale 1976) can be applied to bacterial 

dynamics, where algal-bacterial communities exhibited structural consistency based on 

functional profiles and not taxonomic composition. This functional priority in bacterial 

recruitment is supported in our results by the observation of niche-specific bacterial 

communities for individual morphological niches (Morrissey et al. 2019).  Therefore, bacterial 

assembly is, at least partially, driven by functionally stable interactions with their respective 

host (Fan et al. 2012) further ensuring holobiont health and ecological fitness (Lemanceau et 

al. 2017), but also taking into account that many bacterial species are ecologically equivalent 

(Yin et al. 2000), referring back to principles of the neutral model. 
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Using Caulerpa as a model to understanding algal-bacterial interactions, we can adopt many 

of the principles elucidated in these studies as a backbone for other systems, for example the 

epibacterial communities associated to Cystoseira compressa. Ecologically important habitat-

forming seaweeds such as C. compressa are under increased threat of population decline due 

to global climate-changes and human stressors (e.g. Steneck et al., 2002; Connell et al., 2008; 

Perkol-Finkel and Airoldi, 2010; Wernberg et al., 2011, 2016). Seaweed biodiversity, 

distribution and physiology have seen negative impacts as a result of extreme heatwave stress 

(Garrabou et al. 2009, Wernberg et al. 2011a, 2013, Olabarria et al. 2013, Smale and Wernberg 

2013). In chapter 4, we observe that C. compressa exhibits clear temporary signs of 

photosynthetic inhibition as a result of air-exposure and that heatwave stress delayed 

recovery of photosynthetic activity, which is consistent with previous studies (Bell 1993; 

Martinez et al. 2012; Fernández et al. 2015). This was accompanied by significant changes to 

the epibacterial composition in response to heatwave stress. 

From the studies with Cystoseira we observe that environmental changes, more specifically 

abiotic stress, influences bacterial community composition and in this study we see that it is 

correlated to physiological changes of the host. Furthermore, we observed that temperature 

disrupts bacterial community structure and indeed resulted in changes to the functional 

profiles of the epimicrobiome. This was also observed in C. cylindracea from chapter 3, where 

both temperature stress and nutrient enrichment had a significant effect on the 

epimicrobiome, but only 12 days after stress. In agreement with Caulerpa, C. compressa 

showed different responses dependent on the type of stress. Research has shown that algal 

stress can be indicated by disruptions to bacterial communities and changes in bacterial 

community function could compromise the physiological success of the host (Case et al. 2011; 

Egan et al. 2013; Campbell et al. 2015; Marzinelli et al. 2015), as integral functions of algal 

hosts have been linked to specific bacterial associations (Singh and Reddy 2014). Changes to 

epibacterial species involved in the production of surface metabolites (Wahl et al. 2012; Egan 

et al. 2013, 2014) can have detrimental effects on bacterial-mediated chemical defence 

against pathogens, macrofouling and potential grazers (Campbell et al. 2011; Wahl et al. 2012; 

Aires et al. 2018).   
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In chapter 4, we hypothesize that continual heat stress negatively impacts epibacterial 

composition of C. compressa and host health, therefore influencing the performance and 

resilience of this seaweed. However, whether the host condition influences the bacterial 

composition or vice versa still should be investigated further. Our results highlight the 

importance of an integral functional relationship between host and associated bacteria, 

further reinforcing the need to study environmental impacts on seaweeds holistically as 

‘holobionts’ along with their microbiome (Marzinelli et al. 2015; Qiu et al. 2019). 

 

Shade et al. (2012) define stability of a bacterial community as the response to an external 

perturbation, and integrate previously defined concepts of resistance and resilience (Pimm 

1984, Worm and Duffy 2003). This in general is a fairly vague definition and can be interpreted 

in many ways. Resistance has been described as the initial response of a community to a 

disturbance (Pimm 1984). However, it is up to the discretion of the researcher to determine 

how this resistance is measured. Both species composition of a community as well as 

functional aspects have been used as metrics for resistance (Allison and Martiny 2008, Coyte 

et al. 2015). In general, microbial composition does not appear to be resistant to 

environmental perturbations (Allison and Martiny 2008), also reflected in our studies of C. 

cylindracea and C. compressa, where a compositional change was observed for bacterial 

communities exposed to stress. However, whether this is due to direct influence of the 

environment on bacteria or if it is in fact just the natural dynamics of the system following the 

principles of ecological equivalence needs to be discussed. Resilience too, can be measured 

either compositionally or functionally and can be determined as either the recovery of a 

community to the pre-existing state (engineering resilience) or maintaining stability by shifting 

to a new stable state (ecological resilience)  (Holling 1996).  

Our study in chapter 3 indicates that the effects of perturbation on the composition of 

Caulerpa-associated bacterial communities are significant in comparison to the control, 

therefore we can conclude that the changes induced by stress differ from the natural variation 

observed in dynamic bacterial communities. The results also demonstrate that bacterial 

community resistance and resilience are dependent on morphological niche-specificity as well 

as on the type of stress. However, we only measured compositional change as a response 
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metric and did not include functional changes. Indeed research has shown that bacterial 

groups exhibit phenotypic plasticity and functional redundancy which strengthens 

microbiome stability by improving resilience and adaptation to change (Burke et al. 2011a, 

Shade et al. 2012, Bashan et al. 2016, Mandakovic et al. 2018). As a result, bacterial 

communities may not display compositional resistance, but may be functionally robust 

towards environmental stress (Eng and Borenstein 2018). However, the functional capacities 

of many environmental bacteria have yet to be described and therefore the true 

characterisation of functional profiles may be difficult to determine (Allison and Martiny 

2008). Moreover, little is known regarding the metabolic performance of Caulerpa 

endosymbiotic bacteria, in which only a few studies have focused on the identification of 

endobionts (Delbridge et al. 2004, Hollants et al. 2011b, Aires et al. 2013, Aires et al. 2015, 

Arnaud-Haond et al. 2017) and even less has been investigated regarding on their functional 

capacities. Additionally, the influence of eco-evolutionary processes and functional inter-

dependencies between bacterial species may further confound the issue (Morris et al. 2012, 

Kazamia et al. 2016). 

Holobiont stability does not only include bacterial community stability, but also includes 

ecological stability of the host organism. As we did not observe any signs of algal demise in 

our studies, we can conclude that C. cylindracea and its associated microbiome maintained 

ecological stability. The same is true for C. compressa, although a temporary photosynthetic 

stress response was observed. It has been proposed that bacteria increase the adaptive 

potential of a host to environmental stress (Dittami et al. 2016), potentially providing an 

evolutionary advantage (Campbell et al. 2011), and shifts in bacterial composition and/or 

function may facilitate stress mitigation mechanisms, ensuring the ecological success of the 

host (Eng and Borenstein 2018). Adaptation is further enhanced through bacterial competition 

and species diversity (Griffiths and Philippot 2013, Coyte et al. 2015). Rearrangements in 

bacterial composition allow for the introduction of new genetic information through 

horizontal gene flow and increased adaptive capacity of the holobiont (Webster and Reusch 

2017, Ziegler et al. 2017). Therefore, we may conclude that although bacterial communities 

demonstrate sensitivity, either compositionally or functionally, to environmental stress, this 

may be a mechanism to ensure holobiont stability and ecological fitness (Lemanceau et al. 

2017). 
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Much debate currently surrounds the “holobiont’ concept and there is a need to accurately 

define its meaning. The concept of a “holobiont” was first described as the association of 

multiple organisms in a symbiotic relationship performing ecologically as one super-organism 

(Margulis and Fester 1991). Zilber-Rosenberg and Rosenberg (2008) went on to propose the 

hologenome theory of evolution after building upon the coral probiotic hypothesis (Reshef et 

al. 2006) in which they identified co-evolved microorganisms within corals (Rosenberg et al. 

2007). However, this concept relies on the assumption that all microbial associations have 

arisen as a result of co-evolution with a respective host. Douglas and Werren (2016) have 

recently poked holes into this assumption stating that while this holds true for some symbiotic 

relationships, it ignores vital ecological, genetic and evolutionary concepts and abounding 

evidence simply does not support this explanation for all microbial associations. The results in 

this thesis provide additional evidence to support the notions of Douglas and Werren (2016), 

by demonstrating that Caulerpa microbiomes are dynamic under varying environmental 

conditions and the tight association of bacteria with a respective host is not always observed.  

In reply to Douglas and Werren (2016), Theis et al. (2016) proposed that microbes associate 

to a host as either part of the holobiont or as part of a dynamic environmental microbiome, 

therefore taking into account both co-evolutionary processes as well as potentially accepting 

that not all symbionts have co-evolved with the host. Furthermore, Rosenberg and Zilber-

Rosenberg (2018) broadened their definition to include that there are significant variations 

observed in microbial contributions to holobiont fitness and survival. This indicates that the 

concept of host-microbiome dynamics needs to be expanded beyond the hologenome theory 

and integrate ecological principles of community dynamics, viewing the holobiont as a 

metacommunity (Douglas and Werren 2016, Miller et al. 2018).  Moreover, Foster et al. (2017) 

proposed that the microbiome is an ecosystem on a leash, combining both competition 

between bacterial constituents as well as host driven community selection. Therefore 

mechanisms behind bacterial associations are driven by complex levels of selection, including 

a combination of deterministic and stochastic factors (Zhou et al. 2013). We must also 

consider inter-species dependencies that develop through gene loss as a result of persistent 

bacterial associations driving eco-evolutionary processes within the microbiome (Morris et al. 

2012, Kazamia et al. 2016). 
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Bacterial associations with Caulerpa indicate that microenvironment of a morphological niche 

plays a role in the structure of the community, potentially due to difference in functional 

requirements of each niche. Lemanceau et al. (2017) have suggested that the concept of 

functional dependencies as a result of co-evolution is more complex as it is a continually 

evolving interrelation. The microbiome as a whole is highly dynamic through stable and labile 

associations with bacteria, also observed in our studies with both Caulerpa and Cystoseira,  

and there is a continuous exchange of genetic material between the host and associated 

microbes (Pita et al. 2018, Simon et al. 2019), as well as between microbes themselves 

(Hassani et al. 2018, Sitaraman 2018). Functionally stable interactions with a host impacts 

bacterial composition (Fan et al. 2012) and considering the ecological phenomena of 

functional redundancy, it is therefore possible that a portion of the microbiome is 

interchangeable as long as functional stability is maintained (Burke et al. 2011a, Roth-Schulze 

et al. 2018). 

 

Considering the influence of abiotic changes on the structure and composition of bacterial 

communities, generally observed throughout this thesis, as well as eco-evolutionary processes 

involved in microbiome dynamics, what does this mean for an algal holobiont? More 

specifically, van der Loos et al. (2019) questioned the implications this has for seaweed 

holobionts in changing climates. This leads us to ask several questions: How will the algal 

holobiont adapt in response to changes in the environment? Can changes to the microbiome 

enhance seaweed resilience? What are the limitations to this adaptive capacity? How will this 

influence ecological and evolutionary dynamics of seaweeds in “at risk” coastal regions? And 

how does this knowledge relate to how we define a “holobiont”? 

 

Throughout the collection of studies in this thesis, we applied a meta-barcoding analysis 

approach using the 16S rRNA marker gene. While this has been routinely used for many 

studies, it is not without limitations. In general meta-barcoding introduces PCR bias (Schirmer 

et al. 2015), which is further increased in this study by the use of nested primers for chloroplast 

exclusion (Bodenhausen et al. 2013, Hanshew et al. 2013). Additionally, Illumina sequencing 

technologies produce sequencing errors that may influence bacterial identification and in turn 
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have implications on our results (Schirmer et al. 2015). To mitigate these limitations, we 

implemented the use of a mock community and technical replicates. Additionally, we were 

fairly strict with quality filtering of our sequences in downstream analyses. We must also note 

that the 16S rRNA gene approach may have insufficient power to detect phenotypic 

differences between closely related bacterial groups. Alternatively the resolution of species 

binning may be diminished due limits dictated by the reference databases used or 

overestimation of bacterial diversity as a result of intra-genomic heterogeneities of the 16S 

rRNA gene (Bodilis et al. 2012). The use of 16S rRNA gene sequencing also has limitations with 

regards to the information obtained. Although functional profiles can be inferred from this 

data using different tools such as PiCrust, Tax4Fun and FAPROTAX, these programs can only 

infer functional capacities through the use of algorithms (Langille et al. 2013, Aßhauer et al. 

2015, Mandakovic et al. 2018).  

Currently the method of choice to understanding microbiomes is the use of whole genome 

sequencing (Vollmers et al. 2017). This provides more genetic information and functional 

annotation of bacterial species within a community, however, it is still the more expensive 

approach. Furthermore, a better technique for assessing responses to environmental stimuli 

is metatranscriptomics, where functional expression of genes is characterized (Wang et al. 

2009, Chen et al. 2015).  Additionally, metabolomics can be used to study the chemical 

interactions within a microbiome (Parrot et al. 2019). These techniques are proving to be 

highly informative, but require expertise in the handling of large datasets (Simon et al. 2019). 

Alternatively, for more targeted approaches, techniques such as DNA-SIP can provide a more 

accurate assessment of bacterial species involved in certain metabolic pathways (Neufeld et 

al. 2007). Coupling this technique with high throughput sequencing can provide valuable 

insight into highly complex community structures (Chen and Murrell 2010, Coyotzi et al. 2016, 

Malmstrom and Eloe-Fadrosh 2019).  
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In conclusion, the main objectives of this thesis were to explore the genetic diversity of 

bacterial communities associated to seaweeds and investigate the ecological dynamics of the 

algal microbiome. Throughout the studies of this thesis we clearly demonstrate the 

significance of this work in the context of the current literature. We establish the importance 

of including separation of morphological niches or algal structures in future work, when 

investigating algal bacterial interactions, also highlighted in recent studies (Serebryakova et 

al. 2018). This concept of microscale spatial differences in bacterial communities should be 

looked into further. Marcelino et al. (2018) illustrated that bacterial communities differed 

even on a millimeter scale within a coral host, this too could be the case for algal holobionts. 

Therefore it poses several questions: 1) how are these communities structured?, 2) do they 

adhere to certain patterns of association?, and 3) what tools can be used to resolve this 

patchiness? A potential solution for analysing microbiome patchiness could be to visualize the 

communities through microscopy techniques. Recent studies have done this for Bryopsis, 

either by simple DAPI staining (Hollants et al. 2010), or by a more targeted approach of 

Fluorescence in situ hybridization (FISH) to identify individual species or molecules  (Zan et al. 

2019). Additionally combining FISH with spatial metabolomics (metaFISH) could provide a 

deeper understanding of the functional responses of algal-associated bacteria to 

environmental stress (Geier et al. 2019). This technique could be applied to our investigations 

in Caulerpa and would allow for the characterisation of spatial variation or heterogeneity of 

bacterial communities and investigation into community stability and recovery over time in 

response to stress. However, the choice of model species would be important to ensure the 

success of such a study. Morphologically more complex species, for example C. cylindracea, 

would produce additional technical challenges as opposed to a C. prolifera.  

Additionally, we agree with van der Loos et al. (2019) on the need to perform more 

manipulation experiments with regards to environmental influence on algal microbiomes such 

as Saha et al. (2014), Mensch et al. (2016), Qiu et al. (2019b), and the in situ studies performed 

in this thesis. In the context of global climate change, studies of this nature will deepen our 

understanding of algal holobionts and provide a more effective conceptual framework from 

which to explore algal-bacterial dynamics. Furthermore, we identify the need to delve deeper 

into functional metagenomics to better understand the functional aspects of microbial 
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associations, both host-bacteria as well as bacteria-bacteria interactions. Therefore providing 

insight into priority effects, competition, facilitation and the potential evolutionary dynamics 

of host-microbiome associations.  
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The genus Caulerpa is highly diverse, especially in the Caribbean Sea, the Indo-Malay 

archipelago, and the temperate waters of southern Australia. Currently, more than 100 

species are recognized worldwide. Despite recent advances in taxonomy and phylogeny, there 

is still confusion about the delimitation and identification of some species due to tremendous 

phenotypic plasticity. Caulerpa is known to occupy a wide range of environmental niches and 

to have great invasive potential. More studies are necessary to better understand the ecology 

(invasiveness, the functional role of its microbiome) and the biology (reproduction, life cycle, 

and metabolism) of Caulerpa species, especially for economical species. Very few species, 

mainly C. lentillifera and C. racemosa known as green caviar, have been cultivated. Caulerpa 

is consumed mostly in Asia and Oceania, but their popularity tends to be on the increase in 

western countries with new nutritional practices (vegetarians, vegans, health foods). Being 

naturally enriched in essential nutrients and various health-promoting compounds, Caulerpa 

species are promising candidates for the design of functional foods and in the health and well-

being sectors. The diversity of Caulerpa offers a remarkable potential for valorization with 

innovation opportunities. Caulerpa farming can bring significant economic and environmental 
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(e.g. bioremediation, blue carbon pump) benefits if these farms are established in a 

sustainable approach. 

 

KEYWORDS: Caulerpa; Chemical composition; Ecology; Industrial uses; Taxonomy; Seaweed 

farming 

 

1.1. Nomenclature 

1.1.1. Valid scientific name 

The genus Caulerpa J.V.Lamouroux, 1809 was originally erected to include eight species 

previously described in the genus Fucus L., 1753. Caulerpa prolifera (Forsskål) J.V.Lamouroux 

was later designated by Egerod (1952) as the lectotype of the genus. The name Caulerpa 

means “creeping stem”, from Greek καυλος (kaulos), a stem, and ερπω (erpo), to creep. 

 

1.1.2. Nomenclatural synonyms 

Homotypic synonym: Phyllerpa Kützing, 1849. 

Heterotypic synonyms: Chauvinia Bory, 1828; Tricladia Decaisne, 1842; 

Herpochaeta Montagne, 1843; Stephanocoelium Kützing, 1847; Ahnfeldtia Trevisan, 1849; 

Corradoria Trevisan, 1849; Himandactylius Trevisan, 1849; Caulerpella Prud’homme 

van Reine, 1992. 

 

1.1.3. Vernacular names 

The genus has no common English name other than Caulerpa, but species with vesiculate 

branchlets are usually called sea grapes or grape algae (e.g. C. racemosa) or, when vesiculate 

branchlets are small, green caviar (e.g. C. lentillifera). Several other languages make reference 

to grapes and caviar. The invasive C. taxifolia is sometimes called ‘killer alga’ or comb seaweed. 

There exist several names in Austronesian languages for Caulerpa species that are used for 
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consumption (Lembi and Waaland 1988; Prud’homme van Reine and Trono 2001; De 

Gaillande et al. 2017).  

 

1.2. Taxonomy 

1.2.1. Affinities, diagnosis 

Caulerpa is the only genus of the family Caulerpaceae Kützing 1843 of the order Bryopsidales 

(Ulvophyceae, Chlorophyta). In a recently proposed new classification scheme of the 

Bryopsidales, based on a phylogeny reconstructed from chloroplast genomes, Caulerpaceae 

is sister to a more broadly circumscribed Halimedaceae, which includes the merger of the 

families Pseudocodiaceae, Rhipiliaceae and Udoteaceae, and the establishment of tribes for 

the different lineages found therein, including two undescribed tribes (Cremen et al. 2018a). 

Caulerpaceae and Halimedaceae sensu Cremen et al. together are referred to as Core 

Halimedineae and are sister to Dichotomosiphonaceae, which includes the genera Avrainvillea 

Decaisne, Cladocephalus M.Howe, and Dichotomosiphon A.Ernst. It should be pointed out, 

however, that Cremen et al. did not include representatives of a clade identified 

as Pseudochlorodesmis F.Børgesen (simple sterile thalli) that was revealed to be sister to the 

genus Caulerpa in Draisma et al. (2014) in a tufA based phylogeny. 

The monotypic genus Caulerpella Prud’homme van Reine (1992) was erected to include C. 

ambigua Okamura 1897 (and its synonyms) based on the occurrence of zoidangia formed on 

lateral branches cut off from the sterile parts by a transverse cell wall. Draisma et al. (2014) 

proposed to repeal Caulerpella, because it is phylogenetically nested inside Caulerpa. 

Caulerpa is a multinucleate siphonous green alga that distinguishes itself from other 

coenocytic green algae by the presence of cell wall ingrowths, termed trabeculae, which form 

an anastomosing network to provide structural support. 
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1.2.2. Sub-generic classification 

Draisma et al. (2014) proposed to abandon Weber-van Bosse’s (1898) subgeneric classification 

into twelve sections and to replace it with a classification into six subgenera. Most of the 

sections Weber-van Bosse recognised on the basis of morphology were found to be 

polyphyletic by molecular studies. Draisma et al.’s subgeneric classification was based on a 

time-calibrated phylogeny and gave equal rank to clades equivalent in time. Relationships 

between these clades, however, remained largely unresolved. Each subgenus had one section 

except the species-rich subgenus Caulerpa (74 spp.) which was divided into two sections, i.e. 

the section Caulerpa (55 spp.) and an emended section Sedoideae J.Agardh ex De Toni (17 

spp.), each with a circumtropical-temperate distribution. Most species in the section 

Sedoideae have relatively large chloroplasts with pyrenoids visible under a light microscope. 

Pyrenoids have not been observed in Caulerpa outside the Sedoideae. Furthermore, most 

species in this section have vesiculate ramuli on a constricted pedicel and about half of the 

species have an annulated central axis of the erect frond (i.e. with regularly interspaced 

constrictions). The section Caulerpa also contains several species with vesiculate ramuli 

(Figure 1), but without constricted pedicels. The other five subgenera/sections proposed by 

Draisma et al. (2014) are Araucarioideae (8 spp.), Charoideae (6 spp.), Caulerpella  (1 sp. 

representing multiple cryptic species), Cliftonii (1 sp.), and Hedleyi  (1 sp.). The circumtropical 

subgenus and section Caulerpella is characterized by the formation of zoidangia on lateral 

branches separated from the sterile part of the thallus by a transverse cell wall. Monotypic 

subgenera/sections Cliftonii and Hedleyi are endemic to southern Australia. The 

circumtropical subgenus/section Charoideae is characterized by a verticillate branching mode 

(forming whorls). The subgenus/section Araucarioideae is characterized by stolons covered 

with squamiform (i.e. scale-like) appendages and is limited to temperate Australia and New 

Zealand with the exception of tropical Indo-West Pacific C. elongata Weber-van Bosse. Cryptic 

diversity is known in several species (e.g. C. verticillata, C. ambigua) (Draisma et al. 2014). 

There are currently 101 accepted species names, as well as 40 varieties, and 67 forms (Belton 

et al. 2019; Guiry and Guiry 2019). Several Caulerpa varieties and forms have been given 

species status in recent years, but there are also cases where a species has been reduced to 

variety (Jongma et al. 2013; Belton et al. 2014; 2019; Draisma et al. 2014). 
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1.3. Morphology and anatomy 

1.3.1. External morphology 

Plants consist of a green prostrate axis (stolon) with downward growing colourless 

rhizophores which attach to a hard substrate or anchor in unconsolidated substrate (Figure 

1). Stolons may be smooth (glabrous) or covered in scale-like appendages (squamiferous). The 

stolons give rise to upright photosynthetic fronds (assimilators). Assimilators can be leaf-like 

(ligulate) or consist of a central axis (rachis) bearing lateral branchlets (ramuli) in various 

arrangements (e.g. pinnate, distichous, irregular, verticillate) and shapes (e.g. cylindrical 

(terete), trumpet-shaped (turbinate), club-shaped (clavate), sickle-shaped (falcate), or disc-

shaped (peltate) or globular (vesiculate) on a pedicel (Figure 1). The entire plant can be over 

1 m in length (e.g. C. taxifolia). The rachis has regular constrictions (annulations) in some 

species. Some species can display remarkably high levels of morphological plasticity, which 

has led to much taxonomic confusion and the description of almost 400 species, varieties, 

forms and ecads (i.e. morphologies modified by environment). 
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Figure 1 | Structure and morphological variations of Caulerpa.  

1.3.2. Anatomy and cytology 

Plants are not composed of individual cells, but they are coenocytic, i.e., they are made up of 

a multinucleate, continuous mass of protoplasm enclosed by one cell wall. Numerous 

trabeculae (cell wall ingrowths) traverse the cell lumen to provide structural support. When 

wounded, a yellowish sticky mass is exuded which hardens to a wound plug of carbohydrate 

in a few minutes (Menzel 1988; Jung and Pohnert 2001). Some species have relatively large 

chloroplasts (7–11 μm in length) with pyrenoids (with starch), but most species have smaller 

chloroplasts (3–5 μm) without pyrenoids (Calvert et al. 1976). Amyloplasts (non-pigmented 

plastids containing starch) also occur. 

 

1.4. Genetic data 

The number of chromosomes per nucleus may vary per species and within a single thallus (see 

3.1). Two studies reported on the chromosome number in Caulerpa species. Hori (1981) gave 

an account of mitosis in male gametangia of Caulerpa brachypus based on transmission 

electron microscope observations. He reported in the caption of a micrograph «Metaphase 

nucleus showing a classical metaphase plate composed of four sets of paired chromosomes ». 

However, this is a characteristic of meiosis.  Liddle et al. (1998) used immunofluorescence 

confocal microscopy and reported « three condensed chromosomes … were clearly 

observed » in Caulerpa taxifolia. 

No complete Caulerpa genome sequence has been published (NCBI database searched 16 Feb. 

2019). An intracellular transcriptomic atlas is available for C. taxifolia (Ranjan et al. 2015). 

Transcripts show a global, basal-apical pattern of distribution from the holdfast to the frond 

apex in which transcript identities roughly follow the flow of genetic information in the cell, 

transcription-to-translation. 

Complete chloroplast genomes are available for four species representing three subgenera, 

i.e. C. chemnitzia ( Lam and Lopez-Bautista 2016, as C. racemosa), C. cliftonii (Marcelino et al. 

2016), C. manorensis (Cremen et al. 2018b), and C. verticillata (Cremen et al. 2018a). 
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Chloroplast genomes vary from 131,135 to 176,522 base pair (bp) in length containing 74-112 

protein-coding genes and 30-31 RNA genes. A complete mitochondriome is available for C. 

lentillifera (Zheng et al. 2018). It is 209,034 bp in length with 17 protein-coding genes, 23 RNA 

genes, 42 putative Open Reading Frames, and 29 introns. It is the largest of 25 chlorophyte (9 

Ulvophyceae) mitochondrial genomes sequenced to date and characterized by numerous 

small intergenic regions and introns, clearly different from other green algae. 

Phylogenetic reconstructions predominantly relied on DNA sequence data of chloroplast-

encoded tufA and rbcL genes and nuclear Internal Transcribed Spacers (ITS) of the ribosomal 

cistron. Introns have been detected in rbcL and intra-individual variation has been found for 

ITS, making these markers less favourable than tufA. TufA has been selected as DNA barcode 

marker for the genus. Belton et al. (2014; 2019) proposed DNA barcodes for 37 Caulerpa 

species and one variety. However, tufA alone is not variable enough to resolve all species 

relationships, especially not in the species-rich section Caulerpa. 

 

2.1. Distribution 

The genus Caulerpa has a circum-tropical to warm temperate geographic distribution (Figure 

2). Some species are truly circum-tropical, whereas others are confined to a smaller area. A 

few species have recently extended their distribution beyond their native range. Regions with 

the highest Caulerpa diversity are the Caribbean, the Indo-Malay archipelago, and the 

temperate waters of southern Australia (Prud’homme van Reine et al. 1996). The Indo-Malay 

region contains very few endemics. About one third of the Caulerpa species in the Caribbean 

is endemic to the region. In southern Australia more than two third of the species are endemic. 

Other areas with high diversity are eastern Africa, southern Africa, northwest Australia, and 

southern Japan. Accurate species richness estimates for each region are equivocal due to the 

difficulty of assessing morphological species limits. The Caulerpa diversity of a few regions 

only has been studied using DNA-assisted species identifications. The high diversity in 

southern Australia was confirmed by Belton et al. (2019), who reported 28 species for the 

region against 24 accepted species prior to their study. The other regions for which DNA 
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studies have been carried out are northwest Australia (Belton et al. 2015; 20 species), 

northwest and southeast India (Kazi et al. 2013; 10 species), and Pacific Central America 

(Fernández-García et al. 2016; 6 species). Fifteen species are confirmed from the Caribbean 

and Gulf of Mexico (Famà et al. 2002; Sauvage et al. 2014). 

Caulerpa occurs from the intertidal down to at least 50m. It attaches to hard substrate but can 

also grow in unconsolidated sand using its rhizoids. Distribution is usually patchy but can 

locally dominate large areas, e.g. invasive C. taxifolia in the Mediterranean (see 2.2.). 

 

 

Figure 2 | Distribution map of Caulerpa spp.. Created using iOBIS mapper2, incorporating 
10,726 records of Caulerpa species found within the OBIS database (2019) that uses the 
World Register of Marine Species (WoRMS) as its taxonomic backbone. 

 

 

2.2. Ecology  

Caulerpa species are known to occupy a range of environmental niches that differ significantly 

with regards to temperature, light availability, water movement, depth, grazing pressure and 

benthic substrate ((Svedelius 1906, Børgesen 1907, Peterson 1972, Calvert 1976, Ohba et al. 

1992, Gacia et al. 1996, de Senerpont Domis et al. 2003, Fernández-García et al. 2012, Crockett 
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and Keough 2014). The genus also includes notoriously invasive taxa such as C. taxifolia and 

C. cylindracea (Meinesz et al. 1995, Verlaque et al. 2003) (Figure 3). The invasive potential of 

the genus has been linked to intrinsic characteristics of the genus that facilitate the adaptation 

to various environmental niches. For example, native tropical C. taxifolia appears tolerant of 

a wide range of environmental conditions and seems capable of surviving and becoming 

invasive in temperate estuaries (Glasby and Gibson 2007). In addition, different invasive 

lineages of C. taxifolia have shown dissimilar environmental responses and invasive responses 

(Chefaoui and Varela-Álvarez et al. 2018). 

 

Figure 3| Illustrations of some Caulerpa species: A- Caulerpa racemosa in Taiwan; B- 
Caulerpa brownii in Western Australia; C- Caulerpa taxifolia in Indonesia; D- Caulerpa 
cylindracea growing in a seagrass bed in Indonesia. (© Stefano Draisma) 
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Characteristics such as phenotypic plasticity, asexual reproduction, surface metabolite 

production and nutrient uptake via rhizoids, contribute both directly and indirectly to the 

diverse range of suitable habitats for the genus (Crockett and Keough 2014). Unique 

morphological plasticity is observed for several Caulerpa species and provides an added 

physiological advantage in adaptation to light intensity and temperature changes, as seen for 

C. racemosa by the variations in form and arrangement of ramuli under different conditions 

(Ohba et al. 1992). Similarly, C. cylindracea is able to modify its pigment composition to 

protect against high irradiance as well as maximise photosynthetic capacity in low light 

conditions (Raniello et al. 2006). Furthermore seasonal and temporal variability of 

temperature and light has been shown to affect growth and  morphology of the vegetative 

structures of C. taxifolia (Meinesz et al. 1995). Phenotypic plasticity, however, is not observed 

for all Caulerpa species and does not manifest uniformly across species that do exhibit 

plasticity (Komatsu et al. 1997, de Senerpont Domis et al. 2003). 

The ability to reproduce asexually via rhizoid extension and fragmentation improves the 

community resilience to unfavourable environments and predation. It also increases the 

spread of the community through colonization of new locations by drifting fragments. 

Moreover species such as C. sertularioides exhibit a high tolerance to solar irradiation, 

allowing for thallus fragments to survive drifting for several days before settling on an 

appropriate substrate (Fernández-García et al. 2012). A further hindrance to predation is the 

production of bioactive surface metabolites by Caulerpa species (Capon et al. 1983, Paul et al. 

1987). For example C. ashmeadii produces a range of sesquiterpenoids, that have 

antimicrobial properties towards certain marine bacteria and also make it unpalatable for 

grazers or are even toxic to certain fish (Paul et al. 1987). Many Caulerpa species such as, C. 

filliformis, C. prolifera, C. cupressoides, C. racemosa, and C. cylindracea also produce 

compounds that exhibit antifouling capabilities towards microbes and prevent larval 

settlement, they are also suggested to hinder herbivory (Lima-Filho et al. 2002, Dobretsov et 

al. 2006, Raniello et al. 2006, Nylund et al. 2007, Nagaraj and Osborne 2014). However, 

concentrations and compounds are not consistent for all species. Presence of other 

neighbouring macrophytes, such as the seagrass Posidonia oceanica, also influence the 

production of these allelochemicals which suggests that their production can be regulated and 
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even enhance competitive capabilities (Lemee et al. 1997, Ceccherelli et al. 2000, Raniello et 

al. 2006). 

The association with seagrasses is very common as Caulerpa are known to invade seagrass 

beds (Piazzi et al. 2005, Gab-Alla 2007). Furthermore, Caulerpa species are able to impact the 

benthic assemblages of neighbouring macrophytes (Ceccherelli et al. 2000, Vazquez-Luis et al. 

2008). This may partly be as a result of the ability of Caulerpa to make use of the rhizoids and 

their association with bacteria to utilize nutrients from the sediment, unlike other macroalgae 

that rely on nutrient acquisition from the water column only (Chisholm 1996). This allows for 

Caulerpa to be highly competitive and therefore able to take advantage of unfavourable or 

degraded environments, enhancing its invasive capacity (Delgado et al. 1996, Gennaro et al. 

2015, Marcelino and Verbruggen 2015). Invasive Caulerpa species are then also able to 

prevent recovery of the natural benthic communities driving ecological change (Bulleri et al. 

2010). 

 

2.3. Metabolism 

2.3.1. Carbon Concentrating Mechanisms 

In algae, Carbon Concentrating Mechanisms (CCMs) act to overcome the challenges to attain 

carbon from an aqueous environment. Although the actual mechanisms are diverse, all share 

the common feature of concentrating CO2 around the carbon-fixing enzyme, RuBisCO, such 

that RuBisCO can operate at a higher efficiency. In essence, the accumulation of CO2 at the 

active site of RUBISCO overcomes the shortcomings of that enzyme by favouring the 

carboxylase over the oxygenase activities and thereby suppressing photorespiration and 

enhancing the affinity, in photosynthesis of whole cells or tissues, for inorganic carbon 

(Giordano et al. 2005). In Caulerpa occurrence of CCMs were investigated in eight species 

(Keverkordes et al. 2006). Two pyrenoid-containing species, C. cactoides and C. sedoides (as 

C. geminata) showed clear evidence of CCMs, while C. scalpelliformis which lacks pyrenoids 

probably also has a CCM. The other species, C. flexilis, C. longifolia, C. obscura and C. brownii, 

which all lack pyrenoids, showed no evidence for a CCM. Interestingly the species with a 

presumed CCM displayed no higher affinity for dissolved inorganic carbon, leading 
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Keverkordes et al. (2006) to conclude that the main function of the CCM might not be 

increased inorganic carbon affinity. Possibly, the CCM offers a selective advantage in certain 

habitats, such as the capacity for net photosynthesis at higher pH values. The observations of 

Keverkordes et al. (2006), based on a relatively small selection of temperate southern 

Australian species, have not been expanded over a wider selection of Caulerpa species so far. 

 

2.3.2 Nutrition  

Response towards different nutrient concentrations, irradiance and temperature in Caulerpa 

was mainly studied in a context of introduced species. Delgado et al. (1996) observed no 

significant response of productivity of Caulerpa taxifolia to nutrient enrichment pulses in the 

environment. Tissue N and P was usually above the critical levels for growth, reported for 

other aquatic plants. Therefore, it was concluded that invasive Caulerpa taxifolia in the 

Mediterranean Sea was not severely nutrient limited, which was interpreted as an important 

factor enabling the species to outcompete native macrophytes. Independence of C. taxifolia 

from nutrient concentrations in the water has been linked to its ability to take up nutrients 

from the sediments via rhizoids, and its capacity to store nutrients (Williams 1984; Chisholm 

et al. 1996). Chisholm and Moulin (2003) demonstrated that C. taxifolia enhances N2 fixation 

in sediments by releasing photosynthetic products into the rhizosphere, which stimulates 

rhizosphere-associated bacteria to breakdown organic matter and fix nitrogen. The latter then 

serves as a nutrient supply to the alga’s rhizoids in low-nutrient seawater. Close to a 

wastewater outlet no apparent stimulation of N2 fixation in substrata was observed, 

suggesting that uptake of fixed nitrogen from the substrate may serve as an additional 

mechanism to enhance the capacity of Caulerpa to thrive in oligotrophic environments. Apart 

from the potential importance of bacteria-enabled nutrient uptake through the rhizoids, the 

observation of explosive growth in the vicinity of areas with urban stormwater and sewage 

discharges has been reported for several Caulerpa species, including the blooming Caulerpa 

brachypus in Florida (Lapointe and Bedford 2010). 
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2.4. Microbiome 

Caulerpa, like many other algal species, harbours a rich diversity of associated bacteria 

(Delbridge et al. 2004, Aires et al. 2013). Distinct bacterial communities are associated to each 

morphologically differentiated thallus part and are linked to functional requirements of each 

pseudo-tissue type (Burke et al. 2011; Morrissey et al. 2019). Bacterial endobionts are known 

to form tight associations with their host and certain bacterial groups have been shown to be 

inherited from host parents (Aires et al. 2013, Hollants et al. 2013b). Alternatively, it is 

suggested that bacterial endobionts are assimilated from the surrounding environment 

through lateral transfer via grazers, sexual reproduction and asexual proliferation (Aires et al. 

2015). Epiphytic bacteria exist in a complex biofilm on the surface of the alga and are assumed 

to be more dynamic in their composition due to an increased interaction with the 

environment (Wahl et al. 2012). Associated bacterial communities are highly diverse for both 

endobionts and epibionts across several species of Caulerpa (Aires et al. 2015). The bacterial 

variation observed is as a result of natural intra-variability of individuals, temporal variation 

and ecologically shifted variation based on abiotic factors. Influences on bacterial diversity 

have been shown to include biogeography, host phylogeny, and microscale location within the 

Caulerpa thallus (Morrissey et al. 2019). Some bacterial associations have been suggested to 

influence the ecological success of Caulerpa and perhaps play a vital role in the invasive 

potential (Arnaud-Haond et al. 2017). 

 

3.1. Life cycle 

Although there is a lot of research on the genetics and ecology of Caulerpa, very little attention 

has been paid to the description of the life cycle and the nuclear phases involved, which is a 

key element to understand Caulerpa biology. There are few studies referring to the nuclear 

phases and ploidy status. Unfortunately several reports are in conflict with each other. 

According to Clifton and Clifton (1999) and Collado-Vides and Ruesink (2002), Caulerpa species 

have a diplontic sexual life cycle with a diploid vegetative phase (2n) and haploid (1n) 

biflagellate gametes. This life history would be the same as observed in culture studies 
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(Enomoto 1987) for Japanese species and is also in agreement with earlier studies by 

Schussnig (1939), who proposed that meiosis takes place during gametogenesis in the thallus. 

However it has been pointed out that because the existence of an alternation of generations 

in the life history in other siphonous green algae, the macrothallus found could correspond to 

the macroscopic phase of a haplodiplobiontic life cycle with a heteromorphic alternation of 

generations 1n and 2n (Goldstein and Morrall 1970). Kapraun (1994) was one of the first to 

assess the nuclear DNA content using microspectrophotometry in several Caulerpa species. In 

C. prolifera, he observed differences in ploidy levels between the various parts of the thallus 

and in different thalli, and also supported the theory of a heteromorphic haplodiplobiontic life 

cycle and polyploidy for Caulerpa species.  

More recently, Varela-Álvarez et al. (2012) studied the nuclear DNA contents in three species 

of Caulerpa from the Mediterranean using microspectrophotometry and showed that ploidy 

levels and genome size vary along the thallus of a single species and also between 

species. Caulerpa species examined in this study were polyploid with smaller genome sizes in 

the two invasive species possibly as an invasion strategy. The life history of indigenous 

Mediterranean C. prolifera was elucidated and agrees with previous authors to be diplontic 

(2n) with haplontic (1n) biflagellate gametes, where meiosis takes place during 

gametogenesis. However, the diplontic (2n) and haplontic (1n) phase in Caulerpa do not 

necessary represent diploid (2x) and haploid ploidy (1x) levels. In Mediterranean Caulerpa 

prolifera, the basal ploidy level of the none-reduced phase (diplontic phase) is tetraploid (4x). 

In addition, it is hypothesized that the Mediterranean invasives C. taxifolia and C. 

cylindracea (as C. racemosa var. cylindracea) could be immature or not functional 

gametophytes with reduced (1n) nuclei and ploidy levels (3x) and (2x) respectively, that cloned 

themselves and spread via clonal propagation. 

 It is concluded that life histories of Caulerpa species are flexible, and may present different 

ploidy levels and different phase dominance in different geographical regions. 
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3.2. Reproduction 

The most common form of reproduction in Caulerpa is probably vegetative by stolon 

extension or fragmentation resulting in clonal growth. Sexual reproduction has been observed 

in relatively few species only (Phillips 2009). Noteworthy, gamete formation has also been 

observed in the invasive species C. cylindracea and C. taxifolia (Žuljevic and Antolic 2000; 

Panayotidis and Žuljevic 2001). 

Sexual reproduction in Caulerpa is holocarpic with the entire thallus being transformed into 

gametes and usually follows a seasonal peak of reproductive activity which may coincide with 

elevated sea surface temperatures (Meinesz 1979; Žuljevic and Antolic 2000) or annual shift 

between dry and wet seasons (Clifton and Clifton 1999). Following reproductive patterns of 

eight tropical Caulerpa species, Clifton (1997) observed 38 spawning events over a period of 

138 days. Phillips (2009) observed 13 episodes of sexual reproduction in 36 days. Typically, 

only a small number of plants (5-20%) become fertile during each reproductive episode in a 

population (Meinesz 1979; Clifton 1997; Phillips 2009). Unlike the mass-spawning behavior of 

many other marine organisms, release of gametes in Caulerpa does not seem to show a lunar 

or tidal cycle. Gametes are released rapidly predawn, with gametangia typically emptying in 

5–10 min. Phillips (2009) provides a detailed account of gamete formation in an Australian 

Caulerpa taxifolia population. The onset of gamete formation coincides with migration of 

cytoplasm to the upright fronds (ca. 48h prior to release), formation of discharge tubes from 

which gametes are released and a net-like lattice of the cytoplasm (24 h prior to release). In 

the laboratory gametes were released through discharge tubes just prior to being exposed to 

light. Fronds either produced male, female or both sex gametes. Gametes are pyriform with 

female gametes being slightly larger than male gametes and characterized by an eye-spot. 

Although monoecy appears the rule in Caulerpa (Clifton and Clifton 1999), there appears to 

be significant variation in sex-ratio’s which is poorly understood. Phillips (2009) reported a 

markedly male-biased sex ratio in Caulerpa taxifolia. In the Adriatic Sea C. cylindracea, 

characterized to be a monoecious species, produces female gametes only (Žuljevic et al. 2012), 

contrary to populations in neighboring Greece which produce both sexes (Panyotidis and 

Žuljevic 2001). Varying rates of gamete fusion have been reported for different species. 
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Fertilization rates are low in C. cylindracea and C. taxifolia (Panyotidis and Žuljevic 2001; 

Phillips 2009) but have been reported to be as high as 50% in other species (Kajimura 1977). 

 

Traditionally, the seaweed industry has relied on the gathering of wild resources to meet its 

raw material requirements, but the accelerating pace of advances in seaweed culture 

techniques combined with the expanding demand for seaweed products are generating the 

development of Caulerpa culture.  

 

4.1. Exploited species 

Among the 100 Caulerpa species currently recognized in the world, at least seven are known 

to be consumed (De Gaillande et al. 2017). The two species C. lentillifera and C. racemosa, 

known as green caviar (Figures 3), dominate this market. C. lentillifera is widely cultivated in 

China, India, Japan, the Philippines, Taiwan, Thailand, and Vietnam (Mary et al. 2009; Titlyanov 

and Titlyanov 2010; Tanduyan et al. 2013; Guo et al. 2015; De Gaillande et al. 2017). The 

commercial harvesting of this species from natural stock is limited occurring only in Japan and 

Malaysia (De Gaillande et al. 2017). In contrast, C. racemosa is mainly gathered from wild stock 

in the South Pacific Islands (Cook Islands, Fiji, French Polynesia, Samoa, Tonga), Indonesia, the 

Philippines, Malaysia and Hawaii (De Gaillande et al. 2017). C. racemosa is cultivated to a 

lesser extent in Bangladesh (Zafar 2005), Samoa (Morris et al. 2014) and the Philippines 

(Horstmann 1983). The potential for aquaculture production of the numerous other Caulerpa 

“sea grapes” species has rarely been evaluated (Paul et al. 2014). 
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4.2. Collection of wild resources 

No mechanical harvesting equipment is being used. Caulerpa is still reaped by hand-cutting. 

Traditionally, harvesting of the macroalgae used to be preferentially reserved for women 

(Chamberlain and Pickering 1998; Conte and Payri 2006), but today, it is practiced by people 

of all ages and genders, with their families. The Caulerpa plants are collected on the shore of 

the lagoon or on the fringing reef, taking care not to crush or tear the vesiculate ramuli. There 

is no particular season for harvesting Caulerpa. Variations in supply are attributed to other 

factors such as bad weather or inappropriate tide times that deter collection. Rain is the most 

important criterion because fresh water decreases the salinity and this will make the Caulerpa 

go soft and die earlier after harvesting (Chamberlain and Pickering 1998). 

 

4.3. Culture  

4.3.1. Production systems 

Caulerpa cultivation is quite easy due to their ability to propagate by fragmentation, and 

because of a relatively low need for expensive infrastructural support or expertise. The 

farming of C. racemosa and C. lentillifera began in the Philippines in the early 1950s, when 

fishermen found that these algae could grow in fishponds. Since then Caulerpa farming has 

developed through improvements in farming techniques. Typically, they are farmed in a one-

step process tying fragments to ropes, nets, cages or trays (Bast 2013). There is the bottom-

planting method, where the Caulerpa are cultivated on substratum placed on the bottom 

(Philippines; Trono 1990). The off-bottom method consists in growing Caulerpa a few meters 

above the bottom on different systems (cages or trays) (Philippines, Vietnam, Samoa, Japan; 

De Gaillande et al. 2017) (Figure 4). To our knowledge, the long-line method is used only in 

Bangladesh, where Caulerpa is cultivated on suspended lines, ropes, or nets, which are held 

above or below the surface of the water (Zafar 2005). Nowadays, the method of land-based 

raceways is increasingly used for Caulerpa species allowing farmers to overcome the 

environmental variations (Japan, India and Thailand) (De Gaillande et al. 2017, Figure 4). 

Several Chinese patents exist on Caulerpa cultivation methods. As an example, the patent 
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CN106973780A describes a Caulerpa lentillifera pond breeding method, whereas the patent 

CN201042155Y relates a culture technique for Caulerpa racemosa land-based farming. The 

mass cultivation of Caulerpa is more and more implemented in an Integrated Multi-Trophic 

Aquaculture approach to be more sustainable (Paul and De Nys 2008; see 6.3.). 

 

Figure 4| Illustrations of different Caulerpa farming. A- Land-based Caulerpa farming in Krabi 
province, Thailand. Germlings of Caulerpa lentillifera are collected from the concrete walls of the 
basin and grown in floating baskets. UV-treated seawater is obtained from a nearby mangrove 
channel (© Stefano Draisma). B- Culture of Caulerpa lentillifera in a parabolic tank at James Cook 
University, Townsville, Australia (© Nicolas Neveux). C-D- Pilot farm in submerged rafts for 
cultivation of Caulerpa chemnitzia var. turbinata (formerly Caulerpa racemose var. turbinata) in 
Tubuai, French Polynesia. The culture trays were made of perforated plastic (1x1m, 10cm deep) 
covered with a shade canvas and filled with Halimeda (© Mayalen Zubia). 
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4.3.2. Culture conditions 

Caulerpa species are very sensitive to certain environmental factors, such as salinity, 

irradiance, temperature and nutrient concentration (Chen et al. 2019). Reduction in salinity 

appeared to have adversely affected the growth of Caulerpa (Trono and Denila 1987). A recent 

study highlighted that C. lentillifera can develop at salinities of 30 to 40 and the maximum 

growth rate occurred at a salinity of 35 (Guo et al. 2015; Chen et al. 2019). Low light intensity 

and high nutrient levels were suspected to be complicating factors affecting its growth (Trono 

and Denila 1987; Guo et al. 2015). Each cultivated species has specific environmental 

requirement so the culture conditions optimization should be conducted at each locality and 

for each species. For example, C. chemnitzia var. turbinata (formerly C. racemose var. 

turbinata) develops in areas with hard substrata and strong hydrodynamics in French 

Polynesia, while C. lentillifera develops rather on soft bottoms with low hydrodynamics in the 

Philippines. 

 

4.4. Packing and storage 

Harvested Caulerpa plants are rinsed with seawater to remove other organisms, sand, and silt. 

The conservation of Caulerpa is extremely difficult because it tends to lose its texture and 

becomes soggy quite quickly after harvesting (De Gaillande et al. 2017). The conservation does 

not exceed 4 days and conservation methods can vary from one region to another and from 

one family to another. Caulerpa thalli are placed in the shade at ambient or cool temperature 

in colanders or in wicker, bamboo or coconut baskets, or packed in banana or papaya leaves 

(De Gaillande et al. 2017). Caulerpa is exported (mainly to Japan) as a fresh product or mostly 

in brine cured or salted form (McHugh 2003). It appears that preserved stolons have higher 

fibrous texture than fresh ones, and this could reduce their value to consumers (South et al. 

2012). A Japanese seaweed company has a patent on the preservation of C. lentillifera using 

an aqueous salt solution (WO2010134149A1). South et al. (2012) also claimed that a Japanese 

seaweed company has another patent pending that does not use chemical dips and works by 

restricting the chemical messenger system that causes shrinkage of the thalli, possibly by using 

a plant hormone extracted by methylene chloride and used to dissolve steroid receptor cells. 
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4.5. Production and market 

The global market for marine macroalgae is growing rapidly and has been estimated at over 

US$10 billion (about 28 million tonnes of fresh weight per year in 2016) (Rebours et al. 2014; 

FAO 2016). Seaweed farming has grown rapidly over the past 50 years and is now a key sector 

of the global aquaculture industry. More than 93% of the production comes from seaweed 

farming and is largely dominated by Asian countries (China, Indonesia, and the Philippines) 

(Radulovitch et al. 2015; FAO 2016). 98% of the total annual production can be attributed to 

only five red and brown algal genera (Eucheuma, Gracilaria, Laminaria, Porphyra, Undaria) 

which are mainly grown for colloids (carrageenans and polysaccharides) or human food (White 

and Wilson 2015; FAO 2016; Buschmann et al. 2017). In comparison, Caulerpa production 

represents a very small market (<0.5%). Morris et al. (2014) estimated the total annual crop 

of Caulerpa harvested in Fiji, Samoa, and Tonga Islands to be 123 tons of wet material worth 

US$266,492 based on preliminary market surveys. White and Wilson (2015), however, 

estimated Caulerpa production in Fiji alone at 135 tons of fresh weight harvested wild stock 

in 2012 and 3928 tons in the Philippines in FijiThe commercial-scale production of C. lentillifera 

is still not sufficient, and its productivity does not meet the demand (Chen et al. 2019). 

Therefore, the mass culturing of C. lentillifera with high productivity is quite necessary in an 

integrated tropical aquaculture approach (see 6.3).  

However, due to the invasive status of many species of Caulerpa and notably C. racemosa 

(Verlaque et al. 2003; Piazzi et al. 2016), some caution should be taken for their culture. As far 

as possible, the introduction of Caulerpa species should be prohibited. If not, a risk analysis 

scheme should be implemented to limit the socio-economic and ecological impacts associated 

with these introductions. Strict protocols should be applied to transport pathways, water 

discharge, and the culture in open waters.  
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The water content of Caulerpa fluctuates from 75-94 % depending on species (De Gaillande et 

al. 2017).  

 

5.1. Inorganic elements 

Caulerpa species have a high content in minerals that can reach up to 55 % of dry matter (De 

Gaillande et al. 2017). Seaweeds are widely used as mineral and metal nutritional 

supplements. The best evidence of the human dietary benefits of seaweeds inorganic 

elements is for iodine and iron, which can be highly enriched in marine macroalgae (Wells et 

al. 2017). The amount of iron in Caulerpa is variable, but it can reach up to 81.3 mg (100 g)-1 

of dry matter for C. racemosa (Santoso et al. 2006), which is more than five times the 

recommended daily intake. Considering that iron deficiency is the most common nutritional 

disorder worldwide (Mišurcová et al. 2011), the consumption of Caulerpa could be a good 

alternative for dietary iron supplements. On the other hand, Caulerpa has relatively low levels 

of iodine (Matanjun et al. 2009).  

Calcium and magnesium are known to accumulate in large quantities in some Caulerpa species 

(De Gaillande et al. 2017). Furthermore, some studies also reported low Na/K ratios in 

Caulerpa (Rupérez 2002; De Gaillande et al. 2017) that can help balance high Na/K ratio diets 

common today (Matanjun et al. 2009). Paul et al. (2014) also demonstrated a high content of 

zinc in C. lentillifera (27.55 ppm). Any generalizations relating to the mineral contents in 

Caulerpa more broadly will be difficult, as the water quality of the sampling or culture sites 

vary greatly.  

 

5.2. Heavy metals and other contaminants 

Unfortunately, some seaweeds exhibit a high affinity for heavy metals and, indeed, they have 

been used as biomonitors for metal pollution in estuarine and coastal waters worldwide 

(Besada et al. 2009). Heavy metal concentrations in algae are strongly dependent on the 

environmental parameters of the sampling sites (e.g. salinity, temperature, pH, light, nutrient 



220 
 
 

concentrations, oxygen) (Zbikowski et al. 2006) and the physiology of each species. For 

example, in the study of Paul et al. (2014), the heavy metal content of C. racemosa (24 ppm) 

would be acceptable whereas C. lentillifera had higher than acceptable levels (163 ppm). 

Furthermore, the study of Perryman et al. (2017) demonstrated that Caulerpa cultured in 

strongly acid soils in Indonesia might accumulate higher levels of heavy metals (aluminum). 

Therefore, the level of heavy metals (arsenic, nickel, lead, mercury, etc.) should be considered 

when recommending Caulerpa for regular consumption. Other contaminants like pesticides 

should be considered in anthropic impact habitats. For example, Caulerpa prolifera shows 

residues of endrin, a metabolite of isodrin, a toxic organochlorine insecticide (Perez-Ruzafa et 

al. 2000). 

 

5.3. Carbohydrates 

Carbohydrates are the most abundant components found in Caulerpa species as in other 

seaweeds (Fleurence et al. 2012). The carbohydrate contents vary from 3.6 to 83.2 % of dry 

matter in edible species of Caulerpa (De Gaillande et al. 2017). Seaweed polysaccharides are 

considered an alternative source of dietary fiber for human consumption useful in many 

nutraceutical products since the fibers can increase feelings of satiety and aid digestive transit. 

However, the complexity of interactions among functional and dietary fiber and the intestinal 

microbiome challenges efforts to demonstrate the functional food and biomedical benefits of 

algal polysaccharides (Wells et al. 2017). Polysaccharides derived from Caulerpa show 

compositional complexity with a great diversity of oses (galactose, glucose, arabinose, xylose, 

mannose, rhamnose and fucose) (Hayakawa et al. 2000; Ghosh et al. 2004; Ji et al. 2008; 

Maeda et al. 2012). Water-soluble polysaccharides from Caulerpa algae are mainly composed 

of glucans and sulfated polysaccharides (Stiger-Pouvreau et al. 2016) with a wide range of 

biological activities for use in medical, pharmaceutical and biotechnological applications 

including anticoagulant agents, anti-inflammatory agents, antioxidant agents, 

immunostimulatory agents, and antitumor agents (Wang et al. 2014). For example, a sulfated 

polysaccharide isolated from Caulerpa racemosa had in vitro anti-herpetic activity (Ghosh et 

al. 2004). Likewise, another study demonstrated the anti-nociceptive and anti-inflammatory 

efficacy of sulfated polysaccharides from C. racemosa (Ribeiro et al. 2014). Recently, a study 
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demonstrated the immunostimulatory activity of novel polysaccharides extracted from 

Caulerpa lentillifera (Sun et al. 2018). 

 

5.4. Protein and amino acids 

A global drive to source additional and sustainable biomass for the production of protein has 

resulted in a renewed interest in the protein content of seaweeds. However, in the majority 

of edible Caulerpa, protein content is not so high in comparison with high-protein vegetables 

(soybean) and ranges from 0.6 to 20.8 % of dry matter (De Gaillande et al. 2017). The protein 

content of seaweeds fluctuates between locations, seasons, and methods used (Wells et al. 

2017). On the other hand, the protein quality is dependent on the presence and quantity of 

essential amino acids. Caulerpa species present the same profile in amino acids as other 

seaweeds, with the dominance of aspartic and glutamic acids (Ratana-arpon and Chirapart 

2006; Matanjun et al. 2009) and, in contrast, histidine, lysine, and methionine are the most 

limiting amino acids (De Gaillande et al. 2017). Furthermore, several marine bioactive peptides 

have been isolated from Caulerpa species (Agirbasli and Cavas 2017). 

 

5.5. Lipid and fatty acids 

Caulerpa species have low lipid content ranging from 0.1 to 7.2 % of dry matter (De Gaillande 

et al. 2017). However, lipid composition in marine algae has raised considerable interest due 

to their high content of long-chain polyunsaturated fatty acids (PUFAs) and carotenoids (Holdt 

and Kraan 2011).  

For human consumption, seaweeds are of great interest due to their high proportions of n-3 

and n-6 PUFAs, and especially linoleic acid (18:2n-6) and n-3 α-linolenic acid (18:3n-3) which 

cannot be synthesized by most heterotrophic organisms and needs to be acquired via dietary 

intake (Schmid et al. 2018). All these PUFASs are found in Caulerpa species (De Gaillande et 

al. 2017; Manas et al. 2017; Schmid et al. 2018) and α-linolenic acid (18:3n-3) is the most 

abundant PUFA in edible Caulerpa species (De Gaillande et al. 2017). Furthermore, the ratio 

n-6/n-3 PUFA is very low (0.11–2.90) in Caulerpa species (Schmid et al. 2018). Thus, the 
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consumption of Caulerpa species could improve the ratio n-6/n-3 PUFA in the current western 

diet, which is around 15 whereas it should be about 1 (Schmid et al. 2018). 

 

5.6. Pigments 

Chlorophylls a and b are by far the most abundant pigments in Caulerpa species, together 

more than 20 times the content of β-carotene (Paul et al. 2014). Chlorophyll is an established 

antioxidant with demonstrated anti-cancer properties (Ferruzzi and Blakeslee 2007). The 

levels of β-carotene in Caulerpa (0.15-0.39 mg∙g−1; Paul et al. 2014) are much lower than 

reported values in microalgae (of up to 100 mg∙g−1: Garcia-Gonzalez et al. 2005). A recent 

study identified a siphonaxanthin, a novel and oxidative metabolite of lutein, in C. lentillifera 

(Chen et al. 2019). Siphonaxanthin is a compound with attractive novel functions in cancer-

preventing activity and lipogenesis-inhibiting effects. Furthermore, the antioxidant activity of 

siphonaxanthin extracted from C. lentillifera could be stronger than that of astaxanthin 

(Sharma et al. 2017). 

 

5.7. Vitamins 

Caulerpa species contain substantial amounts of B12 (De Gaillande et al. 2017) and could, 

therefore, prevent B12 deficiency in vegetarians and vegans (Watanabe et al. 2014) since 

vascular plants do not synthesize this vitamin. In addition, Caulerpa species present large 

quantities of vitamins C and E (up to 46.3 and 62.7 % of the recommended daily intake (RDI), 

respectively, for 100 g Caulerpa consumed) (De Gaillande et al. 2017). This is of nutritional 

interest because vitamins C and E represent powerful anti-oxidants that could increase 

resistance to diseases and oxidative stress. Despite these results, there is uncertainty about 

whether the magnitude of vitamin concentration in algal foods reflects their nutritional value 

(Wells et al. 2017) and further studies are needed. 
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5.8. Secondary metabolites 

More than 480 molecules have been isolated in Chlorophyta, of which about 27% are 

nitrogenous (MarinLit 2019). Most of the secondary metabolites in green algae are terpenes 

and aromatic derivatives, often associated with the former in meroterpenes (Kornprobst 

2005). The order Bryopsidales (e.g., Avrainvillea, Bryopsis, Caulerpa, Codium, Halimeda, 

Udotea) is generally very interesting for its richness in secondary metabolites and especially in 

tropical species. An impressive number of bioactive compounds, mainly sesquiterpenes and 

diterpenes, have been isolated from tropical Bryopsidales (Fenical and Paul 1984; Kornprobst 

2005). 

The chemodiversity of the genus Caulerpa is particularly high with 125 compounds isolated 

(MarinLit 2019). Many bioactive compounds, essentially sesquiterpenoid and diterpenoid 

metabolites, are of cosmetical, nutraceutical, and pharmaceutical importance (De Gaillande 

et al. 2017; Maximo et al. 2018). However, caution should be taken with the use of Caulerpa 

extracts for biotechnological purposes since this genus is also very well known for its high 

toxicity (Pesando et al. 1996). Caulerpenyne represents the most abundant cytotoxic 

sesquiterpenoid in Caulerpa. It inhibits the growth of microorganisms, interferes with the 

development of fertilized sea urchin eggs, and some of its degradation products reduce the 

palatability of the alga thereby lowering grazing pressure by some fishes and invertebrates 

(Tejada et al. 2016). However, the toxicological risks to humans are considered minimal 

according to the study of Parent-Massin et al. (1996). 

 

6.1. Food for human consumption 

Their delicate flavor and tender texture on the palate makes some Caulerpa species highly 

appreciated by consumers, particularly the green caviar in Asia. Their popularity tends to be 

on the increase in western countries where algae have become essential foods in current 

nutritional practices (vegetarians, vegans, health foods, etc.) and are increasingly widely 
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consumed. Algae are a "healthy food" because of their many nutritional properties: low fat 

content, high polysaccharide content that can be related to dietary fiber, high mineral 

content, the presence of polyunsaturated fatty acids, phenolic compounds, vitamins and 

various biological activities (e.g. antioxidant activities) (MacArtain et al. 2007; Mohamed et al. 

2012). Thus, Caulerpa farming is expanding worldwide to meet this growing demand from the 

health food market. Despite this new enthusiasm, Caulerpa consumption remains mainly a 

family tradition. Once harvested, the mode of consumption of Caulerpa is specific to each 

region and/or country, but usually, it is eaten fresh and raw in salad (Figure 5), seasoned with 

lemon and coconut milk (De Gaillande et al. 2017). In Thailand there is a modest production 

of Caulerpa juice (Figure 5). 

 

Figure 5| Caulerpa lentillifera portion with a spicy dip (A) and Caulerpa juice (Caulerpa is ground in 
a blender with a pinch of vanilla and sugar) (B). © Stefano Draisma, Krabi, Thailand. 
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6.2. Health and wellness applications 

Caulerpa presents high antioxidant activity according to numerous studies (Santoso et al. 

2004; Cavas and Yurdakoc 2005; Zubia et al. 2007; Matanjun et al. 2008; Nguyen et al. 2011; 

Li et al. 2012). Antioxidant compounds play an important role in protecting against various 

diseases (e.g., chronic inflammation, atherosclerosis, cancer, and cardiovascular disorders) 

and aging processes (Kohen and Nyska 2002), which explains their considerable commercial 

potential in medicine, food production, and the cosmetic industry. Two prenylated 

paraxylenes, referred to as caulerprenylols A and B, with anti-fungal and anti-tumoral 

activities, were isolated from C. racemosa (Liu et al. 2013). Consolacion et al. (2015) isolated 

β-sitosterol from C. racemosa. β-sitosterol is a plant stanol and is known to reduce cholesterol 

levels in the blood as it inhibits cholesterol absorption in the intestine (Nieminen et al. 2016). 

Caulerpin, isolated from C. racemosa and C. sertularioides, has painkilling and anti-

inflammatory properties (De Souza et al. (2009). Caulerpenyne exhibits anti-neoplastic, anti-

bacterial, and anti-proliferative activities (Barbier et al. 2001). Some extracts of Caulerpa 

taxifolia (http://www.cosmeticanalysis.com/cosmetic-ingredients/caulerpa-taxifolia-

extract.html) and C. lentillifera (https://cosmetics.specialchem.com/inci/caulerpa-lentillifera-

extract) have already been commercialized as cosmetics ingredients displaying antimicrobial 

and antioxidant activities.  

 

6.3. Bioremediation 

For Caulerpa species, the bioremediation capacity is mainly used in aquaculture to purify the 

waters of shrimp, mollusk or fish basins in integrated tropical aquaculture systems (Paul and 

De Nys 2008). Seaweeds have been shown to diminish the pollution associated with the 

effluents of aquaculture farms (Nelson et al. 2001; Chopin et al. 2001; Marinho-Soriano et al. 

2002). Chaitanawisuti et al. (2011) demonstrated that C. lentillifera could be used as biofilter 

to regulate water quality in a recirculating culture system for Spotted Babylon snails. 

Khidprasert (1995) found that C. racemosa (as C. macrophysa) was capable of effectively 

assimilating total ammonia nitrogen, NO2 and NO3 (>40%) from shrimp pond effluent. Paul 

and De Nys (2008) also showed that the genus Caulerpa has promise as a biofilter in integrated 

http://www.cosmeticanalysis.com/cosmetic-ingredients/caulerpa-taxifolia-extract.html
http://www.cosmeticanalysis.com/cosmetic-ingredients/caulerpa-taxifolia-extract.html
https://cosmetics.specialchem.com/inci/caulerpa-lentillifera-extract
https://cosmetics.specialchem.com/inci/caulerpa-lentillifera-extract
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tank-based systems that are relevant to many forms of intensive aquaculture. Some species 

of Caulerpa grew well in tank-based systems (C. racemosa grew at 7% day-1), and others are 

capable of good uptake (C. serrulata and C. taxifolia almost doubled internal nitrogen). In most 

of these studies, water quality improved and the ecological impact was minimized. Moreover, 

if the quality of the wastewater is enhanced enough, it could be re-used in closed or 

recirculating systems (Chaitanawisuti et al. 2011). 

 

6.4. Manure 

For centuries, seaweeds have been used as a fertilizer in many parts of the world. Marine 

algae contain a range of compounds relevant for crop and soil fertilization: macro- and micro-

elements such as nutrients (nitrogen, phosphorus and potassium), amino acids, vitamins, 

polysaccharides and hormones (plant growth regulators) such as cytokinins and auxins 

(Craigie 2011). Several authors examined the benefits of using seaweed-based fertilizers 

(Arioli et al. 2015 for review). In India, many studies have been conducted on the use of 

Caulerpa extracts as fertilizer. For example, Kalaivanan et al. (2012) demonstrated that a liquid 

containing 25% Caulerpa extract enhanced the percentage of germination, shoot length, root 

length, chlorophyll, carotenoid, amino acid, reducing sugar and total sugar contents and α-

amylase and β-amylase activities of shoot and root of Vigna mungo. Other studies on C. 

racemosa (Abhilash et al. 2013) and C. chemnitzia (as C. peltata) (Mahadevi and Paul 2014) 

also showed promising results on the use of this Caulerpa as biofertilizer. 
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